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Preface

The technologies for the administration of therapeutic agents have been traditionally 
led by the pharmaceutical industry that develops drug molecules (both small and 
large molecules) in various dosage forms. The medical device industry has also 
evolved to apply its technologies to deliver drugs to various target sites.

Cellular therapy is now rapidly emerging as a new therapeutic solution platform, 
analogous to dosage form design and device development, in the last few decades. 
Under the Executive Order 13505 of March 9, 2009, in the United States, President 
Obama’s Administration is committed to supporting and conducting ethically respon-
sible, scientifically worthy human stem cell research, including human embryonic 
stem cell research. “National Institutes of Health Guidelines for Human Stem Cell 
Research” (Guidelines), effective July 7, 2009, applies to research using human 
embryonic stem cells and certain uses of human-induced pluripotent stem cells that 
have the potential to improve our understanding of human biology and aid in the 
discovery of new ways to prevent and treat illness. Researches in cellular therapy, 
for example, stem cells, have had very promising results as therapeutic solutions to 
diseased states and organ transplants.

This textbook provides a convergent link between traditional dosage form design, 
medical device development, and cellular therapeutics. It attempts to bring these three 
platforms of therapeutic delivery solution development together in one place to show 
the potential idiosyncrasies and common and dissimilar challenges that each platform 
faces to provide the best therapeutic delivery solution to the patient. Contemporary 
scientific and medical information as well as the newly emerging regulatory scientific 
information are discussed. This textbook will provide development scientists and 
medical professionals more options to develop a therapeutic agent to its fullest 
potential and create better and more creative therapeutic solutions.
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The content of the book is grouped into five sections. Section 1 (consisting of 
Chapter 1) introduces the requirements and issues encountered in regulatory submis-
sions in the pharmaceutical, cellular/gene products, and medical device industries. 
Section 2 (consisting of Chapters 2 and 3) explains in detail the traditional pharma-
ceutical drug therapy development. Section 3 (consisting of Chapters 4–6) provides 
an overview, current trends, and strategies of special medical device development. 
Section 4 (consisting of Chapters 7–9) introduces the reader to the latest advances 
and innovations in cellular and stem cell therapeutic delivery. Section 5 (consisting 
of Chapters 10–14) provides information on the analytical support needed for the 
research and development in Sections 2–4.

Chapter  1 provides an overview of the current regulatory requirements for the 
development of the three platforms of therapeutic solution and new FDA initiatives 
to ensure that innovative products reach the patients who need them and when they 
need them.

An overview of the approach and strategies for development of immediate release 
tablets after a drug candidate is selected is provided in Chapter 2. Chapter 3 discusses the 
strategies (with examples) for the development of low aqueous solubility drug products.

Chapter 4 starts with an overview, key trends, and drivers for drug delivery medical 
devices. Chapter 5 focuses on the local growth factor delivery to address metabolic bone 
disorders. “From glass syringes to feedback-controlled patch pumps”, Chapter 6 dis-
cusses the amazing accomplishment for the pharmaceutical and medical device indus-
tries with the insulin pump to continuously deliver precise amounts of insulin 24 h a day.

Cell-based biologic therapies have a long history. Simple blood transfusions and 
tissue transplants are commonly utilized in medical practice. Chapter 7 reviews the 
history of islet transplantation, procedural issues, current outcomes, and future direc-
tions. Chapter 8 provides an overview of the latest developments of cell-based biologic 
therapies and discusses the future outlook for these novel treatment modalities, for 
example, cancer, infection, and autoimmune disorders. Chapter 9 reviews the history 
of stem cell research and development, sources of various stem cells (e.g., neonatal, 
adult, reprogrammed), technical and regulatory issues of stem cell therapy, and the 
prospect of industrialization of stem cell technology into future medical therapy.

Chapters 10 to 14 provide the analytical support needed in the development of the 
three platforms of therapeutic solution delivery. Chapter 10 summarizes the specifica-
tions setting and stability studies requirements for development work. Chapter  11 
shows how LC–MS techniques have been used in all stages of the drug development 
process including discovery, preclinical, clinical, and manufacturing. Chapter 12 dis-
cusses the importance of biorelevant methods and how to achieve them. Chapter 13 
provides information and importance of ICH guidelines for development and global 
harmonization. In the development of therapeutic solution, there will be situations 
when out of specification (OOS) or aberrant data are obtained. Chapter 14 looks at 
how the use of sound scientific judgment and good documentation can lead to a suc-
cessful OOS/atypical result investigation in a case study according to current guidance.

CCC Consulting� Chung Chow Chan, PhD
Covar Inc.� Kwok Chow, PhD
Medtronic Inc.� Bill McKay, ME
University of British Columbia� Michelle Fung, MD
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Challenges to Quality and 
Regulatory Requirement in the 
United States—Drugs, Medical 
Device, and Cell Therapy

Chung Chow Chan, Sultan Ghani, Iain Simpson, 
and James Blakemore

1

1.1  Overview of Regulatory Requirements for 
Pharmaceutical, Medical Device, and Cell Therapies

The technologies for the administration of therapeutic agents had been traditionally 
led by the pharmaceutical industry, which develops small drug molecules into var-
ious dosage forms. These developments have been followed by large-molecule phar-
maceutical development (proteins, etc.), device development, and the new emerging 
cellular therapy. Recent breakthroughs in science and technology (ranging from 
sequencing of the human genome to advances in the application of nanotechnology 
to new medical products) are transforming the ability to treat diseases and bring with 
it new challenges in regulatory approval.

This chapter brings together the regulatory requirements for the development of 
the three platforms of therapeutic delivery solution (pharmaceutical, medical devices, 
and cellular therapeutic solutions) to illustrate the common/different strategies of 
regulating these three therapeutic deliveries and the current initiatives initiated in the 
United States and other countries. Note that the terms “drugs” and “pharmaceuticals” 
will be used interchangeably in this chapter. The common goal for all three platforms 
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of delivery is current Good Manufacturing Practices (CGMP). The detailed process 
of achieving the common goal of GMP is different in each therapeutic area. The sum-
mary of the common regulatory requirements and the different approaches to reach 
this goal are presented.

The evaluation and approval processes are being modernized by the Food and 
Drug Administration (FDA) in the United States and other global regulatory 
agencies to ensure that innovative products reach the patients who need them and 
when they need them. In the United States, this is being done through advancing 
Regulatory science, which is the science of developing new tools, standards, and 
approaches to assess the safety, efficacy, quality, and performance of FDA-regulated 
products [1].

In the United States, drug delivery is regulated by the Code of Federal Regulations 
(CFR). CFR is the codification of the general and permanent rules and regulations. 
This is published in the Federal Register by the executive departments and agencies 
of the Federal Government. It is divided into 50 titles that represent broad areas 
subject to Federal regulation.

Each title is divided into chapters, which usually bear the name of the issuing 
agency. Each chapter is further subdivided into parts that cover specific regula
tory areas. Large parts may be subdivided into subparts. All parts are organized 
in  sections, and most citations in the CFR are provided at the section level  
(http://www.gpo.gov/).

Title 21 of the CFR is reserved for Food and Drug under the rules of the FDA, 
Department of Health and Administrative Services. Title 21 contains the following 
three chapters:

•• Chapter I—Food and Drug Administration, Department of Health and Human 
Services (Parts 1–1299)

•• Chapter II—Drug Enforcement Administration, Department of Justice (Parts 
1300–1321)

•• Chapter III—Office of National Drug Control Policy (Parts 1400–1499)

1.2  Regulatory Requirements and Challenges for 
Pharmaceutical, Medical Device, and Cell Therapies

Title 21 Chapter 1 contains Parts 1–1299. The parts that are commonly encountered 
in the development of the three platforms of therapeutic delivery are listed below:

Part 3—Product Jurisdiction

Part 4—Current Good Manufacturing Practice Requirements for Combination 
Products (effective July 2013)

Part 11—Electronic Records; Electronic Signatures

Part 26—Mutual Recognition of Pharmaceutical Good Manufacturing Practice 
Reports, Medical Device Quality System Audit Reports, and Certain Medical 

http://www.gpo.gov/
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Device Product Evaluation Reports: United States and the European 
Community

Part 58—Good Laboratory Practice for Nonclinical Laboratory Studies

Part 210—Current Good Manufacturing Practice in Manufacturing, Processing, 
Packing, or Holding of Drugs; General

Part 211—Current Good Manufacturing Practice for Finished Pharmaceuticals

Part 312—Investigational New Drug Application

Part 600—Biological Products: General

Part 601—Biologic License Application

Part 610—General Biological Products Standards

Part 820—Quality System Regulation (Devices)

Part 814—Premarket Approval of Medical Devices

Part 1270—Human Tissue Intended for Transplantation

Part 1271—Human Cells, Tissues, and Cellular and Tissue-Based Products

In the United States, the regulatory requirements of the three platforms of drug 
delivery are implemented through three separate Centers in the FDA:

1.	 Center for Drug Evaluation and Research (CDER) for Pharmaceuticals. 
CDER’s primary mission is to make certain that safe and effective drugs are 
available to the American people.

2.	 Center for Devices and Radiological Health (CDRH) for Medical Devices. 
CDRH is responsible for ensuring the safety and effectiveness of medical devices 
and eliminating unnecessary human exposure to man-made radiation from med-
ical, occupational, and consumer products. It will advance public health and 
facilitate innovation to help bring novel technologies to market and make the 
medical devices that are already on the market safer and more effective.

3.	 Center for Biologics Evaluation and Research (CBER) for Cell Therapy. 
CBER regulates biological products for human use and protects and advances 
the public health by ensuring that biological products are safe and effective and 
available to those who need them.

Whether the item is a pharmaceutical agent, cell delivery agent, or medical device, it 
shares the common criteria in the regulatory approval of intended use of the product 
and CGMP. Pharmaceutical and cell therapy products share many common processes 
and techniques to provide relief to disease states of the patient. Device products are 
more varied and range from simple household products to highly sophisticated 
imaging products, which may provide other use in addition to providing relief to dis-
ease states. However, it still needs to fulfill the common criteria of intended use and 
be safe to the patients. As an example, a simple device product (Shoulder/Flex 
Massager) was used to “help relieve muscle pain” (intended use). However, because 
of incidents related to its safety (report of strangulation and death) at the time of its 
intended use, the product had been voluntarily recalled by the manufacturer [2].
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1.2.1  Center for Drug Evaluation and Research

CDER enforces CGMP through Part 211 by implementing the regulatory sections 
tabulated in Table 1.1. Section 501(a)(2)(B) of the Food and Drug Act (FD&C Act) 
requires drugs, which include investigational new drug (IND) products, to comply 
with CGMP as follows:

A drug…shall be deemed adulterated…if…the methods used in, or the facilities or 
controls used for, its manufacture, processing, packing, or holding do not conform to 
or  are not operated or administered in conformity with current good manufacturing 
practice to assure that such drug meets the requirements of this Act as to safety and 
has the identity and strength, and meets the quality and purity characteristics, which it 
purports or is represented to possess.

Based on the statutory requirement for manufacturers to follow CGMP, FDA 
issued CGMP regulations for drug and biological products [3]. Although FDA 
stated at the time of issuance that the regulations applied to all types of pharmaceu-
tical production, the preamble to the regulations indicated that FDA was consid-
ering proposing additional regulations governing drugs used in investigational 
clinical trials.

Because certain requirements in Part 211, which implement Section 501(a)(2)
(B) of the FD&C Act, were directed at the commercial manufacture of products typ-
ically characterized by large, repetitive, commercial batch production (e.g., those 
regulations that address validation of manufacturing processes) and warehousing, 
they may not be appropriate to the manufacture of most investigational drugs used 
for Phase 1 clinical trials. Guidances on GMP requirements are now available for 
Phase 1–3 studies.

1.2.2  Center for Devices and Radiological Health

Medical devices employ a diversity of technologies to give a wide array of products 
in the healthcare sector. They range from simple devices such as bandages to life-
maintaining active implantable devices such as insulin pump or heart pacemakers to 
sophisticated diagnostic imaging and surgical equipment. CDRH enforces CGMP 
through Part 820 by enforcing the regulatory requirements tabulated in Table 1.2. 
The quality system regulation of 820 govern the methods used in, and the facilities 
and controls used for, the design, manufacture, packaging, labeling, storage, installa-
tion, and servicing of all finished devices intended for human use. The requirements 
in this part are intended to ensure that finished devices will be safe and effective and 
otherwise in compliance with the FD&C Act.

Certain issues have arisen often relating to whether a product should be classified 
as a drug or a device. In Europe, the manufacturer is responsible for the classification 
of medical devices. In the United States, FDA is responsible for the classification of 
the medical devices. Accordingly, in the United States, a draft guidance document 
has been issued to focus particularly on when a product may be classified as a drug 
or a device [4].
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Table 1.1  Regulatory sections of Part 211—current good manufacturing practice 
for finished pharmaceuticals

211.1 Scope
211.3 Definitions
211.22 Responsibilities of quality control unit
211.25 Personnel qualifications
211.28 Personnel responsibilities
211.34 Consultants
211.42 Design and construction features
211.44 Lighting
211.46 Ventilation, air filtration, air heating and cooling
211.48 Plumbing
211.50 Sewage and refuse
211.52 Washing and toilet facilities
211.56 Sanitation
211.58 Maintenance
211.63 Equipment design, size, and location
211.65 Equipment construction
211.67 Equipment cleaning and maintenance
211.68 Automatic, mechanical, and electronic equipment
211.72 Filters
211.80 General requirements
211.82 Receipt and storage of untested components, drug product containers, and closures
211.84 Testing and approval or rejection of components, drug product containers, and 

closures
211.86 Use of approved components, drug product containers, and closures
211.87 Retesting of approved components, drug product containers, and closures
211.89 Rejected components, drug product containers, and closures
211.94 Drug product containers and closures
211.100 Written procedures; deviations
211.101 Charge-in of components
211.103 Calculation of yield
211.105 Equipment identification
211.110 Sampling and testing of in-process materials and drug products
211.111 Time limitations on production
211.113 Control of microbiological contamination
211.115 Reprocessing
211.122 Materials examination and usage criteria
211.125 Labeling issuance
211.130 Packaging and labeling operations
211.132 Tamper-evident packaging requirements for over-the-counter (OTC) human drug 

products
211.134 Drug product inspection
211.137 Expiration dating
211.142 Warehousing procedures
211.150 Distribution procedures
211.160 General requirements
211.165 Testing and release for distribution

(Continued )



211.166 Stability testing
211.167 Special testing requirements
211.170 Reserve samples
211.173 Laboratory animals
211.176 Penicillin contamination
211.180 General requirements
211.182 Equipment cleaning and use log
211.184 Component, drug product container, closure, and labeling records
211.186 Master production and control records
211.188 Batch production and control records
211.192 Production record review
211.194 Laboratory records
211.196 Distribution records
211.198 Complaint files
211.204 Returned drug products
211.208 Drug product salvaging

Table 1.1  (Cont’d)

Table 1.2  Regulatory sections of Part 820—quality system regulation

820.1 Scope
820.3 Definitions
820.5 Quality system
820.20 Management responsibility
820.22 Quality audit
820.25 Personnel
820.30 Design controls
820.40 Document controls
820.50 Purchasing controls
820.60 Identification
820.65 Traceability
820.70 Production and process controls
820.72 Inspection, measuring, and test equipment
820.75 Process validation
820.80 Receiving, in-process, and finished device acceptance
820.86 Acceptance status
820.90 Nonconforming product
820.100 Corrective and preventive action
820.120 Device labeling
820.130 Device packaging
820.140 Handling
820.150 Storage
820.160 Distribution
820.170 Installation
820.180 General requirements
820.181 Device master record
820.184 Device history record
820.186 Quality system record
820.198 Complaint files
820.200 Servicing
820.250 Statistical techniques
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If the classification of a product as a drug, device, biological product, or 
combination product is unclear or in dispute, the sponsor can file a request for desig-
nation (RFD) with FDA Office of Combination Products (OCP) in accordance with 
Part 3 of Title 21 of the Code of Federal Regulations (21 CFR Part 3) to obtain a 
formal classification determination for the product, as provided for under section 563 
of the FD&C Act (21 USC 360bbb-2). In reviewing an RFD, the Agency considers 
the information provided in the RFD as well as other information available to the 
Agency at that time. Generally, the Agency will respond in writing within 60 days of 
the sponsor’s RFD filing, identifying the classification of the product as a drug, 
device, biological product, or combination product. If the Agency does not provide 
a  written response within 60 days, the sponsor’s recommendation respecting the 
classification of the product is considered to be the final determination.

In the United States, FDA’s determination of whether to classify a product as a drug 
or a device is based on the statutory definitions of these terms set forth in sections 
201(g) and 201(h) of the FD&C Act, as applied to the scientific data concerning the 
product that are available to FDA at the time the classification determination is made.

1.2.2.1  Definition of Drug  Section  201(g) of the FD&C Act defines the term 
“drug” as (A) articles recognized in the official United States Pharmacopoeia, official 
Homoeopathic Pharmacopoeia of the United States, or official National Formulary, or 
any supplement to any of them; (B) articles intended for use in the diagnosis, cure, 
mitigation, treatment, or prevention of disease in man or other animals; (C) articles 
(other than food) intended to affect the structure or any function of the body of man or 
other animals; and (D) articles intended for use as a component of any articles speci-
fied in clause (A), (B), or (C).

1.2.2.2  Definition of Device  Section 201(h) of the FD&C Act defines the term 
“device” as …an instrument, apparatus, implement, machine, contrivance, implant, 
in vitro reagent, or other similar or related article, including any component, part, or 
accessory, which is:

1.	 recognized in the official National Formulary or the United States Pharmacopeia 
or any supplement to them,

2.	 intended for use in the diagnosis of disease or other conditions or in the cure, 
mitigation, treatment, or prevention of disease in man or other animals, or

3.	 intended to affect the structure or any function of the body of man or other ani-
mals and which does not achieve its primary intended purposes through chemical 
action within or on the body of man or other animals and which is not dependent 
upon being metabolized for the achievement of its primary intended purposes.

1.2.3  Center for Biologics Evaluation and Research

Human cells or tissue intended for implantation, transplantation, infusion, or transfer 
into a human recipient is regulated as a human cell, tissue, and cellular and tissue-
based product or HCT/P. CBER regulates HCT/Ps under 21 CFR Parts 1270 and 
1271. CBER enforces CGMP through Part 600, 601, and 610 (in addition to GMP Part 
211) in Table 1.3, Table 1.4, and Table 1.5. CBER’s role includes implementation of 
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Table 1.3  Regulatory sections of Part 600—biological products: general

600.2 Mailing addresses
600.3 Definitions
600.10 Personnel
600.11 Physical establishment, equipment, animals, and care
600.12 Records
600.13 Retention samples
600.14 Reporting of biological product deviations by licensed manufacturers
600.15 Temperatures during shipment
600.20 Inspectors
600.21 Time of inspection
600.22 Duties of inspector
600.80 Postmarketing reporting of adverse experiences
600.81 Distribution reports
600.90 Waivers

Table 1.4  Regulatory sections of Part 601—biologic license application

601.2 Applications for biologics licenses; procedures for filing
601.3 Complete response letter to the applicant
601.4 Issuance and denial of license
601.5 Revocation of license
601.6 Suspension of license
601.7 Procedure for hearings
601.8 Publication of revocation
601.9 Licenses; reissuance
601.12 Changes to an approved application
601.14 Regulatory submissions in electronic format
601.15 Foreign establishments and products: samples for each importation
601.20 Biologics licenses; issuance and conditions
601.21 Products under development
601.22 Products in short supply; initial manufacturing at other than licensed 

location
601.25 Review procedures to determine that licensed biological products are 

safe, effective, and not misbranded under prescribed, recommended, 
or suggested conditions of use

601.26 Reclassification procedures to determine that licensed biological products 
are safe, effective, and not misbranded under prescribed, recommended, 
or suggested conditions of use

601.27 Pediatric studies
601.28 Annual reports of postmarketing pediatric studies
601.29 Guidance documents
601.30–601.36 Diagnostic radiopharmaceuticals
601.30 Scope
601.31 Definition
601.32 General factors relevant to safety and effectiveness
601.33 Indications
601.34 Evaluation of effectiveness

(Continued )
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601.35 Evaluation of safety
601.40–601.46 Accelerated approval of biological products for serious or life-threatening 

illnesses
601.40 Scope
601.41 Approval based on a surrogate endpoint or on an effect on a clinical 

endpoint other than survival or irreversible morbidity
601.42 Approval with restrictions to assure safe use
601.43 Withdrawal procedures
601.44 Postmarketing safety reporting
601.45 Promotional materials
601.46 Termination of requirements
601.50 Confidentiality of data and information in an investigational new drug 

notice for a biological product
601.51 Confidentiality of data and information in applications for biologics 

licenses
601.70 Annual progress reports of postmarketing studies
601.90–601.95 Approval of biological products when human efficacy studies are not 

ethical or feasible
601.90 Scope
601.91 Approval based on evidence of effectiveness from studies in animals
601.92 Withdrawal procedures
601.93 Postmarketing safety reporting
601.94 Promotional materials
601.95 Termination of requirements

Table 1.5  Regulatory sections of Part 610—general biological product standards

610.1 Tests prior to release required for each lot
610.2 Requests for samples and protocols; official release
610.9 Equivalent methods and processes
610.10 Potency
610.11 General safety
610.11a Inactivated influenza vaccine, general safety test
610.12 Sterility
610.13 Purity
610.14 Identity
610.15 Constituent materials
610.16 Total solids in serums
610.17 Permissible combinations
610.18 Cultures
610.20 Standard preparations
610.21 Limits of potency
610.30 Test for mycoplasma
610.40 Test requirements
610.41 Donor deferral
610.42 Restrictions on use for further manufacture of medical devices
610.44 Use of reference panels by manufacturers of test kits

(Continued )

Table 1.4  (Cont’d)
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the regulation of preventive and therapeutic vaccines, blood and blood products, 
human cell and tissue-based products, gene therapies, and xenotransplantation (a 
procedure that uses a different species as a source of transplanted materials) [5].

No lot of any licensed product shall be released by the manufacturer prior to the 
completion of tests for conformity with standards applicable to such a product, which 
include tests for potency, sterility, purity, and identity (21 CFR Part 610, Subpart B). 
These requirements apply to all biological products, including autologous and 
single-patient allogeneic products, where a lot may be defined as a single dose.

Some Cellular and Gene Therapy (CGT) products may also contain, in addition to 
the active ingredient, one or more substances commonly referred to in the scientific 
literature as an “adjuvant.” An adjuvant shall not be introduced into a product unless 
there is satisfactory evidence that it does not affect adversely the safety or potency of 
the product (21 CFR 610.15(a)).

Some of the challenges in the development of CGT products include the vari-
ability and complexity inherent in the components used to generate the final product, 
such as the source of cells (i.e., autologous or allogeneic), the potential for adventi-
tious agent contamination, the need for aseptic processing, and the inability to “ster-
ilize” the final product because it contains living cells. Distribution of these products 
can also be a challenge due to stability issues and the frequently short dating period 
of many cellular products, which may necessitate release of the final product for 
administration to a patient before certain test results are available.

1.2.4  Regulatory Submission Requirement

Each therapeutic delivery solution in the United States is regulated by different cen-
ters as mentioned earlier. Table 1.6 gives the summary of the regulating center and 
the documents that need to be filed for investigation and marketing.

610.46 Human immunodeficiency virus (HIV) “lookback” requirements
610.47 Hepatitis C virus (HCV) “lookback” requirements
610.48 Hepatitis C virus (HCV) “lookback” requirements based on review of 

historical testing records
610.50 Date of manufacture
610.53 Dating periods for licensed biological products
610.60 Container label
610.61 Package label
610.62 Proper name; package label; legible type
610.63 Divided manufacturing responsibility to be shown
610.64 Name and address of distributor
610.65 Products for export
610.67 Barcode label requirements
610.68 Exceptions or alternatives to labeling requirements for biological 

products held by the strategic national stockpile

Table 1.5  (Cont’d)
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1.2.4.1  Small Molecule and Macromolecule Submission  Both small molecule 
and macromolecule drugs are under the jurisdiction of CDER and CBER respec-
tively. Both classes of drugs will go through similar IND and new drug application 
(NDA) processes from its development to marketing. Generic drugs will go through 
the abbreviated new drug application (ANDA) process.

Table 1.6  Summary of application type and designated regulating center

Application type Purpose
Regulating 

center

Clinical trials 
approval

IDE (investigation 
device exemption)

Approval to begin 
clinical evaluation  
of a device

CDRH

IND (investigational 
new drug)

Approval to begin 
clinical evaluation  
of a drug

CDER or CBER 
(if biological 
drug)

Approval to 
market for a 
medical device 
or drug

PMA (premarket 
approval)

Permission to market a 
new medical device

CDRH

510(k) Premarket notification 
for a medical device 
substantially 
equivalent to an 
already marketed 
device

CDRH

NDA (new drug 
application) 

Permission to market  
a new drug

CDER

ANDA (abbreviated 
(new drug 
application)

Permission to market a 
generic version of a 
drug comparable to 
an innovator drug 
product (already 
approved in the USA) 
in dosage form, 
strength, route of 
administration, 
quality, performance 
characteristics, and 
intended use.

CDER

505 (b)(2) Permission to market a 
drug product relying 
in part on data from 
existing reference 
drugs

CDER

BLA (biologic license 
application)

Permission to market a 
new biologic drug

CBER



14� Challenges to Quality and Regulatory Requirement

1.2.4.2  Medical Devices M edical devices are classified into Class I, II, and III 
based upon the risk they are considered to present with the required level of regulatory 
control increasing from Class I to Class III.

Most Class I devices do not require premarket notification or approval and so 
are just subject to General Controls. Most Class II devices require Premarket 
Notification through a 510(k) process. Most Class III devices require Premarket 
Approval, for example, through the premarket approval (PMA) process. Device 
classification depends on the intended use of the device as well as its indications 
for use.

The FDA has classified around 1700 generic types of device which are grouped 
into 16 medical specialities or panels. Classification information is provided in a 
freely accessible database.

A device manufacturer can also request classification by the FDA. If the FDA 
concludes that the device is not substantially equivalent to a predicate device, then it 
will be designated as Class III unless the device manufacturer makes a de novo peti-
tion requesting the FDA to make a risk-based classification determination for the 
device. If the FDA grants the de novo petition, then the device will be reclassified 
from Class III to class II or I.

1.2.4.3  Medical Device 510(k) Premarket Notification  Some drug delivery 
devices aimed for general use are regulated as medical devices. For example, an auto-
injector could be approved as a Class II device by the 510(k) route and then utilized 
with different drugs, each of which would be subject to its own submission as a 
combination product. But the fact that the autoinjector already has 510(k) approval 
should reduce the burden of review for the combination product.

This is the main route of approval for Class II devices and is based on showing 
that a new device is substantially equivalent to a predicate device, that is, that it is at 
least as safe and effective as an already marketed device.

1.2.4.4  Medical Device Premarket Approval (PMA)  This is an FDA route for 
approval for Class III devices and involves a detailed scientific and regulatory 
review to evaluate the safety and effectiveness of the device. Given the greater 
depth of review, the period is 180 days, although in practice, the review period can 
be much longer due to the need to provide additional information to the FDA. The 
process also requires Quality System Regulation (QSR) inspection prior to product 
approval and launch.

1.2.4.5  Medical Device Quality System Regulation  Class II and III device manu-
facturers need to comply with Quality System Regulation 21 CFR 820 (see Table 1.2 
for summary). This is based on an early version of ISO 9001 (1994) with additional 
requirements for design and process validation and transfer.

1.2.5  FDA Compliance Program

FDA Compliance Programs are set up to provide instructions to FDA personnel for 
conducting activities to evaluate industry compliance with the FD&C Act and other 
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laws administered by FDA [6]. These compliance programs neither create nor confer 
any rights for, or on, any person and do not operate to bind FDA or the public. 
Alternative approaches may be used as long as they satisfy the requirements of appli-
cable statutes and regulations.

FDA Compliance Programs are organized by the following program areas:

•• Biologics (CBER)

•• Bioresearch Monitoring (BIMO)

•• Devices/Radiological Health (CDRH)

•• Drugs (CDER)

•• Food and Cosmetics (CFSAN)

•• Veterinary Medicine (CVM)

Compliance programs that affect the three therapeutic areas in CBER, BIMO, 
CDRH, and CDER are tabulated in Table 1.7, Table 1.8, Table 1.9, and Table 1.10.

Table 1.7  Compliance programs of CBER

Program no. CBER compliance program title

7341.002

7341.002A

Inspection of Human Cells, Tissues, and Cellular and Tissue-Based 
Products (HCT/Ps)

Inspection of tissue establishments (covers human tissue recovered 
before 5/25/2005)

7342.001 Inspection of licensed and unlicensed blood banks, brokers, reference 
laboratories, and contractors

7342.002 Inspection of source plasma establishments, brokers, testing laboratories, 
and contractors

7342.007 Imported CBER-regulated products
7342.008 Inspection of licensed in vitro diagnostic (IVD) devices regulated by 

CBER
7345.848 Inspection of biological drug products (PDF—570 kb)

Replaces 7342.006—inspection of plasma derivatives of human 
origin, 7345.001—inspection of licensed allergenic products, 
7345.002—inspection of licensed vaccines

Table 1.8  Compliance program in BIMO

Program no. BIMO compliance program title

7348.001 In vivo bioequivalence
7348.808 Good laboratory practice (nonclinical laboratories)
7348.808A Good laboratory practice program (nonclinical laboratories) EPA data 

audit inspections
7348.809 Institutional review board
7348.809A Radioactive drug research committee
7348.810 Sponsors, contract research organizations, and monitors
7348.811 Clinical investigators
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Table 1.9  Compliance program in CDRH

Program no. CDRH compliance program title

7382.845 Inspection of medical device manufacturers
7383.001 Medical device premarket approval and postmarket inspections
7385.014 Mammography facility inspections
7386.001 Inspection and field testing of radiation-emitting electronic 

products
7386.003 Field compliance testing of diagnostic medical X-ray equipment

Attachments A-M
7386.003a Inspection of domestic and foreign manufacturers of diagnostic 

X-ray equipment
7386.006 Compliance testing of electronic products at WEAC
7386.007 Imported electronic product
7386.008 Medical device and radiological health use control and policy 

implementation
7386.009 Emergency planning and response activities: Part VI

Table 1.10  CDER compliance program

Program no. CDER compliance program title

7348.001 In vivo bioequivalence
7348.809A Radioactive drug research committee
7346.832 Preapproval inspections/investigations
7346.843 Postapproval audit inspections
7352.002 Unapproved new drugs (marketed, human, prescription drugs only)
7352.004 In vitro method development and validation for generic drugs
7353.001 Postmarketing adverse drug experience (PADE) reporting inspections
7356.002 Drug manufacturing inspections
7356.002A Sterile drug process inspections
7356.002B Drug repackers and relabelers
7356.002C Radioactive drugs
7356.002E Compressed medical gases
7356.002F Active pharmaceutical ingredients
7356.002M Inspections of licensed biological therapeutic drug products
7356.002P Positron emission tomography
7356.008 Drug quality sampling and testing—human drugs
7356.014 Drug listing
7356.014A Drug listing—labeling review
7356.020 Compendial monograph evaluation and development (CMED)
7356.020A Compendial method assessment
7356.021 Drug quality reporting system (DQRS) (MedWatch reports) NDA 

field alert reporting (FAR)
7356.022 Enforcement of the prescription drug marketing act (PDMA)
7361.003 OTC drug monograph implementation
7363.001 Fraudulent drugs
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1.3  Initiatives in the Pharmaceutical, Medical Device, 
and Cell Therapy Regulatory Requirements

In recent years, threats from adulteration (including economically motivated adul-
teration) of medical products is real. The consequences, throughout the world, have 
been tragic: Glycerin used in the manufacture of fever medicine and cough syrup 
and teething products was adulterated with diethylene glycol (DEG) resulting in the 
deaths of children in Haiti, Panama, and Nigeria. In 2007, pet food adulterated with 
the industrial chemical melamine sickened several thousand pets in the United 
States. That same contaminant was added to infant formula in China, fatally poi-
soning six babies in China and making 300,000 others gravely ill. In 2008, heparin 
contamination crisis in the United States was associated with several deaths and 
cases of serious illness.

FDA and other global regulatory agencies are playing an increasingly integral 
role, not just dedicated to ensuring safe and effective products, but also to promote 
public health and participate more actively in the scientific research enterprise 
directed toward new treatments and interventions. The global regulatory agencies 
are also modernizing its evaluation and approval processes by utilizing regulatory 
science to ensure that innovative products reach the patients who need them, when 
they need them.

Regulatory science is defined as the science of developing new tools, standards, 
and approaches to assess the safety, efficacy, quality, and performance of regulated 
products. Regulatory science is the foundation of FDA decision-making. Both the 
knowledge generated in developing new tools and the tools themselves have the 
potential to inform a broad range of health-related advances, involving numerous 
diseases and conditions. For example, a project to explore how to characterize and 
predict undesired immune responses that can alter or block the effects of 
recombinant proteins and monoclonal antibodies can demonstrate relevance to the 
treatment of cancer, rheumatoid arthritis, and other diseases. The knowledge gen-
erated from such studies may well be applicable across entire classes of medical 
products and could help better ensure that such medicines are both safe and 
effective.

Regulatory science does not take place only in laboratories. It involves scientific 
tools and information-gathering and analytical systems to study data, people, health 
systems, and communities. To be most effective, advances in regulatory science must 
be fully integrated into the entire product development process.

Outreach and collaborative efforts are integral to predicting the failure or success 
of new discoveries and technologies early in development and reducing product 
development costs. Advances in regulatory science will help make the evaluation and 
approval process more efficient, helping to deliver safe new products to patients 
faster and strengthening the ability to monitor product use and improve performance, 
thus enhancing patient outcomes.

To successfully achieve the mission to promote and protect the public health 
requires a right balance between innovation and safety. Regulatory science should 
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not stifle innovation, but rather encourage innovation while maintaining a commit-
ment to safety and effectiveness.

The Chemistry, Control, and Manufacturing issues faced by the development of 
pharmaceutical, medical device, and cell therapy delivery solutions are similar phil-
osophically. The pharmaceutical and cell therapy deliveries follow more similar 
regulatory interpretation. However, unlike a drug whose active ingredient does not 
change and whose inherent flaws cannot generally be fixed, a device can be improved 
through changes to its design or composition at any time. As a result, regulatory ini-
tiatives and review processes of a medical device will follow a similar philosophy but 
will differ in detail and implementation.

1.3.1  FDA Initiative in Pharmaceutical and Cell Therapy Delivery

Biomedical research has dramatically expanded the understanding of biology and 
disease. However, the development of new therapies is in decline, and the cost of 
bringing them to market has increased significantly. Every opportunity to improve 
the effectiveness and outcomes of healthcare and address growing threats to the 
strength and innovation of the biotechnology industry ensures that the best medical 
treatments are made available to patients in a timely manner. The following are some 
of the challenges and initiatives taken by FDA to modernize product development to 
improve the speed, efficiency, predictability, capacity, and quality, from development 
to manufacturing.

1.3.1.1  Expedited Programs for Serious Conditions  Speeding the development 
and availability of drugs that treat serious diseases are in everyone’s interest, espe-
cially when the drugs are the first available treatment or have advantages over existing 
treatments. FDA has developed four programs to making such drugs available as 
rapidly as possible: Fast Track, Breakthrough Therapy, Accelerated Approval, and 
Priority Review [7].

The following summary describes each program, how they differ, and how they 
complement each other:

Fast track  Fast track is a process designed to facilitate the development and expe-
dite the review of drugs to treat serious conditions and fill an unmet medical need. 
The purpose is to get important new drugs to the patient earlier. Fast Track addresses 
a broad range of serious conditions.

Determining whether a condition is serious is a matter of judgment, but generally 
is based on whether the drug will have an impact on such factors as survival, 
day-to-day functioning, or the likelihood that the condition, if left untreated, will 
progress from a less severe condition to a more serious one. AIDS, Alzheimer’s, 
heart failure, and cancer are obvious examples of serious conditions. However, 
diseases such as epilepsy, depression, and diabetes are also considered to be 
serious conditions.

Filling an unmet medical need is defined as providing a therapy where none exists 
or providing a therapy that may be potentially better than available therapy.
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Any drug being developed to treat or prevent a condition with no current therapy 
obviously is directed at an unmet need. If there are available therapies, a fast track 
drug must show some advantage over available therapy, such as:

•• Showing superior effectiveness, effect on serious outcomes, or improved effect 
on serious outcomes

•• Avoiding serious side effects of an available therapy

•• Improving the diagnosis of a serious condition where early diagnosis results in 
an improved outcome

•• Decreasing the clinically significant toxicity of an available therapy that is 
common and causes discontinuation of treatment

•• Ability to address emerging or anticipated public health needs

A drug that receives Fast Track designation is eligible for some or all of the following:

•• More frequent meetings with FDA to discuss the drug’s development plan and 
ensure collection of appropriate data needed to support drug approval

•• More frequent written correspondence from FDA about such things as the 
design of the proposed clinical trials and use of biomarkers

•• Eligibility for Accelerated Approval and Priority Review, if relevant criteria 
are met

•• Rolling Review, which means that a drug company can submit completed sec-
tions of its Biological License Application (BLA) or New Drug Application 
(NDA) for review by FDA, rather than waiting until every section of the appli-
cation is completed before the entire application can be reviewed. BLA or NDA 
review usually does not begin until the drug company has submitted the entire 
application to the FDA

Fast Track designation must be requested by the drug company. The request can be 
initiated at any time during the drug development process. FDA will review the 
request and make a decision within 60 days based on whether the drug fills an unmet 
medical need in a serious condition.

Once a drug receives Fast Track designation, early and frequent communication 
between the FDA and a drug company is encouraged throughout the entire drug 
development and review process. The frequency of communication assures that 
questions and issues are resolved quickly, often leading to earlier drug approval and 
access by patients.

Breakthrough therapy  Breakthrough Therapy designation is a process designed to 
expedite the development and review of drugs that are intended to treat a serious 
condition, and preliminary clinical evidence indicates that the drug may demonstrate 
substantial improvement over available therapy on a clinically significant endpoint(s).

To determine whether the improvement over available therapy is substantial is a 
matter of judgment and depends on both the magnitude of the treatment effect, which 
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could include duration of the effect, and the importance of the observed clinical out-
come. In general, the preliminary clinical evidence should show a clear advantage 
over available therapy.

For purposes of Breakthrough Therapy designation, clinically significant end-
point generally refers to an endpoint that measures an effect on irreversible morbidity 
or mortality (IMM) or on symptoms that represent serious consequences of the dis-
ease. A clinically significant endpoint can also refer to findings that suggest an effect 
on IMM or serious symptoms, including:

•• An effect on an established surrogate endpoint

•• An effect on a surrogate endpoint or intermediate clinical endpoint considered 
reasonably likely to predict a clinical benefit (i.e., the accelerated approval 
standard)

•• An effect on a pharmacodynamic biomarker(s) that does not meet criteria for an 
acceptable surrogate endpoint, but strongly suggests the potential for a clini-
cally meaningful effect on the underlying disease

•• A significantly improved safety profile compared to available therapy (e.g., less 
dose-limiting toxicity for an oncology agent), with evidence of similar efficacy

A drug that receives Breakthrough Therapy designation is eligible for the following:

•• All Fast Track designation features

•• Intensive guidance on an efficient drug development program, beginning as 
early as Phase 1

•• Organizational commitment involving senior managers

Breakthrough Therapy designation is requested by the drug company. If a sponsor 
has not requested breakthrough therapy designation, FDA may suggest that the spon-
sor consider submitting a request if (1) after reviewing submitted data and information 
(including preliminary clinical evidence), the Agency thinks the drug development 
program may meet the criteria for Breakthrough Therapy designation and (2) the 
remaining drug development program can benefit from the designation.

Ideally, a Breakthrough Therapy designation request should be received by FDA 
no later than the end-of-phase-2 meetings if any of the features of the designation are 
to be obtained. Because the primary intent of Breakthrough Therapy designation is to 
develop evidence needed to support approval as efficiently as possible, FDA does not 
anticipate that Breakthrough Therapy designation requests will be made after the 
submission of an original BLA or NDA or a supplement. FDA will respond to 
Breakthrough Therapy designation requests within 60 days of receipt of the request.

Accelerated approval  When studying a new drug, it can sometimes take many 
years to learn whether a drug actually provides a real effect on how a patient survives, 
feels, or functions. A positive therapeutic effect that is clinically meaningful in the 
context of a given disease is known as “clinical benefit.” It may take an extended 
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period of time to measure a drug’s intended clinical benefit. Therefore, in 1992 FDA 
instituted the Accelerated Approval regulations to allow drugs for serious conditions 
that filled an unmet medical need to be approved based on a surrogate endpoint. 
Using a surrogate endpoint enabled the FDA to approve these drugs faster.

Section  901 of the Food and Drug Administration Safety Innovations Act 
(FDASIA) in 1992 amended the Federal Food, Drug, and Cosmetic Act (FD&C Act) 
to allow the FDA to base accelerated approval for drugs for serious conditions that 
fill an unmet medical need on whether the drug has an effect on a surrogate or an 
intermediate clinical endpoint.

A surrogate endpoint used for accelerated approval is a marker—a laboratory 
measurement, radiographic image, physical sign, or other measure that is thought to 
predict clinical benefit, but is not itself a measure of clinical benefit. Likewise, an 
intermediate clinical endpoint is a measure of a therapeutic effect that is considered 
reasonably likely to predict the clinical benefit of a drug, such as an effect on irre-
versible morbidity and mortality (IMM).

The FDA bases its decision on whether to accept the proposed surrogate or 
intermediate clinical endpoint on the scientific support for that endpoint. Studies that 
demonstrate a drug’s effect on a surrogate or intermediate clinical endpoint must be 
“adequate and well controlled” as required by the FD&C Act.

Using surrogate or intermediate clinical endpoints can save valuable time in the 
drug approval process. For example, instead of having to wait to learn if a drug actu-
ally extends survival for cancer patients, the FDA may approve a drug based on evi-
dence that the drug shrinks tumors, because tumor shrinkage is considered reasonably 
likely to predict a real clinical benefit. In this example, an approval based upon tumor 
shrinkage can occur far sooner than waiting to learn whether patients actually lived 
longer. The drug company will still need to conduct studies to confirm that tumor 
shrinkage actually predicts that patients will live longer. These studies are known as 
Phase 4 confirmatory trials.

Where confirmatory trials verify clinical benefit, FDA will generally terminate 
the requirement. Approval of a drug may be withdrawn or the labeled indication of 
the drug changed if trials fail to verify clinical benefit or do not demonstrate sufficient 
clinical benefit to justify the risks associated with the drug (e.g., show a significantly 
smaller magnitude or duration of benefit than was anticipated based on the observed 
effect on the surrogate).

Priority review  Prior to approval, each drug marketed in the United States must go 
through a detailed FDA review process. In 1992, under the Prescription Drug User 
Act (PDUFA), FDA agreed to specific goals for improving the drug review time and 
created a two-tiered system of review times—Standard Review and Priority Review. 
A Priority Review designation means FDA’s goal is to take action on an application 
within 6 months (compared to 10 months under standard review).

A Priority Review designation will direct overall attention and resources to the 
evaluation of applications for drugs that, if approved, would be significant improve-
ments in the safety or effectiveness of the treatment, diagnosis, or prevention of 
serious conditions when compared to standard applications.
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Significant improvement may be demonstrated by the following examples:

•• Evidence of increased effectiveness in treatment, prevention, or diagnosis of 
conditions

•• Elimination or substantial reduction of a treatment-limiting drug reaction

•• Documented enhancement of patient compliance that is expected to lead to an 
improvement in serious outcomes

•• Evidence of safety and effectiveness in a new subpopulation

FDA decides on the review designation for every application. However, an applicant 
may expressly request priority review as described in the Guidance for Industry 
Expedited Programs for Serious Conditions—Drugs and Biologics. It does not affect 
the length of the clinical trial period. FDA informs the applicant of a Priority Review 
designation within 60 days of the receipt of the original BLA, NDA, or efficacy sup-
plement. Designation of a drug as “Priority” does not alter the scientific/medical 
standard for approval or the quality of evidence necessary.

Fast Track, Breakthrough Therapy, Accelerated Approval, and Priority Review are 
approaches intended to make therapeutically important drugs available at an earlier 
time. They do not compromise the standards for the safety and effectiveness of the 
drugs that become available through this process.

1.3.1.2  Greater Availability of Generic Drugs  Generic drugs make up more 
than 70% of the prescriptions filled in the United States as well as other countries in 
the world and usually is the only solution to affordable treatment. However, many 
products do not have generic alternatives even though patents for the reference 
products have expired. More generic products could be made available if the 
difficulty in determining bioequivalence for some products could be overcome. 
Metered-dose inhalers, dry-powder inhalers, certain topical products, and products 
that are not systemically absorbed present challenges in determining bioequivalence. 
Developing validated methods for determining bioequivalence for these products so 
that quality, lower-cost generic products can become more widely available are 
being pursued.

Generic Drug User Fee Amendments of 2012 (GDUFA) provides user fees for 
FDA to ensure timely review of applications for generic drugs. GDUFA is designed 
to speed access to safe and effective generic drugs to the public and reduce costs to 
industry. The law requires industry to pay user fees to supplement the costs of review-
ing generic drug applications and inspecting facilities. Additional resources enable 
FDA to reduce backlog of pending applications, cut the average time required to 
review generic drug applications for safety, and increase risk-based inspections.

GDUFA is built on the success of the Prescription Drug User Fee Act (PDUFA). 
Over the past 20 years, PDUFA has ensured a more predictable, consistent, and stream-
lined premarket program for industry and helped speed access to new, safe, and effec-
tive prescription drugs for patients. GDUFA will also enhance global supply chain 
safety by requiring that generic drug facilities and sites around the world self-identify.



Initiatives in the Pharmaceutical, Medical Device, and Cell Therapy� 23

The GDUFA Regulatory Science Plan had identified 13 research topics for further 
study and ranged from quality-by-design (QbD) and postmarketing surveillance 
to  bioequivalence (BE) and pharmacokinetic (PK) evaluation of complex dosage 
forms [8].

FDA had also issued draft guidances on developing and approving biosimilars, 
using a risk-based “totality-of-the-evidence” approach. The guidance to industry is 
contained in three documents and represents FDA’s interpretation of the Biologics 
Price Competition and Innovation Act of 2009 (BPCI Act), which creates an abbre-
viated licensure pathway for biological products shown to be biosimilar to or inter-
changeable with an FDA-licensed biological reference product and was part of the 
Patient Protection and Affordable Care Act.

The first document, “Scientific Considerations in Demonstrating Biosimilarity to 
a Reference Product,” explains the evaluation approach, intended to help companies 
submitting new 351(k) applications for demonstrating biosimilarity. This document 
includes recommendation for a gradual or “stepwise” approach in the development 
of biosimilar products, which include a comparison of the proposed product and the 
reference product with respect to structure, function, animal toxicity, human pharma-
cokinetics (PK) and pharmacodynamics (PD), clinical immunogenicity, and clinical 
safety and effectiveness.

Once a product is determined to be biosimilar, it will be eligible for a separate 
interchangeability determination. To meet the higher standard of “interchange-
ability,” an applicant must provide sufficient information to demonstrate biosimilar-
ity and also to demonstrate that the biological product can be expected to produce the 
same clinical result as the reference product in any given patient. Interchangeable 
products may be substituted for the reference product without the intervention of the 
prescribing healthcare provider.

The second draft guidance document, “Quality Considerations in Demonstrating 
Biosimilarity to a Reference Protein Product,” provides an overview of analytical 
factors for drug developers to consider when assessing biosimilarity between a pro-
posed therapeutic protein product and a reference product. Those factors include the 
expression system, the manufacturing process, an assessment of physicochemical 
properties, functional activities, receptor binding and immunochemical properties, 
impurities, the reference product and reference standards, and stability. This guidance 
expects that the expression construct for a proposed biosimilar product will encode 
the same primary amino acid sequence as its reference product.

The third guidance document, “Biosimilars: Questions and Answers Regarding 
Implementation of the Biologics Price Competition and Innovation (BPCI) Act 
of  2009,” answers common questions about biosimilar product development in 
a question-and-answer format. Questions are intended to address concerns arising 
in  the early stages of product development, including requesting meetings with 
the  FDA, addressing differences in formulation from the reference product, and 
requesting exclusivity.

Once applications are received for approval of a biosimilar drug, FDA has 
committed to reviewing them within 10 months under the fifth authorization of the 
Prescription Drug User Fee Act (PDUFA).
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The BPCI Act also includes:

•• A 12-year exclusivity period from the date of first licensure of the reference 
product, during which approval of a 351(k) application referencing that product 
may not be made effective

•• A 4-year exclusivity period from the date of first licensure of the reference product, 
during which a 351(k) application referencing that product may not be submitted

•• An exclusivity period for the first biological product determined to be inter-
changeable with the reference product for any condition of use, during which a 
second or subsequent biological product may not be determined interchange-
able with that reference product

1.3.1.3  Other Product Development Initiatives

Modernized manufacturing and product quality  FDA and other global regulatory 
agencies are leading efforts on “Quality by Design (QbD),” which applies regulatory 
science to modernize the understanding and control of medical product manufac-
turing processes. Advances in regulatory science will not only ensure better quality, 
but could also lower development and manufacturing costs. In the United States, 
areas of investigation supported by FDA include (1) continuous processing, in 
which materials constantly flow in and out of the equipment and reduce overall 
manufacturing time and cost; (2) the use of process analytical technology (PAT) to 
monitor and control manufacturing processes as opposed to just testing products; 
and (3) new statistical approaches to detect changes in process or product quality. 
Applying these approaches will help control complex manufacturing processes, 
enhance their efficiency, and provide more reliable products to patients. In addition, 
new technologies such as flexible manufacturing facilities and the use of modular 
and disposable equipment can speed production of products in routine and 
emergency situations.

National Vaccine Plan  The National Vaccine Plan was initially created in 1994 to 
provide a strategic approach for maximizing the impact of vaccines on the health 
of U.S. populations [9]. In 2010, the National Vaccine Plan was updated to reflect 
the priorities, opportunities, and challenges of today’s science and the national 
immunization program, and it provides a guiding vision for vaccines and immunization 
in the United States for the decade 2010–2020 with the following five goals.

Goal 1: Develop new and improved vaccines.

Goal 2: Enhance the vaccine safety system.

Goal 3: Support communications to enhance informed vaccine decision-making.

Goal 4: �Ensure a stable supply of, access to, and better use of recommended vac-
cines in the United States.

Goal 5: �Increase global prevention of death and disease through safe and effective 
vaccination.
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Two areas to note in the development of new and improved vaccines are as 
follows.

Development of the next generation of influenza vaccines  Scientists at NIH’s 
National Institute of Allergy and Infectious Diseases (NIAID) have recently devised 
a new strategy for the development of more broadly protective vaccines for influenza, 
an approach that represents a promising step forward toward a universal influenza 
vaccine. Since influenza viruses change rapidly, influenza vaccines are updated and 
produced annually to protect against the virus strains that will be most common that 
year. In animal studies, researchers at NIH/NIAID were able to elicit an immune 
response to sites within influenza viruses that are shared across different influenza 
strains and that typically do not change very much over time, despite ongoing 
mutations in the virus. This is one of the many strategies toward the development of 
a safe and effective universal influenza vaccine, which would potentially eliminate 
the need for a new seasonal influenza vaccine each year and could remove the threat 
of an influenza pandemic.

SMART Vaccines A s technological opportunities emerge and patterns of disease 
change over time, it is difficult to decide how best to invest in new vaccine development 
and introduce new vaccines into routine and campaign immunization programs. In 
2012, the Institute of Medicine (IOM), with National Vaccine Program Office 
(NVPO), began developing a decision support tool for prioritizing vaccine targets for 
development and use. They developed a software called Strategic Multi-Attribute 
Ranking Tool for Vaccines (SMART Vaccines).

The SMART Vaccines software makes it possible for decision-makers to develop 
and test hypotheses and assumptions, weigh competing values, and explore alternative 
scenarios and vaccine attributes to assist in setting priorities for vaccine targets for 
development and introduction. Users can take into account multiple factors, including 
health, economic, demographic, scientific, and policy considerations and can assess 
their relative rank among a range of factors. The tool allows the flexibility of fac-
toring in values such as aiming to eradicate or eliminate a disease. Users are also able 
to generate information on cost-effectiveness, premature deaths averted, and gains in 
worker productivity, among other topics of importance to vaccine development and 
introduction. Using this model, SMART Vaccines has the potential not only to guide 
discussions regarding vaccine goals but also to provide a common platform for deter-
mining priority areas of national and global interests. The SMART Vaccines software 
is now available to the public for download and use online through the National 
Academy of Sciences website at http://www.nap.edu/smartvaccines.

New approaches to evaluate product efficacy in vaccine  It is not always possible to 
test whether a vaccine or treatment will work against a new or emerging infectious 
disease or against a terrorist threat because the threat may be rare or even nonexistent 
at the time the therapy needs to be developed. Animal testing is often the only avail-
able option, but many diseases lack good animal models, and animal studies are 
technically difficult to conduct and typically limited in size. Therefore, regulatory 

http://www.nap.edu/smartvaccines
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science will help to develop and validate improved predictive models. Regulatory 
science can also support the identification and validation of surrogate measures of 
product efficacy. For example, FDA’s definition and acceptance of a serum hemag-
glutination inhibition antibody titer, which helps predict the efficacy of influenza 
vaccines, took years off the time required to approve new flu vaccines and, as a 
result, helped to double the number and capacity of U.S. licensed flu vaccine makers. 
Such biomarkers (e.g., responses in blood tests and other measurements or medical 
images) that predict efficacy are not yet available for most terrorism threats, emerg-
ing pathogens, or major global infectious diseases. Efforts to develop, refine, and 
validate new biomarkers can lower development costs and improve and speed the 
development of safe and effective products for unmet public health needs.

More flexible and agile approaches to product development and manufacturing of 
vaccines and biotech products  Knowledge of genetic sequences enable production 
of DNA and recombinant vaccines or needed treatments and diagnostic tests more 
quickly and safely without using the pathogen in manufacturing.

The use of platform technologies of this sort may offer the potential to scale up 
production more rapidly. For example, several technologies could potentially allow 
production of large amounts of new influenza vaccines for a pandemic in weeks 
rather than months. Platform technologies may also be applicable across broader 
ranges of products. For example, the same virus-like particle, live vector, DNA 
vaccine, or recombinant protein expression system could be used as the basis to rap-
idly develop and produce different, distinct vaccines intended to protect against ill-
nesses such as flu, plague, SARS, or TB. Even stronger commonalities apply across 
technologies that can be used for detection or diagnosis, such as high-throughput 
assays for antibody, antigen, and nucleic acid detection.

Regulatory science helps to evaluate multiuse technologies and products including 
new methodologies for measuring product quality, potency, safety, and effectiveness.

1.3.2  Initiative of the Medical Device Delivery System

There has been a lot of discussion about balancing innovation and safety—whether 
there is a need to have more regulation of medical devices to assure safety and 
effectiveness—or whether there is a need to have less regulation of medical devices 
to foster innovation. In the United States, the FDA’s medical device initiative, 
Innovation Pathway, establishes how innovation and safety and effectiveness do not 
have to exist on opposite ends of a swinging pendulum. They can be complementary 
and mutually supporting.

1.3.2.1  Expedited Access Premarket Approval Application for Unmet Medical 
Needs for Life Threatening or Irreversibly Debilitating Diseases or Conditions 
(“Expedited Access PMA” or “EAP”) Program  The program features earlier and 
more interactive engagement with FDA staff—including the involvement of senior 
management and a collaboratively developed plan for collecting the scientific and 
clinical data to support approval [10a].
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To be eligible for participation in the program, the medical device must fulfill the 
following criteria:

•• Be intended to treat or diagnose a life-threatening or irreversibly debilitating 
disease or condition

•• Represent one of the following:

1.  no approved alternative treatment/diagnostic exists, or

2.  a breakthrough technology that provides a clinically meaningful advantage 
over existing technology, or

3.  offers a significant, clinically meaningful advantage over existing approved 
alternatives, or

4.  availability is in the patient’s best interest
•• Have an acceptable data development plan that has been approved by the FDA

The EAP builds on the Innovation Pathway pilot, which is described in the following, 
and the FDA’s experience with expedited review programs for pharmaceuticals, 
including Accelerated Approval and Breakthrough Therapies.

In addition to the EAP, a separate draft guidance is published that outlines FDA’s 
current policy on when data can be collected after product approval and what actions 
are available to the FDA if approval conditions, such as postmarket data collection, 
are not met. Also included in the guidance is advice on the use of surrogate or 
independent markers to support approval, similar to the data points used for acceler-
ated approval of prescription drugs [10b].

1.3.2.2  Innovation Pathway  The goal of Innovation Pathway is to reduce the 
overall time and cost it takes for the development, assessment, and review of safe and 
effective medical devices that address unmet medical needs so these devices can get 
to the patients who need them sooner without jeopardizing patient safety. It will pro-
mote high-quality regulatory science and help FDA better prepare and respond to 
transformative technologies and scientific breakthroughs [10c].

Innovation Pathway will be developing and rapidly testing new approaches to pre-
market review including the use of a decision support tool that will help assure that 
the regulatory decisions are more transparent and consistent. Such a tool can help 
decide whether there is sufficient evidence to allow the device to be studied for the 
first time in humans. An example of the Initiative Pathway is its application to prod-
ucts for patients with end stage renal disease—ESRD.

Because these are novel technologies, it is likely to raise new scientific and 
regulatory challenges. Key features of this pathway will be identifying and resolving 
these issues early by leveraging scientific expertise outside of the agency from the 
Network of Experts.

Clinical trial protocols would be developed by the sponsor and CDRH through 
an  interactive process and have flexibility built in to allow for repeat testing and 
redesign.

Front-loading resources will reduce unnecessary delays and review these devices 
for approval in roughly half the time it takes for the typical premarket approval, or 
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PMA, application. However, devices that utilize the Innovation Pathway must still 
adhere to the regulatory standards for new applications. Just because a device is 
accepted into the pathway does not mean it is destined for approval.

Another initiative by CDRH to strengthen device research is the creation of a 
voluntary third-party certification program for medical device test centers across the 
country. Eligible test centers would have expertise in both device design and the 
conduct of high-quality clinical studies.

Unlike a drug whose active ingredient does not change and whose inherent flaws 
cannot generally be fixed, a device can be improved through changes to its design or 
composition at any time. By providing incentives to universities and other institu-
tions in a competitive way to combine expertise in developing and in assessing 
devices, they can help find and fix problems earlier. Additionally, since certified test 
centers have well-established safety records, they will be permitted to conduct first-
in-human studies at an earlier stage in device development. As a result, the device 
development process would become more predictable, safer, and less costly.

1.3.2.3  Training of New Regulatory Scientists in Medical Device  In the United 
States and other countries, unlike the pharmaceutical industry, the education system 
has few programs in the device development. To train future innovators, regulators, 
academia, industry, and the healthcare community will need to work together to 
develop a publicly available core curriculum in device design, testing, regulatory 
processes, and postmarketing surveillance.

1.3.2.4  Acceptability of Data D evice manufacturers had been conducting much 
device research overseas. However, there are difficulties in the United States to 
accept these data. Clear guidance from the FDA on criteria and circumstances under 
which data developed overseas could be used to support device submissions will 
result in better data and less of a need to conduct additional clinical studies. This 
situation will also provide a smoother review, less cost to companies, and fewer risks 
to patients from investigational devices.

1.3.2.5  Human Factors and Usability Engineering to Optimize Medical Device 
Design H uman factors engineering (HFE) and usability engineering (UE) is the 
study to understand and optimize how people interact with technology. HFE/UE are 
important to the development of medical devices and include three major compo-
nents of the device-user system: (1) device users, (2) device use environments, and 
(3) device user interfaces.

The process of eliminating or reducing design-related use problems for medical 
devices that contribute to or cause unsafe or ineffective medical treatment is part of a 
process for controlling overall risk. Where harm could result from “use errors,” the 
dynamics of user interaction are safety-related and should be components of risk 
analysis and risk management.

Medical devices should be designed so that the devices are safe and reliable for 
their intended uses. To achieve this goal, the possibilities of hazards arising from use 
of and failures of the device and its components should be evaluated.
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Hazards traditionally considered in risk analysis include:

•• Chemical hazards (e.g., toxic chemicals)

•• Mechanical hazards (e.g., kinetic or potential energy from a moving object)

•• Thermal hazards (e.g., high-temperature components)

•• Electrical hazards (e.g., electrical shock, electromagnetic interference (EMI))

•• Radiation hazards (e.g., ionizing and nonionizing)

•• Biological hazards (e.g., allergic reactions, bioincompatibility, and infection)

These hazards most often result from instances of device or component failure that 
are not dependent on how the user interacts with the device.

In addition, hazards for medical devices that are associated with device use should 
also be considered and are referred to as use-related hazards. These hazards include 
use errors involving failure to perceive, read, interpret, or recognize and act on 
information from monitoring or diagnostic testing devices and improper treatment 
(e.g., ineffective or dangerous therapy) for devices that provide medical treatment.

Use-related hazards occur for one or more of the following reasons:

•• Device use requires physical, perceptual, or cognitive abilities that exceed the 
abilities of the user.

•• The use environment affects operation of the device and this effect is not recog-
nized or understood by the user.

•• The particular use environment impairs the user’s physical, perceptual, or 
cognitive capabilities when using the device to an extent that negatively affects 
the user’s interactions with the device.

•• Device use is inconsistent with user’s expectations or intuition about device 
operation

•• Devices are used in ways that were not anticipated.

•• Devices are used in ways that were anticipated but inappropriate and for which 
adequate controls were not applied.

HFE/UE should be incorporated into device design, development, and risk 
management processes. Three central steps are essential for performing a successful 
HFE/UE analysis:

•• Identify anticipated use-related hazards and unanticipated use-related hazards 
and determine how hazardous use situations occur

•• Develop and apply strategies to mitigate or control use-related hazards

•• Demonstrate safe and effective device use through human factors’ validation

From the regulatory perspective, the risk analysis that fulfills Quality System require-
ments should include use error [11]. To establish the design input for the user interface 
and carry out design verification, human factors activities conducted throughout the 
development process can include task/function analyses, user studies, prototype tests, 
and mock-up reviews. Formative and validation testing fulfill the requirements to test 
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the device under realistic conditions. Validation testing should be used to demonstrate 
that the potential for use error has been minimized.

1.4  Current Good Manufacturing Practice  
Requirements for Combination Products

The recent breakthrough in science and technology had transformed the ability to treat 
disease and physiological disorders. As a result, the therapeutic solutions available for a 
disease state and physiological disorder may have different options available. Using 
diabetes mellitus as an example, a diabetic patient can be treated using traditional 
therapy (e.g., antidiabetic oral formulation or subcutaneous insulin), a medical device 
(insulin pump device), or a combination of a traditional pharmaceutical/medical device 
and cellular therapy (pancreatic cell transplant). The development efforts of each of 
these individual aspects are discussed in detail in Chapters 2, 3, 6, 7, 8, and 9. Combination 
products are getting more commonly used for therapeutic solutions. The regulatory 
requirements for the combination products are covered from Parts 3 through 1271.

1.4.1  Definition of Combination Products

A combination product is a product comprised of any combination of a drug and a 
device; a device and a biological product; a biological product and a drug; or a drug, 
a device, and a biological product. A combination product includes the following:

1.	 A product comprised of two or more regulated components, that is, drug/
device, biologic/device, drug/biologic, or drug/device/biologic, that are physi-
cally, chemically, or otherwise combined or mixed and produced as a single 
entity (single-entity combination products)

2.	 Two or more separate products packaged together in a single package or as a 
unit and comprised of drug and device products, device and biological prod-
ucts, or biological and drug products (copackaged combination products)

3.	 A drug, device, or biological product packaged separately that according to its 
investigational plan or proposed labeling is intended for use only with an 
approved individually specified drug, device, or biological product where both 
are required to achieve the intended use, indication, or effect and where, upon 
approval of the proposed product, the labeling of the approved product would 
need to be changed, for example, to reflect a change in intended use, dosage 
form, strength, route of administration, or significant change in dose (a type of 
cross-labeled combination product)

4.	 Any investigational drug, device, or biological product packaged separately 
that according to its proposed labeling is for use only with another individually 
specified investigational drug, device, or biological product where both are 
required to achieve the intended use, indication, or effect (another type of 
cross-labeled combination product)
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The constituent parts of a combination product retain their regulatory status (as a 
drug or device, for example) after they are combined. Accordingly, the CGMP 
requirements that apply to each of the constituent parts continue to apply when they 
are combined to make combination products.

1.4.2  The Final Rule

The rule offered two options for demonstrating compliance with the CGMP require-
ments applicable to a copackaged or single-entity combination product [12]. These 
options were either (1) to demonstrate compliance with the specifics of all CGMP reg-
ulations applicable to each of the constituent parts included in the combination product 
or (2) to demonstrate compliance with the specifics of either the drug CGMPs or the 
QS regulation, rather than both, when the combination contains both a drug and a 
device under certain conditions. These conditions included demonstrating compliance 
with specified provisions from the other of these two sets of CGMP requirements. In 
addition, for a combination product that included a biological product, the CGMP’s 
requirements for biological products in 21 CFR Parts 600 through 680 would apply, 
and, for a combination product that included any human cell, tissue, and cellular and 
tissue-based products (HCT/Ps), the regulations in 21 CFR Part 1271 would apply.

The rule is organized in the four sections addressing scope (Section 4.1), defini-
tions (Section 4.2), the CGMPs that apply to combination products (Section 4.3), and 
how to comply with these CGMP requirements for a single-entity or copackaged 
combination product (Section 4.4).

Section 4.1 states that the rule establishes which CGMP requirements apply to 
combination products, clarifies the application of these requirements, and provides a 
regulatory framework for designing and implementing CGMP operating systems at 
facilities that manufacture copackaged or single-entity combination products.

Section 4.2 provides definitions for terms used in the regulation. Some of these 
definitions are included for convenience, for example, cross-referencing an exist-
ing definition (such as for “combination product”) or to establish the meaning for 
a reference term (such as “drug CGMP”). In addition to cross-referencing the 
definition for “device,” the rule states that a device that is a constituent part of a 
combination product is considered a finished device within the meaning of the QS 
regulation and also states that a drug that is a constituent part of a combination 
product is a drug product within the meaning of the drug CGMPs. The definition 
for “current good manufacturing practice operating system” states that such a 
system is the operating system within an establishment that is designed and imple-
mented to address and meet the CGMP requirements for a combination product.

Section 4.3 lists all of the requirements that may apply to a combination product 
under this rule, depending on the types of constituent parts the combination product 
includes. The CGMP requirements listed are those found in parts 210 and 211 for 
drugs, part 820 for devices, and parts 600 through 680 for biological products, and 
the current good tissue practices found in part 1271 for HCT/Ps.

Section  4.4 addresses how to comply with these CGMP requirements for co-
packaged and single-entity combination products.
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The rule helps ensure that CGMP requirements that apply to single-entity and 
copackaged combination products are clear and consistent, regardless of which com-
ponent has lead jurisdiction for the combination product or which type of application 
is submitted for marketing authorization. The rule also streamlines compliance with 
CGMP requirements for the combination products and to help ensure appropriate 
implementation of these requirements while avoiding unnecessary redundancy in 
CGMP operating systems for these products.

1.4.3  Postapproval Modifications to a Combination Product Approved 
Under a BLA, NDA, or PMA

A draft guidance is available on the underlying principles to determine the type of 
marketing submission that may be required for postapproval changes to a combination 
product as defined in 21 CFR 3.2(e) that is approved under one marketing applica-
tion, that is, a biologic license application (BLA), a new drug application (NDA), or 
a device premarket approval application (PMA) [13].

The following section gives examples of significant changes that may be made 
to constituent parts of a combination product (i.e., changes that may require prior 
approval from FDA). The types of submissions that such changes may require, 
depending upon the submission type used to obtain approval of the combination 
product, are identified.

1.	 Certain changes in the combination product device constituent part (e.g., those 
that result in a combination product new indication for use, new clinical effects, 
or in a modified analyte and indication/patient population for an in vitro diag-
nostic) customarily require new preclinical and clinical data to provide support 
for safety and effectiveness. For any such changes that do not affect the pri-
mary mode of action, select the submission type to match the application type 
used to obtain approval of the combination product:

a.  PMA Original

b.  NDA Original

c.  BLA Original

2.	 Changes in the drug constituent part substance, drug constituent part produc-
tion process, quality controls, equipment, or facilities that affect controlled 
release or drug particle size or have a substantial potential to have an adverse 
effect on the identity, strength, quality, purity, or potency of the drug constituent 
part. Such changes include those that may affect the sterility assurance of the 
drug constituent part, such as process changes for sterile drug substances and 
sterile packaging components. For such change, select the submission type 
to  match the application type used to obtain approval of the combination 
product:

a.  NDA Prior Approval Supplement

b.  BLA Prior Approval Supplement

c.  PMA 180-day Supplement
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3.	 Modified chemical formulation of the device constituent part (not a chemical 
that would be considered a drug constituent part of the combination product), 
hardware or software modification of the device constituent part, or other 
design modification to the device constituent part (without also changing the 
indication or patient population) for which only new preclinical testing and/or 
limited confirmatory clinical data are necessary to demonstrate reasonable 
assurance of safety and effectiveness of the modified device constituent part. 
For such change, select the submission type to match the application type used 
to obtain approval for the combination product:

a.  PMA 180-day Supplement

b.  BLA Prior Approval Supplement

c.  NDA Prior Approval Supplement

4.	 Changes in the biological product constituent part, production process, quality 
controls, equipment, facilities, or responsible personnel that have a substantial 
potential to have an adverse effect on the identity, strength, quality, purity, or 
potency of the product. Generally, for any such change, select the submission 
type to match the application type used to obtain approval for the combination 
product:

a.  BLA Prior Approval Supplement

b.  NDA Prior Approval Supplement

c.  PMA 180-day Supplement

5.	 Changes in indication or in patient population (without any other change to the 
combination product itself or to any constituent part except for relevant changes 
to the labeling) that require substantial clinical data to provide reasonable 
assurance of safety and effectiveness for the change but either no or very limited 
new preclinical testing. For such change, select the submission type to match 
the application type used to obtain approval for the combination product:

a.  PMA Panel-Track

b.  NDA Prior Approval Supplement

c.  BLA Prior Approval Supplement

If the applicable submission requirements for each change do not match (e.g., one 
change requires a Prior Approval supplement and another requires a Changes Being 
Effected supplement), then the type of submission should be that associated with the 
most significant change being submitted. For example, a manufacturer of a drug elut-
ing stent approved under a PMA would like to modify the design of the stent and 
delete a test for the drug to comply with an official compendium that is consistent 
with FDA statutory and regulatory requirements. In isolation, the change in the 
design of the stent would generally require the submission of a PMA 180-day sup-
plement, whereas the change in the test to comply with an official compendium for 
the drug would generally be submitted in an NDA Changes Being Effected-30 day 
supplement. In this case, when submitted together, the manufacturer should submit 
the PMA 180-day supplement for both changes.
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1.5  Conclusion

Recent breakthroughs in science and technology are transforming the ability to treat 
diseases and related regulatory challenges for its approval. Different therapeutic 
delivery solutions give different regulatory challenges to its approval whether it is a 
single-entity pharmaceutical agent, medical device, cellular therapy, or combinations 
of any three of these therapeutic solutions. The development of regulatory science 
and new initiatives in FDA is intended to streamline compliance with CGMP and 
make effective medication to the patients in a timely manner. The common regulatory 
goal of all three platforms of therapeutic delivery solutions is to comply with CGMP, 
although the detailed process of achieving this goal is different.
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Development of Tablets
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2

2.1  Introduction

Compressed tablets are believed to have been first manufactured in 1844 in 
England [1]. The technology and ingredients have since been adapted and improved 
for high-speed production. Related theories and practice are written in many 
textbooks [2, 3] and scientific articles. Despite these advances, development and 
manufacturing of pharmaceutical tablets is often considered as less sophisticated and 
more problematic than that of nonpharmaceutical products. This is due to extensive 
regulations, complexity of drug delivery biology, and diverse material science 
challenges in formulation development of typical drug substances.

Administering pharmaceutically active substances in tablets is the most common 
mode of drug delivery. However, development of an orally administered drug product 
is a long and complex process that takes approximately at 8–10 years from the 
identification of a new molecular entity to product launch. It is a multidisciplinary 
program in science, business, and project management. The cost of bringing a new 
drug to market has been rising steadily to about 1 billion USD [4, 5]. It is expected to 
be safe and effective. The active ingredient in a tablet should be released upon 
administration quickly for immediate release tablets or at a specified rate for modified 
release tablets. The tablets should also have a satisfactory shelf life when stored under 
recommended storage conditions. Ideally, the formulation should be designed for 
low-cost and high-speed manufacturing. The design of the market image such as size, 
shape, surface characteristics, and packaging should promote patient compliance.
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A typical pharmaceutical development project involves the execution of a number of 
critical and noncritical tasks at targeted stages. Failure to successfully complete critical 
tasks such as product stability studies, choice of delivery system, and selection of product 
composition may cause significant delays and even project failure. Not finishing a small 
number of less critical tasks on time may be less problematic. However, accumulation of 
many less critical issues may create major problems as the development project progresses. 
In addition, it is not uncommon that major efforts are required at a late stage to correct 
poor decisions or mistakes made without careful consideration of information available 
at early development. Hence, the use of a suitable project-tracking/monitoring tool and 
applying sound strategies are important in order to avoid common development issues as 
well as to ensure smooth and successful execution of product development programs.

Target Product Profile (TPP) was introduced by the US FDA as part of the Quality-
by-Design (QbD) initiative [6] for planning and managing development programs 
[7]. TPP for pharmaceutical development comprises scientific, development, and 
business components to facilitate dosage form design and development (Table 2.1). 
It can be used as a checklist to track quality, cost, time, and therapeutic attributes. 
In this chapter, TPP concept and development strategies are discussed as holistic user 
guides for designing and development of pharmaceutical (immediate-release) tab-
lets. Information gathering, product definition, and decision-making through the 
preparation and use of TPP are included in the discussion.

2.2  Development Plan and Milestones in TPP

Setting and managing goals is a key success factor in formulation development. 
Including and updating the development plan and milestones using a TPP enable the 
project team to focus on value-added tasks in a complex and dynamic project. The 
purpose of the program is to design and prepare suitable pharmaceutical formulation(s) 
to bring therapeutic successes in target patient populations in a timely and cost-effective 
manner. The pharmaceutical product should be designed and manufactured for the 
therapeutic indication, dosage, dosing frequency, and patient compliance. Parallel and 
interdependent activities including drug substance characterization, formulation 
development, process development, manufacturing of clinical supplies, analytical testing, 

Table 2.1  Content of a typical target product profile for an 
immediate-release tablet

Section Content

1 Development plan and milestones
2 Clinical targets
3 Dosage form and strengths
4 Drug substance characteristics
5 Drug product characteristics
6 Target drug substance and product specifications
7 Product composition
8 Manufacturing process
9 Development budget
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and regulatory filing are expected to be completed on a defined timetable (Fig. 2.1). 
An abbreviated process plan/milestone in a typical TPP is shown in Table 2.2.

A typical tablet development program comprises complex scientific, regulatory, 
business, and management tasks. It must be well-managed to produce satisfactory results. 
It is generally conducted as a gate-staging program [8, 9], where major decisions and 
major refinements of the TPP/project plan are handled at milestones (Table 2.2). The time 
and events are controlled by the drug discovery life cycle, clinical phases, and pharma-
ceutical development stages such as drug synthesis, drug product design, and process 
development/scale-up. Cross-functional team members from clinical, biopharmaceutics, 
chemistry (organic, analytical, and physical), material science, production engineering, 
sales and marketing, and project management are engaged at multiple stages. The degree 
of success is influenced by leadership, expertise, teamwork, and execution. A high-level 
drug development program with decision points/milestones is provided in Figure 2.1.

To master and manage a complex, multidisciplinary program, a TPP that comprises 
a process map (development plan) and target chemistry, manufacturing, and control 
attributes/strategies is recommended. In the design of a TPP, a front-loading innovation 
approach [10] to assess the clinical goal, physicochemical characteristics of the drug 
substance, available delivery technology, development capability, and resource can be 
applied to clearly identify the goals and strategies to target the essential activities that may 

Table 2.2  Typical target product profile: project plan and milestones for an 
immediate-release tablet

Project plan and milestones

Milestone Start date Finish date

Preparation of target product profile
Biopharmaceutics assessments
Preformulation (solid-state characterization, polymorph  

screen, excipient compatibility)
Target product characteristics
Clinical formulation development (phase I)
Phase I clinical trial material manufacture
Phase I IND filing
Clinical formulation development for phase II
Phase II IND filing
Confirmation of market image
Analytical method validation
Development of phase III and commercial formulation
Stability and testing programs
Phase III IND filing
Registration batches, preparation, and stability program
Product registration NDA filing (may register in more countries)
FDA preapproval inspection if required
Product approval
Process validation
Product launch
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bring better results earlier. Assessment of influencing factors before the experiments can 
help prevent unexpected outcomes and allow proactive problem solving. TPP also serves 
as a communication tool for the project team to set, track, and revise common goals.

2.3  Clinical Target Profile

The design criteria of a pharmaceutical product are determined by the clinical require-
ments, manufacturing capability, and physicochemical properties of the drug substance 
(Fig. 2.2). Clinical Target Profile addresses the clinical aspect of formulation design 
and would include pharmacology, biopharmaceutics, and dosing strategy information. 
The selection of a dosage form is influenced by the Clinical Target Profile for drug 
delivery to the target site given the treatment goal, biopharmaceutics, and patient popu-
lations. The Clinical Target Profile also serves as a risk analysis/management and prod-
uct design tool. A Clinical Target Profile could be created using front-end innovation 
approach and refined by the stage-gate process throughout a development program to 
ensure the product development objective is consistent with the treatment goal.

For a target clinical profile of an immediate release tablet, the drug substance 
is expected to dissolve rapidly, followed by GI absorption at a suitable rate to the 
systemic circulation in order to produce the desired therapeutic effect. Based on the 
mechanism of action, pharmacology, and pharmacokinetics, the dosing regimen 
could be proposed to support patient compliance. In general, once or twice daily 
administration of an easy-to-swallow tablet would be adequate for most adult and 
older children populations. The Target Clinical Profile helps identify potential 
challenges in formulation development such as tablet size for large-dose formulations 
and drug content uniformity for low-dose products before the experimental work. 
The Target Clinical Profile and its revisions (revised as the project progresses) also 
provide the direction for achieving the eventual goal of the program (Table 2.3).

Table 2.3  Typical target product profile: clinical targets

Clinical target Information

Treatment goals and indication Mechanism of action of the therapeutic agent
Diseases to be treated
Patient population
Treatment goal

Biopharmaceutics—
pharmacokinetics and 
pharmacodynamics

Absorption of drug in the gastrointestinal tract
Dose response profile
Pharmacokinetic parameters such as half-life, 

clearance, and volume of distribution
Potential drug and food interactions
Potential toxicity

Effective dose and dosage strategy 
[Pediatric (age 2–12; to be 
confirmed) or adult]

Target dosage
Frequency and route of administration
Chronic vs. acute therapy, treatment period

Clinical program List of planned clinical studies
List of bioequivalence studies for clinical formulations
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2.4  Drug Substance Characteristics in TPP

The physicochemical and biological properties of a drug substance play an 
important role in defining the developability and target delivery system. The 
characteristics of a drug substance in a tablet have direct impacts on the clinical 
performance, chemical stability, and processing behavior (Fig.  2.2). Therefore, 
the use of physicochemical data of the drug substance such as those collected 
during salt selection and preformulation stages can be valuable for establishing 
formulation strategies [11, 12]. Mapping the existing and target drug substance 
characteristics in the TPP (Table 2.4) helps create the design concept for the target 
dosage form.

A highly water-soluble and permeable compound such as Biopharmaceutics 
Classification System (BCS) class I molecule [13] can be formulated as an 
immediate release tablet if the drug substance has suitable compaction (physical) 
behavior and pharmacokinetics. A poorly soluble (drug) compound may also be 
developed as an immediate release tablet if it can be dissolved quickly in vivo for 
absorption. In this case, the particle size, solid form, pH, and pK

a
 of the drug 

substance become important, and these characteristics should be included in the 
TPP. The chemical structure and solubility may also influence the oral delivery of 
the drug substance. The Rule of five (proposed by Lipinski in 1997) addresses how 
solubility and molecular structure could be a useful guide to determine not only 
whether a new molecular entity should enter drug development from discovery 
research [14] but may also help estimate the effort required to conduct the 

Table 2.4  Typical target product profile: drug substance characteristics for an 
immediate-release tablet

Drug substance characteristics Information

Molecular Molecular structure, molecular weight, 
functional groups, potential specific and 
nonspecific interactions, pKa, counter ion if 
applicable

Solid-state Crystal form, crystallinity, solvates including hydrate, 
moisture content

Physical Solubility, particle size distribution, melting point, flow 
properties, compressibility, viscoelastic properties, 
color

Chemical pH-stability, moisture sensitivity, heat sensitivity, 
light sensitivity, oxidation potential, excipient 
compatibility, impurity profile (force degradation 
profile)

Safety Toxicity category for safe handling  
explosivity
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formulation development program. Other factors such as chemical stability, 
processing behavior, target dose, and patient population also influence formulation 
decisions such as the choice of excipients.

Particle size distribution and particle morphology affect the process and clinical 
performance of a drug substance. These powder properties should be addressed as 
soon as possible and adjusted as necessary throughout the development program. 
The use of different particle-sizing techniques such as mechanical milling, jet milling, 
and modification of final crystallization conditions will impact the process behavior, 
manufacturing technology (including safe handling procedures), and bioavailability 
of drug in the product.

In general, there is insufficient time and opportunity to fully characterize the 
solid-state properties of a drug candidate at the preformulation stage. However, 
important characteristics such as processing behavior and additional solid forms can 
often be revealed after the early API characterization study, for example, during 
chemical development and formulation/process development. Typically, drugs that 
exhibit biological activities are large organic molecules with multiple functional 
groups. These molecules may pack in various ways in the crystal lattice without 
increasing the crystal energy significantly. Hence, it is not uncommon to detect addi-
tional polymorphs or solvates, especially hydrates of drugs at different stages of 
development and even after commercialization. It is generally accepted that “the 
number of forms known for a given compound is proportional to the time and energy 
spent in research on that compound” [15]. Collaboration between clinical, chemical, 
and formulation development (Fig. 2.3) to establish strategies to handle existing and 
potential solid-state property issues can make a difference in the execution of a suc-
cessful program.

2.5  Drug Product Characteristics in TPP

Setting and refining the target product characteristics from the beginning and 
throughout the formulation program helps focus the project team to develop a 
quality product in a time- and cost-effective manner. Ideally, a tablet should be 
sufficiently easy to manufacture, acceptable in global markets, and easy to be 
administered by patients. The shelf life, established from data generated in stability 
programs based on the proposed specifications and testing/storage criteria detailed 
in ICH guidelines [16], should not be less than 18 months to allow for manufacturing, 
testing, warehousing, product distribution, and retail inventory management. The 
drug product characteristics in the TPP (Table 2.5) can be defined and refined 
during the course of development. It is a useful guide to ensure that the product 
is developed to meet the clinical, marketing, manufacturing, budget, and patient 
compliance goals.
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Table 2.5  Typical target product profile: drug product characteristics of 
an immediate-release tablet

Drug product characteristics Information

Shelf life (room temperature) Typically shelf life of 2 years or more, at least 18 months. 
The shelf life should be supported by ICH stability  
testing

Color A color acceptable to the patient population and markets 
in difference countries

Size and shape For example
Debossed modified capsule-shape tablet of a certain 

dimension and thickness
Logo and/or unique product identification number

Coating Film coating is often required for enhancement of 
appearance, safety in packaging, ease of swallowing, 
and improvement of product stability

Dose uniformity Meet in-house acceptance criteria and compendial 
requirements

Excipients Meet USP, PhEur, JPE requirements for global markets
Below maximum daily intake levels
BSE free certification

Storage condition Ideally, room temperature storage
Microbiology quality Meet harmonized requirements for tablets
Pack A plastic bottle pack is recommended for transportation 

and lower cost of packaging materials. For example: 
white 60 counts HDPE bottle closed with child 
resistant cap

Blister calendar (unit dose) pack is a common packaging 
configuration to enhance patient compliance. Opaque 
foil-foil blister may be required for light and/or  
moisture-sensitive drugs

Markets Global or local. For example, USA, Europe, Asia Pacific, 
Africa, Middle East, and Japan

Sales volume (units) An early forecast in early development
At late development, country-by-country forecast at product 

launch and at 5–10 years
Price The cost-of-good changes dramatically from early to 

late development. The estimates are useful for 
development and marketing budget as well as rate 
of return consideration. Estimated price based on  
cost-of-good, market competition, and reimbursement 
opportunities

Marketing plan This could include intelligence of existing and competitor 
products being developed. High-level strategies for 
product launch, market penetration, and acquiring market 
share may be included
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2.6  Drug Substance and Drug Product 
Specifications in TPP

Drug substance and drug product specifications are test procedures and acceptance 
criteria established to confirm product quality and consistency. The scope and 
requirements of drug substance and product specifications are detailed in regulatory 
guidelines [17]. A market or clinical formulation for treatment of a disease must 
satisfy the requirements in the specifications provided in approved regulatory 
submission(s). Test data in compliance with the registered specifications must be 
available for every lot of the drug substance and product released from manufacturing 
for distribution. The proposal, preparation, and justification of specifications at 
different stages of a pharmaceutical development program are fundamental steps to 
assure that the intended product has been developed. An example of a drug substance 
and drug product specifications in a typical TPP for an immediate release tablet is 
illustrated in Table 2.6 and Table 2.7. It should be noted that additional properties 
such as powder flow, compressibility, crystal habit, and surface tension are normally 
not included in a drug substance specification. These parameters may become 
important for dissolution or processing. They should be tracked, if needed, in the 
development program.

2.6.1  Strategies to Develop Specifications

Establishment of specifications is an evolving process. Proposed specifications are 
generally introduced early in the development program based on regulatory require-
ments and experience of the formulation team. They are revised and justified based 
on stability, manufacturing, and clinical/toxicity data as the program progresses. The 
proposed specifications are commonly used as a planning tool as well as targets for 
formulation and analytical development. Formulations are designed, prepared, and 
manufactured to meet the acceptance criteria of the specifications. Based on the 
specifications, specific and sensitive analytical methods are developed and validated 
for input raw materials, drug substances, and finished product testing.

Development of drug substance specifications is an interactive process, where 
solid-state data, processing results, and specification refinement are closely linked. 
An example of how the drug substance specifications can be developed for a typical 
tablet product is illustrated in Figure 2.4. Drug substance and product specifications 
are also interdependent on each other. Ideally, specifications should be a measure of 
important product performance, such as safety and clinical efficacy, although this is 
not achievable in all cases. As part of the FDA Quality-by-Design initiative, attempts 
are being made to link product specifications such as in vitro dissolution performance 
with product toxicity and/or effectiveness in humans [18, 19].

2.6.2  Analytical Methods for Specifications

Analytical method development and validation is an essential part of a pharmaceutical 
development program. It is not possible to establish and confirm the compliance of 
specifications without appropriate analytical methods. Reliable analytical methods 
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Table 2.6  Typical target product profile: drug substance specifications of 
an immediate-release tablet

Drug substance specifications Acceptance criteria

Appearance Define color of drug powder
Usually by visual inspection

Identification 1 Retention time or compliance with reference 
spectrum will be acceptable for releaseIdentification 2

Usually, the drug substance is identified  
by two analytical methods such as 
HPLC and infrared spectroscopy

Assay
Usually by HPLC Defined by regulatory body

Stricter than drug product assay

Impurities
Usually by HPLC Specified individual impurities

Individual unspecified impurities
Genotoxic impurities
Total impurities
Based on regulatory guidelines and toxicity 

data
Residual on ignition Based on regulatory requirements

By compendial method
Heavy metals Based on regulatory requirements

By compendial method
Residual solvents Based on regulatory requirements and 

presence of potential residual solventUsually by gas chromatography method
Moisture content Based on development data and generally 

accepted limitsUsually by Karl Fisher, water activity, 
or loss on drying method

Particle size Based on formulation and process experience 
and accepted practiceUsually by sieve analysis of laser 

diffraction method
Polymorphism Match melting or reference spectrum

By melting point (including meting point 
apparatus or hot-stage microscopy), 
IR, X-ray powder diffraction, thermal 
analysis (e.g., DSC, TGA), Raman,  
and/or solid-state NMR

Chirality (optical purity) Set limits based on drug substance, clinical, 
and toxicology dataBy optical rotation, HPLC with chiral 

column
Microbial limits Based on compendial requirements, site 

specific information, drug product 
characteristics, patient population

Usually by compendial method
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are developed rapidly in the preformulation or toxicology formulation development 
stage to evaluate the quality and performance of drug substance, process, and 
potential formulations. The precision, accuracy, efficiency, and procedure of these 
methods are improved as the program advances to reduce cost and meet clinical-
phase specific regulatory requirements [20, 21]. Analytical methods are fully vali
dated for testing clinical supplies in late/pivotal studies. The type and the robustness 
of analytical methods are essentially mandated by the development stage and the 
content of the specifications. Setting and revising the proposed specifications 
throughout the development program is a value-added strategy for the formulation 
and analytical scientists to work closely together to refine the analytical methods 
and  design the experiments to collect valuable data for formulation and process 
development as well as optimization. Furthermore, the TPP with specification 
information can be used as a strategic tool to document and track the development of 
specifications and analytical methods.

Table 2.7  Typical target product profile: drug product specifications of 
an immediate-release tablet

Drug product specification Acceptance criteria

Appearance Color, shape, product identification attributes such as 
coating, debossing, and product-unique product 
identification information on tablet

Identification By analytical method that is specific to the drug 
substance

Assay (content) Meet FDA, EU, and JP requirements such as 95–105% 
end-of life, tighter at release

Impurities Specified individual impurities
Individual unspecified impurities
Genotoxic impurities
Total impurities
Based on drug substance specification, manufacturing 

process, regulatory guidelines, and toxicity data
Content uniformity Assay or weight depending on the potency

Usually by compendial method Based on current compendial requirements for tablets
Dissolution Acceptance criteria based on formulation data and 

regulatory/compendial guidances
Usually by compendial method In vivo–in vitro correlation data

Disintegration Based on formulation data and generally accepted limits
Usually by compendial method

Crushing strength Based on experience and generally accepted limits for the 
size of the formulationUsually by use of specific 

hardness determination 
equipment

Friability Based on generally accepted limits
Use compendial method

Microbial limits Based on compendial limits, site-specific information, 
drug product characteristics, patient populationUse compendial method
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Recent advances of analytical technologies are playing a significant role in 
improving product quality and manufacturing efficiency. Process Analytical 
Technology (PAT) is being adopted to provide real-time feedback in monitoring and/
or adjusting pharmaceutical processes as part of the QbD initiative [22]. This 
approach enhances product quality and consistency in accordance with set 
specifications. These analytical tools are also deployed to develop design spaces 
for  formulation compositions and manufacturing processes to allow more flexible 
limits to produce better products per specifications. With modern technologies such 
as advanced mass spectroscopic techniques, the analysis of low levels of toxic 
substances, such as genotoxic impurities and residual solvents, is becoming a reality. 
The development of specifications for these compounds should be included in 
formulation development [23].

2.7  Product Composition in TPP

The strategies of putting together the composition of a tablet involve the consideration 
of intended medical treatment, drug substance properties, cost of good, and excipient 
quality, toxicity, function, and processing behavior. Application of scientific skills 
and knowledge related to pharmaceutical products, development experience, manu-
facturing operations, and financial planning also contributes to successful selection 
of excipients for the drug product. Typically, excipients are grouped according to 
their functions, such as processing aid (e.g., glidants, granulating agents), chemical 
stabilizer (e.g., antioxidant, pH-adjusting agents), and in vitro delivery characteris-
tics (disintegrants, surfactants), and selected accordingly. An example of common 
excipients that may be chosen and included in the TPP for an immediate release 
tablet is provided in Table 2.8.

2.7.1  Checklist for Excipient Selection

As discussed, the choices of excipients depend on a number of clinical, scientific, 
and business factors. For example, the presence of reactive impurities in an excipient 
can adversely affect the stability of a drug substance depending on the degradation 
mechanism [24]. Establishing the criteria for consideration is crucial because 
excipients may affect regulatory approval, product release, safety, and effectiveness. 
A typical checklist for the selection of excipients in an immediate release tablet is 
provided in Table 2.9. Furthermore, advances in combinatorial chemistry are creating 
new molecular entities with a larger and more complex chemical structure. These 
molecules tend to have poor pharmaceutical characteristics such as low solubility, 
poor GI permeability, and unacceptable powder flow properties. Their formulations 
are more challenging to design and manufacture. The use of suitable excipients in 
these products may help create drug delivery and manufacturing solutions and, 
therefore, is becoming more important in a formulation development project.

The development of new excipients presents new opportunities to solve 
performance problems for modern drug substances. However, the required toxicity 
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testing [25], development time, and cost are prohibitive even for major excipient sup-
pliers. The cost of introducing a new excipient is estimated at approximately 2 mil-
lion USD or higher [26]. For most development projects, common excipients that 
have been used in approved products (such as those listed in USP/NF, PhEur, and 
JPE) are preferred, and usage levels in the FDA Inactive Ingredient (IIG) list (or 
equivalent for products in other countries) are taken as upper limits to avoid regulatory 
hurdles. Qualified vendors with proven quality and supply chain record and up-to-date 
drug master files are chosen. Cost containment for excipients was not viewed as an 
important issue in the past because the cost of excipients was regarded as a small 
portion of the prescription cost, especially for patented medicines. However, cost 
containment of excipients is gaining popularity with increasing generic competition 
and interest in healthcare cost reduction.

Table 2.8  Typical target product profile: formulation composition of an  
immediate-release tablet

Formulation composition

Excipient function Typical excipients Typical use level

Binders/fillers Microcrystalline cellulose, lactose, 
mannitol, sorbitol, xylitol, 
pregelatinized starch, calcium 
phosphate dihydrate

Up to 90+% (w/w)

Disintegrants Sodium starch glycolate, Ac-di-sol, 
Crospovidone

About 2–3% up to 10% (w/w)

Lubricants Magnesium stearate, stearic acid, 
glyceryl behenate, sodium 
stearyl fumarate, glyceryl 
monostearate

About 1% for magnesium 
stearate, up to 5% (w/w), 
depending on type of 
lubricants

Glidant Colloidal silicon dioxide, talc Fraction of 1% (w/w), higher 
levels used for dissolution 
enhancement

Granulating agents PVP, starch, hydroxypropyl 
cellulose, HPMC

Up to 2–5% (w/w)

Colorants FD&C dyes, iron oxides, titanium 
dioxide, natural dyes

Usually fraction of 1% (w/w)

Surfactants Polysorbate 80, poloxymers 0.5–5% depending on surfactant
Stabilizers Antioxidants—vitamin C, BHT About 2–3% for cosmetic 

coatingpH adjusting agents—citric acid, 
acid or basic salts of different 
solubilities

Coating materials Immediate-release polymers: 
HPMC, PVA, Eudragits, starch

Coating weight gain of about 
2–3% (w/w)

Colorants: titanium dioxide, iron 
oxides, FD&C dyes

Plasticizers: PEG, tracetin, 
glycerin
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Table 2.9  Example of a checklist to select excipients for an immediate-release tablet

Selection factors Selection criteria Excipients for selection

Treatment of 
disease

Dosage Excipients for high drug loading for compression
Rapid onset Fast disintegrating excipients
Patient 

acceptance
Colorant for the disease state or patient 

population, e.g., geriatric or pediatric. Film 
coating materials to enhance appearance, 
taste mask, enhance ease of swallowing

Drug substance 
properties

Toxicity or side 
effects

Excipients for slightly delayed absorption to 
avoid acute side effect

Bioavailability Lipid-based excipients may enhance 
bioavailability

Disintegrants to enhance dispersion
Microenvironment to enhance solubility and 

dissolution for pH-sensitive compounds
Surfactant(s) to enhance dissolution
Water-soluble or water-insoluble excipients to 

modulate dissolution behavior
Crystallization inhibitors

Particle size and 
distribution

Excipients with suitable particle size and flow 
properties to produce product with suitable 
content uniformity

Chemical 
stability

Compatible excipients to avoid chemical 
degradation. For example, avoid lactose 
for amines

Physical 
compatibility

Excipients with suitable hygroscopicity for drug 
substance that is a hydrate or that can form a 
hydrate

Avoid excipients that produce physical interaction 
with drug substance, e.g., magnesium stearate 
forms a eutectic mixture with ibuprofen

Light sensitivity Opaque excipients for film coating
Oxidation Avoid excipients with peroxide content

Antioxidants
Suitable packs and oxygen scavengers

Hydrolysis Excipients with low water activities or moisture 
content

Acidic or basic excipients to provide 
microenvironment to prevent pH catalytic 
hydrolysis

Moisture barrier packaging
Moisture barrier coating to provide in-use stability

Taste Film coating excipients
Flavouring agents include sweeteners and flavors

Poor 
compressibility

Compressible ingredients
Ingredients for unit processes such as roller 

compaction or wet granulation process to 
enable compression

(continued )
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Selection factors Selection criteria Excipients for selection

Cohesive and 
adhesive

Use of less cohesive excipients
Use of lubricants or glidants
Use of bulking agents to dilute the drug substance 

to reduce punch adhesion
Color Film coating materials and colorants to enhance 

appearance and visual consistency of product
Quality Excipient toxicity Use excipients with acceptable toxicity data

Use excipients at the same or lower levels than 
those in approved pharmaceutical products

If possible, use excipients listed in FDA’s IGG list
Avoid lactose if lactose intolerance is an issue

Quality and 
quality control

Use vendors that can be qualified and audited 
successfully

Define purchase specification
Supply chain Where possible, avoid single-source excipients

Excipients from reliable vendors
Synthetic source Use nonanimal-source excipients

Use certified bovine serum encephalitis excipients
Ease of 

formulation
Database Excipients that are well studied by researchers, 

vendors, or in-house scientists
Processing Excipients with in-house expertise
Equipment and 

facility
Excipients suitable for process at all scales using 

equipment in existing facility
Function Processing 

technology
Use the right excipients for the intended process 

and technology for the manufacture of the 
dosage form

Processing aid Excipients to assist granulation, wetting, powder 
flow, mixing, and compression

Product 
performance

Disintegrants to allow rapid disintegration and 
dissolution

Surfactant to improve wetting properties and 
solubility

Manufacturing 
cost

Purchase cost Low-cost excipients
Testing cost Excipients that do not require extensive testing 

on release
Excipients that do not require expensive tests

Process efficiency Excipients to reduce processing steps, time, and 
complexity. For example, use direct 
compressible excipients such that a granulation 
process may not be required

Intellectual 
properties

Patent 
infringement

Compositions that may infringe existing patents

Patent filing Compositions that may provide patent protection
Trade secret Choose compositions that allow application of 

pharmaceutical processes that are difficult to be 
copied by another organization

Table 2.9  (Cont’d)
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2.7.2  Excipient Compatibility Study

Excipient compatibility plays a significant role in defining the composition of the 
formulation. A good description of the strategies and procedures to conduct an excip-
ient compatibility program can be found in Narang et al. [27]. In practice, excipient 
compatibility may begin with a paper exercise by:

1.	 Predicting degradation pathways based on the molecular structure of the drug 
substance and potential excipients

2.	 Studying the force degradation data of the drug substance

3.	 Modeling the required dosage form characteristics given the estimated dosage 
and route of administration

4.	 Considering the proposed manufacturing process

Then, a short list of noninteraction (target) excipients and an experimental plan (or 
protocol) can be prepared. The proposed excipient levels can be based on published 
use levels such as those listed in the Handbook of Pharmaceutical Excipients [28], 
the content of existing (marketed) products, manufacturing requirements, the weight 
of the dosage unit, and the properties of the drug substance.

Although binary (one drug and one excipient per sample) excipient compatibility 
studies are frequently used in the pharmaceutical industry, statistical design of 
experiment (DOE) provides additional benefits of evaluating multiple factors and 
interactions in the same experiment [29]. DOE is especially valuable for difficult/
complex formulations where multivariate optimization is required to achieve the 
development objectives. Also, appropriate use of DOE provides better understanding 
of the impact of excipients on product stability. This helps avoid unexpected results 
and collect valuable information for troubleshooting downstream in the development 
program. Traditionally, chromatographic and spectroscopic methods are used to 
assess the potency and impurity content in excipient compatibility samples after 
storage under defined conditions including elevated temperature, and high humidity 
after milling and/or different packaging configurations. Modern high-throughput 
techniques and nonspecific thermal methods such as differential scanning calorim-
etry and microcalorimetry have also been applied in compatibility studies. In theory, 
reaction mechanisms and kinetics should also be studied for a better prediction of 
drug degradation. However, due to the complexity of formulation compositions, a 
full understanding of the degradation mechanism is not always possible, and the use 
of kinetic data to accurately predict product stability (shelf life) remains difficult. In 
these cases, statistical design of experiment can be a complementary tool in revealing 
complex excipients and drug substance interactions. Before the excipients and levels 
are finalized, abbreviated/simulated process trials such as powder flow properties 
should also be conducted to explore the manufacturing capability.

Drug-related degradation impurities should be measured and assessed against the 
proposed specifications. Any impurities that are potentially carcinogenic, terato-
genic, or genotoxic would be strictly controlled [23]. When a potential impurity con-
tains structural alerts, additional genotoxicity testing or assessment of the impurity, 
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typically in a bacterial reverse mutation assay, or using established software such 
as Deductive Estimation of Risk from Existing Knowledge (DEREK) or Multiple 
Computer Automated Structure Evaluation (MCASE), should be considered [30]. 
The presence of genotoxic impurities may occur under certain processing conditions 
such as heating of an alcohol in the presence of a mesylate salt. Hence, a molecular-
based assessment of the chemical compatibility of a drug substance with excipients 
is valuable.

2.7.3  Strategies in Defining Formulation Composition and Excipient Levels

Because of the long clinical and regulatory process in drug development, there is a 
reluctance to change the formulation composition and excipient levels, especially at 
late clinical stages. Ideally, the composition should be defined as early as possible. 
A change of excipients impacts product performance such as dissolution and bio-
availability as well as processing characteristics. This may significantly delay the 
development program because additional clinical and bioequivalence testing may be 
required. Unfortunately, changes in formulations are often required as clinical data 
are collected and modification of drug substances is observed in scale-up or synthetic 
route/process changes. When a change of the product composition is required, the 
FDA SUPAC [31] and biowaiver [32] guidances are useful reference regulatory doc-
uments to assist planning. Direct communication with regulatory bodies is recom-
mended for clarification to avoid any costly misinterpretations.

2.8  Product Manufacturing in TPP

It is not uncommon that most resources are devoted to the manufacture of clinical 
and registration materials, stability testing for regulatory submission, and process 
scale-up and validation in a drug development program. A pharmaceutical formula-
tion and its manufacturing process are often decided early in the program on limited 
data. The time spent on formulation and process design can be limited, for example, 
as little as a few months for a program of as much as10 years. This approach often 
causes expensive and difficult-to-correct issues downstream in the clinic and manu-
facturing facility. At the end, a less-than-desirable clinical or commercial product 
may be produced causing program failure, quality problems, or supply issues.

Process design and development are normally conducted in parallel with other 
activities in the development of new molecular entities. Minimal process work is 
often performed at early development compared to that in late development because 
of the high attrition rate of drug candidates. A low budget and a narrow scope are 
generally set in anticipation of a potential change of formulation/process, clinical 
failure, adverse toxicological events, limited drug substance availability, and change 
of drug substance properties including purity, solid-state characteristics, and 
processing behavior. Less-than-optimal process selection/design and a lack of pro-
cess understanding, however, often create significant downstream risks in achieving 
the desired product performance and quality. Changes of manufacturing process, 
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formulation, or drug substance characteristics to improve quality and performance at a 
late stage can be a major undertaking. These changes often require supporting data from 
additional clinical studies and pharmaceutical development experiments. To remedy 
these issues, strategic upfront and continued risk assessment and planning are recom-
mended to avoid the escalating cost and impact of changes as a project advances. TPP 
with manufacturing information is a useful tool for defining/tracking the strategies, 
goals, and activities to develop a manufacturing process. An example of a TPP (manu-
facturing process) for an immediate release tablet formulation is provided in Table 2.10.

As shown in Figure 2.5, a successful process development program for a new 
molecular entity begins with the collection of background knowledge for risk 
assessment and planning. Then, a lead process can be defined and selected with 
feasibility study results as needed. Development trials, validation, and eventual 
commercial manufacturing are executed following the clinical trial schedule. High-
level information for using a risk-based, Quality-by-Design approach can be found 
in regulatory guidelines such as ICH Q8, ICH Q9, and FDA validation [33–35] for 
risk assessment, pharmaceutical development, and process validation. Experience 
shows that incorporation of available information in expert risk assessment, the use 

Table 2.10  Typical target product profile: manufacturing process of an  
immediate-release tablet

Manufacturing process

Manufacturing process Process: direct compression, aqueous granulation, 
solvent granulation, or roller compression

Blending Lubrication in a V-blender
Achieve blend content uniformity
PAT-controlled

Granulation For example
Wet granulation using a high-shear mixer followed 

by wet milling using a Comil
Optimized process to provide to meet target 

in-process limited
PAT
Fluidbed dry to achieve a moisture content of not more 

than 1% (w/w) and a defined particle size distribution
Lubrication

Compression Compression using a rotator tablet press
Compression at a defined output and quality attribute

Film coating Normally, the product is aqueous film coated in a 
perforated coating pan

Packaging Tablets are filled in HDPE bottles, and the bottles are 
closed using child-resistant caps

Site of manufacture Primary and secondary manufacturing at qualified 
GM facilities in designed countries

No supply chain issues
Cost of good Defined cost per unit
Forecast of manufacturing volume Launch and yearly forecast
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of well-designed experiments, and attention to details throughout the development 
program improve the chance of success.

2.8.1  Selection of a Manufacturing Process

The selection of a manufacturing process is an interactive program where the clinical 
goal, drug substance properties, product characteristics, cost, and timeline are 
assessed. For an immediate release tablet, a direct compression process is often 
preferred for lower cost and faster development and manufacturing. However, it is 
not always possible to formulate a product with suitable input material consistency 
and properties using direct compression. If the compressibility of the drug substance 
is poor, a roller compression process may be selected. Although a wet granulation 
process is more labor and equipment intensive compared to direct compression and 
roller compression, it is useful when the flow and wetting properties of the drug 
substance are poor. Wet granulation can be valuable when the content uniformity, 
compressibility, and dissolution of the drug product are difficult to control.

Aqueous granulation is frequently used to produce suitable granulation sizes to 
improve the powder flow properties and compressibility. Depending on the composi-
tion and compressibility of the formulation components, wet granulation is often more 
suitable to produce tablets with a higher drug loading compared to other processing 
technologies. The drug substance can be better dispersed in modern high-shear 
granulation mixers or by dissolving the drug substance in the granulating fluids. 
Suitable surfactants may be incorporated in the wet granulation process to improve-
ment dissolution. A microenvironment (e.g., using an acid or base in granulating fluid) 
may be introduced at a molecular level for stability and dissolution enhancements. For 
moisture-sensitive products, a solvent granulation procedure may be selected, but the 
equipment and facility costs for managing pollution, solvent toxicity, and explosivity 
are high. Wet granulation methods are also more suitable when the properties of the 
drug substance are susceptible to significant batch-to-batch variations.

A decision tree diagram for selecting the pharmaceutical process and feasibility 
trials for an immediate release tablet is provided in Figure 2.6. In addition to technical 
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Figure 2.6  Decision tree of selecting a manufacturing process for an immediately-release 
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and clinical factors, the choice of the manufacturing process also depends on the risk 
assessment based on the manufacturing knowledge and process experience of the 
development team as well as the availability of equipment and facility at pilot, 
development, and commercial scales.

2.8.2  Establishment of a Pharmaceutical Process

Establishing a formulation and process successfully is a balance between innovative 
ideas, knowledge of products, and team work. At this stage, different companies and 
research groups employ individually or a combination of experience and scientific 
or  experimental tool-based approaches to achieve their development goals. An 
experience-based approach alone is often empirical with limited scientific basis to 
understand a manufacturing process. The process developed is often less optimized. 
It is difficult to troubleshoot problems following this approach because additional 
experiments are often not conducted to test the boundary conditions. A scientific 
approach is based on a theoretical understanding of the properties of material and 
process technologies to complement an experience-based method. However, material 
science is often not sufficiently advanced in pharmaceutical sciences to answer many 
questions. An experimental tool-based approach such as Failure Mode and Effect 
Analysis, Lean Sigma, and various brainstorming techniques are useful for planning, 
designing, and execution. Specialty companies are available to train leaders to enable 
operational excellence, quality excellence, time management, and cost reduction. 
These tools are a part of Quality-by-Design [34]. However, it should be recognized 
that even the use of these well-structured programs may not be sufficient at certain 
development stages or areas of a pharmaceutical development. For example, although 
a tool-intensive approach encourages system development and team function, this 
may not always trigger the required creativity, knowledge, and problem-solving skill 
depending on the team composition and the complexity of the project. Pharmaceutical 
development is most successful where experience, knowledge, science, creativity, 
and system/process are applied strategically.

Once the manufacturing process is selected, the establishment of a pharmaceutical 
process may start with risk assessment and is followed by planning and execution 
(Fig. 2.5). A fishbone diagram for risk assessment of a wet granulation process for a 
tablet formulation is provided in Figure 2.7. The robustness of a pharmaceutical pro-
cess relies on a number of factors that span process engineering, facility engineering, 
material science, clinical performance, quality control, and cost. Although the avail-
able resource often allows the study of a limited number of variables only, a systematic 
risk assessment of all possible process parameters and factors is cost and time effec-
tive. This helps avoid missing key elements that should be controlled or studied. 
Product experts, scientists, and engineers can be invited to share their experience, 
knowledge, and innovation ideas in the risk assessment exercise.

A common issue in process risk assessment is the tunnel vision in a specific process 
or technology. Limited aspects of the manufacture process may have been analyzed in 
detail, but certain critical factors may have been missed in the onset. For example, a set 
of elegant process parameters for wet granulation might be considered without an eval-
uation of the impact of input materials such as particle size and morphology (Fig. 2.7). 
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Sometimes, a lack of technical depth in understanding some of the critical risk factors 
is also problematic. Incorporation of a “big picture” assessment based on input from 
experienced development scientists and an analysis of “hardcore” technologies by area 
experts is essential to the success of the program. Because of a large number of factors 
involved in a process, it is not possible to include all factors for evaluation in a typical 
program. It is necessary to define factors for control and factors for study, based on the 
impact of their changes alone and in combination on the manufacturing process. A 
plan to integrate engineering science to control the processing parameters and tech-
nology to monitor processing-related parameters/variables is important. Judicious use 
of Process Analytical Technologies as a Quality-by-Design is valuable for process 
monitoring and online/at-line feedback to control and adjust the process.

Applying DOE can make a difference in creating a robust manufacturing process 
that produces the product consistently. It also helps troubleshoot based on the 
established design space.

Studying one factor at a time can be resource-intensive and unreliable in under-
standing the effect of how processing parameters interact with each other. Empirically 
increasing or decreasing the intensity of one or more factors without a proper design 
of experiments often leads a program in wrong directions. For example, studying one 
factor at a time, granulation massing time or addition of water alone in the aqueous 
granulation of microcrystalline cellulose (MCC) would increase the particle size to 
enhance particle flow and compressibility in tablet compression. When statistical 
design of experiments was applied to study the aqueous granulation of MCC and lac-
tose using polyvinyl pyrrolidone as the granulating agent, an improvement of particle 
size was observed, but compression behavior could only be improved up to a certain 
level of massing time and water addition because of the interaction of the two factors 

Area of 
optimized 
parameters

115 Water added (g)

Hardness (kP)

Friability (%wt loss)

165

30
M

as
si

ng
 ti

m
e 

(s
)

12
0

19

3.08
2.86 2.64

2.43

2.22 2.00

1.79FlowDex (mm)

0.4 0.6
0.8

1.0
14

18

17

0.2
1516

Figure 2.8  Process optimization of MCC and lactose granulates by statistical design of 
experiment.



REFERENCES� 63

(Fig.  2.8). Therefore, results showed that studying one factor (e.g., massing time 
or water addition) and measuring a single response (e.g., compression or particle 
size) at a time introduces risks and may not produce an optimal process [36]. For 
a difficult-to-compress drug substance, the product development objective may not 
be achievable or difficult to attain without statistical design of experiments. Well-
designed screening experiments followed by DOE are highly recommended.

2.9  Conclusion

This chapter provided an overview of the strategies and the concept of developing a 
tablet formulation for immediate release. A successful program requires a project 
team with technical expertise and experience. Discipline and team work together 
with suitable project management tools such as TPP are success factors for project 
execution. These approaches are applicable to a variety of formulation programs 
from the development of immediate release tablets to complex dosage forms or mol-
ecules with delivery, stability, or processing challenges.
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Drugs for Oral Administration
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3

3.1  Introduction

With the application of combinatorial chemistry and high-throughput screening in 
drug discovery, many new molecular entities with high molecular weight, complex 
structure, and poor aqueous solubility are created. These molecules often do not pos-
sess “drug-like” properties for formulation development. It has been estimated that 
between 40% and 70% of all new molecular entities have insufficient aqueous solu-
bility to produce adequate and consistent absorption after oral administration [1]. 
Because larger molecules tend to dissolve slowly in vitro/in vitro and exhibit poor 
intestinal permeability, the absorption after oral administration of these compounds 
is often rate-limited by dissolution and transportation across the gastrointestinal 
tract. Consequently, the impact of solid-state properties and gastrointestinal (GI) 
physiology such as food effect and stomach emptying on the absolute and variation 
of oral bioavailability is often more pronounced than that expressed from traditional, 
small, highly water-soluble drugs.

To date, the formulation development strategies of poorly soluble compounds are 
generally focused on improvement and control of dissolution as well as permeability. 
In practice, the set of variables to improve/control is unique for each molecule 
although the elements are generally known to formulation scientists. The success of 
a development program has heavily relied upon the identification of the critical 
elements and suitable application of scientific tools to address the bioavailability 
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challenges. Upfront and continuous scientific assessment of the drug molecule/
candidate to create multidisciplinary solutions will enhance the chance of success. 
Then, the application of material engineering solutions for the active pharmaceutical 
ingredient, formulation options to influence the biopharmaceutics, suitable delivery 
systems to improve the rate of release, and processing technologies to produce more 
desirable dosage forms can be considered and applied. A typical approach from drug 
discovery to first-in-human clinical study is shown in Figure 3.1. It is important to 
recognize that a suitable formulation for most poorly soluble compounds can be 
developed using conventional or standard techniques. Applying complex technologies 
unnecessarily may introduce additional risks, cost, and time to the project. For more 
difficult compounds, the choice of delivery technologies should be based on scientific 
and therapeutic reasons and not on the expertise in a specific laboratory alone.

3.2  Upfront Assessments

The bioavailability of an orally administered drug is dependent on the concentration 
of the dissolved drug (dissolution) at the site of absorption, GI permeability, 
absorption window, metabolism, elimination, and dose administered. These physical 
and physiological events are influenced by the biopharmaceutics, drug substance 
physicochemical properties, and delivery technology applied. Unfortunately, it is not 
uncommon that drug delivery development programs are conducted haphazardly in 
an attempt to improve the bioavailability of poorly soluble molecules. Technical pro-
grams are often designed around proximity and availability of the testing laboratory 
and/or preference of the lead formulation scientists. A poorly designed and unfo-
cused program often causes budget and time overruns on unsuitable technologies or 
inefficiency experiments (Fig.  3.2). The chance of program failure was increased 
because the root causes of bioavailability problems were not adequately addressed. 
Therefore, an upfront consideration of the developability and risk assessment is 
highly recommended. It is often possible to identify promising delivery solutions and 
approaches for screening although a paper exercise alone is unlikely for the entire 
program to succeed given the complexity and integrated nature of the physical 
and biological systems. An integrated assessment, however, should help develop 
the scope and timeline, for example, of a parallel formulation screening program. 
Assessment of a poorly soluble compound before and during its development program 
also helps define value-added strategies and create cost-effective experimental plans.

3.2.1  Initial Assessment of Developability

A number of high-level approaches such as Biopharmaceutical Classification System 
(BCS) [3], Biopharmaceutics Drug Disposition Classification System (BDDCS) [4], 
Lipinski’s Rule of Five [5], and Developability Classification System [6] were 
proposed and employed to predict the developability of new molecular entities from 
a bioavailability perspective. These classification systems attempt to predict the 
absorption of a drug substance/candidate based on the solubility, molecular mass, 
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molecular structure, permeability, and dissolution. In addition to these popular 
classification approaches, more developability assessments based on the influence of 
physiochemical properties not only on bioavailability but also on formulation 
performance, manufacturing capability, and product stability can also be used. 
Properties such as pK

a
, pH-solubility, melting point, crystallinity, particle size, surface 

area, crystal habit, residual solvent content (including water), and hygroscopicity can 
be included. For the entire drug development program, a more holistic developability 
assessment that also includes business, synthesis, and therapeutic aspects of a 
compound is valuable [7], but beyond the scope of this chapter.

A molecule with exceedingly high molecular weight, poor solubility, and 
excessive hydrophobicity or hydrophilicity tends to exhibit less-than-optimal bio-
availability. Based on the Lipinski Rule of Five, a drug candidate with a molecular 
weight of not more than 5 hydrogen bond donors, not more than 10 hydrogen 
bond acceptors, a molecular mass of less than 500 Da, an octanol-water partition 
coefficient (log P) of not greater than 5 will likely be more developable [5]. 
The Rule of Five is particularly useful as a high-level assessment tool in drug discovery 
and early pharmaceutical development when limited physiochemical and bio-
pharmaceutics data are not available.

Biopharmaceutical Classification Systems (BCS) was introduced by Amidon 
et  al. [3] in an attempt to correlate drug dissolution and bioavailability, based on 
solubility and permeability of pharmaceutical compounds (Fig. 3.3). Based on the 
BCS concept, correlation between dissolution rate and bioavailability is expected for 
poorly soluble and highly permeable compounds, unless the dosage is very high. 
Three dimensionless numbers were used to explain oral drug absorption, and case 
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studies, where permeability (related to Absorption Number), dissolution (related 
to Dissolution Number), dose (related to Dose Number), and solubility (related to 
Dose Number) became rate-limiting for bioavailability [3], were presented. BCS is a 
useful tool to predict potential bioavailability issues and define strategies to meet 
regulatory requirements. It has been applied frequently not only for biowaivers [8], 
but also for making early development decisions in formulation development. For 
example, polymorphism of BCS Class I (highly soluble and highly permeable) and 
III (highly soluble and poorly permeable) compounds is less likely to impact the bio-
availability, provided that immediate dissolution is achieved. Therefore, extensive 
polymorphism screening may be delayed until more efficacy data are collected. On 
the other hand, polymorphism and salt selection could be prioritized for BCS Class 
II (poorly soluble and highly permeable) and IV (poorly soluble and poorly perme-
able) candidates to reduce development risks. BCS can also be used to provide 
direction to design animal and human formulations earlier and faster and avoids 
bridging BA/BE (bioavailability/bioequivalence) studies [9].

The BCS classification is based on intestinal permeability and dose-corrected 
solubility. Different methods have been used to estimate the permeability:

•• Extension of absorption intravenous reference dose, humans determined by 
mass balance [8, 10]

•• Partition coefficient [10]

•• Metabolism, BDDCS [4]

•• Epithelial cell culture model, for example, Caco2 cells

•• Perfusion studies

The FDA guideline on Waiver of In Vivo Bioavailability and Bioequivalence 
Studies for Immediate-Release Solid Oral Dosage Forms Based on a Biopharmaceutics 
Classification System indicated that a drug substance is considered to be highly permeable 
when there is an absence of evidence suggesting instability in the gastrointestinal 
tract and the extent of absorption in humans is determined to be 90% or more of an 
administered dose based on a mass balance determination or in comparison to an 
intravenous reference dose. In this definition, first-pass metabolism has not been 
taken into consideration. In addition, a drug substance is considered highly soluble if 
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Figure 3.3  Biopharmaceutical classification system.
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the highest strength is soluble in 250 ml or less of aqueous media throughout the pH 
range of 1.2–7.5 [8]. A lower–upper range of 1.2 (0.1N HCl) to 6.8 has been proposed 
by European Medicines Agency (EMEA) [11]. BDDCS has been proposed to include 
metabolism in the classification of drug molecules and prediction of permeability of 
drug molecules [4]. This approach may provide mechanistic information for formulation 
scientists to find bioavailability solutions or make development decisions earlier in 
the program.

In most cases, BCS gives a good prediction of bioavailability. However, BCS 
classification should be treated with some caution as a first approximation in planning 
a development program. Relevant physicochemical factors that can be rate-limiting 
in processing, dissolution, and solid-state transformation could also be valuable for 
assessing the amount of drug deliverable in vivo. Formulation variables can also 
come into play in affecting the delivery of poorly soluble compounds. Factors such 
as dose volume, aqueous equilibrium solubility, and solid-state characteristics should 
also be reviewed for formulation (drug delivery) development. In the case of digoxin, 
although it is poorly soluble (low aqueous equilibrium solubility), it is classified as a 
highly soluble compound based on the BCS system (BCS Class I or III), because a 
low dosage is required for oral administration [6, 12]. Because of its low equilibrium 
solubility and high melting point (248°C), the dissolution of the drug substance can 
be slow and affected by the solid-state properties (such as particle size and crystal-
linity), formulation composition, and manufacturing technologies. Source-to-source 
and batch-to-batch variations of digoxin products, a narrow therapeutic index drug, 
are well documented [13].

United States Pharmacopeia (USP) categorized drug solubility into very soluble 
(<1 part per solute), freely soluble (1–10 parts per solute), soluble (10–30 parts per 
solute), sparingly soluble (30–100 parts per solute), slightly soluble (100–1,000 parts 
per solute), very slightly soluble (1,000–10,000 parts per solute), and practically 
insoluble (>10,000 parts per solute) [14]. The USP solubility is based on thermody-
namics (equilibrium solubility) and is useful for predicting dissolution and processing 
behaviors as well as developing analytical techniques for product testing. It is an 
invaluable tool for bioavailability predictions in early development, especially when 
accurate permeability and dosage information is not readily available. Using both 
BCS and USP solubilities to assess the developability of a molecule on bioavail-
ability will provide a better understanding of molecular and solid-state variables that 
affect the performance of the intended product.

The Developability Classification System was proposed by Butler and Dressman 
[6]. This classification system further divided BCS II drugs into dissolution-con-
trolled (BCS IIa) and solubility-controlled (BCS IIb) classes for absorption predic-
tions. The concept of using biorelevant dissolution media containing solubilizers 
such as bile acids for assessment of drug developability and prediction of formula-
tion performance of poorly soluble drugs was also introduced. The use of fasted-state 
simulated intestinal fluid (FaSSIF), fed-state simulated intestinal fluid (FeSSIF), 
fasted-state simulated gastric fluid (FaSGF), and several fed-state simulated gastric 
fluids (FeSSGF) were recommended [6, 15]. To date, these simulated fluids are 
widely used in the pharmaceutical industry for solubility and dissolution studies. 
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This approach may provide a better prediction of the in vivo release of the drug than 
the use of USP-simulated fluids, provided other physiological factors such as GI 
motility and physical factors such as recrystallization are not dominating the drug 
release process. However, the time and cost of preparing biorelevant dissolution 
media are relatively high. Variations of a biorelevant dissolution medium have 
been proposed [16]. At this stage, the benefits of these compositions are not easy to 
establish because of a lack of significant body of in vitro–in vivo correlation data.

3.2.2  Molecule-Specific Considerations

The delivery of an orally administered drug to the systemic circulation is a series 
of events in the lumen of the GI, enterocytes, and liver (Fig. 3.4). The occurrence of 
these events is affected by the dose administered, drug dissolution, GI permeation, 
and metabolism/elimination and is also governed by a number of physiological, 
physicochemical, and delivery technology factors (Fig. 3.4). More detailed exami
nation of these key factors in addition to an initial assessment of developability or 
biopharmaceutical classification often further identifies and improves delivery 
approaches and solutions. For example, using Lipinski’s Rule of Five together 
with metabolism, permeability, and solubility information, Thomas et al. [17] have 
proposed a road map for risk assessment of bioavailability in drug discovery. This 
approach enables efficient and effective design of experiments to reach the objectives. 
Due to the diversity of the chemical structure of drug substances, each poorly soluble 
molecule is expected to exhibit unique chemical, physical, and biological properties. 
Molecule-specific assessment of drug release, permeability, and pharmacokinetics is 
an integral part of the formulation development of a poorly soluble drug with potential 
bioavailability issues.

3.2.2.1  Assessment of Drug Release  The drug release of a poorly soluble 
compound often relies heavily on the solid-state characteristics of the active and 
excipients. An orally administered formulation becomes available for absorption 
when it is disintegrated, followed by dissolution in vivo. The disintegration pro-
cess is influenced by the physical properties of the drug substance and excipients, 
manufacturing process (e.g., compression force affecting tablet-crushing strength), 
formulation characteristics (e.g., moisture content), and GI physiology. Similarly, 
the dissolution process is also affected by the solid-state characteristics of the 
drug substance/excipients and environment in the gastrointestinal tract. Therefore, 
modeling drug release based on material science and biopharmaceutical 
information is beneficial for designing formulations and selecting excipients for 
poorly soluble drugs.

Physical properties of the drug substance such as particle size can modulate the 
dissolution rate of by increasing the surface area and solubility of poorly soluble 
drugs. Other factors such as hygroscopicity, melting point, and lipophilicity may 
also influence drug release and (physical and chemical) stability. Therefore, the rate 
and extent of drug release from a dosage form can also be affected. An ionizable, 
poorly soluble molecule will present a different release profile at different pHs, for 
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example, a different dissolution rate between the stomach and the intestine. In some 
cases, the dissolved drug substance precipitates in the gut lumen due to supersatura-
tion as a result of changes in counterion concentration, pH, and composition of the 
GI fluid (e.g., presence of food), as well as solid-state transformation such as 
crystallization of a thermodynamically more stable form. An assessment of available 
solid-state data and the potential impact of a GI environment/physiology on the bio-
availability may help set the direction and expectation of the development program.

3.2.2.2  Assessment of Transport Across the Gut Wall  The movement of drug 
molecules through the gastrointestinal barrier involves a combination of physical 
and physiological events that may include passive diffusion, active transport, 
facilitated (carrier-mediated) passive diffusion, and/or pinocytosis [18], depend-
ing on the chemical structure of the drug molecule. Common factors that affect 
drug transport across the gut wall are listed in Figure  3.4. Defining the rate-
determining steps of gastrointestinal transportation is valuable in constructing 
the development strategy and delivery options. For example, poor permeability 
may be caused by slow passive diffusion if the molecule is relatively large, for 
example, greater than 500 Da. The rate-limiting step may also be related to lipo-
philicity as expressed by the octanol – water partition coefficient, for example, log 
P > 5 based on Lipinski’s Rule of Five [5]. Another rate-limiting factor for passive 
diffusion is ionization of dissolved drugs, and pK

a
 can provide valuable information 

on whether a drug will be ionized (poorly absorbed) at physiological pH. A zwit-
terion drug with a large molecular weight will likely be poorly absorbed, unless 
the transport is supported by active or facilitated mechanisms such as ion pairing 
with another substance.

Active transport is a rate-limiting step for the absorption of many drugs. Recent 
advances in the understanding of both intestinal uptake and efflux transporters have 
raised the awareness of the role of transporters on pharmacokinetics, drug delivery 
[4], and interactions between drugs and their excipients in affecting bioavailability. 
Drug molecules may also be transported by pinocytosis with lipid-based substances. 
The active molecules may then reach the systemic circulation through the hepatic 
and/or lymphatic routes. In this case, the presence of suitable lipids (food- or lipid-
based excipients) at the site of absorption will facilitate the absorption process. 
Hence, excipients are expected to have a larger impact on the performance of this 
type of products, and a better understanding of their properties is required to develop 
a successful formulation.

The increasing usage of cell culture and the increased knowledge of transporters 
and metabolic enzyme functions allow a better understanding of drug absorption and 
the prediction of bioavailability. Caco-2 monolayer cell culture is widely used for the 
assessment of drug permeability [19] and the mechanism of absorption, including 
passive diffusion and active transport such as transporter-mediated uptake and 
P-glycoprotein efflux. Despite some noted deficiencies in the expression of certain 
transporters and metabolic enzymes, using Caco-2 cell culture model is a popular/
standard method for predicting drug absorption [20] to support formulation 
development. Other cell lines are available; each has advantages and disadvantages 
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over each other [21]. Accurate prediction of drug transport through a human GI 
wall may still be difficult using cell culture methods alone. Animal perfusion 
studies may provide better answers [12]. Nevertheless, cellular in vitro methods 
remain valuable for hypothesis building and formulation design in preparation of 
animal studies as well as a proof-of-concept or validation of the intended delivery 
system in humans.

3.2.2.3  Assessment of Pharmacokinetics  Identification of critical pharmacoki-
netic issues is an important aspect of scientific assessment for the development of 
poorly soluble drugs. For example, first-pass metabolism or degradation (e.g., hydro-
lysis) in the intestine or liver will diminish the oral bioavailability of a drug substance 
or introduce the active metabolite(s). It is a common recommendation that a poorly 
soluble substance with significant first-pass metabolism will not be further pro-
gressed for oral administration after accounting for dissolution, permeability, and 
first-pass metabolism issues, unless the dosage is very low.

For drugs that eliminate rapidly from the body, a very large dose or a modified 
release dosage form may be required. Oral modified release dosage forms often need 
an acceptable absorption throughout the GI track to be effective. This may not be 
possible for poorly soluble compounds with a narrow absorption window. Other 
metabolic processes for formulation development considerations include saturable 
kinetics and the metabolism and hydrolysis of prodrugs.

When sufficient information about the physicochemical properties, permeability, 
and dosage is available, in silico simulation or estimation may be performed for 
the  planning of formulation screening. In general, a lower bioavailability target 
(compared to that of most highly soluble compounds) is set for poorly soluble drugs. 
A 25% target [22] could be used for simulation work, but approximately 10% was 
used for low-dosage or potent molecules.

3.2.3  Defining Potential Delivery Options

Based on the assessment of the molecule, drug delivery options may be evaluated for 
both preclinical (discovery) and clinical programs. The available techniques are pri-
marily based on solubility enhancement, particle size reduction, and permeability 
enhancement. A summary of techniques that can be used in both development and 
commercial settings is given in Figure 3.5. Solid dispersion may be considered as a 
special class of solubility enhancement technology because of the theory and tech-
niques applied. Many bioavailability enhancement techniques offer synergistic 
effects to improve bioavailability. For example, both particle size reduction and the 
use of certain permeation enhancers may increase the solubility of the drug substance 
for bioavailability enhancement.

Using griseofulvin (a popular model drug in research) as an example, the 
solid-state properties, biopharmaceutics, and available delivery solutions can be con-
sidered in a scientific assessment. Griseofulvin is an antifungal agent with a strong 
crystal lattice that is reflected by the high melting point and poor solubility in both 
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polar and nonpolar solvents. The molecule has several polar functional groups 
although it is not ionizable (log P ~ 2). It is a BCS II compound with an orthorhombic 
well-packed crystal lattice (no polymorphs are reported to date). Griseofulvin is 
administered at 1 g/day. In view of the solid-state properties and biopharmaceutics, 
micronization can be included in the screening because of the high melting point and 
well-formed crystal structure. Other delivery systems such as high-energy milling to 
produce submicron particles and solubility enhancement by amorphous solid disper-
sion may also be considered to improve bioavailability. However, the strong crystal 
lattice suggests that griseofulvin is susceptible to Ostwald ripening in suspension or 
crystallization in amorphous solid dispersion. A suitable crystallization inhibitor(s) 
is recommended. For drug delivery by solubilization, both highly polar and nonpolar 
solvents should be avoided. The solubility will likely be improved in solvent systems 
with a combination of Debye interactions, dispersion forces, and specific interac-
tions. The relatively high dosage and low solubility suggest that the development of 
a liquid-filled capsule for griseofulvin will be challenging.

3.3  Particle Engineering of Drug Substance

Particle engineering plays an important downstream role in achieving the target 
product profile that satisfies the physicochemical, bioavailability, and manufacturing 
requirements for many poorly soluble molecules (Fig. 3.6). The solid-state properties 
of an active pharmaceutical ingredient (API) can significantly affect the biological 
and chemical performance of the finished product. For example, solid form, solu-
bility, and particle size can drastically affect dissolution and processing behaviors 
that impact bioavailability. A poorly soluble drug normally possesses a relatively 
complex chemical structure with multiple functional groups that favors the formation 
of polymorphs and solvates including hydrates. Moreover, poorly soluble com-
pounds are often more susceptible to processing, wetting, and tablet compression 
problems as a result of hydrophobic surface properties, larger specific surface area 
(due to smaller particle size required for dissolution), and high drug loading (lower 
excipient content available to enhance compression characteristics) in dosage forms 
to compensate for the lower bioavailability. Consequently, more demanding/vig-
orous, upfront particle engineering and specifications development, for example, 
solid form and particle size specifications of the input drug substance and excipients, 
are expected for the development program.

Once a drug candidate is identified for development, the physicochemical prop-
erties, bioavailability, and processing capability of the synthesized material can be 
assessed to determine whether the pharmaceutical solid is suitable for toxicology, 
formulation, and/or clinical studies (Fig. 3.6). The evaluation can be abbreviated and/
or miniaturized using a small quantity of drug substance [23]. A salt or cocrystal 
form may be developed, should the base, acid, or unionized form of a molecule not 
be desirable for delivering the intended toxicology exposure and potential human 
doses. For more difficult cases, such as molecules with very poor solubility (BCS 
Class IIb or IV), amorphous drug substances, chemical structure changes (e.g., use of 
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a prodrug), or special delivery technologies may be considered (Fig.  3.6), after 
conventional particle engineering options are exhausted.

Salt selection is a critical step to define the physicochemical properties, product 
release behavior, and mechanical properties (manufacturability) of a poorly soluble 
drug candidate. If the molecule is easily ionizable (e.g., pK

a
 sufficiently close to 

the physiological pH), a salt may be produced to increase the solubility such that the 
dissolution and absorption rate may also be enhanced. A list of FDA-accepted 
counterions for basic drugs was provided by Gould in 1986. The selection of coun-
terions is generally based on the solubility, melting point, stability, and wettability of 
the salt [24] and the toxicity of the counterion [25]. Hydroscopicity and processing 
behavior also play a strong role in salt selection, in addition to the improvement of 
dissolution and bioavailability. Preformulation tests and the choice of approaches 
for salt selection will further define whether a suitable salt can be employed for 
formulation development [26]. Aspects of salt application, selection, evaluation, and 
development strategies are summarized in Stahl and Wermuth [27].

A number of very poorly soluble drugs cannot be ionized easily and are quite 
hydrophobic, such as those in the BCS IIb classification. Producing a physically stable 
salt of these molecules with desirable solubility is not possible or quite difficult 
without using a strong acid or base. Even if a salt can be produced, it may be hygro-
scopic, irritate the GI tract, corrode pharmaceutical equipment, and disproportionate 
easily [28]. Polymorphs, solvates, and amorphous forms may also be produced easily 
as a pure solid or a mixture of forms in a batch, due to the complex, multipolar nature 
of the chemical structure of the drug molecule. Such salts may not be suitable for 
further development, and other means to deliver the drug substance will be required. 
Despite the potential challenges in salt selection and preparation for poorly soluble 
drugs, successful bioavailability enhancement employing this approach is often very 
rewarding. Applying salt selection is often an easier solution compared to the use of 
complex and more risky delivery technologies. Modern high-throughput equipment 
coupled with state-of-the-art solid-state characterization techniques allows extensive 
salt searching and selection. This approach is being applied in large pharmaceutical 
organizations and specialty pharmaceutical/contract companies [29]. A rational 
approach also enhances the chance of success. Prudent and scientific evaluation of the 
solid-state properties to determine the suitability of salts [30] is a key step in formulation 
development of poorly soluble drugs.

Because of the poor solubility of the unionized form of the drug substance, a dis-
solved salt may “crash out” or precipitate in vivo easily. For example, the salt of a 
basic drug may fully dissolve in the acidic medium of the stomach. However, the 
drug substance may become supersaturated at a higher pH in the intestine, causing 
precipitation and aggregation as the unionized form. The drug will not be available 
for absorption until it is dissolved again in the GI tract. The second dissolution pro-
cess can be variable or incomplete. It is influenced by the effective specific surface 
area of the precipitate and the composition of the GI fluid. The use of crystallization 
inhibitors or local pH modifiers in the formulation may be useful to allow the drug 
substance to remain dissolved to enhance the bioavailability.
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3.4  Animal Formulations and Screening of Delivery 
Technologies

The screening and selection of delivery systems for poorly soluble compounds often 
starts in parallel with the animal toxicology program early at the preformulation 
stage and refines as needed until the commercial formulations are defined at the 
Phase II or III clinical stage. Formulations for toxicology studies present significant 
challenges, due to the fact that a very high concentration of drugs in formulation is 
needed to deliver an in vivo exposure equivalent to multiple folds greater than that of 
the efficacious level [31]. For poorly soluble molecules, the delivery of sufficient 
quantities of the drug substance to support the exposure of the drug substance in dif-
ferent animal species for the human program is often more difficult than that of other 
classes of compounds. It is advisable to improve the bioavailability of poorly soluble 
drugs as early as possible in the drug discovery and development program. Designing 
toxicology formulations can be a crucial and rate-limiting process that affects down-
stream product performance, manufacturing capability, cost, and chance of success 
in the clinic. To achieve a sufficiently high no-observable-adverse-effect level 
(NOAEL) is strategically important because it helps define the toxicology profile and 
allows flexibility for dose ranging later in the clinic.

To achieve the exposure level to determine NOAEL for a poorly soluble molecule 
requires dissolutions and dispersions of a sufficiently large dosage from an animal 
formulation in vivo, based on the target systemic exposure level and the permeability. 
This target dosage is limited by the dose volume and is inversely proportional to its 
solubility, which is also a function of the molecular structure, solid-state properties, 
and formulation employed. Hence, a more intense solid-state characterization effort 
to define the delivery options and particle engineering at early development for 
poorly soluble and poorly permeable compounds is often required.

Advances in screening approaches and automation have produced more poorly 
soluble compounds, putting increasing demands on the formulation capabilities in 
drug development. An early focus on formulation strategy including the collection of 
information and an understanding of the compound than is routinely/traditionally 
required in the drug discovery stage is becoming a new paradigm [32, 33]. Depending 
on the properties of the drug candidate, special attention to dissolution for reaching 
the required concentration in vivo and permeability enhancement is required. 
Solubility enhancement by pH adjustment, solvents/surfactants, and cyclodextrins is 
commonly used to increase the concentration of a drug substance in a formulation. 
The use of BCS classification and solubility information in defining the animal 
formulation can be valuable [9]. Based on the in vitro permeation and the dosing 
(amount and volume) information, the decision to apply advanced drug delivery tech-
nologies such as suspensions, lipid-based excipients, nanoparticles, and amorphous 
solid dispersion may be proposed [33]. Although the animal formulations may not be 
intended for clinical use due to toxicology and administration reasons, early formulation 
experience supporting the toxicology and pharmacokinetic programs is valuable for 
setting directions for human formulation development.
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Use of early exploratory (animal) formulations to define the drug delivery system 
and the manufacture process is advantageous and has a significant impact on 
subsequent development. Upfront effort in qualifying delivery technologies and 
lead formulations is recommended for poorly soluble molecules to avoid down-
stream technical problems and project delays. Preclinical formulations for poorly 
soluble drugs are often prepared in small quantities quickly. The method of prepa-
ration can be less expensive and less time-consuming due to the smaller scale of 
manufacture, except that the availability of drug substances is limited. Procedures to 
ensure safety, consistent drug administration, and manufacturing standards are less 
vigorous than those employed for clinical and commercial formulations. Changes of 
delivery technology and composition are permitted with reasons and data. Several 
drug delivery technologies for animal administration can normally be explored in a 
short period of time. A well-designed and executed program starting at an early 
development stage will likely save time and money and avoid costly changes as the 
project progresses.

3.5  Parallel Technology Screening Program 
for Human Formulations

Improving solubility and bioavailability is a multifaceted challenge in the drug 
development process. Many technologies exist with varied degrees of success. 
Selecting and employing the most appropriate technology is often required to achieve 
the development goals. Evaluating any set of technologies in sequence can be very 
expensive, time-consuming, and a serendipitous exercise. A parallel screening 
approach with an upfront scientific assessment is a powerful tool that provides fast, 
cost-effective results. Integration of animal bioavailability evaluation provides 
quick feedback to decide a path forward. Accelerated development through parallel 
formulation screening could lead to a faster and more successful path to first-in-
human (FIH) trials.

Although many technologies are available to improve the bioavailability of poorly 
soluble drugs, appropriate application should be tailored to the physicochemical 
properties, biopharmaceutics, and the dosage requirements of the drug substance to 
enhance the chance of success. The choice of the technology is also influenced by 
time and the cost of development. Complex formulations, such as amorphous solid 
dispersions that are thermodynamically unstable and more difficult to manufacture, 
may be reserved for difficult cases. Due to the strategic nature of developing poorly 
soluble drugs, a decision tree approach adds value, especially at proof-of-concept or 
first-time-in-human stages, for the planning and selection of a drug delivery technology 
to achieve the bioavailability goal (Fig. 3.7).

A typical parallel screening program begins with an upfront scientific assessment 
to define potential technology solutions. Then, a series of screening tools is applied 
to fine-tune the strategy and define prototype compositions. This is followed by 
the preparation and evaluation of pilot formulations using miniaturized equipment 
and predictive methods before animal pharmacokinetic studies. The results are 
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expected to enhance the probability of success of developing suitable clinical 
formulations for BCS II and IV compounds in first-in-human (FIH) and proof-of-
concept studies (Fig. 3.7).

As discussed, the delivery technologies for bioavailability improvement primarily 
involved particle size reduction, solubility enhancement, and permeation enhancement 
(Fig. 3.5). Parallel screening programs can be conducted quickly and efficiently with 
minimal resources. It is well-suited for early development, where financial support 
is limited until promising drug delivery and clinical results are available. A number of 
established screening studies including thermal analysis, optical microscopy and spec-
troscopic methods, targeted solid-state characterization, solubility studies, and perme-
ation studies (e.g., bi-directional Caco-2 assay) can be applied to collect data, fine-tune 
delivery strategies, and construct prototype compositions. For example, based on the 
molecular structure and properties of the API and polymers, experiments can be 
designed to produce solid dispersions using milligram quantities of API and excipients 
in a differential scanning calorimeter (DSC). In general, an excipient-screening 
program using DSC can be completed in a few days to identify lead solid dispersion 
formulations. Other excipient-screening studies such as the preparation of simple 
quaternary phase diagrams followed by dilution tests may be employed to define com-
positions and to predict the in vivo behavior of Self-Emulsifying Drug Delivery 
Systems (SEDDS). Effective use of screening tools reduces or eliminates trials-and-
errors in prototype preparations. It also creates improved design spaces to improve the 
probability of success downstream in vitro and in vivo.

3.5.1  Particle Size Reduction

Certain bioavailability-enhancing approaches are technically easier, less time-
consuming, and less costly to achieve. One such approach is particle size reduction, 
if the absorption is rate-limited by dissolution. Considering the Noyes–Whitney 
equation below:

	

dW

dt

DA C C

L
=

−( )s

	

where:

dW/dt is the rate of dissolution

A is the surface area of the solid

C is the concentration of the dissolved material in the dissolution medium

C
s
 is the concentration of the material at the diffusion layer surrounding the solid

D is the diffusion coefficient

L is the diffusion layer thickness

An increase of specific surface area (A) by particle size reduction will increase 
the rate of dissolution. An increase of solubility and reduction of the thickness of 
the boundary (diffusion) layer resulting from particle size reduction also improve the 
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dissolution rate, especially at nanosize scale. The solubility increase can be explained 
by the Kelvin and the Ostwald–Freundlich equations, and boundary layer reduction 
is described by Prandtl’s equation [34].

Pharmaceutical micronization of poorly soluble solids is well-established and 
is  frequently performed by air jet milling for brittle solids with a melting point 
well  above room temperature. To avoid dust explosion, an explosivity and safety 
assessment is performed, and the process may be conducted under an inert atmosphere 
(e.g., nitrogen). Micron-size drug substances may also be obtainable at the final stage 
of API synthesis under suitable crystallization conditions. This approach is getting 
popular to obtain crystals of more desirable physical properties and processing 
behavior than those produced by jet milling.

To achieve satisfactory bioavailability improvements by micronization, the 
particle size should be adequately reduced (e.g., <10 µm). In most cases, micron-
ized particles of poorly soluble drugs are cohesive because of increased surface 
area and dispersion forces. Use of a suitable formulation composition and process 
technology to assist powder flow, disintegration, and dissolution will likely be 
required for tablet and capsule products. The drug substance could be blended 
with water-soluble carriers/excipients at a suitable level to allow good dispersion 
for dissolution and successful compaction if a tablet product is required [35]. A 
larger quantity of superdisintegrants and processing aids such as glidants and 
lubricants are often incorporated in the formulation. One or multiple surfactants 
at suitable levels will likely be required to achieve the dissolution profile of a 
tablet formulation [36].

The creation of a suitable microenvironment using local pH modifiers can 
complement micronization to increase the rate of dissolution and the concentration 
of pH-solubility-sensitive drugs. The presence of a crystallization inhibitor to prevent 
the precipitation of poorly (pH-sensitive) soluble drugs at supersaturated levels upon 
pH changes in the gastrointestinal tract may be needed to ensure the drug is available 
for absorption [37, 38].

Drug particles are generally more sensitive to chemical degradation and moisture 
after micronization. Also, the reduction of crystallinity and poor powder properties 
are often encountered upon micronization. Processing of micronized materials is 
expected to be more difficult. The physical size of a dosage unit may be quite large 
to address the low bioavailability, especially for molecules with low potency, low 
permeability, and ultralow solubility (e.g., <5 µg/ml in water). The size of solid dos-
age units (dose volume in the case of a liquid) may need to be increased until it is not 
practical to swallow, given the patient population. Nevertheless, the benefit of 
applying micronization to enhance bioavailability may still outweigh the extra risks, 
time, and effort to develop a product using more complex options.

As predicted by the Noyes Whitney Equation, compounds with exceedingly low 
aqueous solubility require further size reduction than that provided by micronization 
to achieve the desired dissolution rate. For spherical drug particles, a size reduction 
from 10 µm to 100 nm generates a 100-fold increase in surface area-to-volume ratio. 
Hence, a nanodelivery system is a viable delivery option to improve the bioavail-
ability of highly permeable molecules with very low solubility, provided that a suitable 
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manufacturing process is available and a physically stable formulation can be 
developed for the molecule. Use of nanodrug particles may also reduce the impact of 
food on bioavailability [39].

High-energy dry and high-energy wet millings are established methods for pro-
ducing particles with a mass-median diameter ranging from approximately 100 to 
500 nm in the pharmaceutical industry. However, formulation of these products can 
be challenging because submicron particles have a tendency to grow in suspension 
on storage and in vivo due to Ostwald ripening in order to minimize the crystal 
energy. Particle aggregation as a result of an increase of contact surface area (due 
to  particle size decrease) or Ostwald ripening also causes poor dissolution 
and processing problems. To suppress these problems, a significant quantity of 
crystallization inhibitors, stabilizers (steric or ionic), processing aids, and surfactants 
will likely be required for the formulations [40]. Reduction of solubility by controlling 
ionization (pH), use of common ions, or suitable excipients (e.g., surfactants) also 
reduces Ostwald ripening and aggregation. Some of these ingredients present safety 
issues when they are used in large quantities. Many surfactants have a poor taste, and 
a suspension formulation with these ingredients may require taste masking. To stop 
Ostwald ripening, converting the high-energy milled suspension to a powder, for 
example, by fluid bed layering or spray drying, is desirable, although the manufacturing 
process is time- and energy-consuming. Because of the potential physical instability 
and more complex manufacturing process, only a limited number of pharmaceutical 
products containing nanoparticles have been commercialized. Nevertheless, at least 
four oral products (Rapamune®; Emend®, TriCor 145®, and MegaceES®) incorporating 
the NanoCrystal technology are marketed in the United States and other countries 
[39]. Nanoparticles are frequently used in preclinical and toxicology settings to 
achieve drug exposure and for proof-of-concept studies. These formulations can be 
used within a short period of time to avoid physical and chemical stability issues. 
Pilot-scale equipment to generate nanoparticles is less capital-intensive, and its operation 
is less time consuming than that of commercial equipment.

Submicron-size particles can also be delivered as a microemulsion or self-emulsified 
nanoemulsion. Microemulsions are thermodynamically stable but usually contain signi
ficant quantities of surfactants to maintain the physical stability on storage. The presence 
of a high concentration of surfactants may cause toxicity, irritation, taste, and stability 
issues. These factors should be considered carefully in selecting the technology and 
defining the composition for a formulation. A number of surfactants such as poloxamers 
and crystallization inhibitors such as polyvinylpyrrolidones (PVPs) contain peroxides or 
generate peroxides on storage. They may not be suitable for use with drug substances that 
are highly sensitive to oxidation. When the drug in a microemulsion is prone to 
crystallization upon dilution in vivo, the risk of decrease or variation in bioavailability is 
also increased. The use of an in vitro dilution test may help predict such in vivo events.

To assess whether a simple particle size reduction method will likely achieve the 
bioavailability target for poorly soluble molecules, a Maximum Absorbable Dose 
(MAD) approach may be applied [41]. MAD is defined as

MAD = k C Va s t
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where:
k

a
 is the absorption constant

C
s
 is the solubility

V
t
 is the volume of fluid in the gastrointestinal tract

The MAD is reached if the rate of GI wall transport (k
a
) and the volume of GI fluid 

are unchanged and a saturation is attained. Therefore, if the MAD is high relative to 
the therapeutic dose, particle size reduction may be useful to enhance the bioavail-
ability. If the MAD is significantly lower that the target dosage, using the micronization 
method to improve the bioavailability may not be suitable. Less-than-optimal 
absorption may occur. Moreover, further reduction of particle size such as the use of 
nanotechnologies will also unlikely be meaningful if the MAD is much smaller than 
the dosage requirement, because the absorption may not be rate-limited by dissolution 
alone. The MAD will need to be increased, for example, by solubility (increase C

s
) 

and/or permeability enhancements (increase k
a
) in addition to size reduction.

Extension of MAD to include intestine transit time was proposed by Curatolo [42] 
for use in drug discovery. Butler and Dressman [6] also proposed to include the rate 
of dissolution to calculate the maximum particle size of a drug substance to achieve 
the target bioavailability given a jejunal permeability value. In the absence of perme-
ability data, a dose volume estimate alone may still be suitable to consider whether a 
more advanced technology should be applied. For a highly permeable compound, 
a dose volume higher than 250 ml may still provide good absorption. A dose volume 
as high as 5000 ml has previously been used as the breakpoint for the selection of a 
solubilized dosage form for BCS Class II compounds [9].

3.5.2  Solubility Improvement

In theory, the concentration of a dissolved drug available for absorption can be 
increased by several orders of magnitude by administrating a drug substance dissolved 
in a solvent or solvent mixture, provided that precipitation does not occur on dilution 
with the GI fluid. The drug vehicle can be formulated as a liquid or liquid-filled cap-
sule. The choice of solvent or solvent systems should be based on the solubility of the 
drug, toxicity of the vehicle, impact of the preparation on GI physiology, potential of 
drug precipitation in vivo, and, where applicable, compatibility of the solubilization 
system with a capsule shell [43–45]. A typical list of common solvents in oral and 
injectable formulations can be found in the literature [46], and toxicity information on 
common excipients and solubilization agents is available in the WHO website [47].

The amount of dissolved drug substance that can be administered is defined by the 
dosing volume and solubility of the API in the vehicle. For example, if the dosing 
volume of a dosage unit is up to 1 ml and the solubility is 25% (w/w), respectively, 
the maximum quantity of drug that can be administered per dosage unit would be 
approximately 250 mg, assuming the density is 1. Multiple units of a liquid would be 
required for large doses (>250 mg). This may not be acceptable for some patients or 
indications and could also be particularly problematic for multiple drug therapies 
such as those employed to treat HIV.
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The solubility of a drug in various solvents is related to the molecular structure, 
crystal packing, and the property of the solvent systems. Understanding solubility 
theory [48, 49] may help identify the possible solvent systems to maximize drug 
loading in a liquid or liquid-filled capsule. Instead of picking the solvent system and 
measuring the solubility at random, solubility data for common or structurally 
similar molecules may be retrievable from the literature as initial estimates. Crude 
estimates may also be obtained from molecular structures using thermodynamic 
theories, for example, using Hildebrand or Hanson solubility parameters. Yalkowsky 
et al. [50] also used physical parameters such as melting point and water–octanol 
partition coefficient to predict solubility with the assumption that the presence of 
water does not alter the properties of the crystals. In silico software is available 
commercially for solubility prediction [51]. Kinetic (DMSO) solubility data from 
high-throughput studies generated at discovery stage, if available, can also be used 
for initial estimates. Despite recent advances in solubility theory and computer tech-
nology, an accurate prediction of the solubility of complex drug molecules remains 
difficult because of an insufficient understanding of molecular interactions, for 
example, polymorphism in the solid state [52] and intermolecular forces. Nevertheless, 
some solubility prediction early in the development program is a valuable starting point 
for conducting solubility experiments, finding solubilization agents, and developing 
formulation strategies.

Accurate equilibrium solubility measurement is useful for the formulation design 
of a poorly soluble compound to estimate the physical size/volume of a dosage unit. 
An overestimation of the solubility may result in supersaturation in the dosage unit, 
causing precipitation on storage, especially when the temperature fluctuates. The 
traditional shake-flask method involves equilibrating an excess quantity of represen-
tative solids in the solvent and determining the concentration from time to time until 
a constant value is obtained. This assumes that the properties of the solid in the 
solvent system have not been changed during the equilibration period. Solid-state 
characterization of the excess solid is useful for detecting thermodynamically more 
stable polymorphs or solvates. For aqueous solubility measurements, the pH and 
ionic strength should be known and kept constant. Accurate solubility measurement 
is often limited by the stability of the molecule, the time to reach equilibrium, tem-
perature control, resources to conduct all the experiments, and the amount of drug 
substance available, especially in early development, where drug substance supply is 
limited because the synthesis method is being developed and the cost of API is high. 
Use of miniaturized techniques, statistical design of experiments, high-throughput 
methods, and API sparing methods can be valuable for achieving the product design 
goal more easily and effectively [53, 54].

Oral lipid-based formulations are often used to deliver drugs that require solu-
bility enhancement. Lipid-based excipients may act as a drug carrier, enable fast 
dispersion in the GI, reduce the food effect, and improve permeability. About 2–4% 
of marketed oral formulations contain lipid-based ingredients [1]. Using lipid-based 
formulations to solve drug delivery issues has recently attracted considerable 
attention in the scientific community. A large number of lipid-based excipients are 
available for formulation development, although experience with each of these 
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excipients varies significantly. The safety, toxicity, and physical and chemical properties 
of some of these ingredients are not fully understood. Lipid-based excipients 
represent a wide range of compounds such as fatty acids; natural oils and fats; 
semisynthetic mono-, di-, and triglycerides; semisynthetic polyethylene glycol (PEG) 
derivatives of glycerides and fatty acids; polyglyceryl fatty acid esters; and cholesterol 
and phospholipids [55]. To fully explain the bioavailability improvement by lipid-based 
excipients, one or more of the following mechanisms may be involved:

•• Solubility enhancement

•• Carrier to the site of absorption, for example, a drug in a self-emulsified 
preparation

•• Improve wetting

•• Efflux inhibition

•• Inhibit crystallization

•• Lymphatic absorption

•• Prolong GI transit, increase stomach-emptying time, reduce food effect

•• Protect from GI degradation

A Lipid Formulation Classification System (LFCS) based on the dispersion of a 
lipid formulation was proposed by Pouton in 2000 [56, 57]. Lipid formulations were 
divided into five types (Types I, II, IIIa, IIIb, and IV). Type I formulations will be 
dispersed into coarse dispersions. Type II, IIIa, and IIIb are self-emulsifying formu-
lations that are classified by particle size on dispersion and emulsion stability on 
dilution. Type IV is oil-free or mixed micelle formulations that may undergo phase 
changes upon dilution. LFCS is a valuable design tool for lipid-based formulation 
development because it is useful for matching the physiochemical/biopharmaceutic 
properties of the drug molecule and behavior with the type of lipid formulations. 
LFCS also helps the formulation scientists to define the class (e.g., surfactants, oil, 
cosolvents), digestibility, and hydrophilic-lipophilic balance (HLB) value of excipients 
as well as the experiments required for the target (type of) formulations.

Lipid-based formulation is particularly useful for the delivery of certain poorly 
water-soluble drugs, for example, those with high lipophilicity, food sensitivity, and 
permeability issues. The dosage of these drugs cannot be too high so that API can be 
dissolved (if required) in the dosage unit for administration, unless a liquid formula-
tion is used. Many lipid-based excipients contain multiple components and are also 
chemically less stable than solid excipients. The quality control of these ingredients 
to assure stability and performance can be challenging.

A solid oral dosage form is probably the most preferred choice of drug 
administration for business and compliance reasons. For this reason, liquid lipid-
based preparations are often filled in soft or hard gelatin capsules, provided that 
the fill ingredients are compatible with the capsule shell and potential leakage issues 
are addressed. A liquid matrix may also be adsorbed on porous excipients such as 
Neusilin® (a synthetic amorphous form of Magnesium Aluminometasilicate), such 
that the resulting ingredients are compressible to form tablets. However, the adsorbed 
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materials tend to be more cohesive and difficult to flow compared to conventional 
solid excipients. A number of investigators have recently proposed to use solid self-
emulsifying agents for tablets and capsules of poorly water-soluble compounds with 
bioavailability issues [58, 59]. In this case, the drug substance should be completely 
dissolved by melting and cooling a mixture of the vehicle and the drug substance at 
a concentration below the solubility limit at the storage temperature. Unfortunately, 
measuring the equilibrium solubility of drugs accurately in solids or semisolids is 
quite difficult. An overestimation of the solubility may lead to the preparation of a 
supersaturated matrix, which (in theory) has a tendency to precipitate on storage, 
resulting in dissolution failure. Most lipid-based excipients have low glass-transition 
temperatures and melting points relative to the room temperature; they will unlikely 
inhibit API crystallization by slowing down the molecular mobility of the drug 
substance if the system is supersaturated, that is, the respective formulation will be 
thermodynamically unstable. In general, formulation development using lipid 
excipients alone for amorphous solid dispersions (supersaturated formulation) is 
discouraged. Consideration of the benefits and limitations of lipid-based formulations 
is an important aspect of selecting the appropriate technologies for bioavailability 
improvement of poorly soluble drugs.

The development of an amorphous solid dispersion delivery system (SDD) is 
reserved as a last resort in achieving the bioavailability when less risky methods such 
as particle size reduction and solvent solubility enhancement effort are exhausted. An 
amorphous drug in SDD has a higher free energy than its crystal form, causing a 
significant increase of solubility, for example, by as much as 1600 times [60]. Such 
an increase of solubility creates a large driving force to transport the drug across the 
intestinal wall to an extent that is difficult to be matched by the use of other delivery 
systems. The measured solubility, dissolution, and bioavailability benefits of SDDs, 
however, are often less than the estimated solubility increase [61] due to solid-state 
transformation during dissolution and reduction of the effective surface area avail-
able for dissolution as a result of large primary particles and/or aggregates. More 
importantly, developing amorphous SDD is fairly risky, because it is prepared as a 
metastable structure (thermodynamically unstable). The drug in an amorphous SDD 
can eventually be converted to a more physically stable form, and, therefore, the 
product shelf life and performance may be affected on storage and in vivo. Although 
the concept of SDD to improve the bioavailability was introduced for many years 
[62], the kinetics of the solid-form transition was considered, until recently, to be too 
unpredictable and difficult to control because it is associated with nucleation and 
growth in a solid solution.

There is a renewed interest in amorphous SDD for BCS IIb and IV drugs for early 
development, clinical studies, and commercialization. Recent improvements of man-
ufacturing technologies and better use of crystallization-inhibiting polymers added 
confidence in developing this type of formulations. Advances in spray drying and 
twin-screw hot-melt extrusion techniques allow a more reliable and more consistent 
preparation of amorphous structures from gram quantities to 100 s of kg scales. The 
use of solid-state characterization tools including thermoanalysis, X-ray diffraction 
(including high-resolution powder X-ray diffraction), solid-state nuclear magnetic 
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resonance (NMR), microcalorimetry, and Raman spectroscopy provides valuable 
molecular mobility and solid-state structure information to help assess, understand, 
and predict the physical stability and performance of the preparations [63]. To date, 
important physicochemical and physiological factors that affect the therapeutic 
performance, stability, dissolution, and bioavailability of amorphous dispersions are 
better understood for formulation development [64]. A significant body of literature 
demonstrating the benefits and risks of amorphous solid dispersion is available, and 
the following is a typical list of amorphous SDD products developed:

•• Cesamet® (Nabilone) Lilly

•• Gris-PEG® (Griseofulvin) Novartis

•• Nimotop® (Nimodipine) Bayer

•• IsoptinSR-E 240® (Verapamil) Abbott

•• Sporanox® (Itraconazole) Janssen/J&J

•• Crestor® (rosuvastincalcium) AstraZeneca

•• Kaletra® (lopinavir/ritonavir) Abbott

•• Intelence® (etravvirine) Tibotec/J&J

Despite the recent advances, the development of amorphous SDD remains fairly 
difficult because of the incomplete understanding of the material science behind this 
technology, the molecular interaction of molecules of diverse chemical structures, 
and the absorption/metabolism of drugs. It is suspected that amorphous materials 
may still exist in certain molecular structures (i.e., not totally amorphous). Its 
performance and physical stability is influenced by the method of preparation. The 
industry is still gaining experience in designing and developing dosage forms for this 
emerging delivery system. In view of the physical, chemical, and physiological chal-
lenges in developing an amorphous SDD, a systematic approach could be considered 
and may involve:

•• Excipients and formulation screening

•• Pilot-scale processing

•• Evaluation of physical and chemical stability

•• Animal evaluation

•• Human test

•• Formulation optimization

•• Process development

•• Stability programs

A formulation-screening study for an amorphous SDD begins with the collection 
and review of solid-state characterization and biopharmaceutics information for the 
API. For example, the chance of the successful preparation of an amorphous SDD 
may be increased if an amorphous form was previously observed even for a brief 
period of time by the discovery or development team. The ratio between the melting 
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point and the glass-transition temperature may also be used to predict whether the 
development of an amorphous SDD would be successful. A high ratio suggests that 
the propensity for the compound to crystallize in a solid dispersion is high [65]. An 
unionized form of the drug substance, if available, is generally more (physically) 
stable in certain polymeric systems.

The selection of excipients for screening could be based on the ability of the excipient(s) 
to prevent or inhibit crystal growth. A polymer with a sufficiently high T

g
 above the 

storage temperature of the product will likely present a slower molecular mobility to 
inhibit the movement of drug molecules to trigger crystallization. In fact, polymers that 
are commonly used in solid dispersions have a relatively high T

g
 above the ambient 

temperature (Table 3.1). Examples are HPMCP, Soluplus, Kollidon VA-64, PVP (12, 25, 
30, or 90), hydroxypropyl methylcellulose acetate succinate (HPMCAS) LF, L-HPC, and 
Eudragit L100-55. The “T – 50” rule for glass transition [66] is often applied as a starting 
point to predict whether a drug substance, polymer, and dispersion will likely be physi-
cally stable. The Gordon Taylor Equation [67] can also be used to calculate the dispersion 
glass-transition temperature for prediction and comparison. In addition, the molecular 
mobility of a basic drug may be reduced in the presence of an interacting polymer with 
acidic functional groups. To prevent rapid dissolution and precipitation in the stomach 
before the drug is absorbed and transported across the small intestine, a pH-sensitive 
polymer with enteric properties may be utilized to target the dissolution near the site of 
absorption. HPMCAS is pH-solubility-sensitive in water and forms a colloidal solution 
that may help release the drug molecules without significant precipitation in vivo. 
Another selection criterion for SDD excipients is whether the drug and polymer system 
will form a stable continuous phase. A quick paper assessment may be performed based 
on their solubility parameters [68], followed by confirmatory (screening) tests.

Once the lead polymers are selected, a variety of techniques can be conducted for 
formulation screening. Differential scanning calorimeters using physical mixtures 
can be used to evaluate whether an amorphous solid can be produced (Fig. 3.8). For 
example, the glass-transition temperatures and the number of glass transitions 
(number of phases) can provide a useful indication of physical stability. Unlike older 
equipment, modern DSCs are very sensitive in measuring T

g
 quickly, and high-

throughput-like studies can be conducted with automation accessories. Film casting 
by solvent evaporation [69] with or without high-throughput detection of an amorphous 
structure may also be used to determine the suitability of the polymer systems. 
Because film forming is a slow process, possible false negative results may affect 
formulation decisions. Optical microscopy and powder X-ray diffraction are common 
methods to evaluate lead solid dispersion formulations.

Spray drying is frequently used in early amorphous solid dispersion development 
programs because of the ease of process control and low drug substance requirements. 
In this process, the drug substance should be sufficiently soluble in the solvent system 
to allow efficient processing. This can be difficult for some very poorly soluble 
molecules. The mixture of solvents and the order of addition of solvents will need to 
be evaluated in solubility studies. The residual solvent content can influence the 
physical stability, release behavior, chemical stability, and product toxicity. Therefore, 
their levels should be well-controlled to maintain product consistency. Depending on 
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Table 3.1  Common polymers used in amorphous solid dispersions and their glass 
transition temperature

Polymer types Polymers
Glass transition 
temperature, T

g
 (°C) Comments

Neutral polymers 
that may inhibit 
crystallization

Kollidon VA-64 ~107 PVP-based
PVP K 90   180 PVP-based
PVP K 30 ~164 (175 (BASF))
PVP K 25 ~160 Hygroscopic
PVP K 12
Hypromellose 2910 (3 cps) ~175 (170–180) Cellulosic
Hypromellose 2910 (5 cps) ~178 (170–180)
Soluplus     70 PVP-based, 

peroxide-free
pH-sensitive 

polymers with 
acidic functional 
groups

Hypromellose phthalate 
(HP-50)

~137 Cellulosic

Eudragit L100-55 ~110 Acrylic-based
HPMCAS (various grades) Cellulosic

Inhibit crystallization
Form colloids

Cool (solid dispersion)

Heat (no crystallization observed)

Heat (physical mixture)
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Figure 3.8  Excipient screening for solid dispersions using DSC—in situ formation and 
analysis of griseofulvin and PVP K 30 (10% (w/w)) solid dispersion. Courtesy of Patheon Inc.
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the molecular structure, residual solvents can be too toxic for use in pharmaceutical 
products or should be controlled at very low levels in order to meet regulatory 
requirements. It should be noted that the property of amorphous solid dispersion is 
sensitive to operational conditions and batch size. Process control, scale-up procedure, 
and equipment are some of the factors to consider in pilot-scale, scale-up, and 
commercial manufacture. Because of the differences in equipment design between 
development- and commercial-scale spray driers, the solid-state properties (such as 
particle size) often change on scale-up.

Recently, the use of twin screw equipment for hot-melt extrusion (HME) of amor-
phous solids has attracted considerable interest [70, 71]. A number of pharmaceutical 
operations including mixing, heating, and formation of solid dispersion can take 
place in a twin-screw extruder. It is a process that does not require the use of solvents. 
Therefore, intensive effort in controlling solvent content and costly explosion-proof 
facility/equipment are not required. HME is a well-established technology in the 
plastic industry. It allows continuous processing and effective quality control. 
Although the product is only exposed to higher temperatures for a short period of 
time, it may still not be suitable for highly temperature-sensitive activities. The extru-
sion process requires processing materials of suitable viscosity and T

g
 to produce 

amorphous SDDs. The minimum batch size for the preparation of amorphous SDDs 
by twin-screw extruders is generally larger than that required by spray dryers at 
pilot scale. Therefore, spray drying is more frequently used in early development 
when drug availability is limited. The SDD properties produced by spray drying 
often differ from those by HME. HME is a more cost-effective tool at or after proof-
of-concept, whereas spray drying is more API-sparing (a critical requirement in 
some cases) and economical at early development.

An array of predictive methods can be utilized to test and select pilot formulations 
for bioavailability studies. Optical microscopy is a simple technique to study particle 
size and the habit of powders. It is also a quick, complimentary technique to X-ray 
diffraction to reveal the presence of crystalline vs. amorphous materials (Fig. 3.9). 
Modified dissolution testing (paddle) and microcentrifuge dissolution will provide 

(a)
PEG 3350 5X P

250 µm
Jun 15 2011

(b)
Soluplus micronized 5X P

250 µm
Jun 15 2011

Figure 3.9  Optical microscopy of (a) crystalline—PEG 3350 and (b) amorphous—
SoluPlus® materials under cross-polarized light. Courtesy of Patheon Inc.
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the API release characteristics at normal and supersaturated conditions in a bio-relevant 
medium as required for a wide range of prototype formulations. Thermoanalysis pro-
vides solid-state, solid form, and physical stability information, for example, based 
on the glass-transition temperature of solid dispersions, for formulation assessment 
and animal pharmacokinetic formulation selection.

3.5.3  Other Development Options

Improvement of dissolution and solubility may not be adequate to improve the bio-
availability of certain molecules that exhibit or require:

•• Ultralow solubility

•• High efficacious dosage

•• Fed/fasted variability

•• Lack of dose proportionality

•• Extremely poor permeability

•• Significant first-pass due to metabolism in the intestine or liver

Specialty methods or delivery systems that carry more inherent risks and 
development time may need to be applied for therapeutically promising molecules. It 
is hoped that a drug can be administered by the mouth instead of injections if the 
permeability is increased. A number of excipients affect transporter functions, such 
as those influencing efflux, and judicious use of excipients may enhance bioavail-
ability [72]. For example, the bioavailability is improved by increasing the perme-
ability of amprenavir across the gut wall using d-α-tocopheryl polyethylene glycol 
succinate (vitamin E TPGS) to reduce efflux [73]. Oral absorption enhancers such as 
bile salts, fatty acids (e.g., oleic acids, surfactants, and chitosan) were also studied 
and reported. These compounds improved membrane permeation through different 
mechanisms including transient opening of tight junctions, disruption of lipid bilayer 
packing and complexation/carrier/ion pairing [74]. Permeation enhancers, however, 
may present regulatory and toxicity hurdles because they may enhance the absorption 
of both drugs and other materials. GI physiology such as transit time may influence 
the effect of absorption enhancers for poorly soluble compounds. It is suspected that 
the permeation enhancement function of excipients exists in a number of approved 
products already. This may have not been clearly identified and reported to date. 
Classifying these excipients as enhancers will likely require more scientific/clinical 
evidence and justifications for safety in regulatory submissions.

Numerous prodrugs were designed to overcome formulation, delivery, and toxicity 
barriers to drug utilization. Approximately 20% of all small molecular drugs approved 
during the period 2000–2008 were prodrugs. A number of prodrugs have been devel-
oped successfully to improve bioavailability. For example, the bioavailability of 
Amprenvair, an HIV medication that was used in high dose in combination with 
other medicines, can be improved using a prodrug. In this case, Fosamprenavir is 
rapidly hydrolyzed to amprenavir by cellular phosphatases in the gut epithelium as it 
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is absorbed [75]. Amprenvair was replaced by Fosamprenavir after the original 
product was commercialized. Other examples of successful bioavailability enhancing 
prodrugs are oseltamivir, dabigatran etexilate, midodrine, and valacyclovir [76]. The 
prodrug approach should be considered early in the development of poorly soluble 
molecules to avoid extensive and unnecessary drug delivery exercise, delay in 
development, and risk of failure.

Prodrug in combination with lipid-based vehicles may also bypass first-pass 
metabolism to significantly enhance the bioavailability, for example, lymphatic 
absorption of testosterone undecanoate (a regulatory approved product). Lymphatic 
transport has shown to be a contributor to oral bioavailability of a number of highly 
lipophilic drugs (typically, log P > 5, long-chain triglyceride (TG) solubility 
>50 mg/g) [77], including two lipophilic cannabinoids, halofantrine, moxidectin, 
mepitiostane, testosterone derivatives, MK-386 (a 5α-reductase inhibitor), penclom-
edine, naftifine, probucol, cyclosporine, ontazolast, CI-976, fat-soluble vitamins and 
their derivatives, retinoids, lycopene, dichlorodiphenyl trichloroethane (DDT) and 
analogs, benzopyrene, PCBs (polychlorinated biphenyls), and a number of lipophilic 
prodrugs [78]. The delivery is dependent on the transportation of the drug with lipids 
into the enterocyte, association of the drug with colloidal lipoproteins to form chylo-
micron, and their transfer into the lymphatic system. A good understanding of the 
properties of lipid-based excipients is required to design a formulation of this delivery 
system. Because the flow of lymph is 500 times less than that of blood in the intestine, 
the quantity of drug deliverable through the lymphatic route is low. Hence, lymphatic 
delivery is reserved for relatively low-dose molecules.

3.6  Animal Pharmacokinetic Studies and Clinical 
Formulation Development

The performance of animal pharmacokinetic studies is a significant milestone of for-
mulation screening to improve the bioavailability of poorly soluble drug candidates. 
It is important to conduct a risk analysis before choosing the animal for study. The 
choice of animal model and the bioavailability study design depend on the physical 
properties and pharmacokinetics of the API, the animal GI physiology and metabolism, 
and the prototype formulations to be evaluated. Animal pharmacokinetic data should 
be evaluated in consideration of the biopharmaceutics and metabolism of the mole-
cule as well as GI physiology of the animal species used in the bioavailability study. 
With the animal data, a technical recommendation for the development of the clinical 
formulation(s) is expected after the in vitro/in vivo performance, biopharmaceutics of the 
molecule, clinical indication, and complexity of formulation/manufacturing/scale-up 
of the delivery technology are reviewed.

Many formulation-screening studies are conducted using mice or rats because of 
the low cost, API sparing, speed, and data quality, especially for proof-of-concept 
and initial assessment of drug delivery systems. Since rodents are commonly used in 
toxicology and pharmacokinetic studies, a rapid protocol and analytical method can 
be developed to allow a quick assessment of a large number of prototype formulations. 
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However, the metabolism of mice and rats is faster than that of humans. The bioavail-
ability achieved may be lower. Since the doses and dosage forms administered are 
adjusted for the body mass and metabolism, the formulations administered may not 
be representative of those intended for humans. For small animals, a dosage unit is 
often administered as a solution, a suspension, or a very small capsule. For example, 
an amorphous solid dispersion formulation may dissolve prematurely if it is prepared 
as a suspension and precipitated in the GI tract. Therefore, the expected increase of 
bioavailability by solubility enhancement cannot be observed. Assessment of a pH-
sensitive delivery system may also be difficult to study if the formulation is dispersed 
in a liquid to assist drug administration. Beagle dog is also a common species used in 
bioavailability studies. In terms of metabolism, it is a more representative species 
than rodents, and dogs can swallow large pills. It is easier to conduct crossover 
studies using dogs than rodents as they are not normally sacrificed after dosing. The 
stomach of dogs has a different pH and emptying time than that of humans. The GI 
motility also differs. These differences are particularly important for testing pH-
sensitive drugs and formulations containing pH-sensitive polymers. The dog stomach 
is often acidified with citric acid or predosed with pentagastrin [79, 80] to simulate 
the human stomach environment in a fasted state for bioavailability studies. Although 
a monkey model can be more predictive, it is normally reserved for confirmation 
studies because of the high cost to conduct the experiments.

3.7  Decision Tree for Commercially Viable Delivery 
Systems and Formulations

After a formulation screening or proof-of-concept program has provided satisfactory 
animal and human data, a definitive formulation of the appropriate delivery technology 
may be selected. This decision can be critical to the progress and eventual success of 
the development program. The formulation will likely be used in a significant number 
of clinical studies. Ideally, little further modifications will be needed toward the end of 
the clinical program to construct a final commercial image product.

Bioavailability, technical difficulties, development time, cost, patient compliance, 
and commercial potential are some of the factors that are common considerations for 
picking clinical and commercial formulations for poorly soluble drugs. Conventional 
tablets and capsules are regarded as a low-risk option in the pharmaceutical 
development of poorly soluble drugs if the bioavailability requirement is fulfilled 
(Fig. 3.10; options in white boxes). They are also preferred because of their acceptance 
by patients and are less expensive and relatively easy to develop. They can be formu-
lated with simple excipients and prepared by directly mixing wet granulation or dry 
granulation. In some cases, a slightly more complex tablet or capsule containing a 
higher level of glidants, disintegrants, and surfactants may be needed to overcome 
processing and wetting difficulties. A liquid-filled hard-gelatin capsule or soft-gelatin 
capsule may be needed if the drug is delivered as a solution or suspension. In this case, 
compatible ingredients should be selected, and potential leakage of content from the 
capsules on storage should also be addressed. A simple modified release delivery 
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system may be used to provide the release profile. For example, an enteric coating 
may allow a pH-sensitive drug substance to dissolve in the intestine instead of pre-
cipitating in the stomach.

A next level of technology (Fig. 3.10; options in grey boxes) can be considered 
when conventional dissolution and solubility improvement methods alone cannot 
achieve the bioavailability solution. Delivery systems that are technically more com-
plex and specialized may be applied. However, applying this level of technology will 
be scientifically and financially more challenging. For example, the development of 
a tablet or capsule containing nanoparticles will likely require special processing 
equipment and scientific know-how to establish the processing procedure. Taste 
masking for a liquid or suspension is a specialized skill and a technology that may 
not be readily available in a typical formulation laboratory. Certain patented technol-
ogies such as the stomach retentive delivery system increase the resident time and 
may improve the bioavailability. However, such technologies often require royalty/
milestone payments. Potential patent infringement may also prohibit an investigator 
to pursue the technology. More demanding time management will likely be needed 
for special technologies, so that the formulation activities are not becoming the bot-
tleneck of the development program, although the time available for complex formu-
lation is often possible given the usual gaps between long clinical studies.

Very difficult molecules may require drastic measures to deliver (Fig.  3.10; 
options in black boxes). Last-resort methods that present a higher risk of failure in 
formulation development, at product registration, and after product launch may be 
considered for molecules with promising commercial and therapeutic potentials. 
Amorphous solid dispersion is a typical high-risk option with known formulation/
processing challenges [81]. Another example is the use of absorption or permeation 
enhancers, where their usage may create unwanted toxicity or regulatory issues. 
These powerful delivery techniques should be reserved for high-value molecules, 
when less risky options are no longer available. If possible, backup options such as 
prodrugs, alternate administration route, and follow-up molecules with better drug 
properties should be explored in parallel.

3.8  Conclusion

The development of poorly soluble drugs with bioavailability issues is a stimulating 
experience that often involves multidisciplinary contributions from experts in 
material science, biopharmaceutics, drug delivery technologies, regulatory, and drug 
development processes. Conducting an upfront assessment to establish the 
development goal and a strategic plan quickly to evaluate suitable drug delivery tech-
nologies (as needed) will improve the chance of success. Early strategic screening of 
delivery systems using animal formulations will not only support the pharmacoki-
netics and toxicology programs, but also streamline the effort to introduce the first-
in-human and future clinical formulations. After formulation screening, the clinical 
and market formulation development of poorly soluble compounds should be a sci-
ence and risk management exercise.
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4

4.1  Introduction

Medical devices, covering a wide range of products, from simple bandages to the 
most sophisticated life-supporting products, play a crucial role in the diagnosis, pre-
vention, monitoring, and treatment of diseases and the improvement of the quality of 
life of people suffering from disabilities.

Medical devices have definition that differs in details in different parts of the 
world and hence may have different regulatory requirements between countries. In 
the United States, FDA defines a device as being1:

•• an instrument, apparatus, implement, machine, contrivance, implant, in vitro 
reagent, or other similar or related article, including a component part, or 
accessory which is:

•• recognized in the official National Formulary, or the United States 
Pharmacopoeia, or any supplement to them,

•• intended for use in the diagnosis of disease or other conditions, or in the 
cure, mitigation, treatment, or prevention of disease, in man or other ani-
mals, or

1 http://www.fda.gov/medicaldevices/deviceregulationandguidance/overview/classifyyourdevice/
ucm051512.htm

http://www.fda.gov/medicaldevices/deviceregulationandguidance/overview/classifyyourdevice/ucm051512.htm
http://www.fda.gov/medicaldevices/deviceregulationandguidance/overview/classifyyourdevice/ucm051512.htm
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•• intended to affect the structure or any function of the body of man or other 
animals, and which does not achieve any of its primary intended purposes 
through chemical action within or on the body of man or other animals and 
which is not dependent upon being metabolized for the achievement of any of 
its primary intended purposes.

In Europe, medical devices are defined as articles that are intended to be used for a 
medical purpose. The medical purpose is assigned to a product by the manufacturer. 
The manufacturer determines through the label, the instruction for use, and the pro-
motional material related to a given device its specific medical purpose. The medical 
purpose relates in general to finished products regardless of whether they are intended 
to be used alone or in combination.

In Canada, Health Canada defines the term “device” as any article, instrument, 
apparatus, or contrivance, including any component, part, or accessory thereof, man-
ufactured, sold, or represented for use in the following:

1.	 The diagnosis, treatment, mitigation, or prevention of a disease, disorder, or 
abnormal physical state, or its symptoms, in human beings or animals

2.	 Restoring, correcting, or modifying a body function or the body structure of 
human beings or animals

3.	 The diagnosis of pregnancy in human beings or animals or

4.	 The care of human beings or animals during pregnancy and at and after birth 
of the offspring, including care of the offspring, and includes a contraceptive 
device but does not include a drug

Medical devices are classified into different classes in different parts of the world. 
Table 4.1 summarizes the different classes in the United States, Europe, and Canada. 
The general classification hierarchy is similar based on the risk the medical devices 
present to the patient.

4.2  Trends and Drivers for Drug Delivery Devices

The recent advent of personalized medicine and wellness healthcare, coupled with 
innovations in miniaturization technology and software development, has forced 
industry analysts to reconsider the untapped potential of device and diagnostic com-
panies. Attitudes toward device companies are rapidly changing, and many consider 
these companies to be the new source of innovation in the life sciences industry.

The continuing convergence of biotechnology, electronics, and medical devices is 
primarily responsible for increased interest in combination products. While 
combination products such as drug-eluting cardiovascular stents have received a lot 
of attention, they are probably the least complex (i.e., mostly placing a small mole-
cule onto a polymer). Some of most exciting yet technical and regulatory challenging 
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combination products are those that contain biologics and biotechnology component 
parts. For example, Neurologix is developing a combination product that will deliver 
a gene product into the brain of patients with Parkinson’s disease with the intent that 
direct delivery of the gene product into the brain should help alleviate many symp-
toms of the disease. There are many efforts of developing advanced combination 
products (with cardiovascular) and implantable pacing electrodes (to electrically 
stimulate the brain and CNS) and catheters (hooked to infusion pumps) to mediate 
controlled local delivery of monoclonal antibodies (mAbs) and silencing RNA 
(siRNA) across the blood–brain barrier.

4.3  Regulation of Medical Devices

A discussion of the regulatory requirements and regulatory initiatives is detailed in 
Chapter 1. Please refer to that chapter for more details.

Table 4.1  Classes of medical instruments in the United States, Europe, and Canada

United States [1] Europe [2] Canada [3]

Class I Class I (including  
Is and Im)

Class I devices present the  
lowest potential risk (e.g., 
thermometers). Class I devices 
do not require licenses, but 
manufacturers must ensure  
that devices are designed  
and manufactured to be safe

Class II Class IIa Class II, III, and IV devices 
receive increasingly rigorous 
reviews and must be licensed 
before being sold in Canada

Class III Class IIb Class IV devices present the 
greatest potential risk  
(e.g., pacemakers)

Most class I devices do  
not require premarket 
notification or approval  
and so are just subjected to 
general controls as defined 
in 21 CFR 800-814

Class III

Most class II devices require 
premarket notification 
through a 510k process

Most class III devices require 
premarket approval (PMA), 
for example, through the 
PMA process
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4.4  The Development of Drug/Device Combination 
Products

4.4.1  The Medical Device Development Process

The product design process involves defining the requirements that a product needs to 
achieve and then developing the design and manufacturing process that ensure the 
product meets these requirements. Although the development process can be described 
in many different ways, it will normally progress through a series of phases in which:

•• The requirements (design inputs) are identified and documented.

•• Design concepts are generated and evaluated to see if they meet the 
requirements.

•• Proof of principle of the design is tested using prototypes and engineering anal-
ysis to check that the right level of performance can be achieved.

•• Detailed design of the product is created that describes the design (design 
outputs).

•• Verification testing of the design is conducted to confirm that actual design 
meets the requirements.

•• Transfer into commercial manufacturer (industrialization) is completed.

In reality, the process is rarely linear but involves interactions and changes as follows:

•• The initial design does not meet the requirements or the requirements change.

•• If the process is not well controlled, then there is a risk that requirements will not 
be properly identified and that the design may not meet them or the design descrip-
tion (design outputs) is inadequate for the product to be manufactured reliably.

It is beyond the scope of this book to provide details on the device development 
process, but it is appropriate to discuss briefly the design control process for medical 
devices. A more detailed overview of combination product development has been 
given by V&S Gopalaswamy [1].

Figure 4.1 summarizes the activities in the development of medical devices from 
design to validation and verification.

4.4.1.1  CFR21 Section 820.30: The Required Design Controls for the Development 
of Class II and III (and Some Class I) Medical Devices for the U.S. Market

Design and development planning  Each manufacturer shall establish and maintain 
plans that describe or reference the design and development activities and define 
responsibility for implementation. The plans shall identify and describe the interface 
with different groups or activities that provide, or result in, input to the design and 
development process. The plans shall be reviewed, updated, and approved as design 
and development evolve.



User requirements
specification

Functional requirements
specification

Design specification

Manufacturing
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Figure 4.1  Verification and validation of medical devices. Based on FDA Design Control Guidance (http://www.fda.gov/downloads/medicalDevices/…/
ucm070642.pdf).
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Design input  Each manufacturer shall establish and maintain procedures to ensure 
that the design requirements relating to a device are appropriate and address the 
intended use of the device, including the needs of the user and patient. The design 
input requirements shall be documented and shall be reviewed and approved by a 
designated individual(s). The approval, including the date and signature of the 
individual(s) approving the requirements, shall be documented.

Design output  Each manufacturer shall establish and maintain procedures for 
defining and documenting design output in terms that allow an adequate evaluation 
of conformance to design input requirements. Design output shall be documented, 
reviewed, and approved before release. The approval, including the date and signa-
ture of the individual(s) approving the output, shall be documented.

Design review  Each manufacturer shall establish and maintain procedures to ensure 
that formal documented reviews of the design results are planned and conducted at 
appropriate stages of the device’s design development. The results of a design review, 
including identification of the design, the date, and the individual(s) performing the 
review, shall be documented in the device history file (DHF).

Design transfer  Each manufacturer shall establish and maintain procedures to 
ensure that the device design is correctly translated into production specifications.

Design changes  Each manufacturer shall establish and maintain procedures for the 
identification, documentation, validation, or, where appropriate, verification, review, 
and approval of design changes before their implementation.

Design verification  Design verification [820.30(f)] shall confirm that the design 
output meets the design input requirements. Verification means confirmation by 
examination and provision of objective evidence that specified requirements have 
been fulfilled. The results of the design verification, including identification of the 
design, the method(s), the date, and the individual(s) performing the verification, 
shall be documented in the DHF.

Design verification is always done versus specifications. Therefore, to control the 
specifications and increase the probability of achieving desired safety and 
performance characteristics, device, software, labeling, packaging, and any other 
specifications should be complete and thoroughly reviewed before development 
commences. As the hardware and software designs evolve, they should be evaluated 
versus their current specifications.

Validation  Validation [820.30(g)] means confirmation by examination and provi-
sion of objective evidence that the particular requirements for a specific intended use 
can be consistently fulfilled.

Process validation  Process validation means establishing by objective evidence 
that a process consistently produces a result or product meeting its predetermined 
specifications.
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Design validation  Design validation means establishing by objective evidence that 
device specifications conform with user needs and intended use(s).

Each manufacturer shall establish and maintain procedures for validating the device 
design. Design validation shall be performed under defined operating conditions on 
initial production units, lots, or batches, or their equivalents. Design validation shall 
ensure that devices conform to defined user needs and intended uses and shall include 
testing of production units under actual or simulated use conditions. Design validation 
shall include software validation and risk analysis, where appropriate. The results of 
the design validation, including identification of the design, the method(s), the date, 
and the individual(s) performing the validation, shall be documented in the DHF.

Verification and validation should be done with test equipment calibrated and 
controlled according to quality system requirements. Otherwise, there is limited 
confidence in the data.

Verification and validation should also be done according to a written protocol(s). 
The protocol(s) should include defined conditions for the testing. The protocol(s) 
should be approved before being used. Test protocol(s) is not perfect for a design, 
particularly a new design. Therefore, the designers and other verification personnel 
carefully annotate any ongoing changes to a protocol. Likewise, the verification per-
sonnel should record technical comments about any deviations or other events that 
occurred during the testing. The slightest problem should not be ignored. During 
design reviews, the comments, notes, and deviations may be as important as test data 
from the formal protocol(s).

4.5  Common Therapeutic Routes of Administration  
that Require a Medical Device

Oral (enteral) drug delivery is generally considered the preferred delivery route if 
available as it is considered to be preferred by patients and also avoids the complex-
ities of developing and getting approval for a drug/device combination that is required 
for other routes such as nasal, parenteral, or oral inhalation. Pharmaceutical com-
panies will go to great lengths to make or try to make the oral route available, but 
there still remain many situations where a different delivery route is required. The 
main problem with oral delivery of some drugs is first-pass metabolism in the gut and 
liver that limits their uptake into systemic circulation. Another issue for the treatment 
of severe pain or conditions such as migraine is the relatively slow rate of onset of the 
drug effect due to the time it takes the drug to pass into systematic circulation via the 
digestive system and the liver. A third issue is that taking oral drugs to treat a local-
ized medical condition can result in unacceptably high concentrations of the drug in 
systemic circulation where no therapeutic benefits are derived. An example of this is 
the use of corticosteroids to treat respiratory disease. While this treatment might be 
achievable using oral steroids, the dose would have to be high, and it is safer and 
more effective to use an inhaler to deliver the drug directly to the lung.

Table 4.2 summarizes the main routes of administration that require a medical 
device to facilitate drug delivery.
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4.5.1  Parenteral Drug Delivery

In its broadest definition, parenteral drug delivery includes all routes of systemic 
drug administration other than enteral delivery (i.e., delivery via the gastrointestinal 
tract). However, it is often taken to cover all forms of injectable drug delivery but 
excludes inhalation and other forms of mucosal drug delivery.

4.5.2  Injectable Routes of Administration

Injection is the most common nonoral delivery route and has undergone considerable 
evolution in terms of technical complexity and user benefit since the days of “syringe 
and vial” approaches to injected medicines.

A main driver for the increase in demand for injectable delivery systems has been 
the increase in biologic drugs that currently account for nearly 50% of drugs currently 
under development. In general, biologic drugs are destroyed by first-pass metabolism 
in the gut or liver and hence cannot easily be delivered orally and so need to be delivered 
by other routes. While other routes of administration such as pulmonary are suitable 
for the delivery of biologics and other drugs destroyed in the gut, injectable delivery 
generally offers better bioavailability and ease of administration by a healthcare 
personnel (HCP) than other delivery routes.

4.5.2.1  Intravenous (IV) Administration  This mode of delivery requires a device 
to access a vein and historically has been the most common form of parenteral drug 
administration. This mode of administration should not to be confused with intra-arterial 
administration. The relatively high blood pressure associated with arterial circulation, 
compared with venous flow, requires specialist HCP administration. This limits use of 
intra-arterial administration to niche therapeutic applications such as the dosing of fluo-
rouracil for the treatment of some forms of cancer.

Intravenous (IV) administration utilizes a broad spectrum of device modalities to 
deliver the therapeutic, for example, implantable, infusion, or bolus. Infusion enables 
a steady PK state to maintain a steady state of drug concentration. IV administration 
typically requires HCP expertise and therefore is limited to hospital setting or physi-
cian clinic. It is not normally considered a viable route of self-administration because 
of the difficulties and risks of getting venous access apart from for some specific 
patient groups such as hemophiliacs for whom the risks of administration outweigh 
the life-threatening situation of failing to administer a drug rapidly.

IV administration by HCP is a low-cost way to administer drugs in a controlled 
environment. Safety considerations, for example, risk to HCPs of cytotoxic drug, 
have brought about new standards for delivery of cytotoxic drugs (reduced exposure 
of cytotoxic drugs in health workers).

4.5.2.2  Subcutaneous (SC) Route of Administration  The drug is injected by 
syringe and needle into the tissues just beneath the skin. The injection must be a sterile 
liquid capable of complete absorption. Subcutaneous (SC) medications are usually given 
into the SC tissue of the upper triceps area (the area in the back of the upper arm) or to the 
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thigh or abdomen. Most people have an adequate amount of fat in these regions, readily 
accessed by gently pinching the skin at the site of injection.

SC administration offers potential for self-administration because it is more 
“patient-friendly” than IV administration as a process of delivery with appropriate 
training. Training for SC administration is minimal and less complicated.

An example of the evolution of the benefit of SC route of administration is that for 
the tumor necrosis factor (TNF) blockers. The therapies began as IV formulations for 
administration at site of clinic that is time consuming requiring cyclic administration 
and reconstitution prior to administration together with HCP supervision. It was 
reformulated as an SC depot formulation using a prefilled syringe (PFS) in order to 
facilitate patient self-administration. The reformulation provides benefits to a range 
of stakeholders including patients, physicians, and payers.

SC self-administration provides opportunities for drug companies to add value to 
existing and pipeline drug candidates, critical for life cycle management, in a time 
where there is reduced innovation at drug R&D level. An example of innovation in 
self-administration space is incorporation of electronics in devices to monitor concor-
dance and adherence and maintain ideal critical delivery activities (e.g., rate of delivery).

A key driver for use of SC devices is the emergence of recombinant therapies, partic-
ularly mAbs, which require parenteral delivery in order to avoid gastric degradation 
incurred via the oral route. Of particular importance is in the delivery of oncology drugs 
where larger drug volumes are required in order to carry sufficient active pharmaceutical 
ingredient (API) “payload.” Volume challenges may be mitigated to a degree by concen-
trating the formulation, but this leads to viscosity challenges. SC bolus injections are 
limited by volume constraints. Formulation volumes above approximately 1 ml are pain-
ful for the patient and increase a risk of drainage from the administration site. 
Microinfusion (or “patch pump”) technologies have emerged to deal with this volume-
challenged formulation, for example, MyDose (Roche). However, the new technology 
comes with higher level of technical and manufacturing complexity and cost.

SC drug delivery devices to facilitate delivery of drug volumes up to 1 ml with 
high viscosity have been developed and include the ASI AutoInjector Platform from 
Bespak and a combination product from Glide Pharma, which uses a solid dose of 
drug for SC administration, administered using a simple, easy-to-use device.

Development of other novel delivery systems, for example, needle-free delivery sys-
tems, also tends to be subcutaneous, for example, Zogenix’s DosePro device platform.

Widespread adoption of SC devices is dependent upon the device sector’s ability 
to demonstrate material rather than incremental clinical utility. Otherwise, payers 
will overlook them in favor of lower-cost alternatives. Device companies may not 
have sufficient funds to do this alone and will require pharma partnership to demon-
strate the benefit.

4.5.2.3  Intramuscular (IM) Injection W ith intramuscular (IM) injection, the drug 
is injected directly into a muscle. The commonly used site in adults is the deltoid 
muscle (the muscle in the top part of the arm, about three fingerbreadths below the 
shoulder). The ventrogluteal muscle of the buttocks may be used sometimes but is 
never to be used for vaccines.



Common Therapeutic Routes of Administration� 119

A leading device for IM injection is the EpiPen device (Fig.  4.2), which can 
administer epinephrine by self-administration for the emergency treatment of severe 
allergic reaction, including anaphylaxis associated with foods (e.g., peanuts, eggs, 
etc.), stinging insects (e.g., bees, wasps, and hornets), and other allergens.

EpiPen and EpiPen Jr contain 2 ml of solution but deliver a single dose of 0.3 ml 
only, with 1.7 ml remaining in the unit after use. EpiPen delivers a dose of 0.3 mg in 
0.3 ml of 1:1000 dilution of epinephrine injection, USP, and EpiPen Jr delivers a dose 
of 0.15 mg in 0.3 ml of 1:2000 dilution of epinephrine injection, USP. Both EpiPen 
and EpiPen Jr are intended for IM use in the anterolateral aspect of the thigh and 
should not be injected into the buttock. To use the EpiPen and EpiPen Jr, the cap is 
removed and the drug injected into the muscle of the thigh through clothing if 
necessary during emergency.

4.5.3  Intravitreal Route of Administration

Certain ocular diseases, specifically those affecting the rear of the eye, require a 
relatively invasive route of administration in order to reach the back of the eye. 
Posterior eye diseases are now a major R&D focus for pharma because they are 
increasingly associated with major unmet medical needs and large and growing 
patient potential, for example, age-related macular degeneration (AMD), dia-
betic retinopathy, and macular edema. These disease conditions are all being 
driven by an aging patient population. By comparison to front of the eye disease, 
back of the eye disease is less accessible for noninvasive drug treatment to be 
effective.

Lucentis® requires direct administration of the drug to the vitreal space. It works 
as an inhibitor of angiogenesis, which is the main cause of blindness in AMD. To be 
effective, very high doses are required to be given systemically to maintain therapeutic 
window in the vitreal region of the eye. The high dose required would cause serious 
adverse events rendering the drug’s risk–benefit profile nonviable. Other follow-on 
products include Regeneron/Sanofi drug EYLEA® (aflibercept).

Figure 4.2  EpiPen® injector device. Reproduced with permission of Mylan Specialty L.P.
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4.5.4  Other Injectable Administration Routes

4.5.4.1  Intrathecal Injection  Intrathecal injection is an injection into the spinal 
canal and more specifically into the subarachnoid space. This means the drug is 
delivered into the cerebrospinal fluid and is a route to deliver drugs into the brain and 
neurological system. Examples of drugs delivered by this route include analgesics 
such as bupivacaine, methotrexate for chemotherapy, and baclofen for spastic 
cerebral palsy.

4.5.4.2  Intraperitoneal Injection  This delivery route involves administration 
by injection directly into the intraperitoneal cavity, which is the area of the body 
that surrounds the abdominal organs. Although more commonly used to treat 
animals, it does have human applications in the delivery of chemotherapy drugs 
for conditions such as ovarian cancer. Its benefit is that it can treat the whole of 
the abdominal cavity eliminating metastases that may be too small to treat by 
other means.

4.5.4.3  Epidural Injection E pidural injection involves administration to the 
region around the dura, the membranes that cover the spinal nerves. Although its 
main application is for analgesia such as in childbirth and major surgery, it is also 
utilized in chemotherapy.

4.5.5  Injection Devices

As mentioned in Section 4.5.5.2, “advanced” injection systems have been devel-
oped that reduce the burden and risk for HCPs to prepare and administer inject-
able drugs. More recently, devices such as injection pens and autoinjectors have 
begun to allow patients to self-administer an increasing wide range of drugs 
used to treat chronic diseases such as diabetes, rheumatoid arthritis, and multiple 
sclerosis. The main drivers for self-administration have been improved compli-
ance and cost savings through the avoidance of the need to visit or be visited by 
an HCP.

4.5.5.1  Prefilled Syringes (PFSs)  PFSs improve convenience and dose prepara-
tion errors as the drug is factory metered into the syringe. Although glass PFSs are 
most common as they ensure good drug stability for many compounds over an 
acceptable shelf life, there is a move toward more use of polymer syringes, particu-
larly in Japan. The main benefit is a reduced risk of breakage in manufacture or use, 
as well as eliminating tungsten (used in forming glass syringes) and silicones (used 
to lubricate glass syringes), both of which can affect drug stability. However, cyclic 
olefin polymers (COPs) and cyclic olefin copolymers (COCs) have higher perme-
ation rates for oxygen and moisture compared to glass that can limit their suitability 
for some drugs, although the development of coating technology might address this. 
In the longer term, as polymer costs potentially reduce due to economies of scale, 
they may even become price competitive with glass devices.
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4.5.5.2  Autoinjectors  Autoinjectors are injection devices that can automate the 
insertion of the needle into the patient and delivery of a drug and thus are suited to 
self-administration by patients. They were originally developed for emergency appli-
cations such as the delivery of epinephrine for the treatment of anaphylaxis but more 
recently have gained popularity with a wider range of drugs used to treat chronic 
diseases such as multiple sclerosis and rheumatoid arthritis. These devices normally 
use a PFS to contain the drug and a spring-based delivery mechanism, although they 
can also use electromechanical drives (e.g., the Merck Serono Easypod®). Because 
the primary drug packing can be unchanged in switching from a PFS to an autoinjec-
tor, this reduces the burden of approval, and so this switch has often been used as a 
life cycle management opportunity for some drugs. However, increased competition 
in some disease areas such as rheumatoid arthritis has resulted in some products 
being launched in an autoinjector.

4.5.5.3  Injection Pens  Injection pens provide a convenient way of administering 
multiple injections from the same device. Some devices such as the Haselmeier Penlet 
administer fixed doses of drugs, whereas others such as the Sanofi SoloSTAR® allow 
a variable dose of insulin to be dialed up and administered. Although the most 
common application for variable dose pens is in the delivery of insulin, they are also 
used for administering other drugs including growth hormone and fertility treatment. 
Fixed-dose pens are used for administration of antidiabetic drugs such as glucagon-
like peptides (GLPs) and for drugs used to treat osteoporosis. The use of pens to 
administer insulin has shown rapid growth over the past 20 years, particularly in 
Europe. The market in Europe has moved toward disposable devices because of their 
greater convenience although in other more cost-sensitive markets such as in India, 
reusable devices are common. These allow a new drug cartridge to be inserted into 
the pen.

4.5.5.4  Needle-Free Delivery Systems  Needle-free delivery systems operate 
by using a high-pressure jet of drug or vaccine to penetrate the skin without use of 
a needle. They have been around since the late 1940s when they were developed 
as a means for mass vaccination. However, it was discovered that if the vaccine 
was administered from the same reservoir and injector nozzle to successive 
patients, there was a risk of transfer of a virus due to fluid from one patient con-
taminating the device and then being injected into a successive patient, which 
prompted the withdrawal of these devices. More recently, unit-dose and multidose 
devices were developed for personal use by several companies including Bioject, 
Antares, and Weston Medical. Success of these devices was limited to some niche 
markets such as human growth hormone and insulin. Zogenix acquired the Weston 
Medical Technology and developed Sumavel® DosePro® for the treatment of 
migraine and achieved some good market growth. The main benefit of the needle-
free delivery system was rapid onset of drug effect compared to oral triptans. The 
relatively pain-free delivery and convenience of the device were considered major 
factors in encouraging patients to make the switch from oral to injectable forms of 
the drug. Needle-free devices avoid issues associated with needlestick and needle 
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reuse and have potential for use in mass inoculation programs if the device cost 
can be reduced, although at current costs they are only likely to continue to be 
used in high-value niche applications.

While most needle-free systems have been developed to deliver liquid formula-
tions, PowderJect developed a powder-based needle-free delivery system and tar-
geted applications in genetic engineering and pain management. The technology was 
later acquired by Pfizer, although it has yet to come to market.

4.5.6  Pulmonary Route of Administration

4.5.6.1  Introduction  Inhaled drug delivery represents a significant pharmaceu-
tical market. In 2010, the global pulmonary drug delivery technology market was 
US$19 billion, and BCC Research estimated it would grow to US$44 billion by 
2016 at a compound annual growth rate (CAGR) of 14.3%. At present, the inhaled 
drug delivery market is dominated by treatments for respiratory disease such as 
asthma and chronic obstructive pulmonary disease (COPD) (where they account 
for significantly more than half of that market). It is estimated that 300 million 
people worldwide have asthma, and this is expected to increase by a further 100 
million by 2025.

However, over the next few years, inhaled drugs for nonrespiratory conditions are 
likely to come to market including Alexza’s Adasuve (for the treatment of agitation 
in bipolar disorder and schizophrenia), Mapp’s Levadex (for the treatment of acute 
migraine), and MannKind’s Afrezza® (an inhaled insulin for the treatment of diabetes).

There are five main drivers for the use of inhaled drug delivery:

1.	 Topical administration (i.e., where the target site is the lung itself), for example, 
respiratory and (some) infectious diseases.

2.	 Speed of action, for example, CNS applications such as the treatment of 
migraine and for pain relief.

3.	 Convenience over other delivery routes, for example, the development of 
inhaled insulin to avoid patient concerns/stigma over the use of needles.

4.	 Dry powder formulations can provide better drug stability than for many liquid 
formulations (e.g., insulin and vaccines).

5.	 Research suggests administration of a vaccine to the lungs can induce a local 
immune response more effectively than conventional types of vaccine delivery 
(opening up the possibility of inhaled vaccines).

4.5.6.2  Topical Drug Delivery to the Lung  As mentioned previously, the most 
common use of inhaled drug delivery is to treat respiratory disease as this approach 
allows the drug to target the disease site directly and reduce the adverse effects asso-
ciated with systemic circulation of the drug. With inhaled delivery of drugs such as 
corticosteroids, much of the drug remains in the lung and does not get into systemic 
circulation (Table 4.3).
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4.5.6.3  Systemic Drug Delivery via the Lung  It has long been known that inhaled 
substances can be adsorbed from the lung into systemic circulation—nicotine being 
one example (Table 4.4).

4.5.6.4  Inhaler Device Categories  A wide variety of inhalers have been devel-
oped to meet the needs of the market and the specific requirements for a drug in 
terms of dose size, drug stability, and physical and chemical properties. The main 
categories are:

•• Pressurized metered-dose inhalers (pMDIs)

•• Dry powder inhalers (DPIs)

•• Soft mist inhalers

•• Nebulizers

Table 4.3  Examples of inhalers for topical delivery to the lung

Inhaler type Medication delivered Remarks

CFC inhaler Ventolin® (salbutamol) 100 µg Discontinued and 
replaced by HFA for 
environment protection

Flovent® (fluticasone) 50, 125, and 250 µg

HFA inhaler Advair® (salmeterol/fluticasone) 25/125  
and 25/250 µg

HFA is the environmentally 
friendly solvent

Atrovent® HFA (ipratropium) 20 µg
Flovent HFA (fluticasone) 50, 125,  

and 250 µg
Ventolin HFA (salbutamol) 100 µg

DPI Turbuhaler Dry powder drug substance 
metered from reservoirBricanyl® (terbutaline) 0.5 mg

Pulmicort® (budesonide) 100, 200, and 400 µg
Symbicort® (budesonide/formoterol) 100/6 

and 200/6 µg
Oxeze® (formoterol) 6 and 12 µg
Diskus Dry powder drug substance 

factory premetered into 
blister strip

Advair (salmeterol/fluticasone) 50/100, 
50/250, and 50/500 µg

Flovent (fluticasone) 50, 100, 250, and 500 µg
Serevent® (salmeterol) 50 µg
Ventolin (salbutamol) 200 µg
HandiHaler Dry powder drug substance  

in capsules used in  
unit-dose inhaler

Spiriva (tiotropium) 18 µg

Soft mist 
inhaler

Respimat Liquid drug substance
Spiriva (tiotropium) 2.5 µg
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Pressurized metered-dose inhalers (pMDIs)  Although the history of inhalers can 
be traced back several hundred years (see http://www.inhalatorium.com/), the first 
effective modern inhalers were pressurized metered-dose devices that were devel-
oped in the 1960s. These devices use drug dispersed in a propellant such as chlorinated 
fluorocarbons (CFCs). When the device is actuated, a metered dose of drug and pro-
pellant is released and is drawn into the lung by the user’s inspiratory flow. A major 
challenge with standard pMDIs is the need for the user to coordinate the actuation of 
the device with their inhalation. Although breath-actuated devices have been devel-
oped that automatically release the dose of drug when the user achieves a threshold 
flow rate, the majority of devices in the market today are the standard pMDIs. 
Environmental concerns over CFCs that are believed to deplete the earth’s ozone 
layer have resulted in a change to less environmentally harmful HCFCs in pMDIs.

Albuterol/salbutamol is a short-acting beta-agonist that is commonly administered 
using a pMDI such as the Ventolin inhaler. Research shows that when 100 µg of titrated 
salbutamol aerosol is administered, plasma levels of radioactively labeled drug were 
insignificant at 10, 20, and 30 min following inhalation. Approximately 10% of an 
inhaled salbutamol dose is deposited in the lungs. Eighty-five percent of the remaining 
dose from the metered-dose inhaler (MDI) is swallowed. Since the dose is low 
(100 µg), the absolute amount swallowed is too small to be of clinical significance.

Dry powder inhalers  DPIs began to be developed around 30 years ago as they are 
considered to offer a number of benefits over pMDIs including more stable drug for-
mulations, ease of use (as they do not require coordination of device actuation with 
inhalation), as well as avoiding the need to use environmentally harmful propellants. 
Most dry powder formulations consist of an active drug deposited on the surface of 
larger carrier particles such as lactose. This formulation approach is beneficial as it 
allows a small active dose to be “bulked up” by the carrier and also allows the drug 
to be more easily aerosolized during inhalation so that it can penetrate into the lung. 
During inhalation particle–particle and particle–device wall collisions, coupled with 
shear forces generated in flows in the device deagglomerate the particles so that they 

Table 4.4  Examples of inhalers for systemic delivery via the lung

Inhaler type Medication delivered Remarks

Exubera® Insulin Regulatory approved; withdrawn 
from market by manufacturer

Afrezza® Lyophilized human insulin 
microencapsulated within fumaryl 
diketopiperazine

Awaiting regulatory approval

Adasuve™ Staccato® Loxapine for the treatment 
of agitation associated with 
schizophrenia or bipolar I disorder 
in adults; 10 mg dry powder

Approved in the United States and 
EU in late 2012/early 2013; launch 
in the United States and EU 
anticipated in Q3 2013

Levadex™ Dihydroergotamine for the treatment 
of migraine

Awaiting approval

http://www.inhalatorium.com/
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are small enough to be carried into the lung. In reality, this process is not that efficient 
and typically only between 10% and 40% of the drug actually gets into the lung.

For the majority of DPIs, the drug is deagglomerated solely by the airflow from 
the patient’s breath—these are termed passive devices. If the patient inhales too 
slowly, then there may be insufficient energy to aerosolize the drug, whereas at 
higher flow rates, the drug might be deagglomerated, but then a larger proportion 
deposited in the throat due to higher inhalation velocities. Inhalation rates can be 
controlled by patient training and by optimizing the airflow resistance of the device 
for the patient. However, patient-to-patient variability remains an issue.

One route to reducing this issue is to develop more sophisticated formulations that 
require lower deagglomeration forces and whose transport is more flow independent. 
Another approach is to develop active devices in which stored energy is used to deag-
glomerate the drug. These devices tend to be more complex, more costly, and also 
larger in size, which explains why few devices of this type have come to the market, 
although some continue to be under development.

Early dry powder devices tended to be unit-dose devices. To use these devices, a 
capsule of drug is loaded then usually pierced by pins that are actuated by the user 
pressing button(s) on the device. On inhalation, the capsule then spins in the airflow 
releasing the drug to be inhaled. While simple in design, capsule inhalers tend to have 
low efficiency and high drug retention in the capsule. There have also been cases 
where patients have swallowed the capsules rather than use them in the inhaler per-
haps because they have mistaken them as pills. Despite these issues, capsule inhalers 
are still commonly used with new drugs such as Onbrez® marketed by Novartis.

Spiriva® HandiHaler (tiotropium bromide monohydrate bronchodilator) is another 
example of a capsule inhaler. The HandiHaler inhaler is a reusable plastic device 
for use in administration of the Spiriva capsule. The HandiHaler operates with flow 
rates as low as 20 l/min. To use the device, a Spiriva capsule is placed in the center 
chamber of the green inhalation device. The capsule is pierced by a pointed pin by 
pressing and releasing the piercing button on the side of the device. The tiotropium 
formulation is dispersed into the airstream when the patient inhales slowly and 
deeply through the mouthpiece. Each Spiriva capsule contains a dry powder blend of 
18 µg tiotropium with lactose monohydrate as the carrier.

Multidose dry powder devices have been developed as they offer the patient the 
benefit of having multiple doses stored in the device. Reservoir devices store the drug 
in a single chamber from which individual doses are metered (e.g., Turbuhaler), 
whereas other multidose devices (such as Diskus®) contain a strip or ring of individual 
doses that are individually filled during manufacture. Such devices are often termed 
premetered multidose inhalers and generally have the advantage of better drug pro-
tection (so improved stability) and more accurate dosing than reservoir devices. On 
the other hand, reservoir devices have the benefit of smaller size (for a given number 
of doses) and lower manufacturing cost.

As mentioned earlier, Turbuhaler® (Fig. 4.3) is an example of a reservoir multi-
dose device. The preparation of each dose is achieved by removing the cap from the 
device and then turning the base in one direction and then back until a click is heard. 
The device is then ready for inhalation.
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The Diskus® inhaler is an example of a premetered multidose device. Diskus is a 
disposable colored plastic inhaler device containing a foil strip with blisters. Each 
blister contains the active drug and use lactose as the carrier. The blisters protect the 
powder for inhalation from effects of the atmosphere. When a dose is required, the 
patient follows the four simple steps: open, slide, inhale, and close. Sliding the lever of 
the Diskus inhalation device opens a small hole in the mouthpiece and unwraps a dose 
ready for inhalation. When the Diskus inhalation device is closed by sliding the thumb 
grip as far as it will go, the lever automatically moves back to its original position ready 
for your next dose when it is needed. The outer case protects the Diskus inhalation 
device when it is not in use. Diskus inhalation device is available for Ventolin® (salbu-
tamol sulfate) and Advair® (salmeterol xinafoate/fluticasone propionate).

Although simple to use, both Diskus and Turbuhaler have the risk of double dos-
ing in that they can be actuated more than once without inhaling the drug. Newer 
devices such as Sun Pharma’s Starhaler and Aptar’s Prohaler ensure that the user 
cannot access multiple doses in one inhalation. These devices are also breath actu-
ated, so the dose is only released when the patient inhalation flow rate is sufficient to 
deagglomerate the drug and transport it to the lung.

A challenge with passive devices is that they depend on the user’s inhalation to 
aerosolize the drug and transport it to the lung. If the patient inhales too slowly, then 
there may be insufficient energy to break the drug apart and create aerosolizable par-
ticles. If the patient inhales too fast, then the drug may strike the back of the throat 
and hence not reach the lung. Active inhalation devices can address the former issue 
and have mainly been developed for systemic drug delivery via the lung. In this 
situation, it is important for the drug to penetrate deep into the lung where it will be 
absolved through the alveoli into the bloodstream. Deep lung penetration is best 
achieved using a long slow inhalation maneuver, which may mean there is insuffi-
cient energy to aerosolize the drug unless an active device is used.

Figure 4.3  Turbuhaler® inhaler. Reproduction of Pulmicort® device provided courtesy of 
AstraZeneca Canada Inc.
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Pfizer worked with Nektar to develop the Exubera device that entered the market 
for use with inhaled insulin. This device uses a pressure pulse to aerosolize the drug 
into a large chamber, similar to a spacer used with MDIs, from which the drug can 
then be inhaled by the user with slow deep breaths. The device is large, is compli-
cated (around 60 parts), and received considerable negative feedback from a usability 
perspective. Presumably at the time the insulin program was being developed, the 
device complexity was considered necessary to make the product work, although 
there have been several claims of much simpler devices achieving the same 
performance with similar formulations. The product entered the market in September 
2006 and following slow sales and some concern about a possible link with lung 
cancer, Pfizer announced its withdrawal in October 2007.

While most companies terminated product development after Exubera was 
removed from the market, MannKind Corporation continued developing inhaled 
insulin and came up with thumb-sized second-generation DreamBoat Afrezza 
Technosphere insulin (TI) (Fig. 4.4) breath-actuated inhaler (TI is formed when reg-
ular human insulin (RHI) is microencapsulated within fumaryl diketopiperazine and 
lyophilized for inhalation). Upon inhalation, the microspheres dissolve in the neutral 
pH of the lungs.

MicroDose Therapeutx has developed device technology based on the use of a 
piezoelectric actuator to disperse the drug. The device is breath actuated—through 
the use of a flow sensing microphone to trigger the piezo actuator once the correct 
flow has been established. The technology has been partnered for several programs 
including Novartis for a number of proprietary respiratory compounds. MicroDose 
Therapeutx has also initiated its own programs for the treatment of virus, nerve 
agent, and COPD, some of which have progressed into early clinical trials. More 
recently, MicroDose Therapeutx has been acquired by Teva who is seeking to exploit 
the benefits of the device and technology platform.

Alexza has developed the Staccato device platform that operates by heating a 
thin-layer drug deposited onto a metal substrate in order to vaporize it into the inha-
lation airflow. Both unit-dose and multidose variants have been in development. 
Their lead product Adasuve™ received approval in the United States and Europe in 
late 2012/early 2013 for the treatment of agitation associated with schizophrenia or 

Figure 4.4  Afrezza® inhaler (palm size). Reproduction of Afrezza device provided courtesy 
of MannKind Corporation.
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bipolar I disorder in adults. Other programs for breakthrough cancer pain and some 
other indications are in early clinical development.

Another approach to developing less flow rate-dependent devices is to develop 
formulation technologies that require low energy to aerosolize the drug and use par-
ticles that have aerodynamic properties that limit their velocity during transport from 
the device to the patient’s lungs. Examples include Alkermes Air (now being devel-
oped by Civitas Therapeutics), Prosonix, and Pulmospheres (owned by Novartis fol-
lowing their acquisition of the Nektar’s respiratory business).

Nebulizers  The latest devices from Pari and Respironics have to some extent 
addressed the main disadvantages of nebulizers, portability, and time it takes to 
deliver the drug.

Nebulizers requiring multiple inhalations to deliver the required dose are not 
really direct competitors with DPIs. Although devices have the ability to match drug 
aerosolization to breathing rate and also to provide training and so might achieve 
better dosing accuracy for systemic drugs, there is not much public data to support 
this. Need for multiple breaths is a disadvantage from a user’s point of view.

i-neb is a portable device providing around 40 doses from one battery charge. 
Adaptive aerosol delivery (AAD) means that the drug is only aerosolized when 
patient inhalation flow is correct. Throughout the treatment, the I-neb provides 
feedback to the patient via the liquid crystal display and audible and tactile signals 
when dosing is complete.

E-flow appears quite similar, being battery powered, using a vibrating mesh and 
has AAD. It claims 90% delivered dose.

The main applications for nebulizers have been for rescue therapies for child asth-
matics and for the treatment of cystic fibrosis. Although in some situations DPIs are 
replacing nebulizers (e.g., Novartis launched TOBI Podhaler, which is a unit-dose cap-
sule inhaler for the delivery of tobramycin as an alternative to nebulized delivery for the 
treatment of lung infection in cystic fibrosis), nebulizers are still seen to have an 
advantage where the patient inhalation is either weak or variable (e.g., young children) 
as at least some of the drug will be delivered by even minimal breathing. Furthermore, 
in the case of rescue asthma therapies, it is possible to “titrate” by observing a reduction 
in wheezing as the pathways in the lung begin to be dilated by the effect of the drug.

Nebulizers can also be used for the systemic delivery of drugs via the lung. For 
example, YM BioSciences has used nebulization to deliver fentanyl, and Aerogen 
used nebulizer-like technology to deliver insulin in clinical trials.

Soft mist inhalers  Although stability may prove to be an issue with many liquid 
formulations compared to dry powders, they have the advantage of being more likely 
to produce homogeneous aerosols. Aqueous formulations also require sterile filling 
lines that add cost. All soft mist devices are active as the inspiratory flow from a 
patient is unlikely to be sufficient to aerosolize the drug. Fine particle fractions 
quoted can be quite high (up to 80% or more). Maximum doses are up to 50 µl or so 
equating to a few milligrams of drug depending on formulation.

Aradigm developed the AERx device to have ability to titrate. The first-generation 
device also had the ability to monitor breathing to control the release of the drug 
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although the device was relatively large and heavy. A second-generation mechanical 
version is being developed, which is claimed to offer similar performance to that 
of  the electronic device. Emitted dose and fine particle fraction from AERx are 
understood to be quite high.

The Respimat® soft mist device has been developed by Boehringer Ingelheim to 
deliver the drug Spiriva for the treatment of respiratory disease. The device was orig-
inally developed as an alternative to pMDIs but with a drug-release time reducing the 
need for breath control and thus avoiding the need for breath actuation. The device 
has a good fine particle fraction of between 60% and 80% and a 50% respirable 
fraction that is comparable with the better active DPI devices.

SHL has been developing aqueous drop inhaler although there is limited public 
information on this. The device appears to use a mechanical means to create respi-
rable droplets of the liquid drug.

4.5.7  Intranasal (IN) Route of Administration

Development of intranasal (IN) route of administration parallels with pulmonary 
administration as they share some common diseased states, for example, allergy. IN 
provides effective means for local and systemic drug delivery in allergic rhinitis and 
avoids systemic use of antihistamine and corticosteroids. Utility of this route of 
administration is limited by volume, and therefore, payload is limited by volume.

IN also requires a higher degree of patient involvement, which may lead to issues 
in terms of concordance unless they are dealt with at the design level.

IN route of administration is successfully utilized in the delivery of biologics, for 
example, Avastin® (bevacizumab, Roche), to treat congenital nose bleed condition 
(niche indication, nonetheless, establishes a proof of concept to delivery biologics 
via IN route) and vaccines, for example, FluMist®.

Historically, it has been difficult to establish dosing of therapeutics by the IN 
route, due to drain back from the nasal cavity, and therefore, formulations have 
become increasingly important to ensure adhesion of the formulation to the mucosal 
membrane of nasal cavity in order to facilitate drug transport.

The IN route provides a notable means to facilitate rapid onset of action for pain 
management indications. The route has been successfully utilized in the delivery of 
fentanyl, for example, Nycomed Instanyl®.

4.5.8  Transdermal Route of Administration

It is important to distinguish between topical and transdermal: topical means that the 
administration of drug exerts its effects at the dermal layer; transdermal is a route of 
administration employed to transport the drug beyond the dermal layer so that the 
drug effects are systemic. For example, lidocaine patch operates at a topical level 
(i.e., pharmacology acts on pain receptors in the dermal region only although there is 
some absorption of drug leading to some secondary pharmacology), while fentanyl 
patch facilitates drug transport beyond the dermal layer and into the bloodstream so 
that it goes into systemic circulation.
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Transdermal drug delivery is reliant on the drug’s physicochemical properties 
(i.e., small molecular weight, lipophilic), and the device component largely acts as 
a  safe reservoir to hold the drug and provide adhesion to the skin, for example, 
Duragesic®.

The exception to this is active transdermal systems that utilize iontophoresis to 
maintain control of drug transport, for example, Ionsys patch. There are other active 
devices that enhance the delivery of larger drug molecules, for example, TransPharma 
and Altea technologies, the latter technology having been recently acquired by 
Nitto Denko.

Transdermal drug delivery is historically limited to small, lipophilic molecules. 
However, the advent of microneedles is now opening up this space to molecules with 
larger molecular weight up to recombinant proteins, for example, 3M Drug Delivery 
Systems’ Solid Microstructured Transdermal System (sMTS) and others (e.g., 
Kimberly Clark). Strictly speaking, this route is intradermal drug delivery as the 
device—either by microneedles or other intervention—is creating a space in the 
dermal region to allow drug directly into this region.

Transdermal system are volume limited, and therefore, they are often linked with 
vaccine where small dose volume is effective.

4.5.9  Sublingual Route of Administration

Sublingual (sl) drug administration utilizes the highly vascularized region directly 
beneath the tongue; this permits transport of small, lipophilic molecules through the 
mucosal membrane to facilitate rapid onset of action. This route of administration 
has limitations and a need to ensure acceptable taste after drug dissolution and acci-
dental swallowing of the dosage form. Table  4.5 summarizes some successful 
commercial sl formulations.

An example of the small-molecule (nitroglycerin) formulation is the Nitrolingual® 
spray and nitroglycerin sl tablets for the relief of angina pectoris. It delivers a dose of 
0.4 mg per spray under tongue. One or two metered doses (0.4 or 0.8 mg nitroglyc-
erin) should be administered onto or under the tongue, without inhaling. The mouth 
must be closed immediately after each dose to avoid loss of medication. Onset of 
action is within 2–4 min and lasts for 10–30 min.

Table 4.5  Examples of sl dosage forms

Dosage form Onset of action Duration of action

Isosorbide dinitrate
Isordil® sl tablets 2–5 min 1–3 h
Isordil oral tablets 20–40 min 4–6 h
Nitroglycerin
sl tablets 1–3 min 10–30 min
Translingual spray 2–4 min 10–30 min
Lorazepam
Ativan® sl tablets dissolve in 20 s 60 min (peak plasma level)
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For administration of nitroglycerin, one tablet should be dissolved under the 
tongue or in the buccal pouch immediately upon indication of an acute anginal attack. 
Due to the volatility (leading to loss of potency) and chemical reactivity of nitroglyc-
erin, the nitroglycerin sl tablets should be dispensed and kept in tight amber glass 
containers. The container should be closed tightly immediately after each use, and no 
more than 100 tablets should be packaged in a container.

4.6  Future Direction for Drug Delivery Devices

One of the key drivers for innovation in the drug delivery device field is the emer-
gence of advanced therapy medicinal products (ATMPs). ATMPs represent groups of 
therapeutic interventions for diseases that currently have limited or no effective 
treatment options. ATMPs comprise gene therapy medicinal products, somatic cell 
therapy medicinal products, and tissue-engineered products.2

Combined ATMPs are products that incorporate, as an integral part, a medical 
device and viable cells or tissues. It is likely that combined ATMPs will emerge as 
basic and regulatory sciences evolve. Examples of combined ATMPs include tissue-
engineered products incorporated onto an artificial matrix or scaffold for implanta-
tion or living cells inserted into a special encapsulation and/or implantation device.

Table 4.6 summarizes definitions of these three categories, according to European 
pharmaceutical legislation, and provides an example of a combined ATMP approach 
for each category.

One of the major distinctions between combined ATMPs and conventional drug/
device combinations described in previous sections of this book is the requirement 
for a medical device component early in development to establish clinical proof of 
principle. Typically, in pharmaceutical development, a drug will be administered to 
a patient or volunteer via infusion; device considerations will be made post-proof of 
principle once a favorable pharmacodynamic profile is established. However, for 
combined ATMP development, the intended medical device component is often 
required in order to facilitate administration of the genetic or cellular therapeutic agent.

An example of this is the London Project to Cure Blindness, which aims to replace 
damaged and diseased retinal cells that lead to AMD with healthy cells that are grown 
from stem cells.3 Retinal pigment epithelium (RPE) cells form a thin sheet lining the 
inside of the eye under the retina. A healthy RPE layer is critical to normal sight. 
When these RPE cells are damaged or lost, they are thought to lead to AMD. The 
project aims to replace the damaged RPE cells with a sheet of RPE cells created from 
stem cells. In phase I studies, the stem cells used are human embryonic stem cells. 
The RPE cell sheets to be transplanted into the patient require a specially engineered 
patch using a new delivery device developed by the London Project Team to be 
inserted into the posterior of the eye to assess clinical effect.

2 Regulation (EC) No 1394/2007 of the European Parliament and of the Council of November 13, 2007 
on advanced therapy medicinal products and amending Directive 2001/83/EC and Regulation (EC) 
No 726/2004.
3 http://www.thelondonproject.org/OurVision/TheProject/?id=1166

http://www.thelondonproject.org/OurVision/TheProject/?id=1166
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Table 4.6  ATMP types and key characteristicsa

Type of ATMP Key characteristics
Example (combined 

ATMP)

Gene therapy 
medicinal product

Comprises an active substance  
that contains or consists of a 
recombinant nucleic acid used  
in or administered to human  
beings with a view to regulating, 
repairing, adding, or deleting a 
genetic sequence

Mydicar® (Celladon 
Corp., San Diego, 
CA)

Therapeutic, prophylactic, or 
diagnostic effect relates directly  
to the recombinant nucleic acid 
sequence it contains or to the 
product of genetic expression  
of this sequence

Gene therapy for heart 
failure that uses a benign 
virus to insert the 
Serca2a gene into heart 
cells

Somatic cell therapy  
medicinal product

Contains or consists of cells or  
tissues that have been subject to 
substantial manipulation so that 
biological characteristics, 
physiological functions, or 
structural properties relevant for 
the intended clinical use have been 
altered or of cells or tissues that  
are not intended to be used for the 
same essential function(s) in the 
recipient and the donor

Prochymal® (Osiris 
Therapeutics, Columbia, 
MD)

Is presented as having properties  
for or is used in or administered  
to human beings with a view  
to treating, preventing, or  
diagnosing a disease through the 
pharmacological, immunological, 
or metabolic action of its cells or 
tissues

Infusion of human 
mesenchymal stem cells

Currently being evaluated 
in clinical trials for 
several indications, 
including acute 
graft-versus-host disease 
(GVHD) and also 
Crohn’s disease

(Continued)
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Another key distinction of combined ATMPs is a blurring of the line with regards 
to which component (the active component or device component) contributes to 
the primary mechanism of action. This is particularly the case in emerging tissue-
engineered products. For example, established implantable devices may be combined 
with cells or tissues to improve patient outcome, making the therapeutic principles 
much more complex. Patient response to a combination of a medical device with 
cells or tissues may be different to that seen with either component alone.

The treatment of articular cartilage defects with matrix-induced autologous chon-
drocyte implantation (MACI®, Genzyme Biosurgery) provides an example of this. 
The MACI implant uses the patient’s own (autologous) cultured cartilage cells (chon-
drocytes) to repair articular cartilage damages in (knee) joints. Chondrocytes that are 
taken from a biopsy are cultured to increase the number of cells and then seeded on 
a biodegradable ACI-Maix membrane. Once the culturing process is complete, the 
cells seeded on the membrane are returned to the surgeon for implantation. The sur-
geon will make an incision in the knee and prepare the defect by clearing away any 
and all damaged tissues. The surgeon will then place and fix the membrane with the 
cultured cells into the defect. Over several months, these cells create a matrix that 
covers the articular surface—in effect, replacing the lost cartilage in the knee. 
Importantly, the MACI matrix is an integral part of this therapeutic intervention; 
implantation of the chondrocytes alone will not result in a positive clinical 
outcome.

Type of ATMP Key characteristics
Example (combined 

ATMP)

Tissue-engineered 
product

Contains or consists of engineered 
cells or tissues

MACI® (Genzyme 
Biosurgery, Boston, 
MA)

Is presented as having properties for 
or is used in or administered to 
human beings with a view to 
regenerating, repairing, or 
replacing a human tissue

Treatment of articular 
cartilage defects  
with matrix-induced 
autologous chondrocyte 
implantation

Cells or tissues shall be considered 
“engineered” if they fulfill at least 
one of the following conditions: 
the cells or tissues have been 
subject to substantial manipulation, 
so that biological characteristics, 
physiological functions, or 
structural properties relevant for 
the intended regeneration, repair, 
or replacement are achieved

a Adapted from Schneider and Celis [4].

Table 4.6  ATMP types and key characteristics
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While combined ATMPs have the potential to radically enhance treatment options, 
they pose challenges for regulators trying to assess such interventions using conven-
tional principles to assess quality, safety, and efficacy. Regulatory science will need 
to keep pace with developments in this field to avoid bottlenecks to the development 
and commercialization of this therapeutic class.
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LOCAL DELIVERY OF BONE GROWTH 
FACTORS

Bill McKay, Steve Peckham, and Jared Diegmueller

5

In recent years, significant resources have been applied to the research and 
development of growth factors that stimulate bone formation or enhance bone healing. 
While the body of knowledge on the use of these factors has increased greatly, in 
many ways, the field is still in the very early stages of investigation. In order to appre-
ciate the accomplishments that have been made and the challenges that await new 
solutions in bone growth factor delivery, it is important to understand why bone 
growth factor delivery is needed and how these factors are being used clinically. 
There are many different scenarios under which bone formation or bone healing is 
required. The delivery of bone growth factors can be broadly divided into systemic 
and local applications. While there is a great need for systemic application of bone 
growth factors to address metabolic bone disorders, this chapter will focus on the 
local growth factor delivery.

5.1  Applications for Local Delivery of Bone 
Growth Factors

The applications for local delivery of bone growth factors fit into three categories—
use as a substitute for autogenous bone grafting (transplanting bone from one part 
of  the body to another), use as an adjunct to standard of care (SOC) to accelerate 
healing, or use as a prophylactic treatment to prevent future injury. More specifically, 
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local bone growth factor delivery has application in repair of traumatic bone injury, 
stabilization of degenerative joints, replacement of bone removed due to tumor 
excision, acceleration of fracture repair, and strengthening of bones weakened due to 
metabolic disorders or drug interactions. Bone growth factors are used in applications 
across spinal, orthopedic/trauma, and cranial oromaxillofacial surgery.

5.1.1  Autograft Replacement

Each of the three categories for local bone growth factor application will be covered 
individually to lay the foundation for understanding the needs and challenges that 
drive the choice of growth factors and delivery system development. Currently, the 
main use for local bone growth factors is as a replacement for autogenous bone 
grafting. There are many different scenarios in which bone is taken from one part of 
the body and placed into an area where new bone formation is required. Taking 
advantage of the ability of bone to regenerate and remodel, the concept of autogenous 
bone grafting has been applied for over a century. Examples where bone grafting is 
needed include spinal trauma leading to a vertebral body fracture, cranial trauma 
where bones of the skull or mandible require repair, or other skeletal trauma 
resulting in segmental bone loss. In addition, bones are sometimes fused as a 
treatment for degenerative conditions. Examples would include fusion of the various 
segments of  the foot and ankle and spinal fusion to achieve spinal stability or 
deformity correction. In some cases, bone healing is necessary secondary to tumor 
excision. Among the one million bone grafting procedures performed each year in 
the United States, the most common use is in spinal fusion procedures. Approximately 
300,000 thoracolumbar fusion procedures are performed in the United States each 
year, each requiring some sort of bone grafting. In trauma applications, there are 
many fresh fractures and long-bone nonunion surgeries that make use of bone 
grafting materials. There are also 50,000 hip and knee revisions and over 100,000 
cranial oromaxillofacial procedures with bone grafting. With this large number of 
procedures representing an opportunity for the use of locally delivered growth 
factors, the resources devoted to the study and development of bone growth factors 
are easily understood.

Autogenous bone or autograft is the standard against which other bone grafting 
materials are compared. Over the years, surgeons have identified several sites for 
autograft harvest including the anterior and posterior iliac crest, the ribs, the proximal 
and distal tibia, and the mandibular ramus or symphysis [1–5]. The choice of graft 
site is based on ease of access, the amount of graft material needed, and the procedure 
being performed. Autograft bone is considered the ideal grafting material since it 
contains all of the components necessary to support bone formation—molecular sig-
nals for bone healing, cells capable of responding to signals and forming bone, and a 
scaffold on which new bone formation can occur. Autograft is generally considered 
osteoinductive in that it contains the molecular signals or proteins required to initiate 
bone formation. However, the amount of osteoinductive proteins is relatively low, 
and demineralization of the bone is required in order for the proteins to be exposed. 
Autograft is also osteogenic since it contains bone-forming cells and cells capable of 



APPLICATIONS FOR LOCAL DELIVERY OF BONE GROWTH FACTORS� 137

being transformed into bone-forming cells. The viability of bone cells in harvested 
autograft is dependent on the manner in which the graft is treated and the length of 
time between harvest and implantation. Finally, autograft is osteoconductive, 
meaning that the bone acts as a scaffold on which new bone will be formed. Since the 
patient’s own bone is being used, there is no risk of disease transmission or concerns 
regarding biocompatibility.

That is not to say that autograft is without limitations. First, there is some risk of 
adverse events associated with the harvest itself. Generally, these risks are thought of 
as being minor or major and acute or chronic [6, 7]. Major complications with iliac 
crest harvest would include herniation, vascular injury, deep infection, neurologic 
injury, hematoma, fracture, and pelvic instability [8–14]. Minor complications 
include pain at the harvest site, sensory changes, and gait disturbances [15–17]. 
Major complications with autograft harvest are rare, but the morbidity can be 
significant. Minor complications are more common with rates reported in the range 
of 30–40% of patients [6, 17]. This is a somewhat controversial topic with some 
surgeons reporting significant pain at harvest site for years after the procedure and 
others claiming the incidence and severity of harvest pain is overstated [18–21].

Independent of concerns regarding residual pain or risk of adverse events, the 
application of autogenous bone graft is limited in many cases since the volume of 
available graft material may not be sufficient for the particular application, or there 
may be issues with autograft bone quality due to metabolic bone disease or patient 
age. Regardless of where a surgeon stands on the relative morbidity of autograft 
harvest, it is clear that there is some risk associated with the procedure and the 
desire for comparable or better results with an economically viable autograft 
replacement is a real need. For these reasons, a lot of effort has been put into 
research and development of bone growth factors for use in bone healing or grafting 
applications.

Growth factors are of interest primarily as a way of eliminating the need to harvest 
autograft bone. Growth factors may also be used as a means of enhancing autograft or 
as a graft extender. The need for graft extenders could be due to limitations in the 
amount of autograft available as a result of previous bone harvest or poor bone quality. 
A surgeon may also choose to combine autograft with a growth factor if he/she believes 
that the patient presents a particularly challenging healing environment due to comor-
bidities or significant soft tissue damage leading to compromised blood supply or in 
cases where there have already been multiple revision procedures.

5.1.2  Adjunct to Standard of Care (SOC)

While the clinical application of bone growth factors is driven primarily by the desire 
for a replacement for autograft, this is certainly not the only application that is being 
explored. Another area of focus for bone growth factors is in use as an adjunct to 
SOC for bone growth to accelerate bone healing or to increase the likelihood that 
healing will ultimately occur. For example, most tibia fractures would heal with 
hardware stabilization and soft tissue management. However, there would be interest 
from patients and surgeons in a bone growth factor that could be applied to accelerate 
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fracture healing and return the patient to full function sooner. If the growth factor 
also increased the likelihood of healing, that would be an additional benefit.

5.1.3  Prophylactic Treatment

The previous examples have centered on treating a bone defect, healing a traumatic 
fracture, or addressing pain or instability through bone fusion. In other words, the 
treatment is applied after injury has already occurred. The third area of local 
application for bone growth factors is for prophylactic local treatment of osteoporotic 
or osteopenic bone as a means to increase bone density and prevent the fracture from 
happening in the first place. In 2000, there were an estimated nine million osteoporotic 
fractures worldwide with the most common being hip, forearm, and vertebral 
fractures [22]. The cost of medical care associated with osteoporosis is $18 billion 
per year in the United States alone [23]. There are many systemic treatments aimed 
at reducing the number of osteoporotic fractures; however, adherence to oral 
antiresorptive therapy is problematic and lack of adherence correlates to increased 
fracture risk [23, 24]. There may be advantages to treating osteoporosis locally, such 
as lowering the required dose of medication, limiting systemic side effects, or further 
reducing fracture risk by using local treatments as an adjunct to systemic therapy. 
Because the prevalence, morbidity, and mortality of osteoporosis are so significant, 
there is an opportunity to really improve patients’ lives with a successful local 
treatment.

5.2  Types of Bone Growth Factors

The most commonly studied growth factors belong to the TGF-beta superfamily 
of proteins. This family of proteins, with varying degrees of structural homology, 
includes the bone morphogenetic proteins (BMPs) and growth and differentiation 
factors (GDFs). The growth factors of today are available thanks to research that 
began in the middle of the twentieth century in the lab of Marshall Urist, M.D., 
at  UCLA. Dr. Urist published in 1965 on his research demonstrating that 
demineralized bone would induce new bone formation when placed into a muscle 
pouch of rats. Dr. Urist postulated that certain factors in the bone could be 
identified that were responsible for this bone autoinduction [25]. With additional 
research, it became clear that the growth factors were proteins, and Dr. Urist 
coined the term “BMPs” to describe them. It was not until the late 1980s that the 
individual proteins from bone extract were identified and recombinantly produced 
[26, 27]. This accomplishment ushered in the era of significant nonclinical and 
clinical research work to understand the mechanism of action, the properties, 
limitations, and the potential applications for the BMPs and other TGF-beta 
family growth factors.

Today, the search for bone growth factors has gone far beyond the original targets 
of the osteoinductive BMPs. Staying within the TGF-beta family, research has been 
performed on GDFs with most work centered on recombinant human fibroblast 
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growth factor-5 (rhGDF-5). These factors tend to be less potent in terms of osteoin-
ductivity in animal models, but they have an ability to induce both bone and soft 
tissue that make them particularly suited for certain applications, such as periodontal 
disease where both bone and periodontal ligament must be restored to achieve the 
desired outcome of regeneration. Another class of recombinant protein that has been 
studied for bone healing is platelet-derived growth factor (PDGF). PDGF is not 
osteoinductive or inherently capable of inducing de novo bone formation. Instead, 
PDGF acts as a mitogen and chemotactic factor. Through these processes, PDGF is 
also indirectly involved in angiogenesis, which can be important to bone as well as 
soft tissue healing.

Recombinant BMPs such as rhBMP-2 and rhBMP-7 have been shown to be 
very potent factors inducing bone formation. In nonclinical studies, these proteins 
form bone as well as or better than autologous bone. As produced for clinical 
applications, these proteins exist as homodimers consisting of two BMP-2 or 
BMP-7 chains. There are in vitro and in vivo data suggesting that heterodimers 
are more potent bone formers than homodimers. Creating a consistent product 
with heterodimers adds a new level of complexity to manufacturing; however, 
the  prospect of potentially lowering dose and therefore cost with more potent 
factors has commercial appeal. Recognizing that these proteins are manufactured 
versions of naturally occurring proteins that are involved in many aspects of 
growth and development, the safety implications of implanting more potent 
growth factors will need to be evaluated. Along these same lines, other research 
efforts center around combining segments of naturally occurring BMPs to 
construct new chimeric proteins that may also have increased potency as well as 
added functions or capabilities that the individual BMPs do not possess. This is 
an interesting area of research but also an area where the potential risks are not 
yet well understood.

For any recombinant protein being studied or cell-based system for protein 
production, it is clear that recombinant protein manufacturing is complex, 
requiring significant investment to develop and maintain a consistent process. The 
level of complexity and cost has driven the desire for simpler and less expen
sive  bone growth factors. One target has been peptides. In theory, it would be 
possible to identify peptides that mimic BMP binding to receptors leading to 
similar receptor-mediated cellular processes. Another target of peptides could 
be the naturally occurring inhibitors to BMP-induced bone formation. Competitive 
binding of inhibitors could possibly increase local residence time and enhance the 
activity of naturally occurring local BMPs or reduce the amount of implanted 
rhBMP needed for efficacy. Other peptides with functions distinct from the BMP 
signaling pathway have also been investigated for their impact on bone healing. 
This would include a peptide of parathyroid hormone (PTH) that is thought to 
increase osteoblast activity if given at the appropriate dosing regimen and a 
peptide mimicking the binding site of type I collagen designed to enhance local 
cell attachment [28, 29]. Neither of these peptides is osteoinductive. They rely on 
enhancement of local biological activity for their potential effect on facilitating 
the bone formation process.
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Taking the desire for more simple and less costly solutions to another level, there 
are a number of companies and academic institutions working on research into osteo-
inductive or bone growth-promoting small molecules. Much of this research is 
focused on stimulating the BMP signaling cascades or blocking the action of natural 
BMP inhibitors using chemical entities to enhance bone healing. These projects are 
all in the early stages of feasibility and nonclinical development, and efficacy is yet 
to be determined.

Regardless of the type of bone growth factor being contemplated, they all require 
a carrier or matrix for localized delivery. The short residence time of the protein at 
the site of injection makes their independent use unsuitable for treatment. For 
example, rhBMP-2 injected into nonhuman primates has demonstrated a half-life of 
7 minutes [61]. Consequently, most of the therapeutic agent is excreted and passed in 
urine within 24 h. For efficacious results, bone growth factors must be maintained in 
the area of healing or fusion because they have no systemic therapeutic effect. 
Injection of the protein to the treatment site results in a local exposure of hours and 
is not sufficient to sustain osseous tissue development. Therefore, the protein must be 
sequestered to obtain longer residence at the site of implantation through the 
development of a combination device. The systemic elimination of a growth factor 
after injection in comparison to the local retention of the same growth factor by a 
carrier, which results in successful osseous tissue formation, is shown in Figure 5.1. 

0
0

100

90

80

70

60

50

40

%
 d

os
e 

de
liv

er
ed

30

20

10

3 6 9
Days

12 15

Local retention
Systemic detection

Figure 5.1  Systemic detection of a growth factor injection versus local retention of the 
growth factor by a carrier.
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There are many practical considerations that make the difference between success 
and failure in the clinical application of bone growth factors. A lot depends on the 
choice of growth factor and its combination with an appropriate carrier matrix. Much 
of this chapter is devoted to an overview of these considerations and how they have 
been addressed through product development efforts.

5.3  Delivery Systems

The identification and development of a therapeutic agent for bone grafting alone 
present significant challenges; however, the rapid clearance of the agent necessitates 
the use of a carrier [30]. The strengths and weaknesses of particular carriers (or 
scaffolds) and active agents must be considered, as their interaction in the final 
combination is critical when developing an efficacious bone grafting treatment. The 
advantage of a combination product is the ability to use the benefits of individual 
components to compensate for the shortcomings of the other components. This 
creates a final product whose composition is optimized for efficacy and whose 
limitations are minimized.

The environment in which the implant will be placed is also an important 
consideration. The interactions between the combination product and surrounding 
tissues and fluids are crucial to the product’s performance. Designing a therapeutic 
protein, carrier combination product that utilizes each component’s advantageous 
interactions with the local environment produces a best-in-class bone grafting device 
capable of generating bone at the site of implantation. An autograft replacement 
product that is effective at treating challenging indications such as interbody spinal 
fusions, posterolateral spinal fusions, joint fusions, healing nonunion fractures, and 
sinus and alveolar ridge augmentations for dental implant procedures is a valuable 
surgical tool for clinicians.

Early in the development pathway, there is strong temptation to make the “ideal” 
therapeutic delivery product containing every desired characteristic and feature. 
This is appropriate for early brainstorming purposes and developing competing 
design options; however, efforts to obtain this “ideal” product quickly expose the 
difficulty in accomplishing this goal. The simplest design solution for therapeutic 
delivery system for bone grafting is a single material scaffold and the therapeu
tic protein developed for a particular implant environment. Incorporating additional 
components or materials usually offers minimal advantages compared to the 
increased technical and regulatory complexities. Striving for a balance between 
simplicity of design and incorporation of desired design criteria is necessary. As a 
means to make the development process less complicated, the design criteria should 
be separated into a list of “Required” design criteria and a separate list of “Nice 
to  Have” criteria. The “Nice to Have” criteria will have varying probabilities of 
inclusion due to the prioritization of importance, technology limitations, and 
negative attributes that conflict with final product design. The final product must be 
an elegantly balanced design offering optimal safety and efficacy with minimal 
complexity.
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5.3.1  Therapeutic Protein Carrier “Required” Design Criteria  
for Bone Grafting

The simplest design criteria for a therapeutic protein combination device utilizing a 
carrier are that it must be both safe and efficacious. These will be a central focus of 
any regulatory body worldwide. As an example, one of the responsibilities of the 
U.S. Food and Drug Administration (FDA) is “Protecting the public health by 
assuring that…medical devices intended for human use are safe and effective” [31]. 
The design criteria that are central to establishing similar or better safety and efficacy 
for the device when compared to the SOC must be viewed as a nonnegotiable pri-
ority. If the product fails to incorporate any of these “Required” design criteria, ulti-
mate regulatory approval of the product could be in jeopardy.

5.3.1.1  Protein Incorporation and Delivery  As stated previously, the short 
residence time of growth factors in tissue necessitates the association of the 
growth factor with a carrier matrix in a combination product. To overcome the 
short residence time limitation of the protein, a carrier must be capable of seques-
tering the protein and providing extended delivery of the therapeutic agent for 
new bone formation to occur. A sufficient amount of protein must bind to the 
carrier to be capable of influencing a critical mass of bone-forming cells to create 
the desired tissue volume [30]. Binding of the protein to the carrier ensures proper 
surgical placement of the therapeutic agent resulting in osseous tissue formation 
at the desired anatomical location. The carrier must also release the protein over 
sufficient duration to provide recruitment, proliferation, and differentiation of 
mesenchymal stem cells to form trabecular bone. One method to accomplish this 
is via simple diffusion of the protein from the carrier. Simple application of the 
rhBMP-2 protein to a scaffold at the time of surgery, which follows the Langmuir 
adsorption isotherm, has demonstrated delivery profiles of the growth factor for 
a duration of a couple of weeks to a month. These delivery profiles are shown 
in Figure 5.2 with the application of a growth factor to calcium phosphate (CaP) 
granules, composite material, and collagen. These durations, with sufficient 
dosage, have proven effective at obtaining new bone formation, both in preclinical 
and clinical use [32–35]. However, additional methods of delivery continue to be 
investigated.

Incorporation of the protein into a polymer or ceramic with protein release upon 
degradation of the carrier matrix is a popular delivery means that has been explored. 
This method offers increased duration of delivery yet has shown little increased 
benefit to final osseous tissue formation. A single, optimal pharmacokinetic delivery 
profile for the growth factor to obtain osseous tissue formation will be difficult to 
identify and is unlikely [36]. The delivery profiles of a growth factor in cements are 
shown in Figure 5.2. The bioactivity of the therapeutic agent must also be maintained 
during protein incorporation, graft implantation, and extended delivery to obtain 
sufficient osseous tissue formation and satisfactory efficacy. Coupling a carrier with 
a bone growth factor provides localized and sustained delivery of the therapeutic pro-
tein for bone formation.
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5.3.1.2  Biocompatibility and Safety  The materials of a carrier, both independently 
and collectively, must be biocompatible and safe in order to limit the associated tissue 
inflammation and preserve cell viability to achieve bone growth, development, and 
healing. Limited inflammatory response is necessary in the natural healing process and 
is also necessary in facture repair [37, 38]. ISO 10993 provides guidance for Biological 
evaluation of medical devices. Analysis of a prospective medical device using ISO 
10993 Part 1: Evaluation and testing will help to determine the recommended 
biological testing and explain its general governing principles [39]. The remaining 
collection of guidance documents is a valuable tool in determining the study design of 
the tests necessary to evaluate the biological response relevant to the safety of the 
medical device or material. The scope of the evaluations and testing is extensive as seen 
in Table 5.1. This international standard is updated frequently and is applicable to all 
medical devices, but should not be seen as all-inclusive. Additional in vitro and preclin-
ical work should be considered to investigate further areas of understanding for the 
therapeutic protein and carrier combination device and its safety, that is, animal models 
examining the results of misuse of the product.

5.3.1.3  Biodegradable, Osteoconductive Scaffold  The carrier also serves as a 
scaffold utilizing osteoconductive properties to provide a lattice for cell attachment 
and new bone development. This scaffold should resorb at a similar rate to the 
formation of new bone to provide ample structure for osseous tissue formation yet 
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resorb before becoming extensively incorporated in the mineralized tissue. Large 
amounts of incorporation of the carrier in the osseous formation could lead to a 
graft/tissue interface area and the creation of structural voids in the new bone 
matrix resulting in suboptimal mechanical strength of the repaired tissue. 
Encapsulation of the carrier could also inhibit natural biologic remodeling, which 
occurs in native bone tissue. Due to the biodegradable nature of these bone graft 
devices, they have limited load-bearing capability and must be used with mechanical 
fixation to provide stabilization until sufficient osseous tissue can form. The bio-
degradation of the carrier scaffold is critical to allowing the body’s natural processes 
to repair and remodel the new bone over time, ultimately resulting in pure host 
osseous tissue.

5.3.1.4  Porosity  The growth factor carrier needs interconnected porosity for 
sufficient three-dimensional osseous formations to occur. The porosity increases the 
surface area for interaction between the protein and the cellular and fluid environ-
ment. This enlarged surface area allows for increased protein binding as well as 
better exposure of the scaffold for degradation. A material mimicking the structure of 
natural bone tissue with high porosity allows for cell infiltration and the development 
of vascularization. Pore sizes of 250 µm and larger have been shown to allow for 
maximum vascularization, and pores in the range of 200–400 µm are ideal for bone 
ingrowth [40]. The scanning electron microscopy (SEM) image of the scaffold in 
Figure 5.3 demonstrates the desired interconnected porosity, which biomimics the 

Table 5.1  ISO 10993 recommended testing and evaluation

ISO 10993 Biological evaluation of medical devices

Part 1: Evaluation and testing
Part 2: Animal welfare requirements
Part 3: Test for genotoxicity, carcinogenicity, and reproductivity
Part 4: Selection of test for interactions with blood
Part 5: Tests for in vitro cytotoxicity
Part 6: Test for local effects after implantation
Part 7: Ethylene oxide sterilization residuals
Part 8: Selection and qualification of reference materials for biological tests
Part 9: Framework for identification and quantification of potential degradation 

products
Part 10: Test for irritation and delayed-type hypersensitivity
Part 11: Test for systemic toxicity
Part 12: Sample preparation and reference materials
Part 13: Identification and quantification of degradation products from polymeric 

medical devices
Part 14: Identification and quantification of degradation products from ceramics
Part 15: Identification and quantification of degradation products from metals and alloys
Part 16: Toxicokinetic study design for degradation products and leachables
Part 17: Establishment of allowable limits for leachable substances
Part 18: Chemical characterization of materials
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natural structure of bone. Porosity alone does not ensure a highly effective bone 
graft; the scaffold must include interconnectivity to enhance bone ingrowth and 
osseointegration [40–42]. A porous scaffold provides a three-dimensional template, 
better protein retention and delivery, better carrier degradation, and better vasculari-
zation, all supporting new osseous tissue formation.

Porosity and interconnectivity can either be introduced into the design of the 
carrier and be present prior to implantation or can occur through a composite carrier 
with materials of different degradation rates. Engineering porosity into the carrier 
during manufacturing can be accomplished by varying the void volume of woven or 
nonwoven sponges via freeze drying, solvent casting and particulate leaching, 
gas  foaming, lyophilization, electrospinning, rapid prototyping, and thermal- or 
solvent-induced phase separation [30, 43]. Porosity formation with interconnecting 
pores can also occur after implantation using particulate or fiber leaching, gas 
foaming, thermal- or solvent-induced phase separation, and hydrolysis or enzymatic 
degradation of the carrier [30]. A composite carrier composed of materials with fast 
and slow degradation rates can form a porous carrier after implantation as the fast-
degradation material resorbs creating porosity in the remaining slow-degradation 
material. Many processing techniques have proven successful at creating highly 
porous, interconnected scaffolds for bone grafting.

5.3.2  Therapeutic Protein Carrier “Nice to Have” Design Criteria  
for Bone Grafting

After ensuring the therapeutic protein carrier incorporates the required design 
criteria, there are numerous additional design options that can improve the device, 
optimizing it for specific indications or differentiating it from competitors. The “Nice 

SEI 1.0kV ×500 10 μm WD 7.5 mm

Figure 5.3  An SEM image of a fibrous collagen scaffold with interconnected porosity.



146� LOCAL DELIVERY OF BONE GROWTH FACTORS

to Have” design criteria must be prioritized with a balance of importance to added 
complexity. Overcomplicating the solution or attempting to add too many design fea-
tures will result in a final product with a higher risk of safety and/or efficacy concerns 
and may influence the regulatory approval.

5.3.2.1  Cohesive Scaffold  A cohesive carrier offers multiple advantages to 
granular, loose carriers. The cohesiveness improves the handling characteristics 
during preparation and implantation at the surgical site. Carriers with a cohesive 
property also result in less risk of migration of the implant material when 
compared to loose materials. For example, loose, granular bone grafts including 
autograft can have a tendency to migrate into unwanted areas. Limiting migra-
tion ensures the bone graft develops osseous tissue at the desired location. The 
use of fibers for cohesiveness also has additional advantages for the scaffold. 
Fibrous scaffolds better mimic the natural bone tissue structure and provide a 
better environment for mesenchymal stem cell differentiation [44, 45]. The SEM 
image in Figure  5.3 demonstrates the desired cohesive, fibrous characteristics 
of the scaffold. Even the fiber diameter can have an influential role, as diameters of 
approximately 9 µm and slightly larger have been shown to increase the osteogenic 
potential of the scaffold [46]. A cohesive carrier offers better handling, resistance 
to migration, and, if fibrous, better osteogenic potential in support of the osseous 
tissue formation.

5.3.2.2  Mechanical Integrity  The scaffold must endure preparation, 
handling, implantation, and environmental forces while maintaining physical 
integrity. The mechanical integrity is important to minimizing micromotion and 
conserving the ideal osteoconductive and osteogenic environment during early 
osseous tissue formation. The scaffold accomplishes this by resisting any com-
pressive forces experienced by the environment. For example, bone grafts used 
in surgical applications adjacent to muscle beds need to be able to limit exces-
sive compression and movement. The scaffold needs to resist these forces on its 
macrostructure, preserving the implant volume for the desired amount of new 
osseous tissue formation. The integrity of the carrier is not permanent and is 
necessary only until degradation of the scaffold and replacement by natural bone 
tissue. Common processing techniques such as cross-linking are performed 
during scaffold manufacturing to improve the cohesive integrity of the carrier. 
The compressive resistance of the carrier is a little more challenging and is most 
often addressed through the use of a composite where one of the components 
has  sufficient mechanical structure. Maintaining the mechanical integrity for 
adequate duration is essential to preserving the structure and space for new bone 
development.

5.3.2.3  Injectable, Flowable, and Settable  An injectable, flowable, and settable 
therapeutic protein carrier is highly desired for bone healing and fusion procedures. 
The formulation would offer multiple advantages including ease of graft placement, 
minimally invasive use, and injection delivery to voids or cysts. The settable 
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characteristic also offers all the advantages of a cohesive carrier with sufficient 
mechanical integrity. The carrier would preserve space, resist migration, and provide 
an optimal scaffold for bone development. While this formulation holds great 
promise, it also has numerous technical limitations that must be overcome to offer a 
viable product.

First identifying an optimal material that is liquid or gelatinous at room 
temperature yet will set up in the warmer biological environment is challenging, 
but thermogelling natural polymer composites have been identified [47]. Incorpora
tion of the necessary pore structure is a current serious drawback. Research is 
ongoing to develop injectable carriers, which will harden and incorporate porosity. 
One concept is to use fast-degrading materials in a composite to create the necessary 
porous network in the scaffold. Other researchers are investigating the ability to 
generate gas bubbles within the scaffold to obtain the desired porosity [48]. 
Developing an easy-to-use injectable, flowable, and settable scaffold, which 
incorporates a growth factor, is a highly attractive product solution; however, it 
may be some time before a design overcomes the numerous technical limitations 
to offer an ideal treatment solution.

5.3.2.4  Ease of Use  A product combining the growth factor and carrier matrix 
during manufacturing offers advantages in terms of ease of use. However, incorpo-
ration of the growth factor onto a carrier during manufacturing provides possible 
challenges. In the case of recombinant proteins, sterilization of an unprotected protein 
incorporated onto a carrier will lead to degradation of the protein and possible 
antibody effects upon implantation. This is based on the protein fragments and high-
molecular-weight aggregates created during the process. If the protein is embedded 
into a protective material that acts as a carrier, the protein can be shielded from the 
hazards of the sterilization process. Another choice is the storage of the components 
separately in lyophilized forms and individual sterile packages. If the components 
are stored separately, the preparation of the product must support delivery of the 
protein to the carrier prior to implantation. Ease of use considerations may have 
little effect on the viability of the product to achieve successful results, but they 
are still very important. The ease of product preparation and duration of the soak 
time necessary to ensure the binding of the therapeutic agent to the carrier are areas 
that should be considered. Modest improvements to the final product can often 
prove significant in gaining adoption by surgeons.

5.3.3  Common Materials Used in a Therapeutic Protein Carrier  
for Bone Grafting

To date, several common choices in biomaterials are being utilized that work well as 
carriers, including natural polymers, ceramics, and synthetic polymers. Each material 
has advantages and disadvantages as both a carrier and a scaffold for a therapeutic 
protein combination device. The materials can also be processed into different forms 
for use as a scaffold, which create different advantages and limitations. A common 
approach to improve the overall carrier and scaffold characteristics is to use a 
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composite of the materials and forms. The materials used in the carrier must all be 
biocompatible, offer maximum benefits, and contain few disadvantages.

5.3.3.1  Collagen  Collagen, a natural component of bone, is a common material 
for use in scaffolds and has numerous advantageous properties as an element of a 
bone graft carrier. The organic portion of bone accounts for 25–35% of the tissue by 
weight, and type I collagen amasses ~90% of the organic component [49]. The fact 
that type I collagen is a highly conserved peptide across species is also advantageous, 
allowing for the most common source of raw type I collagen to be bovine while still 
maintaining biocompatibility. Bovine type I collagen has been used in medicine as a 
hemostatic agent since the early 1970s [50]. It is also a common material for bone 
void fillers and therapeutic carriers for osseous tissue formation. Collagen has a 
high affinity for bone grafting therapeutic proteins such as BMPs [51, 52]. This high 
affinity makes it an efficient carrier by incorporating the protein for delivery, 
localizing the therapeutic effects, and supplying sufficient osteoinductive signal 
for a couple of weeks as the protein diffuses from the surface of the collagen fibers. 
Collagen is also osteoconductive and serves well as a scaffold for cell attachment and 
osseous tissue formation. The microstructure of a collagen scaffold is shown in 
Figure 5.3 and a macroscopic view in Figure 5.4a. As a bioresorbable material, 
collagen is easily replaced by natural tissue, and all degradation products are bio-
compatible. Collagen carriers can be produced in multiple forms including gel, 

(a)

(c)

(b)

Figure 5.4  Collagen (a), a natural polymer; biphasic calcium phosphate (b), a synthetic 
ceramic; and collagen and ceramic scaffold (c), a composite.
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nanofibers, films, and sponges. The collagen used today is highly controlled through 
sourcing and processing controls. Overall, collagen has numerous advantages as a 
therapeutic protein carrier for bone grafting, and it is one of the most popular 
material choices.

5.3.3.2  Other Natural Polymers  Additional natural polymer carrier material 
options exist; however, these are less often utilized. Other naturally occurring poly-
mers that have been studied include hyaluronans, fibrin, chitosan, silk, alginate, and 
agarose [30, 53]. These materials are biocompatible, are bioresorbable, and can be 
manufactured to have variable degradation rates. Most are natural components of the 
extracellular matrix, but none represent as large a percentage of natural bone tissue 
compared to collagen [30]. Although viable options for bone graft scaffold materials, 
these materials have not demonstrated advantages in comparison to collagen, and 
this has led to limited use in commercial products.

5.3.3.3  Ceramic  Calcium ceramics are common materials often used in bone 
void fillers as scaffolds due to their osteoconductive properties. The inorganic 
phase of bone accounts for 60–70% of the tissue by weight and is comprised mostly 
of highly carbonate-substituted hydroxyapatite (Ca

10
(PO

4
)

6
OH

2
), a member of the 

CaP family [49]. Hydroxyapatite (HA), other CaPs, and similar calcium structures 
such as calcium sulfate are often used as a component in bone void fillers and carriers 
for therapeutic proteins. BMPs and other growth factors also have a relatively 
strong affinity for CaPs in an acidic environment [54, 55]. Calcium ceramics serve 
as a proficient carrier when the mineral contains sufficient porosity and the protein 
is applied to the surface. The degradation rates of the different calcium ceramics 
can also be used to tailor delivery of the therapeutic proteins [56]. Tricalcium phos-
phate (TCP) is a less stable form of CaP and resorbs quickly, while HA is a more 
stable form of CaP and has a relatively slow resorption rate. Calcium sulfate, with 
an even more unorganized chemical structure, has a faster degradation rate than 
TCP. Creating a composite of varying ratios of two, or even all three, of these 
calcium ceramics will result in carriers of differing degradation rates and delivery 
of the incorporated therapeutic protein. Biphasic calcium phosphate granules are 
shown in Figure 5.4b. Ceramics possess impressive compressive strength that can 
be utilized to resist loading deformation and maintain space for the graft to complete 
healing or fusion. The limitations include brittleness and poor performance under 
tensile loads. The calcium ceramics can be manufactured in different forms such as 
blocks, granules, particulate coatings, and pastes. The extensive benefits of ceramics 
with relatively few limitations make it a common material choice for therapeutic 
protein carriers.

5.3.3.4  Synthetic Polymers  Biocompatible synthetic polymers have also been 
used as a delivery vehicle for bone growth factors. The most common are poly-
lactide (PLA), polyglycolide (PGA), their copolymer poly-lactide-co-glycolide 
(PLGA), and polyethylene glycol (PEG) and its copolymers [30, 56]. Other 
polymers studied as carriers include poly(ε-caprolactone), poly(anhydrides), and 
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copolymers comprising poly(ethylene oxide) and poly(butylene terephthalate) [53]. 
Synthetic polymers offer the advantage that through small modifications in manu-
facturing the materials, properties can be tailored to change degradation rates and 
therefore delivery rates of the therapeutic protein. These small manufacturing 
changes include changing the molecular weight, configuration, conformation of 
the polymer chains, and the ratio of constituents in a composite. One major disad-
vantage for the use of synthetic polymers is the degradation pathway often involves 
hydrolysis and enzymatic cleavage that can cause an inflammatory response and 
negatively impact osseous tissue formation. Although much promise has been 
shown by the use of synthetic polymers as carriers for therapeutic proteins in pre-
clinical studies, the limitations of the materials include uncertainty of the in vivo 
reaction, unsubstantiated improved relative effectiveness, and poor resistance to 
degradation with sterilization. These concerns have impeded their use in commercial 
products [56].

5.3.3.5  Composites  The previously discussed materials can be combined to 
deliver the best properties for a carrier/scaffold utilized with bone graft proteins. 
Bioresorbable polymers, either natural or synthetic, are often combined with a 
ceramic. The ceramic component provides mechanical resistance to compression, 
while the inclusion of the polymer improves the handling characteristics of the final 
graft [30, 43]. Often, the most common composite created is bovine type I collagen 
with HA or TCP incorporated as granules, as shown in Figure 5.4c, or coatings. The 
collagen, CaP composites are fibrous, are osteoconductive, and contain interconnected 
porosity. These characteristics best mimic the natural tissue of bone and provide an 
optimal environment for bone cells. The fact that the collagen, CaP composites are 
also strong carriers with high affinity for growth factors makes them ideal. The 
composite also combines collagen, which degrades over weeks, with a CaP, which 
degrades over months, providing a carrier with favorable degradation properties to 
support bone formation without substantial incorporation into the new osseous tissue. 
The ability to provide an osteoconductive scaffold comprising an ideal rate of degra-
dation, with an osteoinductive therapeutic protein signal, to an environment that will 
provide the necessary osteogenic material is the optimal situation to obtain new bone 
development.

5.3.4  Protein/Carrier Interaction Considerations

Designing the protein and carrier components of a combination device for bone 
grafting is not an independent task. The chosen materials and forms of the carrier 
may affect the efficacious dose and concentration for the growth factor. The degrada-
tion rate of the carrier is dependent on the cellular activity generated by the therapeutic 
protein. A more effective growth factor or increased dose and/or concentration can 
cause amplified cellular response that will degrade the carrier more rapidly. In 
addition, the combination of the protein and carrier is also integral to initiating the 
natural inflammatory response to achieve native integration of the newly generated 
osseous tissue into the existing bone surrounding the implant. The interaction of the 
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protein and carrier is a critical consideration during product design and should be 
heavily investigated through preclinical study models.

5.4  Current Status of Bone Growth  
Factor-Containing Products

Regulatory approval of bone growth factor technology varies depending on geo-
graphic location and mode of delivery. In the United States, bone growth factors 
delivered locally via a surgical procedure were determined to be classified as 
“devices” back in the mid-1990s because of their local-acting effects and lack of 
observed systemic effects. Subsequently, they fell under the classification of 
“combination devices,” and therefore, these products began undergoing dual review 
by the FDA’s Center for Devices and Radiological Health (CDRH) and Center for 
Drug Evaluation and Research (CDER) branches. Bone growth factors delivered per-
cutaneously with a needle into closed fractures, however, have always been regulated 
as “drugs.” As a general rule, Canada, Mexico, South America, Australia, Korea, 
China, India, South Africa, and a few other middle-Eastern countries have similar 
regulations to the United States. In Europe, all bone growth factors are regulated as 
“medicinals” (i.e., drugs).

The number of bone growth factor technologies currently on the U.S. market is 
limited, but others are in various stages of development. Table 5.2 lists the different 
technologies and their status.

Among the commercially available bone growth factors, only two possess osteo-
inductive properties, rhBMP-2 (INFUSE Bone Graft, Medtronic) and rhBMP-7 
(OP-1 or Opgenra, Stryker/Olympus). INFUSE Bone Graft was approved via a PMA 
in 2002 for anterior lumbar interbody spinal fusion (ALIF) in tapered titanium-
threaded cages [35, 57]. It was subsequently approved in 2004 for tibia fresh fractures 
and in 2007 for sinus elevation and extraction socket bone grafting [58–60]. INFUSE 
Bone Graft was approved at an rhBMP-2 concentration of 1.5 mg/ml delivered on a 
type I bovine collagen sponge. The rhBMP-2 solution is uniformly applied to the 
collagen sponge at the time of surgery, to which it inherently binds after waiting a 
minimum of 15 min prior to implantation. Subsequently, the rhBMP-2 is released 
from the surgical site over a period of several weeks [61]. Based on years of preclin-
ical research with rhBMP-2, it is believed that local concentration is the predominant 
factor for ensuring consistent de novo bone formation and therefore efficacy. 
Definitively determining whether it is the local rhBMP-2 concentration, total dose 
delivered, or sustained growth factor released is very difficult to assess in preclinical 
studies. The clinical trials of the tibia fresh fracture and sinus elevation indications 
involved evaluation of two different rhBMP-2 concentrations, 0.75 and 1.50 mg/ml. 
Both clinical trials demonstrated clinical efficacy of the higher 1.5 mg/ml 
concentration but not for the lower 0.75 mg/ml concentration. A dose–response trend 
was observed with the lower concentration but was not statistically different from 
the control patient populations. The total rhBMP-2 dose delivered in these surgical 
procedures was a result of the required volumetric amount of bone graft to fill the 
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bone defect, and a dose versus efficacy correlation was not observed as seen with 
concentration versus efficacy.

OP-1 (Stryker/Olympus) has not been approved via a PMA, but instead as a 
Humanitarian Device Exemption (HDE) in 2001 [62]. A prospective randomized 
clinical trial had been conducted for tibia nonunions and submitted in a PMA but was 
ultimately disapproved by the FDA due to failure to meet the study’s original primary 
efficacy endpoint [63]. This same data was used to obtain the HDE approval, which 
requires demonstration of safety but not efficacy, such that the probable benefit 
outweighs the risk of use. The HDE limits the product use to 4000 cases per year for 
tibia nonunions in which autograft had already been tried and failed. A prospective 
randomized clinical trial was also conducted with OP-1 for spinal posterolateral 
fusion procedures, which also had its PMA disapproved due to failure to meet the 
study’s original primary efficacy endpoint [64, 65]. Similarly, these data were used 
to obtain a second HDE in 2004 for previously failed posterolateral spinal fusions in 
which autograft was unavailable [66]. The OP-1 protein is provided at a concentration 
of approximately 0.9 mg/ml on a collagen-containing powder carrier (derived from 
bovine bone) with some carboxymethylcellulose (CMC) to temporarily hold the 
powder material together during implantation [64]. Vaccaro et al. have described 
the tendency of the carrier to migrate medially in a posterolateral fusion application 
due to its lack of compression resistance to the forces experienced by the posterior 
muscle bed. The lack of cross-linking in development of the carrier, to provide 
cohesiveness, may have deleterious effects on the protein delivery and overall clinical 
effectiveness. No dosing studies had been conducted to determine if higher 
concentrations would be more effective. This technology was subsequently sold to 
Olympus in 2011, who rebranded it as Opgenra.

Only two other bone growth factor-containing products are commercially avail-
able, P-15 (PepGen, CERAMED) and recombinant human platelet-derived growth 
factor (rhPDGF) (GEM 21, BioMimetic Therapeutics/Osteohealth). Both of these 
products were approved for treating periodontal bone defects around teeth.

PepGen (CERAMED) contains a peptide called P-15 that was approved in 1999 
for treating intrabony periodontal osseous defects due to moderate or severe peri-
odontitis [67]. P-15 is a synthetic 15-amino acid peptide that mimics the cell-binding 
domain of type I collagen, whose mode of action is described as binding circulating 
biological agents. Since it is not osteoinductive like the BMPs, it falls into the osteo-
conductive category of bone grafting materials. The P-15 is bound to a granular HA 
ceramic carrier derived from sintered bovine bone particles. Its release kinetics is 
unknown. The periodontal clinical trial demonstrated 0.8 mm of new bone growth 
over the demineralized bone allograft control patient population at 6 months [68].

This same P-15 technology is being clinically evaluated in a spinal anterior 
cervical discectomy and fusion (ACDF) procedure (i-Factor, Cerapedics) [69]. 
Historically, cervical fusion procedures have very high fusion rates using current 
techniques. Enrollment has been completed and follow-up is ongoing.

GEM 21 (BioMimetic Therapeutics/Osteohealth) contains an rhPDGF that was 
approved in 2004 for treating intrabony periodontal bone defects, furcation 
periodontal defects, and gingival recession associated with periodontal defects [70]. 
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rhPDGF is not osteoinductive like the BMPs, but instead is a general mitogen that is 
believed to cause cell proliferation of any nearby cells. Therefore, its mode of action 
is not limited to promoting just bone tissue formation, but it could promote other 
local tissue formation as well that may or may not be beneficial for bone formation. 
The clinical trial demonstrated 0.9 mm of new bone growth over the TCP ceramic 
alone control patient population at 6 months [71].

This rhPDGF protein is being evaluated in a clinical trial for hindfoot fusions, and 
a PMA is under review by the FDA (Augment, BioMimetic Therapeutics) [72]. 
Results from a multicenter randomized feasibility study of 20 patients suggested that 
the rate of radiographic union, time to full weight-bearing, and outcomes scores bet-
ween the Augment and ABG subjects appear comparable [73]. Again, this protein is 
not an osteoinductive morphogen like the BMPs but a mitogen. The rhPDGF in this 
product is delivered on a granular TCP ceramic carrier that was found to release 
approximately 50% during the first 30 min after implantation with approximately 
10% remaining by 72 h [74]. The PMA for this indication has been submitted to 
FDA, and the review is ongoing.

Four other bone grafting products are in various stages of clinical evaluation.
A PTH analog (KUR-111, KUR-113, Kuros Biosurgery/Baxter) is being evalu-

ated in phase II dose-finding clinical trials for tibial plateau fractures and acute open 
tibial shaft fractures [75, 76]. PTH is a well-known compound involved in the bone 
remodeling process, but does not possess osteoinductive properties. PTH can have 
both anabolic and catabolic effects of bone formation depending on dose and rate of 
delivery. The PTH analog in this product is delivered in Baxter’s fibrin-based bioma-
trix (TISSEEL fibrin sealant) and binded by Kuros’ synthetic polymer technology. 
The release kinetics is unknown, but is expected to be over several days as the clot is 
enzymatically broken down, resorbed by the body, and remodeled into new tissue.

A novel 23-amino acid peptide B2A peptide (AMPLEX, BioSET) that binds to 
the rhBMP-2 receptors in an attempt to facilitate new bone formation was developed, 
but is not osteoinductive itself. This peptide is delivered on a 20/80 HA/TCP granular 
ceramic and used to augment autograft bone. Therefore, this product is not being 
developed as an autograft replacement but an autograft supplement. It is being clini-
cally evaluated in a pilot spinal fusion dosing study using a transforaminal lumbar 
interbody fusion (TLIF) surgical technique [77]. A phase II dosing study with B2A 
peptide is ongoing. No interim clinical data have been disclosed.

Recombinant human fibroblast growth factor-2 (rhFGF-2) is a nonspecific growth 
factor that is known to cause cell proliferation, similar to PDGF, but is also not osteo-
inductive. Clinical trials with FGF-2 (Trafermin, Kaken Pharmaceutical) have been 
initiated for treating periodontal bone defects around teeth and long-bone closed 
fractures [78]. The protein is delivered in a cross-linked gelatin that releases the 
FGF-2 protein over a relatively short period of time with a local half-life of less than 
2 days. In a phase II clinical trial, this product resulted in a reduction in median time 
to healing of 22%, 100 days versus 128 days in placebo control patients [79].

rhGDF-5 belongs to the same TGF-beta family of proteins as BMP-2 and does 
possess some mild osteoinductivity, meaning that it has the ability to induce new 
bone formation at a nonbony site. DePuy conducted a phase II dosing study with the 
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protein using a collagen sponge carrier that contained micron-sized HA particles. 
The study consisted of a combined interbody and posterolateral spinal fusion in 
which the rhGDF-5 product was placed in both anatomical locations.  Phase II 
clinical trials in sinus elevation procedures and periodontal disease bone defects 
around teeth demonstrated statistically significant new bone formation over TCP 
ceramic control groups [80, 81]. Results were not consistent between the spine and 
sinus elevation studies. As with all combination bone growth products, the anatom-
ical location and carrier attributes can impact clinical outcomes.

It is clear from these products that have been developed and clinically evaluated 
that the bone growth factor carrier and release kinetics from the carrier have a pro-
found impact on performance. The FDA-approved product, INFUSE Bone 
Graft(Medtronic) possesses a highly osteoinductive bone growth factor and a cohe-
sive carrier that can act as a scaffold for new bone formation as well as release the 
growth factor over an extended period of time. These appear to be critical properties 
to ensure efficacy. In contrast, nonosteoinductive/less osteogenic-specific bone 
growth factors and carriers that dissipate from the bone grafting site quickly and 
have short release kinetics have demonstrated minimal efficacy and been unable to 
achieve FDA approval. These data will help provide direction on the development of 
future next generation products.

5.5  Future Research Areas

Private and public laboratories continue to push the forefront of bone growth factor 
and delivery technologies. These technologies exist at various stages in the research 
and development pipeline: discovery, development, clinical testing, and regulatory 
review. The progression of products through this pipeline oftentimes leads to 
collaboration between academic research labs and commercial development teams. 
These continued research efforts attempt to identify and develop new, disruptive 
bone growth factor and grafting technologies that improve the efficacy of treatment 
for patients.

5.5.1  Optimized Release Profiles

At least two decades of research on osteoinductive growth factors such as BMP and 
GDF has revealed that their presence over an extended period of time (months) is not 
required. A relatively short exposure period of a few days to weeks is all that is 
needed to “kick-start” the bone formation process. Once the repair process has been 
initiated, the body’s natural repair cycle takes over and ultimately leads to mature 
remodeled bone. In fact, research has demonstrated that in some cases delayed 
delivery of rhBMP-2 may not be as effective as earlier application of the protein. 
Having said this, it may be possible to hone in on an even more precise release period 
to allow the dose to be lowered to establish a minimally effective dose. Establishing 
such an optimal release period is not trivial because developing a carrier with slightly 
different growth factor release rates requires an extensive trial-and-error development 
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process in both animals and humans. In addition, the carrier itself can also have a 
profound effect on facilitating new bone formation as mentioned previously. The 
biocompatibility, degradation properties, degradation breakdown products, and 
osteoconductivity of the carrier will all influence bone formation. So the optimal 
release profile will also vary depending on the carrier. Even more confounding is that 
once an optimal release profile is determined for a particular animal species, it will 
most likely not translate or be the same for higher-order species since the rate of bone 
formation is so much slower. This is evident by the fact that higher doses of 
osteoinductive growth factors and slower resorbing carriers are required for higher-
order species. Identifying the optimal growth factor release profile would require 
evaluation of many doses formulated into many different carriers that would be cost 
prohibitive. Products will slowly evolve as companies identify potentially superior 
products justifying the time (minimum of 10–15 years) and expense (well over 
$200M) to bring a combination product to market.

Nonosteoinductive growth factors will have much different optimal release pro-
files since they are not bone morphogenetic factors and only indirectly affect the 
repair process. Their release profile will depend on their particular mechanism of 
action and most likely require even longer sustained release profiles at more precise 
dosing, thus making it even more challenging to identify an optimal release profile.

5.5.2  Growth Factor Combinations

Bone growth factor research has determined that several growth factors are upregu-
lated during the bone repair process and in a temporal fashion [82, 83]. For example, 
in a rat femoral fracture model, it was shown that a number of different BMPs are 
upregulated and then downregulated over several weeks. Theoretically, it should be 
possible to design a product that contains more than one growth factor to enable low-
ering the dose of each. Even further yet, the carrier could be designed to temporally 
release the different growth factors over time to mimic what is observed in the animal 
models, but again, this profile may be different in humans in which the bone formation 
process is slower.

Given the difficulty, companies have experienced obtaining FDA approval of 
bone grafting products with only one growth factor; it would be expected to be expo-
nentially more difficult for a product containing more than one growth factor. To gain 
FDA approval of a product with a combination of growth factors, the clinical trial 
would require several arms to evaluate each growth factor separately as well as 
together to confirm the need for such a combination product formulation. So unless 
absolutely required, single growth factor formulations would be the simpler way to 
proceed.

5.5.3  Addition of Synergistic Compounds

Perhaps a more promising area of research is the addition of a compound that 
enhances the activity of a particular growth factor. For example, a compound that 
better binds a bone growth protein to its carrier reduces the enzymatic degradation or 
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improves its biological activity by enhancing its anabolic effect or reducing any 
natural inhibitory cytokines. Examples of such technologies are undergoing research 
at this time.

5.6  Conclusions

Bone grafting research has been occurring for decades due to surgeon’s desire to 
avoid having to harvest autograft bone from the patient. First commercial products 
involved just osteoconductive CaP ceramics to supplement the volume of autograft-
ing procedures but evolved into the use of bone growth factors to actually replace 
autograft. Several bone growth factors have been identified over the last three decades 
and are in various stages of research and development. Only the BMPs and GDF-5 
proteins have osteoinductive properties to drive the bone formation process. Other 
growth factors facilitate the bone formation via indirect participation in the biological 
process.

The delivery carrier and release rate of the bone growth factor is very critical in its 
ultimate clinical efficacy. Various carriers with various growth factor release rates 
have been utilized. To date, only one technology has been demonstrated in a large 
prospective randomized clinical trial to be equivalent to autograft bone and received 
FDA approval, which represented a landmark achievement in orthopedic medicine. 
Like any new technology, one should not expect it to be perfect at first, but it will 
continue to evolve over time.
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Delivery of Insulin: 
From Glass Syringes to 
Feedback-Controlled  
Patch Pumps

Bill Van Antwerp

6

6.1  Introduction

Insulin is the oldest biopharmaceutical drug, and like all protein-based drugs, insulin 
requires relatively complex delivery compared to a small-molecule oral drug that is 
taken once per day. This chapter focuses on insulin delivery from the days of Banting 
and Best to the modern era of small wearable pumps that are connected to continuous 
glucose sensors.

6.2  The Physiology of Insulin Delivery  
in the Normal Human

In order to understand the special requirements of insulin delivery, it is important to 
understand how the pancreas functions in a normal human. Insulin in the pancreas 
is released both in a basal mode, that is, continuously during the day and night, and 
in a bolus mode in response to a meal. A typical insulin and glucose profile [1] for 
normal individuals is shown in Figure 6.1.

As seen in the normal profiles, relatively large changes in prandial insulin, from 
10 to 70 μU/ml, lead to quite good blood glucose (BG) control. The goal of exogenous 
insulin delivery then in patients with diabetes is to mimic the insulin delivery by the 
pancreas and maintain BG in the 80–120 mg/dl (4.4–6.7 mM).
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Achieving this level of control has proven to be quite a challenge, and the 
combined efforts of the pharmaceutical industry and the medical device industry 
have so far not quite achieved normal BG in most patients with diabetes.

6.3  The Early Days

Insulin was discovered by Banting [3] and Best in 1921 and commercialized soon 
after by Eli Lilly. Unfortunately, at that time, the relationship between the pharmaco-
kinetics (PK) of subcutaneous insulin and the relationship to glucose homeostasis 
was unknown since there were no reasonable assays for either BG or blood levels of 
insulin. That being said, insulin was still a wonder drug and saved the lives of count-
less individuals. The delivery of the first commercial insulin was via a glass syringe, 
sterilized by boiling, and reusable stainless steel needles. The insulin was injected 
once a day into the subcutaneous tissue. Shortly after the discovery and commercial-
ization of insulin, the most troublesome acute shortcoming of insulin injections was 
observed, hypoglycemia that can lead to death. It was learned very early in the 
development of insulin therapy that the dosing of insulin was extremely important; 
too much and death from hypoglycemia was possible and too little could lead to 
hyperglycemic coma. The dosing, and the delivery system, needs to be very carefully 
controlled. Inspection of Figure 6.1 shows clearly that the normal pancreas starts to 
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deliver insulin very rapidly after the BG starts to rise (first-phase insulin response [4] 
for about the first 10 min) and turns off very quickly as well. The technical difficulty 
in trying to emulate the normal pancreas is related to the route of administration as 
well as to the PK of the current insulin formulations, but none of this was known for 
at least 40 years after the commercialization of insulin. During the early years of 
insulin delivery, the pharmaceutical companies Lilly, Novo Nordisk, and Hoechst all 
developed formulations of insulin with varying PK. The need for controlled PK is 
also evident from Figure 6.1; about half of a nondiabetic’s insulin is delivered basally 
and not in response to a meal. The early insulin formulations were developed accord-
ingly, with a basal insulin (neutral protamine Hagedorn (NPH) or Lente) and rapid-
acting insulin (normal) becoming the standards. NPH insulin was invented in 1936 
by Hagedorn at Novo Nordisk. At the same time, Eli Lilly developed Lente and 
Ultralente insulin as basal insulin therapies, and both NPH and Lente/Ultralente were 
still injected using reusable glass syringes and reusable steel needles. The early 
syringe market was dominated by patents issued to Luer in France and licensed by 
Becton Dickinson in the United States. The first insulin syringe was sold by Becton 
Dickinson in 1924, very shortly after the introduction of insulin itself.

6.4  Better Syringes and, for the First Time, a Meter

For the first 30 years after the introduction of insulin, glass syringes were the only 
method of delivering insulin (Figure 6.2). In the late 1950s after reusable glass syringes 
led to an outbreak of hepatitis, disposable syringes were introduced to the market-
place. The first major use for disposable syringes was for the delivery of Salk’s polio 

Figure 6.2  Glass syringes. © Bill Van Antwerp.
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vaccine, although the syringes were still made of glass. By the early 1960s, disposable 
plastic syringes were available from several manufacturers worldwide, and the life of 
the type 1 (T1) diabetic patient in particular became a bit simpler. Unfortunately, the 
improvements in insulin technology were not moving forward as fast as the improve-
ments in syringe technology. During the 1960s, insulin was still extracted from either 
cow or pig pancreata, and there were significant issues with purity of the insulin used 
at that time. Over the course of the 1960s and 1970s, purity of the animal-sourced 
insulins gradually got better, and stable formulations that allowed for reasonable 
glucose control were available. Additionally, there is a major second component that 
is critical to the success of insulin delivery: how much insulin does the patient need? 
In order to answer that question, two pieces of data are required, the amount of carbo-
hydrates in the meal to be eaten and the current BG. Before there were glucose-
measuring devices for blood, there were strips that measured BG in the urine. These 
devices were not very accurate since glucose does not become measurable in the urine 
until the BG is greater than 180 mg/dl (10 mM). In 1965, Ames Laboratory produced 
the first BG strips, called Dextrostix, and they revolutionized insulin delivery. To use 
the Dextrostix, a large drop of blood was obtained from the tip of a finger and placed 
on the paper surface of the Dextrostix. The paper was coated with an enzyme, glucose 
oxidase, and a color reagent. Glucose in the blood sample reacted with the enzyme to 
make hydrogen peroxide, the peroxide oxidized the color reagent, and a blue dye 
was  formed. By comparing the blue color to a preprinted comparison chart, 
BG was estimated. The device was not very accurate but it was the beginning of the 
modern era for insulin delivery [5].

In 1970 or so, realizing that reading the Dextrostix was problematical, Ames released 
a reflectance meter that could automatically read the strips. Precision was improved but 
strips were still inaccurate and the device was large and expensive. Over the next 
10 years, several new companies introduced BG meters including Boehringer, Roche, 
and LifeScan, all of them using the colorimetric principle. By the end of the 1970s, the 
situation for insulin delivery was quite simple. There was long-acting insulin that a dia-
betic injected once or twice per day, and there was shorter-acting insulin that was 
injected at mealtimes, and there were glucose meters that allowed the patient to mon-
itor his/her BG before and after meals. There was however no great understanding of 
the benefits and risks of really aggressive BG control for diabetic patients.

Until the late 1970s, the major controversy in diabetes care revolved around the 
goals of therapy. A small group of physicians believed that good control was essential 
to eliminating the complications of diabetes, but most physicians still believed that 
modest BG control was the ideal regimen for patients. In 1976, the American Diabetes 
Association did a literature review and concluded that good control was beneficial. 
Opponents of this view said that it was impossible to achieve good BG control 
without too much hypoglycemia. It was a stalemate since neither side had any data.

Data was soon forthcoming though since during the late 1970s there was a surge 
of interest in continuous glucose monitoring with the hope that a feedback-controlled 
insulin system would emerge. This idea was bolstered by the emergence of tech-
nology [6] that allowed insulin levels in plasma to be measured, and thus, the normal 
dynamics of insulin could be understood during both basal and mealtime. Soon, the 
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PK [7] of normal and basal insulin [8] injections was understood. Once the PK of 
normal insulin secretion was understood, it was a small theoretical step to trying to 
emulate normal insulin delivery using mechanical systems. To do that, you needed a 
way to deliver the insulin with controlled PK and a way to monitor the glucose.

In 1977, Mike Albisser in Toronto filed for a U.S. patent [9] for an artificial beta 
cell. Mike was clearly 10 years ahead of his time since at the time of filing the patent, 
neither automatic insulin delivery systems nor continuous BG technology was avail-
able. That changed quickly at least for intravenous (IV) delivery of insulin. Almost 
simultaneously, groups in Osaka [10], Ulm [11], Montpellier [12], Sydney [13], and 
Toronto [14] published data on glucose-controlled insulin infusion. Most of these 
systems used homemade continuous glucose sensors and IV insulin, but the Ulm 
system eventually was licensed to Miles and became a commercial product, the 
Biostator. The Biostator [15] was a research tool with more than 250 papers published 
using the technology, not a solution for diabetic patient at home, but has been used 
extensively to help understand and define the parameters for successful at-home 
BG-controlled insulin delivery. The Biostator contained pumps for delivery of both 
insulin and glucose as well as a novel membrane-based glucose monitor. In practice, 
insulin or glucose was delivered IV during therapy, and the sensor output controlled 
the patient’s BG in a relatively narrow range. The Biostator is still in use today, 
primarily to control glucose during clamp studies for evaluation of the PK of new 
insulin formulations.

6.5  The DCCT Study and Why Control Matters

In the early 1980s, there was still no evidence that good BG control would really 
make a difference to T1 diabetes patients. T1 diabetes is an autoimmune disease in 
which total insulin production is destroyed and those patients need insulin to live. In 
1983, the U.S. National Institutes of Health/National Institute of Diabetes and 
Digestive and Kidney Diseases (NIH/NIDDK) funded a 10-year study of more than 
1400 patients comparing standard BG control to intensive control. In the standard 
control group, patients received not more than two injections per day of insulin 
and  used mostly mixed insulin formulations (regular + NPH). In the intensively 
treated group, patients received up to five injections of insulin per day or could use 
insulin pumps with frequent BG monitoring up to five times per day. The goal of the 
intensive group was to push HbA1c (a measure of BG control over the last 2–3 months) 
as close to normal as possible. Patients were followed for 10 years (and a second 
10-year follow-up in the EDIC study), and the clinical endpoints were eye disease, 
kidney disease, and nerve damage. The findings firmly showed that intensive insulin 
therapy was beneficial, a 76% reduction in the risk of developing retinopathy, a 50% 
reduction in the risk of developing significant nephropathy, and a 60% reduction in 
the risk of severe neuropathy. After the second 10-year evaluation, it was observed 
that there was a 42% reduction in the risk of any cardiovascular disease event and a 
57% reduction in nonfatal or fatal heart attack and stroke. These improvements do 
not come without a cost though. Intensive therapy leads to more hypoglycemic events 
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in total and a threefold higher incidence of severe hypoglycemia, a hypo event that 
needed help from a second person.

The data from the DCCT are shown in Figure 6.3.
As seen in the figure at baseline, there was about a 33% chance of a severe hypo 

event in a single patient per year. Getting to an HbA1c of 6% moved that to about 
a one event per year per patient. The take-home message is that intensive insulin 
therapy in T1 patients is extremely beneficial; patients must be diligent about testing 
BG on a regular basis.

6.6  Implantable Insulin Pumps: The Beginning 
of Continuous Insulin Delivery

The first published articles on insulin pumps [16] were for fully implantable  [17] 
versions. The implantable devices delivered insulin either directly to the venous 
system or into the peritoneal cavity. Compared to the subcutaneous injection route, 
IV access offers a much closer match to the PK of normal insulin delivery compared 
to the very slow adsorption via the subcutaneous route. The intraperitoneal route 
offers a large safety advantage over the IV route at the expense of a somewhat slower 
adsorption but still much faster than subcutaneous infusion [18]. There are several 
advantages of intraperitoneal insulin over subcutaneous insulin delivery including a 
better counterregulatory hormone secretion, a much lower incidence of hypogly-
cemia and severe hypoglycemia, and a PK profile that is much closer to pancreatic 
insulin secretion than any other type of device.

Unfortunately, there is a major issue in using implantable pumps. The insulin used 
for the devices was not physically stable. The early implantable pumps were based 
on several technologies, peristaltic pumps, pressure-controlled single rate pumps, or 
fully programmable micro-piston-type pumps. The first implantable [19, 20] insulin 
delivery pumps were tested in humans in the early 1980s. Shortly thereafter, it 
became clear that the then available insulin formulations were not sufficiently stable 
for long-term use and moreover that implantable pumps require insulin of much 
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higher concentration than normal if they were to be clinically acceptable with 90-day 
refill cycles. By 1984, it was clear that aggregation [21] and fibrillation of insulin in 
implantable pumps were an important technical issue. Feingold and Kraegen in 
Australia showed definitively that insulin aggregation was dependent on the mate-
rials of construction of the pumps and that controlling the interface between the 
insulin and the device through intelligent mechanical design and formulation efficacy 
was key to success. In 1987, Ulrich Grau [22] from Hoechst (now Sanofi) and Chris 
Saudek at Johns Hopkins presented a new stable insulin formulation of U400 insulin 
developed by Hoechst specifically for use in implantable pumps, and the use of 
implantable pumps increased significantly. Implantable pumps eventually were 
clinically approved for sale in some of the EMEA countries but never were approved 
by the U.S. FDA for a variety of both commercial and technical reasons. Figure 6.3 
shows the most striking clinical outcome of using implantable pumps. In the DCCT, 
achieving normoglycemia or an HbA1c of about 5.5% leads to a severe hypogly-
cemia event rate of almost 110 per 100 patient years in the intensively treated group 
(multiple daily injections or external pumps). In the same patient population, using 
implantable pumps allowed patients to have normoglycemia with a severe hypo event 
rate of only 8/100 patient years, which is about a 14-fold improvement. In spite of 
this clinical success, various technical difficulties such as catheter blockages, battery 
issues, and the need for an in vivo rinse procedure led to the discontinuation of 
development of the implantable pump.

6.7  External Insulin Pumps: The Early Days

In comparison to the implantable insulin pumps that were being developed in the 
early 1970s, external programmable pumps were a bit later to the clinic. The very 
first insulin pump was developed by Kadish in Beverly Hills but was too big to be 
thought of as reasonable (Fig. 6.4).

In the late 1970s, John Pickup [23] in England and Bill Tamborlane [24] at Yale 
were the first to publish human data using continuous subcutaneous infusions 
(Fig. 6.5 and Fig. 6.6).

Pickup used a relatively large device, the Mill-Hill infuser (Fig. 6.5), for his studies, 
while Tamborlane used the AutoSyringe (Fig. 6.6) invented by Dean Kamen for his 
studies. Neither of these devices was purpose built for diabetes but rather based on stan-
dard syringe pumps for delivering IV medications. Concomitantly, Franetzki’s group 
[25] in Germany and Irsigler [26] in Vienna published similar studies. All of these very 
early pumps were basal only to mimic the 50% of pancreatic output between meals and 
were large and unwieldy (8 × 3 × 2.8 in., about a pound), and the battery situation was 
quite dismal at that time. More importantly, the insulin formulations at that time were not 
of sufficient purity and stability to make CSII very clinically acceptable. In the early 
1980s, there were several (more than 20) pump companies that started to supply pumps 
to the T1 diabetes population. Unfortunately, there was very little understanding of the 
technical requirements for success, and an initial exuberance about pumping soon led to 
a significant backlash against pumps. Some of the early pump companies made devices 
with inadequate safety features, and several cases of pump “runaway” leading to at least 
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one [27] confirmed death occurred. Moreover, there was little awareness of the need for 
near-sterile technique when inserting catheters, and several infections at infusion sites 
were reported, some with severe consequences.

Eventually, almost all of the pump companies withdrew from the marketplace 
including the big insulin companies (Lilly and Novo), and through most of the late 
1980s and 1990s, there were only two companies making pumps for the United 

Figure 6.4  Backpack pump. © Bill Van Antwerp.

Figure 6.5  Early insulin pump. Courtesy of Squidonius, Creative Commons.
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States and Europe, MiniMed and Disetronic. Eventually, pumps became more 
reliable and safe, and the rapid acceptance of mobile electronic technology like cell 
phones, pagers, iPods, etc. has made carrying a mobile electronic medical device 
much more acceptable. Why did the companies that were initially in the pump 
business, including some of the largest medical device and pharmaceutical com-
panies, leave the business and what does it take to stay in it? It is clear that the pump 
business requires something very different than the pharmaceutical business. Of 
course, the starting point is safe and reliable technology, and despite the belief of 
many venture capital-based start-up companies, 10 engineers and $10 M dollars are 
not enough to be successful. Once you have the safe and acceptable (to the patient) 
technology, a company needs to create an ecosystem based on:

1.	 Training of doctors, nurses, dietitians, pharmacists, and patients in pump therapy

2.	 Teaching of medical professionals via sponsoring of clinical trials and having 
a knowledgeable and articulate speakers bureau

3.	 A group of dedicated and knowledgeable pump trainers for interacting directly 
with medical practices and mostly with patients

4.	 Dedicated 24/7/365 help lines with live, highly trained clinical staff including 
nurse specialists (an online training center is not enough)

Figure 6.6  Early insulin pump AutoSyringe. © Bill Van Antwerp.
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5.	 Direct and responsible interaction with payers to get pumps financed for 
patients in a reasonable time frame and at an acceptable cost

Modern insulin pumps are all currently based on computer-controlled motors that 
drive small plastic syringes. The individual components and technologies vary, but in 
general, pumps have user-changeable batteries, a user-filled plastic reservoir 
(syringe), and a computer-controlled interface that allows for programming of basal 
and bolus rates and also typically has memory for events. Some pumps can commu-
nicate via wireless technology with continuous glucose sensors. Current generations 
of pumps have been developed with patient convenience and safety in mind and have 
proven themselves in the clinic with more than 300,000 patients wearing them 
24/7/365 throughout the world.

6.8  What to Deliver?

During the 1970s and early 1980s, insulin was procured from beef and pork pancre-
ata and was then purified and formulated into a variety of commercial products. 
These insulin formulations had varying PK  profiles [28]. The profiles ranged from 
very slow (NPH/Ultralente/Lente, meant to mimic the body’s basal profile) to regular 
(R, meant as a prandial insulin). During the late 1970s, the rapid rise of biotech-
nology and recombinant DNA technology led to a race to develop a biosynthetic 
(recombinant) human insulin product. In 1978, Genentech announced the successful 
production of human insulin in Escherichia coli, and in 1982, Lilly introduced 
Humulin to the marketplace. For a period of time after that, Novo produced a semi-
synthetic insulin by converting porcine to human insulin via an enzymatic single-
amino acid replacement. Ultimately, by 1986, human insulin produced in E. coli 
or yeast has been produced by a number of firms. For pump-based therapies, R or 
regular human insulin was initially used, but the time to peak blood insulin activity 
was still about an hour, meaning that the patient had to actually program his/her meal 
bolus about 30 min before the meal. This could be problematical and everyone in the 
pump field understood that insulin with faster time courses of action was needed. To 
understand this, a bit of insulin chemistry is needed. In the pancreas, insulin is cre-
ated as a hexamer, that is, six insulin molecules held together by zinc. In the animal 
insulin days, insulin was extracted from the pancreas as the hexamer and subse-
quently formulated that way. Human insulin is also synthesized as the hexamer and 
regular insulins are all hexameric. Once injected into the subcutaneous tissue, the 
hexamer needs to dissociate into monomers before it can be adsorbed into the blood. 
This is a slow process. In order to make faster insulin, the new insulin had to be 
manufactured to not form stable hexamers. Lilly realized in the early 1990s that 
human growth hormone resembled insulin in terms of amino acid composition but 
did not form stable hexamers. Lilly interchanged the B28 and B29 amino acids of 
insulin to create lispro (Humalog) that was approved in 1996. At about the same time, 
Novo Nordisk made insulin aspart (NovoLog) by changing B28 from proline to 
aspartic acid. This was approved in 2000 in the United States. Four years later, 
Aventis (now Sanofi) had their version of fast-acting insulin (Apidra) approved. All 
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three of these insulin formulations have about the same PK with peak action in about 
30–40 min, which is both faster and more predictable than the regular insulins 
previously used in pumps.

The approach of chemically modifying insulin to create analogs did not end with 
rapid analogs but continued to create new basal insulin analogs. The most important 
are insulin glargine (Lantus) and insulin detemir (Novo), which are the first truly 
basal insulin formulations that can be given successfully only once per day.

6.9  How to Deliver the New Insulin: Pens and Pumps

Given that insulin formulations were now available that could be given once per day 
for basal and at mealtime (instead of 30 min prior), new injection technology had to 
follow. This new injection technology is the prefilled pen. In the early insulin delivery 
days, insulin was drawn up into a syringe from a glass vial. Today, most insulin is 
delivered via the pen route using small (30 gauge) needles without the need to carry 
around a vial. Modern pens typically hold a week’s worth of insulin and are disposed 
of when empty. They are incredibly simple to use; simply turn a dial to get the dose, 
then insert the needle into the subcutaneous tissue, and press the button. Pens are the 
choice of most T2 diabetics and many T1 diabetics, but for the ultimate control, 
insulin pumps are still the best current technology.

As of fall 2012, there are now six insulin pumps available in the United States. 
These include Animas, Insulet, Medtronic, Roche, Sooil/Dana, and Tandem. All 
of  these pumps except the Omnipod from Insulet use the same basic technology. 
A  syringe (plastic) is filled with insulin and the syringe plunger is pushed via a 
computer-controlled motor. The insulin is infused into the subcutaneous tissue 
through a long plastic tube called an infusion set and ultimately through a small 
plastic cannula that is inserted under the skin. All of the current pumps have mul-
tiple possible basal rates. The basal rate was started in the late 1980s when pumps 
that had 2 rates then moved to 12, then 24, and then 48. Most folks use only one or 
two, but having multiple rates is still a selling point. All of the pumps have bolus 
calculators that allow the patient to use the pump to calculate the amount of insulin 
that is required for a given meal, although the patient still needs to be able to 
estimate the amount of carbohydrates in the meal. Several pumps also offer an 
adjustment to the bolus calculator. This is called the insulin (or bolus) on board cal-
culator. An insulin analog once injected into the tissue typically has a duration of 
action of about 3–4 h [29]. This time duration is variable among patients and can be 
adjusted for an individual in the pump software. In use, if a patient (or the bolus 
wizard) determines that a particular meal needs three units of insulin but the insulin 
on board calculator calculates that there is still one unit “on board,” then the bolus 
will be adjusted to take the insulin action from a previous bolus into account. All of 
the current pumps also have available software that can take pump and meter data 
and generate logbooks for the patient and his/her healthcare team to use to help 
modify future therapy. For the most part, the current generation of insulin pumps is 
relatively mature as stand-alone devices, but there is a lot of room for newer devices 
in this marketplace.
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Insulet with the Omnipod has created the first of many planned “patch pumps.” 
All of the other current insulin pumps are the size of pagers/smartphones and are 
attached to the patient with a long infusion set that delivers the insulin through a 
plastic cannula under the skin. A patch pump is worn directly on the skin and has no 
infusion set. All of the communication with the patch is done through a hand held 
controller similar to a smartphone and this controller performs all of the pump 
programming wirelessly. There are currently at least 10 other patch pump companies 
that have products either CE marked or in late-stage clinical testing, and it is expected 
that by the end of 2015, most new insulin pump sales will be for patch-type devices 
since there will be no need for a large investment in a durable medical device. Current 
nonpatch pumps cost approximately $5000 in the United States, while patch pumps 
suitable for a 3-day use might only cost $40. On a daily basis, the pricing is probably 
the same, but without the need for a significant investment, it is expected that patch 
pumps will dominate the market.

6.10  The Future: Next 10 Years

As mentioned previously, the concept of feedback-controlled insulin delivery 
where the feedback control was a continuous measure of BG is an old one [30]. 
The major stumbling block in the early days was the availability of robust contin-
uous glucose [31] sensing technology. The enzyme electrode was invented by 
Leland Clark [32] in 1962 and was the basis for the common laboratory glucose 
analyzer. Converting the discovery that glucose oxidase could be used to measure 
glucose discretely to a continuously working commercial glucose sensor took 
about 20 years. MiniMed successfully commercialized a continuous BG meter in 
1999. In the ensuing years, more than 1800 papers were published describing new 
ways to measure glucose continuously. Today, there are two commercially avail-
able continuous glucose sensors, Medtronic and Dexcom, and both measure 
glucose in the subcutaneous tissue space using glucose oxidase electrochemical 
technology.

In order to complete the feedback control system, there are three components 
necessary. The first is insulin delivery, and as mentioned previously, this is relatively 
robust technology. The second is continuous glucose sensing, and it is clear that this 
is almost good enough for feedback control. In Europe, systems are available that 
will turn off the insulin pump if a hypoglycemic event is predicted, but the U.S. FDA 
has not yet approved even this level of control suggesting that sensors need to become 
more reliable. The third and most interesting component is the algorithm required. 
Looking at Figure 6.1, the time lag between BG rising and insulin delivery from the 
pancreas is quite short. In the current systems, both glucose measurement and insulin 
delivery are in the subcutaneous tissue. This leads to two significant problems. One 
is the delay between blood and tissue glucose and this delay is not fixed but variable. 
Blood can lead the tissue when BG is going up due to a meal, while tissue (in an 
insulin-sensitive tissue) can lead the blood when BG is decreasing from insulin 
action. This lag can be between 5 and 15 min and can depend on a host of variables. 
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More importantly, in the pancreas, there is a first-phase [4] insulin response that 
occurs in a very few minutes. In the insulin pump situation, insulin is delivered into 
the subcutaneous tissue and takes between 30 and 40 min to peak. This is much 
slower than the in vivo situation in a nondiabetic person and leads to significant 
technical complications in the development of an algorithm to treat diabetes. More 
importantly, the insulin that is infused into the subcutaneous tissue has a duration of 
action that is much longer than that delivered by the pancreas directly to the blood.

In summary then, the glucose sensor signal is delayed compared to in vivo; the insulin 
action starts much later and lasts much longer than the insulin action in a nondiabetic 
patient. This means that there needs to be great caution [33] in developing an algorithm.

The first step in developing a closed-loop system is to develop an open-loop 
system that uses patient inputs to ameliorate some of the issues. The simplest 
approach is to have the patient simply signal that a meal is being eaten. The system 
can then deliver some insulin and do correction bolus later if the meal is too big. This 
approach and the ability of the pump/sensor to control overnight glycemia (approved 
in Europe) should improve the control of most T1 diabetics.

6.11  Other Uses

Currently, insulin pump technology is mainly used by T1 diabetics with estimates of 
T2 usage ranging from 5% to 12%. Given that most T2 patients are not using prandial 
insulin, the need for pumps is minimal, but most basal insulin is now delivered via 
pens. With the rise of the incretins, there are now several agents that can best be 
delivered via continuous delivery for the noninsulin using T2 patients. In other fields, 
it has very recently been shown [34] that using insulin pumps to deliver interferon-α 
to treat hepatitis C is both safe and effective.

6.12  Conclusions

Concomitant with the discovery of insulin came the realization that delivery of the 
correct amounts at the correct times was going to be crucial to patient health and safety. 
From syringes to feedback-controlled insulin pumps in 80 years is an amazing accom-
plishment for the pharmaceutical and medical device industries. Patients and the medical 
community eagerly await the improvements to come in the next 80 years. These might 
include faster and more accurate insulin delivery by changing the adsorption profiles of 
insulin, oral insulin for basal control, pulmonary insulin with true first-phase insulin 
response, and ultimately implantable beta cells that can replace pancreatic function 
while eluding the immune system attack that causes T1 diabetes in the first place. By the 
end of the century, it is expected that prevention of T1 diabetes will become a clinical 
reality and that pumps and sensors become historical curiosities. Moreover there was 
little awareness of the need to fully understand the differences between the pharmaco
kinetics of pump delivered insulin compared to endogenous insulin. Exogenous insulin, 
even regular human insulin can not mimic the speed of native insulin.



176� Delivery of Insulin

References

1.	 Owens DR, Zinman B, Bolli GB. Insulins today and beyond. Lancet 2001;358:739.

2.	 Daly ME, Vale C, Walker M, Littlefield A, Alberti KG, Mathers JC. Acute effects on 
insulin sensitivity and diurnal metabolic profiles of a high-sucrose compared with a high-
starch diet. American Journal of Clinical Nutrition 1998;67(6):1186–1196.

3.	 Banting FG, Campbell WR, Fletcher AA. Further clinical experience with insulin 
(pancreatic extracts) in the treatment of diabetes mellitus. Br Med J January 6, 1923;1 
(3236):8–12.

4.	 Gerich JE. Is reduced first-phase insulin release the earliest detectable abnormality in 
individuals destined to develop type 2 diabetes? Diabetes February 2002;51(Suppl 1): 
S117–S121.

5.	 Mazzaferri EL, Skillman TG, Lanese RR, Keller MP. Use of test strips with colour meter 
to measure blood-glucose. Lancet February 14, 1970;1(7642):331–333.

6.	 Yalow RS, Berson SA. Immunoassay of endogenous plasma insulin in man. J Clin Invest 
July 1960;39:1157–1175.

7.	 Binder C. Absorption of injected insulin: a clinical–pharmacological study. Acta 
Pharmacol Toxicol 1969;27(Suppl 2):1–84.

8.	 Berger M, Halban PA, Assal JP, Offord RE, Vranic M, Renold AE. Pharmacokinetics of 
subcutaneously injected tritiated insulin: effects of exercise. Diabetes January 1979; 
28(Suppl 1):53–57.

9.	 Albisser A, Leibel B. Artificial beta cell. US patent 4,245,634. January 20, 1981.

10.	 Shichiri M, Kawamori R, Yamasaki Y, Inoue M, Shigeta Y, Abe H. Computer algorithm 
for the artificial pancreatic beta cell. Artif Organs 1978;2(Suppl):247–250.

11.	 Pfeiffer EF, Thum C, Clemens AH. The artificial beta cell—a continuous control of blood 
sugar by external regulation of insulin infusion (glucose controlled insulin infusion 
system). Horm Metab Res September 1974;6(5):339–342.

12.	 Mirouze J, Selam JL, Pham TC, Cavadore D. Evaluation of exogenous insulin homoeosta-
sis by the artificial pancreas in insulin-dependent diabetes. Diabetologia May 1977; 
13(3):273–278.

13.	 Kraegen EW, Campbell LV, Chia YO, Meler H, Lazarus L. Control of blood glucose in 
diabetics using an artificial pancreas. Aust N Z J Med June 1977;7(3):280–286.

14.	 Albisser AM, Leibel BS, Ewart TG, Davidovac Z, Botz CK, Zingg W. An artificial 
endocrine pancreas. Diabetes May 1974;23(5):389–396.

15.	 Fogt EJ, Dodd LM, Jenning EM, Clemens AH. Development and evaluation of a glucose 
analyzer for a glucose controlled insulin infusion system (Biostator). Clin Chem 
August 1978;24(8):1366–1372.

16.	 Blackshear PJ, Dorman FD, Blackshear PL Jr, Varco RL, Buchwald H. The design and 
initial testing of an implantable infusion pump. Surg Gynecol Obstet January 1972; 
134(1):51–56.

17.	 Thomas LJ, Bessman SP. Prototype for an implantable insulin delivery pump. Proc West 
Pharmacol Soc 1975;18:393–398.

18.	 Selam JL, Raymond M, Jacquemin JL, Orsetti A, Richard JL, Mirouze J. Pharmacokinetics 
of insulin infused intra-peritoneally via portable pumps. Diabet Metab June 1985; 
11(3):170–173.



References� 177

19.	 Selam JL, Slingeneyer A, Chaptal PA, Franetzki M, Prestele K, Mirouze J. Total implanta-
tion of a remotely controlled insulin minipump in a human insulin-dependent diabetic. 
Artif Organs August 1982;6(3):315–319.

20.	 Buchwald H, Rupp WM, Rohde TD, Barbosa J, Wigness BD, Dorman FD, McCarthy HB, 
Goldenberg FJ, Blackshear PJ, Varco RL, Steffes MW, Mauer SM. Implantable insulin 
pump: insulin infusion in animals and man. Trans Am Soc Artif Intern Organs 
1982;28:687–690.

21.	 Feingold V, Jenkins AB, Kraegen EW. Effect of contact material on vibration-induced 
insulin aggregation. Diabetologia September 1984;27(3):373–378.

22.	 Grau U, Saudek CD. Stable insulin preparation for implanted insulin pumps. Laboratory 
and animal trials. Diabetes December 1987;36(12):1453–1459.

23.	 Pickup JC, Keen H, Parsons JA, Alberti KG. Continuous subcutaneous insulin infusion: 
an approach to achieving normoglycaemia. Br Med J January 28, 1978;1(6107): 
204–207.

24.	 Tamborlane WV, Sherwin RS, Genel M, Felig P. Reduction to normal of plasma glucose 
in juvenile diabetes by subcutaneous administration of insulin with a portable infusion 
pump. N Engl J Med March 15, 1979;300(11):573–578.

25.	 Renner R, Hepp KD, Mehnert H, Franetzki M. Continuous intravenous insulin therapy 
with a miniaturized open-loop system. Horm Metab Res Suppl 1979; (8):186–190.

26.	 Irsigler K, Kritz H. Long-term continuous intravenous insulin therapy with a portable 
insulin dosage-regulating apparatus. Diabetes March 1979;28(3):196–203.

27.	 Centers for Disease Control (CDC). Deaths among patients using continuous subcuta-
neous insulin infusion pumps–United States. Morb Mortal Wkly Rep 1982;31:80–82, 87.

28.	 de la Peña A, Riddle M, Morrow LA, Jiang HH, Linnebjerg H, Scott A, Win KM, 
Hompesch M, Mace KF, Jacobson JG, Jackson JA. Pharmacokinetics and pharmacody-
namics of high-dose human regular U-500 insulin versus human regular U-100 insulin in 
healthy obese subjects. Diabetes Care December 2011;34(12):2496–2501.

29.	 Bequette BW. Glucose clamp algorithms and insulin time-action profiles. J Diabetes Sci 
Technol September 1, 2009;3(5):1005–1013.

30.	 Marliss EB, Murray FT, Stokes EF, Zinman B, Nakhooda AF, Denoga A, Leibel BS, 
Albisser AM. Normalization of glycemia in diabetics during meals with insulin and 
glucagon delivery by the artificial pancreas. Diabetes July 1977;26(7):663–672.

31.	 Gough DA, Andrade JD. Enzyme electrodes. Science April 27, 1973;180 (4084): 
380–384.

32.	 Clark LC Jr. The hydrogen peroxide sensing platinum anode as an analytical enzyme 
electrode. Methods Enzymol 1979;56:448–479.

33.	 Percival MW, Wang Y, Grosman B, Dassau E, Zisser H, Jovanovič L, Doyle FJ 3rd. 
Development of a multi-parametric model predictive control algorithm for insulin delivery 
in type 1 diabetes mellitus using clinical parameters. J Process Control March 1, 2011;21 (3): 
391–404.

34.	 Roomer R, Bergmann JF, Boonstra A, Hansen BE, Haagmans BL, Kwadijk-de Gijsel S, 
van Vuuren AJ, de Knegt RJ, Janssen HL. Continuous interferon-α2b infusion in 
combination with ribavirin for chronic hepatitis C in treatment-experienced patients. 
Antivir Ther 2012;17(3):509–517.





Advances and Innovations in 
Cellular and Stem Cell 
Therapeutic Delivery

Section 4





Therapeutic Delivery Solutions, First Edition. Edited by Chung Chow Chan,  
Kwok Chow, Bill McKay, and Michelle Fung. 
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.

� 181

Endocrine Therapeutic 
Delivery: Pancreatic 
Cell Transplant  
and Growth

Michelle Fung, David Thompson, Breay W. Paty,  
Garth Warnock, Ziliang Ao, Mark Meloche,  
R. Jean Shapiro, Paul Keown, Stephen G.F. Ho,  
Bruce Vechere, James D. Johnson, and Graydon Meneilly

7

7.1  Introduction

Islet transplantation for diabetes mellitus is an ideal platform for development 
and innovation in cell-based therapy in endocrinology. The loss of beta-cell 
function in diabetes mellitus results in hyperglycemia and diabetes-related com-
plications such as neuropathy, retinopathy, nephropathy, and premature vascular 
disease. These complications occur despite intensive medical therapy with 
insulin injections. The Diabetes Control and Complications Trial showed that 
intensive glycemic control with insulin injections reduced retinopathy by 
34–76%, decreased microalbuminuria by 35%, and reduced neuropathy by 65% 
but that it was associated with a two- to threefold increase in hypoglycemia [1]. 
The goal for cellular therapy in the form of human islet transplantation in patients 
with loss of beta-cell function is to restore beta-cell function by normalizing 
glycemic control, provide endogenous C-peptide effects, and hopefully reduce 
complications related to hyperglycemia.
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7.2  History

Human islet transplantation first began in the early 1970s with autologous islet 
transplantation [2–4]. Preclinical studies of islet transplantation, initially with 
pancreatic microfragments followed by highly purified islet clusters, demonstrated 
reproducible insulin independence in animal models [5]. These outcomes were noted 
to correlate with a critical mass of islets per unit body weight [6]. Advances in islet 
cell separation in large animal models guided the development of processes appli-
cable to human pancreatic islet cell isolation. The technology of pancreatic tissue 
digestion, mechanical dissociation, and islet cell purification is presently used in 
laboratories throughout the world [7–9].

Simultaneous with improvements in cell separation were innovations in low-
temperature preservation of pancreatic islets by cryopreservation [10]. Preclinical 
research models with highly purified islets in large animal models of diabetes dem-
onstrated that freshly isolated islets or cryopreserved islets transplanted into the 
spleen could both reliably produce normoglycemia.

In 1989, the international community gathered to discuss and brainstorm solu-
tions to key obstacles in islet transplantation. Following this meeting, the first islet 
transplant was performed in Canada as a simultaneous islet–kidney (SIK) transplant 
in a patient with type 1 diabetes mellitus (DM1) and end-stage diabetic nephropathy. 
The patient received 5000 islets per kilogram of body weight via portal embolization 
and immunosuppressive therapy with cyclosporine, glucocorticoid steroids, and aza-
thioprine. Sustained insulin secretion was demonstrated but disappointingly did not 
result in insulin independence [11].

Clinical studies using cryopreserved islets pooled from multiple donors were 
initiated in order to achieve greater islet mass for transplantation. Insulin independence 
in a patient receiving a combined kidney–islet transplant using cryopreserved islets 
was demonstrated [12], and this represented the initial success worldwide of insulin 
independence following autologous islet transplantation persisting over 1 year [13].

Despite this success, reversal of insulin dependence could not be reliably achieved 
in islet transplant recipients. Ongoing advances in islet transplantation were necessary 
to address this shortcoming. Improvements in separation of islets from the human 
pancreas, the development and availability of more reliable collagenase enzymes, 
and the identification of favorable organ donor characteristics were significant 
contributions to better outcomes observed in subsequent clinical studies [14, 15].

Another breakthrough came from the successful application of a glucocorticoid-
free immunosuppression protocol in solitary kidney transplant recipients [16]. This 
finding was followed by the development of the Edmonton protocol, a glucocorti-
coid-free islet transplantation protocol using the anti-interleukin (IL)-2 receptor 
blocker daclizumab for induction immunosuppression, followed by combination 
therapy with sirolimus and tacrolimus. This immunosuppression protocol was used 
in islet transplant recipients receiving a target 10,000 islets/kg body weight from 
multiple donors. The results of this landmark trial were published in 2000 and showed 
successful allogeneic islet transplantation in seven consecutive subjects with labile 
DM1 who could stop insulin therapy for a median of 7 months’ follow-up [17].
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These innovations in human allogeneic islet transplantation [17–19] provided a 
rationale for the development of various transplant centers worldwide that are now 
studying the reproducibility of the Edmonton protocol, the efficacy of new protocols, 
the potential risks, and the varying definitions of success of islet cell transplantation 
as a therapy.

7.3  Indications

Indications for islet transplantation alone (ITA) include conditions involving loss of 
beta-cell function without insulin resistance. Autologous ITA is performed in recurrent 
pancreatitis and pancreatic trauma, immediately following the pancreatectomy. It pro-
vides the benefit of endogenous beta-cell function post pancreatectomy using one’s own 
islets without immunosuppressive medication and results in varying degrees of glyce-
mic control depending on the numbers of islets transplanted [3, 4, 20–24]. Allogeneic 
ITA is performed predominantly in patients with DM1 and not in type 2 diabetes 
mellitus where insulin resistance is present. Other indications for islet transplantation 
include simultaneous islet kidney (SIK) and islet after kidney (IAK) transplantation.

7.4  Human Pancreatic Islet Processing 
and Transplantation

7.4.1  Islet Composition

There are an estimated one million islets in a healthy human pancreas, representing 
approximately 1–2% of total pancreatic mass. Islets are composed of at least five 
different cell types (alpha, beta, delta, pancreatic polypeptide, and epsilon cells) and 
secrete a large number of soluble factors [25]. The beta cells secrete insulin, and 
optimal function requires complex autocrine and paracrine interaction and innerva-
tion between the different islet cell subtypes and preserved islet architecture [25, 26]. 
With the advent of genomic analysis, it has become clear that islet paracrine signaling 
is more complex than previously thought and the elucidation of the intercellular 
signaling networks within islets controlling beta-cell function and survival is an 
active area of investigation [27].

7.4.2  Pancreas Retrieval

Islet transplantation uses islets from cadaveric donor pancreata obtained through 
organ donors after cerebral death. In allogeneic islet transplantation, donor-to-recipient 
blood type and Rh factor matching are required. Living allogeneic islet transplanta-
tion is currently not feasible due to surgical risk and risk of diabetes mellitus in the 
donor and inadequate islet yield from a partial pancreas using currently available 
isolation techniques.

In allogeneic islet transplantation, human pancreata are obtained with consent 
from adult heart-beating cadaver organ donors, using a protocol identical to that for 
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whole-organ pancreas transplantation. The protocol includes en bloc dissection with 
the “no touch” technique and hypothermic in situ vascular perfusion with University 
of Wisconsin (UW) solution, immediate surface cooling of the pancreas to 4°C with 
ice slush in the lesser omental sac, and sterile transportation at 4°C to the processing 
lab. The target maximum cold-storage time is less than 12 h [28]. Local organ donor 
procurement programs [14] significantly reduce pancreatic hypothermic cold-storage 
time prior to islet isolation and optimize islet isolation from the exocrine and ductal 
cells of the pancreas.

Statistics from the Collaborative Islet Transplant Registry (CITR) indicate that 
less than half (37%) of the pancreas procurement procedures took place at the same 
place as the islet processing and transplant location. The mean time from cross-clamp 
to pancreas recovery was around 44 min (SD 22), and the mean cold ischemia time 
was around 7.3 h (range 1–27) among reporting centers. UW and two-layer methods 
(UW solution/perfluorochemical) were the most common (85%) methods used for 
pancreas preservation. Other preservation solutions used in conjunction or in absence 
of UW solution and/or perfluorochemical included histidine–tryptophan–ketogluta-
rate (HTK), Euro-Collins, Celsior, Institute Georges Lopez (IGL)-1, Solution de 
Conservation des Organes et des Tissus (SCOT), and extracellular-type trehalose-
containing Kyoto (ET-Kyoto) solutions [29].

7.4.3  Islet Isolation

The goal of islet isolation is to collect the highest number of islets from the donor 
pancreas while maintaining islet morphology and function and in the smallest volume 
of tissue to be embolized into the recipient’s liver. Islets are isolated from pancreatic 
tissue by enzymatic and mechanical digestion at facilities following good manufac-
turing practices. Following retrieval and perfusion by controlled ductal perfusion via 
the pancreatic duct with collagenase (Liberase human islet enzyme; Roche Applied 
Science, Indianapolis, IN), the pancreas is transferred to a Ricordi dissociation 
chamber [30]. Islets are purified by continuous density gradient purification using 
the Ficoll-Hypaque technique [31, 32].

Islet isolation can be further optimized using a repurification protocol to retrieve 
islets trapped in the exocrine tissue saved after initial purification. Impure tissue frac-
tions are cultured in vitro at 22°C in 95% air and 5% carbon dioxide in 15 cm tissue 
culture plates containing 35 ml of Connaught Medical Research Labs-based media 
(catalog No. 99-785-cv; Mediatech Inc., Herndon, VA). Cultures are maintained for 
12–36 h prior to initiating the repurification protocol. Purified islets are subjected to 
in vitro culture for 12–36 h before transplantation into humans. This repurification 
protocol results in significantly improved overall islet yields and enables 90% of 
retrieved pancreata to supply a minimum of 250,000 islet equivalents (IEs) per donor 
pancreas without adversely affecting islet viability [33].

The CITR reports most (91%) of islet isolation procedures took place at the same 
institution as the transplanting center. Liberase HI was the most common collagenase 
type used during most islet processing followed by collagenase NB1. All of the pan-
creata processed used a density gradient for islet purification. About half (54%) of 
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islets were placed in culture, defined as six or more hours in a specially prepared 
nutrient medium. When cultured, the median culture time was 27 h (range 6–96) [29].

7.4.4  Islet Characterization

An IE is defined based on insulin content, islet morphology, and islet size. 
Diphenylthiocarbazone (DTZ) is commonly used to identify insulin granules in beta 
cells. Since beta cells are only one of several other cell types needed to constitute an 
islet, a morphological assessment, based upon a mean diameter of 150 µm, is used in 
addition to staining by DTZ, to define an IE.

Islet samples are collected in duplicate, counted, and sized for standard yields of 
islets equivalent to 150 µm [34]. Samples are subjected to glucose challenge in vitro 
to detect insulin secretion, and results are expressed as a ratio of stimulated to basal 
insulin release [34]. Islet quality control assessment includes endotoxin assay by 
enzyme-linked immunosorbent assay, bacterial cultures, characterization of purity 
by cell composition [35], detection of apoptosis by assay for caspase 3 activity 
in fluorometric units (Cpp32 Fluorometric Assay Kit; BioVision Incorporated, 
Mountain View, California), and terminal deoxynucleotidyl transferase-mediated 
biotin-deoxyuridine 5-triphosphate nick-end labeling (TUNEL) stain (APO-BRDU 
Kit; BioSource International, Camarillo, California) [36]. It is likely that future work 
will employ newer live cell imaging approaches that require fewer islets cells and 
provide more detailed mechanistic information on both apoptotic and nonapoptotic 
cell death. The final criteria for islet product release includes an islet mass of 5000 
IEs per kilogram (body weight of recipient) or more, islet purity of 30% or more, 
a membrane-integrity viability of 70% or more, packed-tissue volume of less than 
10 ml, negative Gram stain, and endotoxin content of five endotoxin units per 
kilogram (body weight of recipient) or less [28].

Pancreatic cell isolation, purification, culture, viability assessment, and quality 
control follow current good manufacturing practice standards and FDA/Health 
Canada regulations. In Canada, all source establishments and establishments that 
distribute, or import for further distribution, cells, tissues, and organs must register 
with Health Canada in accordance with the Safety of Human Cells, Tissues, and 
Organs for Transplantation Regulations (CTO Regulations). For cell-based therapies, 
the FDA recommends that lots specify quantitative measurements of purity, including 
viability and function. Specifications should also include measurements of impurity 
such as other cell types and nonviable cells. Monitoring impurities is a method of 
documenting consistency from one lot to the next in the manufacturing process.

7.4.5  Islet Transplantation Procedure

Isolated islets are transplanted into recipients by infusion into the portal vein, and 
the islets embolize in the hepatic sinusoids. Patients receive local anesthesia with 
1% lidocaine, and an interventional radiologist inserts a 4 French catheter (Cook 
Diagnostic and Interventional Products, Bloomington, Indiana) percutaneously into 
the main portal vein under fluoroscopic guidance. Islet clusters suspended in bags are 
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infused by gravity into recipients while monitoring portal pressures pre-, mid, and 
post infusion. Catheters are withdrawn, and the hepatic puncture tracks are sealed 
with a glue made from Histoacryl® (N-Butyl-2-cyanoacrylate, Aesculap, Inc., 3773 
Corporate Parkway, Center Valley, PA, USA, www.aesculapusa.com) mixed with a 
radiographic contrast medium Lipiodol® (ethiodized oil, Guerbet LLC, Bloomington, 
IN, United States, www.guerbet.com). Patients are observed overnight and dis-
charged home after a mean ± SD length of stay of 1.3 ± 0.6 days (range 1–3 days) 
[33]. Ultrasound Doppler of the portal vein is performed on day 1 following trans-
plant to rule out portal vein thrombosis. The target total islet dose is greater than 
10,000 IE/kg and may require anywhere from one to three infusions per patient to 
achieve this total dose. Patients receive immunosuppressive medications peri- and 
post transplant according to various research protocols.

7.5  Potential Complications of Islet Transplantation

7.5.1  Procedure-Related and Short-Term Complications

Islet transplantation is a minimally invasive procedure; however, complications can 
occur. Complications include hepatic bleeding during transhepatic portal vein cathe-
terization (12%) [37], but this has become less common with the use of fibrin sealant, 
absorbable gelatin sponge, or coils to seal the catheter tract on withdrawal of the 
catheter [38]. Hepatic bleeding into the peritoneal cavity can occur and usually 
resolves spontaneously but rarely can require corrective laparotomy. The infusion of 
foreign material into the portal system increases the risk for portal vein thrombosis at 
a rate of approximately 4% of islet infusions in experienced centers [37]. Low-dose 
heparin, given prophylactically during and after transplantation, reduces the risk of 
portal vein thrombosis but increases the risk of bleeding. Elevated transaminases can 
occur from temporarily damaged liver parenchyma surrounding the new islets. 
Monitoring of liver enzyme concentrations after transplantation to confirm resolution 
is recommended.

7.5.2  Longer-Term Complications

Longer-term complications are primarily related to the side effects of systemic 
immunosuppressive medications. Systemic immunosuppression increases the risk 
of infection and malignancy, particularly skin cancers and lymphoproliferative 
disorders. There are also nephrotoxic effects from calcineurin inhibitors used in 
immunosuppression.

Islet transplantation can result in allosensitization with anti-HLA antibody 
formation following exposure to donor tissue. Recipients usually receive several islet 
infusions matched for ABO blood group, and so this risk is increased with each trans-
plant [39]. Although antibodies to donor-derived HLA antigens are detected in only 
a minority of islet transplant recipients taking immunosuppressive drugs, patients 
who are taken off these drugs show an increase in these antibodies [39]. This side 
effect is important in patients with DM1 because the presence of anti-HLA antibodies 

http://www.aesculapusa.com
http://www.guerbet.com
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may reduce the chance of compatibility if a match is needed for solid organ 
transplantation in the future, specifically kidney transplantation.

7.6  Current Outcomes

7.6.1  Measures of Islet Function

The function of transplanted islets is monitored using a variety of metabolic param-
eters and includes glycosylated hemoglobin (A1c), fasting glucose, stimulated 
glucose (by mixed meal, intravenous glucose, intravenous arginine), basal and stim-
ulated C-peptide, daily insulin requirement, continuous glucose monitoring system, 
and mean amplitude of glucose excursions (MAGE) [40], but there is no consensus 
as to which approach best quantifies functional islet mass. A number of indices have 
been used to characterize islet function following transplantation. These include 
the HYPO score [41], lability index [41], beta score [42], basal C-peptide/glucose 
ratio [43], homeostasis model assessment—functional beta-cell mass (HOMA-B 
and HOMA-2B%) [44], and homeostasis model assessment—insulin resistance 
(HOMA-IR) [45]. Others include transplant-estimated function (TEF) [46] and 
secretory units of islets in transplantation (SUIT) [47].

7.6.2  Effect on Glycemic Control

In 2000, the Edmonton program reported on seven patients 1 year after islet trans-
plantation. The seven recipients were insulin independent for an average of 11 months, 
and the results of this small study were enthusiastically received [17]. It also became 
clear, however, that most patients needed two to three donor islet infusions to achieve 
insulin independence and that insulin independence was not sustained.

A report on the 5-year outcomes in the Edmonton program for 68 patients in 2005 
showed that insulin independence was present in about 69% at 1 year, 37% at 2 years, 
and 7.5% at 5 years. However, C-peptide was detected in 82% of subjects, indicating 
persistent but insufficient islet graft function at the end of this study [37]. More 
recently, about 64% of a cohort of 14 patients was insulin independent, and 83% had 
detectable C-peptide at 2 years of follow-up [48]. In another study, about half of 
patients remain insulin independent at 15 months [49].

In 2006, the International Trial of the Edmonton Protocol (induction with anti-IL-2R 
antibody, maintenance with sirolimus and tacrolimus) for islet transplantation was 
reported for 36 subjects with DM1 who underwent islet transplantation at nine inter-
national sites. The primary endpoint was defined as insulin independence with ade-
quate glycemic control at 1 year after the recipients had received their final islet 
infusion. Data showed that 44% of the recipients reached their primary endpoint, 
28% had partial islet cell function, and 28% had completely lost graft function after 
1 year. Around 58% achieved insulin independence, but 76% required insulin again 
at 2 years, and only 31% who achieved the primary endpoint remained insulin 
independent at 2 years [28].
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In 2007, an interim analysis of 23 completed transplants (2003–2006) in 
Vancouver, British Columbia, showed that 74% achieved insulin independence with 
good glycemic control and 40% were insulin-free at 1 year. Glycosylated hemo-
globin (HbAIC) was significantly lowered after islet transplantation compared with 
best medical therapy during 29 months of follow-up. Renal function in both medically 
treated and islet transplant recipients was similar after 29 months [50].

Data from the CITR from allograft recipients recruited from 1999 to 2008 showed 
about 27% of recipients were insulin independent at 3 years, C-peptide was detected 
in about 57%, and 16% of the patient data were missing [29]. A progressive loss of 
insulin independence with approximately 90% of subjects requiring reintroduction 
of exogenous insulin has been reported in recent clinical trials based on the Edmonton 
protocol and some variants of the protocol [17, 28, 37, 48, 51].

Researchers have found that islet transplantation is often not able to achieve 
long-term insulin independence.

Patients with “partial graft function” have persistent insulin secretion from β cells 
but require additional oral or subcutaneous antihyperglycemic agents, such as insulin. 
Indicators of declining islet graft function in patients who have resumed insulin 
administration include worsening of glycemic control, higher exogenous insulin 
requirements, and a reduction in C-peptide concentrations. Observations from 
long-term studies triggered a debate about how to define the “success” of islet trans-
plantation. Historically, the primary goal of islet transplantation has been the ability of 
donor islets to maintain normal glucose control and removal of the need for exogenous 
insulin. “Insulin independence” is a comprehensible clinical outcome parameter for 
success, but success can also be measured in terms of frequency of hypoglycemic 
episodes and positive effects on diabetes-related complications or quality of life [49].

More recent trials using more potent lymphodepletion (i.e., thymoglobulin, 
anti-CD3 or anti-CD52 antibodies) and/or biologics (anti-IL-2R, anti-TNF, anti-LFA-1 
antibody or cytotoxic T-lymphocyte antigen 4 (CTLA4)-Ig) have shown approxi-
mately 50% of insulin independence at 5 years after islet transplantation [48, 52–55].

Long-term partial graft function seems to continue and be expressed clinically 
by more stable glucose control and lower insulin requirements. Following islet 
transplantation, there is a reduction in MAGE, reduced insulin requirements, and 
improvement in A1c [17, 56] in the absence of severe hypoglycemia [57–60]. The 
prevention of severe hypoglycemia persists long term [37, 41] even if exogenous 
insulin is required as long as C-peptide is measurable [61, 62]. Improvement in 
glucagon secretion in response to hypoglycemia is observed [63–68].

7.6.3  Effect on Quality of Life

Improvements in quality of life using standardized psychometric instruments have 
been demonstrated following islet transplantation [39, 57–60, 69].

7.6.4  Effect on Diabetes-Related Complications

Islet transplantation is reported to improve or stabilize microvascular complications 
(neuropathy, retinopathy, and nephropathy) and cardiovascular function in prospective 
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observational studies [70–72], but there is no randomized controlled trial to date 
evaluating the effectiveness of islet transplantation compared to standard medical 
therapy with respect to outcomes. A retrospective cohort study found that islet trans-
plantation may also prolong the survival of a previous kidney graft [70].

7.7  Challenges and Areas of Ongoing Research

There are many challenges limiting islet cell transplantation as a therapy. A recent 
review of islet transplantation identifies several ongoing challenges including a low 
success rate of islet isolations that yield sufficient islets for transplantation into patients, 
a low success rate for insulin independence, and toxicity from immunosuppression [73].
There is also emerging controversy regarding indications for islet transplantation.

7.7.1  Rejection and Immunosuppression Toxicity

Acute and chronic transplant rejection and the side effects of immunosuppressive 
drugs are important causes of islet damage and dysfunction [74, 75]. To address 
acute allograft rejection, induction immunosuppression is administered at the time of 
transplant. Currently available induction agents include antilymphocyte (polyclonal 
and monoclonal) or IL-2 receptor antibodies (basiliximab, daclizumab). To address 
chronic transplant rejection, maintenance immunosuppression is used following islet 
transplantation with different classes of drugs to achieve adequate immunosuppres-
sion while trying to avoid toxicity. These medications include calcineurin inhibitors 
(cyclosporine-A and tacrolimus), inhibitors of the molecular target of rapamycin 
(sirolimus), and purine synthesis inhibitors (mycophenolic acid). Some regimens 
avoid glucocorticoids, while others use glucocorticoids at induction. Agents that 
target costimulation pathways in immune cells (CTLA4-Ig) and/or adhesion mole-
cules (LFA-1) are under study [54, 55, 76–78].

7.7.2  Immune Tolerance

Immune suppression to allow immune tolerance and to prevent islet allograft rejection 
and failure is balanced against the direct toxic effects of immunosuppression on the 
beta cell. There is research into modifying the host immune response.

Research studies have demonstrated that systemic CTLA4 immunoglobin or local 
expression of CTLA4 immunoglobin in islet cells can prolong islet allograft survival 
in rodent and nonhuman primate models [79–81]. CTLA4, also known as cluster of 
differentiation 152 (CD152), is a protein that plays an important regulatory role in 
the immune system [82]. CTLA4 is expressed on the surface of helper T cells and 
transmits an inhibitory signal to T cells [83, 84]. CTLA4 is similar to the T-cell 
costimulatory protein CD28, and both molecules bind to CD80 and CD86 (also 
called B7) on antigen-presenting cells. CTLA4 transmits an inhibitory signal to 
T cells, whereas CD28 transmits a stimulatory signal. Fusion proteins of CTLA4 and 
antibodies (CTLA4-Ig) have been used in immune tolerance studies. The fusion pro-
tein CTLA4-Ig is commercially available as Orencia (abatacept). A second-generation 
form of CTLA4-Ig known as belatacept is also being tested.
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There is research currently studying the roles of activation of B7-H4 pathway to 
prolong islet graft survival. Researchers from several groups have established that 
systemic administration of an immunoglobulin fusion protein construct B7-H4 
(B7-H4.Ig) inhibits autoreactive and alloreactive T-cell responses in rodents [85–88]. 
B7-H4 is a member of the B7-CD28 family of negative costimulatory molecules. 
B7-H4.Ig protein arrests cell cycle progression of activated CD4+ T cells in G0/G1 
phase and induces apoptosis of both activated CD4+ and CD8+ T cells. B7-H4.Ig 
also inhibits the secretion of IFN-c by immune response cells in peripheral blood 
from diabetic patients when activated by stimulator B-cell-associated antigenic 
peptides and anti-CD3 antibody. Cell-associated B7-H4.Ig in transfectants of human 
B cells clearly inhibits the cytotoxicity of B-cell antigen-specific T-cell clones to 
targeted human B cells. Immobilized human B7-H4.Ig protein inhibits the prolifera-
tion of activated T cells from patients with DM1 [89]. B7-H4 is a potential immuno-
suppressive agent with a greater degree of selectivity to inhibit T-cell-mediated graft 
rejection. Targeting the B7-H4 pathway may prove to be a better mechanism than 
targeting CTLA4 to negatively regulate inappropriately activated T-cell responses 
following islet transplantation.

7.7.3  Medications to Improve Beta-Cell Function

It has been estimated that a large percentage of islets undergo apoptosis during the 
many steps involved in islet transplantation [90]. Reducing islet cell death during 
culture, transplantation, and engraftment has the potential to improve clinical out-
comes. Focused research is underway to identify key antiapoptotic growth factors 
that could make isolated islets more resistant to the stresses associated with islet 
transplantation. Agents to improve islet function and reduce islet apoptosis are under 
study and include glucagon-like peptide-1 (GLP-1) agonists, dipeptidyl peptidase-4 
(DPP-IV) inhibitors, and thiazolidinediones (TZDs). Investigations are currently 
underway in many academic and industrial laboratories employing high-throughput 
screening methodologies to identify novel beta-cell protective drugs.

Because GLP-1 has potent stimulatory effects on insulin secretion, some of its 
antiapoptotic effects may involve autocrine/paracrine insulin signaling [91, 92]. In 
one study, exendin-4 induced pancreatic and duodenal homeobox gene-1 expression 
in human fetal islet cell cultures and promoted functional maturation and prolifera-
tion of human islet cell cultures transplanted under the rat kidney capsule [93]. 
Another study found that GLP-1 decreased apoptosis in freshly isolated human islets 
[94]. Islets that have been engineered to make their own local GLP-1 supply have 
recently been demonstrated in animal studies [95], and this represents a possible area 
to exploit therapeutically. Promising in vitro and animal studies demonstrate that 
high concentrations of GLP-1 or GLP-1 agonist decrease islet apoptosis in the face 
of various insults [96], creating a rationale to incorporate these therapies into clinical 
islet transplantation study protocols [97, 98]. Endogenous levels of GLP-1 can also 
be increased by blocking the enzyme DPP-IV, which degrades GLP-1. Several 
DPP-IV inhibitors have shown promise [99], but it is unclear whether local levels of 
GLP-1 would be sufficient to prevent apoptosis.
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7.7.4  Instant Blood-Mediated Inflammatory Reaction

Instant blood-mediated inflammatory reaction (IBMIR) is characterized by platelet 
consumption and activation of the coagulation and complement systems. The islets 
became surrounded by clots and infiltrated with leukocytes causing islet damage. 
When heparin and a complement inhibitor (SCRI) are added to the system, IBMIR 
is suppressed and islet damage is reduced [100]. Heparin is added to the transplant 
medium used during the islet infusion, and low-molecular-weight heparin injections 
are administered in the posttransplant period to enhance islet engraftment and reduce 
risk of portal vein thrombosis.

Because of the IMBIR in the portal system, alternative transplant sites are being 
explored to avoid triggering the IMBIR and the toxic drug levels found in the liver 
[101–104]. There is ongoing research in immunoisolation techniques to shield islets 
from immune attack in hopes of achieving sustained islet function following trans-
plantation without requiring immunosuppression [105, 106].

7.7.5  Glucose Toxicity

Neovascularization of new islet clusters and islet engraftment may take up to several 
weeks following the islet infusion procedure. During this time, it is postulated that hyper-
glycemia may cause excessive workload and stress for newly transplanted islets and that 
exogenous insulin may be required and gradually withdrawn according to measured 
glucose values to maintain normal glucose levels post islet transplantation. There is also 
evidence of the potent antiapoptotic effects of low doses of insulin in cultured islets [91].

7.7.6  Shortage of Donor Pancreata: Alternative Beta-Cell Sources

There is increasing interest in the use of unlimited alternative sources of transplantable 
islets, such as xenogeneic or derived from human stem cells [107, 108]. There is also 
early experimental data suggesting that insulin-producing cells can be obtained from 
human multipotent stem cells, and great efforts are currently concentrated on devel-
oping cellular products with consistent potency and safety for clinical application [102, 
103]. Porcine islets offer the potential ability for genetic modification to lack or over-
express specific molecules resulting in reduced immunogenicity for human transplan-
tation; however, there is concern regarding increased zoonotic infection risk.

7.7.7  Difficulty Monitoring Graft Function and Survival

Visualization and monitoring of transplanted islets [109] using noninvasive 
techniques such as MRI, ultrasound, or PET have not been very successful as a result 
of insufficient resolution for detecting islet clusters dispersed in the liver. Liver 
biopsies do not provide adequate graft tissue specimens. Currently available blood 
tests being studied as ways of identifying rejection and reactivation of autoimmunity 
[110–113] include biomarkers of immune cell function [114] using flow cytometry 
[115, 116] and antibody titers, but they are not ideal as they lack specificity. Advances 
in technology to detect more specific markers of islet dysfunction and immune 
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function may be developed in the future. One promising area involves the use of 
microRNAs as beta-cell death-associated biomarkers [117].

7.7.8  Indications for Islet Transplantation

There is some controversy regarding which patients with DM1 should be considered 
and selected for islet transplantation. The ability to reverse brittle diabetes and prevent 
devastating hypoglycemia has been a solid historical indication for islet transplantation. 
More recent clinical trials are unique in their proposal to primarily tackle the issue of 
complications of diabetes [33, 50]. Although promising, it is not known if pancreatic 
islet transplantation therapies are superior to or more cost effective than current best 
medical therapy for reducing complications related to diabetes; a randomized trial 
has not been performed to date to address this question. Future studies will provide 
important information about effectiveness and costs of current optimal medical care 
versus islet transplantation and will provide new benchmarks for comparing the efficacy 
and safety of emerging therapies for diabetes mellitus.

7.8  Conclusion

Restoring normal glucose control in patients with diabetes mellitus is the goal of all 
treatments for diabetes. Islet transplantation has been shown to be beneficial for a 
specific group of patients with DM1 who have severe glycemic lability, recurrent 
hypoglycemia, and hypoglycemic unawareness. Results from studies in islet trans-
plantation demonstrate stabilization of glycemic control and endogenous C-peptide 
effects compared to conventional insulin therapy alone. It restores the function of 
insulin-secreting beta cells under the influence of neural and paracrine factors that 
regulate precise insulin secretion.

Islet transplantation has not become a mainstream treatment for DM1 largely 
because of a shortage of high-quality donor organs for islet isolation, the high costs 
of laboratory infrastructure required for specialized human islet isolation procedures, 
and the need for lifelong immunosuppressive agents in transplant recipients. The 
goal of long-term insulin independence is achieved by a small proportion of patients, 
an important message to communicate to potential recipients. The lack of randomized 
controlled trial data comparing islet transplantation to current best medical practice 
or pancreas transplantation with respect to long-term diabetes-related complications 
has led to uncertainty about the utility of this procedure [118].

The field overall has not progressed as rapidly as initially expected and has a 
number of challenges to overcome [119]. Ongoing research addressing the chal-
lenges of immune tolerance and beta-cell supply will result in additional advances in 
islet cell therapy. A number of immunosuppression protocols are under investigation 
in trials of islet transplantation.

7.9  Current Status of Research

The current status of islet transplantation research is summarized in Table 7.1
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8.1  Introduction

Cell-based biologic therapy involves the use of human cells (individual or grouped 
cells—tissue/organs) to prevent or treat medical problems. In the broadest sense, it is 
applied to a wide range of medical therapies including stem cell therapy, immuno-
therapy, gene therapy, regenerative medicine, tissue engineering, and cell-based can-
cer vaccines [1–5]. From the first human blood transfusion in the nineteenth century 
to the current bone marrow and tissue/organ transplants, tissue banking, and repro-
ductive in vitro fertilization, cell-based therapies are integral to the practice of modern 
medicine. Unlike early research success, which was primarily attributable to trial and 
error, modern cell-based therapies are founded upon sophisticated laboratory research 
and robust science.

A common practice in cell-based therapy involves harvesting the cells from the 
host, ex vivo processing of these cells by stimulation and expansion with growth 
factors, and then reinfusing them back into the host for therapeutic uses (autologous 
host) [6, 7]. Since stem cell therapy is already covered in Chapter 9, this chapter will 
focus on biological cell therapies other than stem cells. However, xeno cell transplan-
tation is outside the scope of this chapter and will also be excluded.
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8.2  Engineered or Processed Human Cells as  
Treatment Modalities

In addition to stem cell therapy, there are other modalities utilized to effect cell-based 
biologic therapies. Among these, cell-based treatment employing surgical harvesting 
and ex vivo cell culture techniques are utilized in orthopedic and burn therapies 
[8–13]. Used for many years, cartilage and bone replacements from cultured living 
cell grafts are important for orthopedic applications in acute injury as well as for 
chronic arthritic conditions [8–10]. In addition, the use of cultured fibroblasts for 
burn or diabetic ulcers is also a common practice [11–13]. Other novel approaches 
are being studied, which may allow organ regeneration or replacement.

For example, ISTO Technologies in Missouri is one of the many orthobiologic 
companies focused on cell-based technology for the repair and regeneration of dam-
aged cartilage in joints and vertebrae [14]. ISTO Technologies has a product that uses 
a living tissue graft developed from juvenile chondrocytes in the form of minced 
cartilage tissue for focal articular cartilage repair. It consists of particulate natural 
articular cartilage with tissue recovered from juvenile human donor joints. The 
company maintains that juvenile chondrocytes produce cartilage much better than 
the adult counterpart. The company has a 225-patient randomized phase III trial to 
compare its product against microfracture therapy, which is the current standard of 
care for cartilage repair [15]. The key objectives are to observe whether a living cell 
graft leads to regenerative hyaline cartilage for the restoration of cartilage defects, 
reestablishment of joint function, and relief of arthralgia.

Besides the use of biological cell therapy in orthopedic conditions, there are sev-
eral examples of the use of host-derived cells in other fields. For example, in the field 
of hepatology, Baermed of Switzerland has initiated a small pilot phase I study using 
a hepatocyte matrix implant as treatment for end-stage liver disease [16]. This is a 
novel experimental approach combining living cells with a biomatrix technology. 
Liver tissue from a patient is first harvested during a small liver resection, along with 
a pancreatic biopsy to remove some pancreatic tissue. The mixed tissues are then sent 
to a specialized cell culture laboratory where cells are processed in a perfusion 
procedure and prepared on several plates of matrices (4 mm thick, 20 mm diameter). 
After culture and expansion with various undisclosed supportive growth factors, the 
biotissue is then surgically implanted into the patient, but near the mesentery of the 
small intestine rather than the liver. The cells are then allowed to take on the capil-
laries of the patient and connect to the vascular system and continue to grow and 
multiply during the next 2–4 weeks. The carrier matrix, made of formaldehyde-free 
self-dissolving polymers, is expected to ultimately dissolve, and the implanted hepa-
tocytes are expected to develop into functional liver cell tissue in the new site and to 
restore normal hepatic function in the patient. This study began in 2011. Results will 
not be expected for several years.

Another quickly evolving field is in biomedical engineering and regenerative 
medicine. An improved understanding of cell plasticity now enables the development 
of unconventional platforms for new cellular and gene therapy strategies such as 
transdifferentiation. An obvious benefit for such an approach is that autologous 
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transplants do not have to depend upon donor supply, which is in short supply for 
many organs. Second, it also eliminates the concern of immune rejection and/or the 
need for the patient to be on chronic immunosuppression if receiving allogeneic 
tissue. Third, even if the transplant does not result in a full replacement of the original 
tissue/organ, transdifferentiated tissue can still be used as a temporary measure to 
maintain a patient until the affected organ regenerates (e.g., acute liver failure) or 
until a donor organ ultimately becomes available.

Transdifferentiation involves transforming differentiated cells into completely 
distinct phenotypes, unlike stem cell therapies where the source of cells is omni- or 
pluripotent [17–19]. One example is the transdifferentiation of isolated hepatocytes 
into insulin-producing beta cells for the treatment of diabetes (see also Chapter 7). 
When unique cell types are needed, such technologies have the potential for managing 
diseases, such as beta pancreatic cells for diabetes, dopamine-generating cells in the 
substantia nigra for Parkinson’s disease, and myocardial cells for heart disease.

Tissue regeneration is feasible. It is well known that skin and gastrointestinal (GI) 
cells continuously regenerate; the liver has been shown to regenerate even after 
removal of up to 70% of the organ [20], and axonal outgrowth of a severed nerve can 
occur. However, mammals do not regenerate body tissues as readily as do lower 
species. For example, the urodele amphibian has been shown to regenerate many dif-
ferent organs such as the limbs, lens, tail, etc. [21]. Nonetheless, recent research 
using novel bioengineering techniques and gene therapies may make transdifferenti-
ated cell transplants feasible for humans in the future.

Conversion of hepatic to pancreatic tissue (or the reverse) using a transgenic 
approach has been reported in the literature [22, 23]. Pdx1 (pancreatic and duodenal 
homeobox 1) is the gene used to convert liver to pancreas. This gene is a key tran-
scription factor for initial pancreatic development, β-cell maturation, and the 
subsequent maintenance of the β-cell phenotype [24, 25]. Pdx1 is restricted to β cells 
in the pancreas where it binds to the insulin promoter. Inactivation of the pdx1 gene 
in mice results in loss of insulin-producing cells and the development of diabetes in 
these animals [25]. Using a transgenic approach, adenoviral delivery of Pdx1 to mice 
has been shown to induce insulin production and to control hyperglycemia induced 
by streptozotocin [26]. Using a different approach of exposing permeabilized myofi-
broblasts to insulinoma cell extracts, transient expression of Pdx1 and insulin pro-
duction has been demonstrated for up to 4 weeks [27].

Investigators have used different models to convert tissue into pancreatic exocrine- 
and endocrine-producing cells. Horb et al. [28], using human hepatoma cells and 
transgenic tadpole models, demonstrated expression of an activated form of Pdx1 in 
liver cells. Sumazaki et al. [29], using hes1 knockout mice, also demonstrated suc-
cessful conversion of a developing biliary system into a functional pancreatic tissue. 
In fact, the full array of endocrine cells (glucagon, insulin, somatostatin, and 
pancreatic polypeptide) was found to be produced in the ectopic tissue. While this 
research is still in its infancy, the examples illustrate the potential to transplant autol-
ogous, transdifferentiated, functional cells to treat targeted diseases in the future.

A hybrid between transdifferentiation and stem cells is the recent success in 
converting human skin cells directly into other progenitor cells for tissue repairs. 
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An example is that Dr. Lu et al. of University of Wisconsin recently showed that pri-
mate fibroblasts can be reprogrammed under special condition directly into induced 
neural progenitor (iNP) cells, bypassing the need to first become pluripotent stem cells 
[30]. Upon implantation into specific neural tissues in the animal model, these iNP 
cells were shown to be able to further differentiate into region- and function-specific 
neural cells (i.e., neurons, astrocytes, and oligodendrocytes) with implication for future 
potential therapy such as spinal cord injury or amyotrophic lateral sclerosis (ALS).

8.3  Cell-Based Immunotherapy

This field evolved based on observations from original research in both animal 
models and human trials, which demonstrated that immune cell infiltration of primary 
tumor tissue was associated with better prognoses and survivals in cancer [31, 32]. 
Several approaches have been developed, and cancer immunotherapy has steadily 
progressed to clinical therapies. These approaches include adoptive transfer of 
tumor-specific cytotoxic T lymphocytes (CTLs), natural killer cells (NK cells), and 
dendritic cell (DC)-based vaccines [33–35]. While much of this research has been 
applied to cancer treatments, cell-based immunotherapies are also applicable to 
infectious and immunologic diseases.

8.3.1  Adoptive Immunity: LAK, CTL, and TIL

Concurrent with the observation that patients with immune cell infiltration in their 
tumors are associated with better survival, there was interest in employing adoptive 
immunotherapy to treat cancer [31, 32]. Adoptive cell transfer utilizes T-cell-based 
cytotoxic responses to eliminate tumor cells. In general, immune T cells that have a 
natural or genetically engineered reactivity to a patient’s cancer are reactivated 
ex vivo and reinfused back into the patient [33–35]. These activated immune cells are 
either injected directly into the tumor or administered intravenously to the patient. 
Intratumor injection should theoretically permit a higher number of effector cells at 
the tumor site, but results with intravenous administration appear to be comparable 
to date [36].

Lymphokine-activated killer (LAK) cells were the first cells utilized [37, 38]. If 
lymphocytes are cultured in the presence of the cytokine interleukin 2 (IL-2), the 
resultant effector cells are cytotoxic to tumors. LAK cells are obtained by cultivating 
peripheral lymphocytes in the presence of IL-2, yielding a mixed population with 
different subsets of T cells and NK cells [39]. A limitation of these therapies has been 
that the cytolytic properties of these polyclonal cells are not specific, and the results 
in oncologic conditions have been variable [37–39]. Even so, some studies suggest 
that the addition of LAK cells may help improve the efficacy of tumor-specific 
monoclonal antibodies [40–42]. LAK cells express human Fc receptors and may help 
mediate antibody-dependent cell-mediated cytotoxicity (ADCC). Early results dem-
onstrated that addition of LAK cells and IL-2 to an anti-CD20 antibody in lymphoma 
resulted in enhanced ADCC activity, inducing greater efficacy than with the antibody 
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alone [40]. Similar observations were also seen for other antibody–LAK combina-
tions for other tumors [41, 42].

Adoptive immunity using CTLs has also been studied [43–45]. Ex vivo antigenic 
stimulation of peripheral blood mononuclear cells (PBMC) is a common approach 
used to generate CTL. Autologous tumor cells (ATC), either intact or fragment deriv-
atives, are often used as the source of antigen stimulation, which can induce poly-
clonal expansion of CD8 and CD4 cells. Again, IL-2 supports the growth and 
expansion of these cells before reinfusing back into the patient [46, 47]. Another 
approach is the use of CTL obtained from tumor-infiltrating lymphocytes (TIL) [32]. 
A similar approach is used to collect lymphocytes from the lymph nodes or PBMC 
after peripheral injection of irradiated ATC using the growth factor GM-CSF for 
support and stimulation [48]. Whatever the source, TILs are usually expanded ex 
vivo using IL-2, anti-CD3, and alloreactive feeder cells. These T cells are then rein-
fused back into the patient, along with continuous exogenous administration of IL-2, 
to further boost their anticancer activity.

Adoptive immunity for the treatment of melanoma appears to have been more 
successful than its use for other cancers [49], perhaps due to the more immunogenic 
nature of the cancer itself and/or to the availability of several well-characterized 
tumor antigens (e.g., gp100, MART-1, NY-ESO-1). As tumor antigens are identified 
and better characterized for other tumors, this approach should be amenable for other 
tumor types. Lastly, besides metastasis, adoptive immunity seems to work better 
in adjuvant use after surgery, perhaps because the tumor burden is lower in those 
settings [50].

However, due to the lack of standardization of techniques utilized, the types and 
quantity of cells infused, and the preconditioning regimens employed, it is difficult 
to compare outcomes using different approaches. Standardized in vitro tests (e.g., 
killing assays directed against tumor cells or phenotyping of the effector cells used) 
can potentially assist in gauging the treatment efficiency of various regimens. Lastly, 
since most studies are conducted as small pilot studies without randomization against 
a standard of care, more clinical work is needed to elucidate optimal treatment 
conditions.

There are several challenges inherent in developing therapies for adoptive immu-
nity. For example, most approaches require IL-2. Unfortunately, IL-2 use (especially 
in higher doses) can lead to significant toxicities, particularly to the kidney and lung 
[51, 52]. With increased experience in using adoptive immunity, optimal dosing of 
IL-2, either its administration (e.g., subcutaneously) or dosing (timing, quantity, and 
frequency), can modulate this toxicity.

Another challenge is the durability of response. Initial adoptive cell transfer 
studies revealed that persistence of the transferred cells in vivo was brief as 
evidenced by the analysis of tumor samples taken during relapse [53, 54]. It was 
later discovered that before reinfusion of the stimulated immune cells to a patient, 
lymphocyte depletion [55–58] in the recipient helps eliminate regulatory T cells 
(Tregs) as well as other endogenous lymphocytes (which compete with the trans-
ferred cells for homeostatic cytokines, especially IL-15) [55, 56]. Lymphodepletion is 
generally accomplished through a nonmyeloablative chemotherapeutic regimen 
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(e.g., cyclophosphamide, fludarabine) and/or with total body irradiation prior to 
transfer of the stimulated immune cells [57, 58]. Lymphodepletion is important to the 
persistence of infused cells and positively correlated with more favorable treatment 
outcomes [59–62]. However, lymphodepleting regimens are themselves associated 
with potentially serious toxicity [58].

Further to the issue of durability, replicative capacity of infused T cells and their 
ability to persist as memory cells can have a major impact on treatment outcomes. 
One lymphokine, IL-21, was found to have the ability to elicit increased antigen-
specific CTL when T cells are exposed to it during initial stimulation [63–66]. IL-21 
can enable the production of a population of CTL with greater avidity and expansion 
potential. IL-21 exposure also leads to generation of helper-independent CTL effec-
tors with a distinctive memory phenotype capable of autocrine IL-2 production [64]. 
These effects on CTL appear to originate from the ability of IL-21 to suppress or 
eliminate Tregs with a resulting higher quantity and frequency of tumor-specific 
T cells [66]. Thus, use of IL-21 has the potential to minimize the need to grow CTL 
to very large numbers (1–10 billions), which should reduce the time and cost for 
CTL preparation.

Other options to enhance durability include vaccine and the concomitant use of 
immunomodulators. Animal models have suggested that the concomitant use of 
adoptive T-cell transfer along with vaccination may improve efficacy. As a potential 
substitute for IL-2, IL-15 has been studied along with tumor vaccine to boost memory 
T cells [67].

Meanwhile, recent FDA approval of the novel immunomodulator, ipilimumab 
(anti-CTLA4 antibody), may permit another option. Combined use of CTL and ipili-
mumab may enhance the function and survival of adoptive T cells, lowering the 
threshold for the induction of endogenous T-cell responses to tumor antigens.

There are other measures that have been attempted to enhance responses. For 
example, use of superagonist altered peptide ligands (APLs) as a complementary 
means of enhancing T-cell responses to tumor-associated self-antigens has been 
studied extensively [68]. It was demonstrated that the superagonist APLs often elicit 
robust antitumor CTL responses, while the native tumor-associated epitope does not. 
Unfortunately, the ability of a given analogue to act as a superagonist varies from 
patient to patient. This implies that a comprehensive panel of potential superagonist 
APLs may be needed to individualize efficient tumor responses, which may limit the 
utility of this approach.

Lastly, use of adoptive immunity for certain tumors may pose other challenges. 
For example, in high-grade glioma, a potential limitation arose with corticosteroids 
given to patients to reduce edema post surgery. Steroids induce lymphopenia along 
with an abnormal rise of circulating CD14+/HLA-DR low/neg monocytes, thereby 
preventing the generation of a large number of effector cells using adoptive 
approaches [69]. This reduces treatment efficacy. Also, CD14+/HLA-DR low/neg 
monocytes cannot fully differentiate into mature DCs, which could be problematic if 
concomitant use of a DC-based vaccination were desired.

In summary, while adoptive immunity has been extensively studied, achieving 
an effective clinical response has not been consistently demonstrated. Further 
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optimization is necessary in order to gain confidence with these therapies. It can be 
anticipated that combined modalities incorporating vaccination, optimized pre- and 
postinfusion conditions, and manipulation of the tumor immune microenvironment 
are necessary for effective antitumor responses and long-term immunologic memory.

Finally, while research in adoptive immunotherapy has been commonly con-
ducted in academic settings, industrialization of these technologies will bring them 
to an expanded audience and permit more patients to benefit from these innovative 
approaches. To that end, the news that a biotech, Genesis Biopharma, is working in 
collaboration with the National Cancer Institute is an auspicious beginning [70]. 
Following this theme, the focus of this chapter concentrates mostly on development 
activities from the biotech/pharmaceutical industry for these technologies, wherever 
applicable. Ongoing studies by industry sponsors from clinicaltrials.gov [71] are 
listed in Table 8.1. While historically development of CTL is mostly in melanoma, 
there are two ongoing studies in cytomegalovirus (CMV) infection.

8.3.2  T-Cell Receptor (TCR) Gene Therapy

One recent major advance in adoptive cell therapy is represented by gene manipula-
tion of autologous T cells in order to acquire strict specificity toward the target, 
which results in potent lytic activity, significant proliferation, increased survival, and 
a persistent antitumor memory state in the host. It can be achieved by either high-
avidity genetically engineered T-cell receptors (TCRs) or through chimeric antigen 
receptor (CAR) gene therapy technology [72]. Although most of the research focus 
has been in oncology, this technique may also apply to infectious diseases or immu-
nologic conditions.

For TCR therapies, genetically engineered T cells are created by transfecting a 
patient’s cells with a retrovirus vector containing a copy of a genetically engineered 
high-avidity TCR gene specialized to recognize targeted antigens [73–75]. Because 
it lacks key genes required for replication, the retrovirus vector is subsequently 
unable to reproduce within the cell after it is integrated into the human genome, and 
thus, the new TCR gene remains stable within the T cell. Genetically transduced 
T cells will then express the new TCR on its surface and use the new TCR to engage 
the peptide antigen target on cancer or infected cells and destroy them.

A key challenge for TCR technology, as it is for many other adoptive therapies, 
is that most naturally occurring TCRs are of low affinity [76, 77]. This is because 
human T cells need to balance recognizing foreign antigens while not attacking 

Table 8.1  Cytotoxic T-cell (CTL) studies conducted by a commercial sponsor

Sponsor Product Indication N Start time Trial no.

BMS TIL + ipilimumab Melanoma 10 2012 NCT-01701674
Chiron CTL + DC vaccine Melanoma 98 2006 NCT-00338377
CellMedica CMV-sp T cells CMV infection 36 2010 NCT-01220895
CellMedica CMV-sp T cells CMV infection 90 2008 NCT-01077908

http://clinicaltrials.gov
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self-derived peptides (both are presented by the same MHC molecules). Moreover, 
most peptides on tumor surfaces are derived from self-antigens so the tumor cells are 
already selected to present low antigen levels. TCRs are expressed as membrane-
anchored proteins that go through a selection process in the body and only T cells 
expressing TCRs of low affinity survive. On the other hand, viral peptide antigens 
can undergo mutation to avoid recognition after the initial infection (e.g., HIV), 
reducing the ability of effector T cells to neutralize the infection. As a result, many 
T cells do not recognize the foreign antigen presented.

Consequently, one recent strategy is to generate T cells with higher capability 
to recognize foreign antigens by artificially constructing TCRs with greater 
antigen-binding affinities, such as mutations of a residue in the constant regions 
of the α and β chain of TCR and/or isolation of high-affinity variants of natural 
TCRs [78, 79]. A transgenic approach is then utilized to insert a gene encoding the 
new TCR with greater antigen specificity and affinity into the T cells, followed by 
expansion of these manipulated T cells, and then reinfused back to the patient to 
treat the disease.

The TCR approach has two obvious advantages over conventional adoptive cell 
therapy. First, it allows the use of a set of TCR genes with known effectiveness in a 
large patient population. Second, it may overcome the intensive process of in vitro 
generation of large numbers of specific T cells. On the other hand, limitations of 
TCR include the fact that target recognition by TCR is MHC restricted allowing its 
use in patients with only certain haplotypes and a potential for mispairing introduced 
chains with endogenous TCR subunits, which may lead to reduced TCR surface 
expression and potentially lower activity [80, 81]. These (and other) limitations can 
be overcome by the use of CAR (see Section 8.3.3). In 2003, Morgan et al. [82] dem-
onstrated the first successful adoptive cell transfer of lymphocytes transduced with 
retrovirus encoding TCRs in patients with metastatic melanoma. Since then, many 
TCR studies have been conducted [83, 84]. Table 8.2 lists several ongoing studies by 
industry sponsors in this area [71].

Table 8.2  TCR gene therapy studies conducted by a commercial sponsor

Sponsor Product Indication N Start time NCT no.

Adaptimmune TCR (NY-ESO-1) Synovial sarcoma 10 2011 NCT-01343043
Adaptimmune TCR (MAGE-3 or 

NY-ESO-1)
Melanoma 12 2011 NCT-01350401

Adaptimmune TCR (MAGE-3/6 or 
NY-ESO-1)

Melanoma 12 2011 NCT-01352286

Adaptimmune TCR (WT-gag/α6-gag) HIV 48 2009 NCT-00991224
Altor ALT801 (IL2 bound to 

p53 TCR)
Urothelial cancer 76 2011 NCT-01326871

Altor ALT801 (IL2 bound to 
p53 TCR)

Melanoma 25 2010 NCT-01029873

VIRxSYS VRX496 (HIV env 
antisense) TCR

HIV 40 2007 NCT-00622232
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8.3.3  Chimeric Antigen Receptor (CAR) Gene Therapy

One of the barriers to the widespread use of cellular therapy has been the usual MHC 
restriction of antigen recognition. CAR can be engineered to bypass this require-
ment. CARs are engineered receptors, which graft an artificial specificity (earlier 
studies used the Fab antigen-binding site of an antibody) against a known target onto 
a T cell frequently using a retroviral vector [85–87]. Early CARs were also known as 
T-bodies. Using recent iterations of this novel approach, specific targeted T cells can 
be generated against antigen-expressing cancers for use in adoptive cell therapy. 
Recent clinical studies have shown encouraging results in various malignancies 
including several patients with relapsed/refractory acute lymphoblastic leukemia 
who had rapid remission after treatment with CAR-modified T cells with CD19 
[88–92].

Although little is known about the initial activation of CARs, they orient the 
activity of T cells toward specific targets expressed on the cancer cell surface. The 
technology is achieved by gene insertion of a CAR, artificial molecules containing 
antibody-derived fragments against a specific target joined to a potent signaling 
TCR-derived domain that activates the manipulated T cells [93, 94]. The most 
popular configuration is the fusion of a single-chain variable fragment (scFv) from 
a monoclonal antibody with the CD3-zeta transmembrane and endodomain. (Other 
possible antigen-binding moieties include signaling portions of hormone or cytokine 
molecules and extracellular domains of membrane receptors.) When the scFv recog-
nizes its target, a zeta signal is transmitted, and the CAR-transformed T cells recog-
nize and kill tumors (or other cells) that express its target.

The ectodomain is the extracellular part of this artificial TCR and is composed of 
a signal peptide, an antigen recognition region, and a spacer sequence. The scFv is 
generated by synthetic DNA technology and usually produced by fusing the variable 
portions of an immunoglobulin light and heavy chain using a flexible linker. A signal 
peptide, which precedes the scFv, serves to direct the nascent protein into the 
endoplasmic reticulum as well as the subsequent surface expression. The flexible 
spacer allows the scFv to orient in various directions and facilitates antigen binding. 
Optimal T-cell activation depends on the relative length of the hinge region spacer 
and the distance of the epitope from the target cell membrane [95]. Derived mainly 
from the original molecule of the signaling endodomain, the transmembrane domain 
protrudes into the T cell and transmits the intended signal. Despite removal of its 
constant regions and the introduction of linker peptides, the chimeric domain can 
retain the specificity of the original immunoglobulin. Gene transfer is typically 
accomplished via retrovirus infection, which allows RNA encoding into DNA via 
reverse transcriptase after infection. (These retroviruses lack key genes so they 
cannot replicate after they infect the cell.) Figure 8.1 illustrates how a typical CAR is 
constructed.

There are several advantages to CARs [85–87]. These engineered T cells can 
exhibit specific lysis toward tumor cells with cytokine secretion, leading to sustained 
tumor cell lysis beyond that of monoclonal antibodies. The perforin/granzyme killing 
mechanism of T cells may be effective against cells that are resistant to antibody or 
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complement, while cytokine secretion can help to recruit other components of the 
immune system, amplifying and enhancing antitumor efficacy. Furthermore, CAR-
engineered T cells have been shown to display superior tumor penetration and 
homing abilities. The CAR approach also overcomes a critical limitation of conven-
tional TCR. Target recognition by CAR is non-MHC restricted and independent of 
antigen processing, permitting use in patients with different haplotypes and bypass-
ing tumor escape from MHC molecule downregulation mechanisms. In addition, 
CARs could be targeted toward molecules like glycolipids or carbohydrates, not just 
peptides. Because random or potentially harmful specificities are highly unlikely 
(which may occur with transduced TCRs forming hybrids with an endogenous TCR), 
this approach has major advantages over TCR.

CARs can be generated against a wide range of surface molecules expressed by 
cancers. Hematologic malignancies are especially suitable for CAR due to the strong 
expression of specific antigens on the tumor cell surface. For example, CD19 antigen 
is a common target, and many studies are being conducted in various B-cell malig-
nancies. Upon transduction with anti-CD19, CARs, and antigen recognition, 
cytokine-induced killer (CIK) effector cells demonstrate strong antitumor activity. In 
addition to the zeta chain, second- or third-generation CARs containing costimula-
tory molecule(s) have demonstrated superior in vivo effects [96, 97]. For example, 
CAR-expressing T cells containing the costimulatory CD28 endodomain (+/− 4-1BB 

Monoclonal
antibody

CD8 CD8

CD284-1BB or
OX-40

CD3ζ 4-1BB or
OX-40

CD3ζ

First-generation
CAR (activation only)

Second-generation
CAR (dual signaling)

CL

VL

VL

VH
Spacer

Linker

scFv
scFv scFv

VH

CH

CD3ζ

Third-generation
CAR (multiple signaling)

Figure 8.1  Structure of a typical CAR. 4-1BB or OX-40, costimulatory molecules 
belonging to the TNF/nerve growth factor super family of receptors; CD28, cluster of 
differentiation 28, provides costimulatory signal; CD3ζ, cluster of differentiation 3ζ, generates 
an activation signal in T lymphocytes; CD8, cluster of differentiation 8, a transmembrane 
glycoprotein that serves as a coreceptor for the TCR; C

H
, constant region of heavy chain; C

L
, 

constant region of light chain; scFv, single-chain variable fragment; V
H
, variable region of 

heavy chain; V
L
, variable region of light chain.
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or OX-40) show more growth and persistence compared with CAR-expressing 
T cells encoding the zeta endodomain alone [87, 97] (see also Fig. 8.1).

Nevertheless, the downsides to using CARs [85–87] include that only surface 
antigens can be recognized (unlike TCR) and the presence of soluble antigen shed by 
tumors can compete with binding to and killing of malignant cells. Finally, use of 
CAR containing costimulatory or growth-promoting molecules could theoretically 
lead to CAR-expressing T cells persisting beyond the desired time frame.

In case of unexpected reactivity of transduced cells, the introduction of suicide 
genes has been proposed. Various suicide gene strategies have been explored, most 
involving adding genes such as HSV-TK, mTMPK, or CD20 [98, 99]. Uncontrolled 
activity could then be terminated by the use of ganciclovir, zidovudine, and ritux-
imab, respectively, as agents, which can kill the transduced cells expressing one of 
these suicide genes. Another option is the use of the inducible Casp9-CID suicide 
system [100], based on a fusion protein consisting of caspase 9 and FK506 binding 
protein. This would permit conditional dimerization by an external chemical inducer 
when termination of activity is necessary. Finally, the use of nonviral methods of 
transducing T cells with the CAR transposon/transposase system has been intro-
duced [101]. This approach is based on the nucleofection/electroporation of plasmid 
DNA, which enable the nuclei of cells to be stably transduced without use of retro-
viral vectors. Each approach has drawbacks and an optimal strategy remains to be 
elucidated.

Overall, CARs represent a novel approach for the treatment of cancers with 
encouraging results in phase I/II studies in various malignancies, especially B-cell 
leukemia. Even so, treatment-related toxicities, including systemic inflammatory 
reactions, cytokine storm, and the possibility of tumor lysis syndrome and occasional 
mortality, including several children with severe combined immunodeficiency 
whose hematopoietic stem cells were treated with common gamma chain receptor 
genes and who experienced insertional mutagenesis with resultant leukemia [88–92], 
have led to cautious patient selection, careful consideration of cell quantities and 
schedules, and thoughtful optimization of lymphodepleting regimens. Further 
development of the suicide gene checkoff mechanism may also be helpful in avert-
ing off-target adverse events. CAR regimens, which are still in the early stages 
of development, are being conducted primarily within academic centers with little 
industry involvement. In addition to the study by the biotech Immunocore, Table 8.3 
also includes several academic conducted CAR studies (N ≥ 30) for illustration 
purposes.

8.3.4  Natural Killer Cell (NK Cell) Therapy

NK cells are neither T nor B lymphocytes, but a distinctive lymphocyte that bridges 
innate and adaptive immune systems [102]. The name is due to the observation 
made during early research on cell-mediated cytotoxicity in the 1970s when 
researchers discovered a small population of large granular lymphocytes that were 
able to lyse cancer cells seemingly without prior sensitization. Thus, this type of 
lymphocyte was capable of spontaneous (“natural”) cytotoxicity. NK cells play a 
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key role in early host defense against infections and cancer [103–106]. They kill 
cells by releasing enzymes (perforin and granzyme) that cause a target cell to 
undergo apoptosis. Although morphologically similar to other lymphocytes, they do 
not express TCR, CD3, or surface immunoglobulin receptors. NK cells recognize 
glycolipid antigen and exert their effector function by direct killing besides pro-
ducing cytokines and chemokines, leading to a cascade of additional adaptive 
immune responses. Their function is tightly regulated by activating and inhibitory 
receptors expressed on their surfaces, by cytokines and chemokines, and also 
through cross talk with other immune cells.

Since NK cells have been shown to lyse cancer cells, they were studied exten-
sively in cancer immunotherapy in the 1980s but with limited clinical success. In 
recent years, renewed interest of studying NK cells emerged as further elucidation 
of their biology and function became available [107–110]. One major challenge in 
NK cell research is the low quantity of NK cells that can be generated for infusion. 
However, a breakthrough occurred recently when IL-15 coadministered with a 
glucocorticoid was shown to greatly expand and enhance the function of NK cells 
[111–113]. Activation with IL-15 and cortisol will not only enhance proliferation 
of NK cells, but it can also allow these cells to retain their functional potential and 
be protected from apoptosis. This approach of expansion allows the NK cells to 
preserve viability, retain high expression of their activating receptors (NKG2D and 
NKp46), and be functionally intact to attack targeted cells. They also have 
enhanced migratory ability to move toward tumor or tumor-draining lymph nodes, 
as evidenced by the increased expression of CXCR3, CXCR4, and CD62L. The 
overall result is the potential for large-scale production of highly active NK cells 
[114, 115].

Preconditioning to eliminate Tregs by OntakTM (denileukin diftitox) or anti-CD25 
mAb has demonstrated better outcomes for the adoptive therapy in general. To that 
end, elimination of Tregs before NK cell infusion might favor the generation of 
potent antitumor T-cell responses in a cascade of events in the integrated adaptive 
immune system [116]. The costimulation with IL-15 and cortisol of NK cells leads 
to expanded quantity of cells with good results and certainly seems to be a viable 
approach moving forward. This signals that NK cell transfer may be an alternative or 
complement to current approaches in cancer immunotherapy. Table  8.4 identifies 
ongoing NK cell therapy studies from industry sponsors.

Table 8.4  NK cell studies conducted by a commercial sponsor

Sponsor Product Indication N Start time Trial no.

Altor Donor NK cells 
(plus ALT-801)

AML 68 2011 NCT-01478074

Binex TK cells (NK) Gastric 94 2009 NCT-00854854
Miltenyi NK cell infusion Pediatric cancers 12 2008 NCT-00582816
Miltenyi Donor NK cells AML 51 2013 NCT-01639456
NKBio Biocell NK mixture DLBCL 276 2007 NCT-00846157
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8.3.5  T-Regulator Cell Therapy

Tregs (formerly known as suppressor T cells) are critical to the maintenance of immu-
nologic tolerance [117–119]. The major functions of Treg are to suppress autoreactive 
T cells (which escape negative selection in the thymus) and to shut down T-cell-
mediated immunity at the end of an immune reaction. There are two main classes of 
CD4+ Tregs: thymically derived natural Treg (nTreg) and peripherally generated 
adaptive Treg (aTreg) [120]. Naturally occurring Tregs arise in the thymus and are 
linked to interactions between developing T cells with DCs activated by thymic 
stromal lymphopoietin. They can be distinguished from other T cells by the intracel-
lular molecule, FoxP3. In fact, FoxP3 gene mutation can prevent Treg cell development. 
aTreg cells originate in the circulation during a normal immune response.

A key function of the immune system is to distinguish self versus nonself. When 
this discrimination does not occur properly, the immune system destroys cells and 
tissues, leading to autoimmune diseases [121]. Tregs appear to actively suppress 
abnormal activation of the immune system, preventing pathologic autoimmunity. In 
fact, severe autoimmune syndromes emerge in patients with genetic defects in Tregs. 
Normal Treg contributes to the elimination of pathogens from the body. However, it 
is known that during some infections such as tuberculosis, malaria, and leishmani-
asis, pathogens may manipulate Tregs to immunosuppress the host, enhancing the 
pathogen’s own survival [122, 123].

Our understanding of the immunopathogenesis of HIV infection [124] has been 
enhanced by recent discoveries concerning the cellular reservoir of HIV-infected cells 
[CD4 stem-cell memory T-cells (Tscm)] [125] and identification of distinct pathways 
for CD4 T cell pyroptosis [126]. These discoveries have opened up new potential 
classes of therapeutics including those that target the host rather than the virus.

Increased Tregs at tumor sites have been demonstrated in several animal models 
and in humans [127, 128]. Increased Tregs at the tumor site, in tumor-draining lymph 
nodes, or in the circulation have been observed in patients with many different human 
malignancies. Some have hypothesized that tumors can actively recruit Tregs or can 
convert non-Tregs into Tregs. Since inhibition or depletion of Tregs can lead to 
enhanced antitumor activities, chemotherapies (e.g., cytotoxic) or novel Treg anti-
bodies can be used to suppress Tregs and to enhance anticancer effects [129, 130].

Animal models illustrate that adoptive Treg therapies can be used as a therapeutic 
option to prevent organ transplant rejection and/or autoimmune disease. Nonetheless, 
human studies of direct autologous Treg infusion for therapeutic use have been 
relatively few. Instead, indirect means are used to induce Treg, such as the use of 
pharmacologic agents, antibodies, synthetic cytokines, and DCs [131]. There are 
only three academic studies ongoing. There is one phase I study in China to explore 
whether Treg infusions could induce tolerance in acute rejection of liver transplant in 
patients [132]. There is another phase I study by UCSF/Juvenile Diabetes Research 
Foundation to evaluate the feasibility and dose selection of Tregs in slowing diabetes 
progression and/or reverse new-onset diabetes [133].

There is only one randomized phase II study by the Russian State Medical 
University, which was initiated in late 2011 [134]. The study is to evaluate the use 
of autologous CD4 + CD25 + CD127lowFoxP3+ Treg expanded ex vivo to prevent 
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organ rejection for renal transplants in children. Thirty pediatric patients with end-
stage renal failure were randomized to receive either standard immunosuppressive 
therapy alone or in combination with autologous Treg infusion at days 30 and 180 
post transplant. Before the transplant, 70 ml/1.73 m2 body surface area of blood will 
be collected twice from the patient, separated by a week. Tregs will be harvested, 
cleaned, expanded ex vivo, and frozen in liquid nitrogen. On day 30, 2 × 108 autolo-
gous Tregs, expanded from a previously frozen sample, will be reinfused to the 
patient. Levels of Treg in the patient’s blood will be assessed by flow cytometry 
1 week post infusion. This step will be repeated once on day 180. This is a 3-year 
study and the endpoint is a comparison of the rate of organ rejections between the 
two groups upon study completion.

8.3.6  Macrophage Therapy

There are at least three types of antigen-presenting cells, one of which is macro-
phages (MAC). The three cell types and their distinguishing characteristics are 
summarized in Table 8.5.

MAC are produced as monocytes undergo differentiation in tissues. MAC function 
in both innate (nonspecific defense) and adaptive immunity [135–137]. They can be 
mobile or stationary cells and have numerous functions. While initially thought to be 
phagocytic cells that clean up pathogens, cancer cells, or cellular debris, they are now 
known to play a critical role in initiating an immune response as well as in tissue 
repair. They work with DCs to present antigen and stimulate lymphocytes and other 
immune cells to respond to pathogens. As secretory cells, MAC are critical to regu-
lating immune responses and inflammation, producing a wide array of enzymes, 
complement proteins, and regulatory factors. Once a T cell becomes an activated 
effector cell (upon antigen recognition on an aberrant cell), it will release a mediator 
lymphokine that stimulates MAC into a more active state.

Table 8.5  Antigen-presenting cell types and characteristics

MAC DC B cell

MHC-II expression Low levels Always expressed Always expressed
Induced by bacteria 

and/or cytokines
Inducible upon 

activation
Antigen type: MHC 

presentation
Extracellular antigens 

presentation via 
MHC-II

Intracellular and 
extracellular 
antigens 
presentation 
via MHC-I/II

Extracellular antigens 
(bind to specific 
Ig receptors) 
presentation 
via MHC-II

Costimulation (B7 
expression)

Low level induced 
by bacteria and/or 
cytokines

High level always 
expressed

Low level induced 
upon activation

Location Lymphoid tissue Lymphoid tissue Lymphoid tissue
Connective tissue Connective tissue Blood
Body cavities Epithelium
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MAC can be classified into two groups histologically: M1 and M2 [138, 139]. M1 
MAC are immune effector cells that engulf and digest infected cells as well as pro-
duce many lymphokines. M2 MAC are cells with nonphagocytic activity (e.g., cells 
involved in wound healing, tissue repair, and shutting down immune activation by 
producing anti-inflammatory cytokines (IL-10)) [140].

An illustrative example is typified by the observations after prolonged muscle 
use (e.g., a marathon), which can lead to muscle membrane lysis and inflammation 
[141, 142]. Phagocytic M1s first appear following the onset of myocyte injury, peak 
in 24 h, and disappear within 48 h. The nonphagocytic M2 MAC will then appear 
and peak between days 2 and 4, remaining elevated during muscle rebuilding. They 
distribute near regenerative fibers. It is thought that M2 MAC release certain chemo-
factors that affect the growth, repair, and regeneration of muscles. These M2 MAC 
promoting tissue repair are not muscle specific as they are also observed throughout 
repair and healing processes of other tissue types.

An interesting ex vivo adoptive MAC transfer study was conducted in 2007 in 
mice [143]. Researchers isolated MAC from the spleens of BALB/c mice and used 
lipopolysaccharide to induce M1 and IL-4/IL-13 to induce M2 MAC. These ex vivo 
prepared MAC were then infused into severe combined immunodeficient (SCID) 
mice with induced nephropathy by Adriamycin. Both M1 and M2 MAC were found 
to localize in the area of injury and maintained their phenotypes after even a month. 
However, mice infused with M1 MAC were found to have more severe functional 
and histological injury compared to reduced injury in the M2 MAC-transfused mice. 
The protective effect observed for the adoptively transferred M2 MAC was associ-
ated with reduced accumulation and also downregulated chemokine and cytokine 
expression by the host MAC.

Although animal models illustrate that generating ex vivo cytotoxic MAC against 
tumors should be plausible, attempts in the 1990s and early 2000s in several human trials 
were not as promising [144–146]. Despite infusing as high as 3 × 109 autologous 
MO-derived MAC activated by interferon (IFN)-γ or lipopolysaccharide, many studies 
across a spectrum of diverse tumors demonstrated only modest results [144]. 
Consequently, research has since shifted to DC-based adoptive therapy. Given its role in 
tissue healing, autologous M2 MAC adoptive therapy could reemerge. In 2003, Proneuron 
Biotechnologies, in collaboration of the Marcus Foundation and the Israel’s Binational 
Industrial Research and Development, conducted a phase II study in 61 patients to 
examine the use of autologous incubated MAC in patients with spinal cord injuries 
[147]. Unfortunately, the study was later suspended and results are not available.

8.3.7  Dendritic Cells (DC) and DC-Based Vaccines

One major challenge for adoptive immunotherapy is maintaining transferred T-cell 
activity for a sufficient period of time [148]. One way to accomplish this would be to 
use a tumor vaccine to induce tumor-specific effector and memory T cells. However, 
early vaccines have not been very successful because cancers circumvent the immune 
system via recruitment of Treg, inflammatory type 2 T cells, and myeloid-derived 
suppressor cells [149]. Recent advances in understanding the DC system may help to 
overcome this limitation [150–152].
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Effective vaccines have been developed against a variety of infectious agents, but 
others still lack effective vaccines, for example, HIV, malaria, hepatitis C, and tuber-
culosis. Breakthroughs in basic immunology have enhanced our understanding of 
DCs and their role in initiating an immune response to foreign antigens and our rec-
ognition that vaccine adjuvants act primarily because they activate DCs. This 
knowledge has led to a resurgence of interest in vaccines as a tool to prevent, control, 
or eliminate existing infections and to treat cancer by inducing strong cellular 
immune responses. However, it has been shown that the most efficient vaccines (e.g., 
smallpox) and one of the most potent vaccines ever generated against yellow fever 
(YF-17D) activate multiple DC subsets [153] and lead to integrated immune 
responses that include both humoral and cellular immunity [154]. Thus, it is gener-
ally believed that an integrated immune response may be the most effective approach.

DCs are antigen-presenting cells with high endocytic and phagocytic capacity [155]. 
They can initiate and maintain immune responses when in contact with an antigen. 
DCs collect antigen and carry them to lymphoid organs to activate T cells. There are 
two main subsets in humans: myeloid and plasmacytoid DCs. Plasmacytoid DCs rec-
ognize viral nucleic acids through TLR-7 and TLR-9 receptors and secrete IFN. DCs 
in the blood express three surface molecules: BDCA-1 (CD1c), BDCA-2 (CD303), 
and BDCA-3 (CD141) [156]. Myeloid DC subsets primarily localize to the skin. In the 
skin, there are at least two different mDC subsets: Langerhans DCs (epidermis), which 
preferentially regulate cellular immunity, and CD14 + DCs (dermis), which preferen-
tially regulate humoral immunity. Langerhans DC can produce IL-15, which is a 
growth and maintenance factor for NK and CD8+ T cells. CD14+ DCs produce various 
interleukins, such as IL-1β, IL-6, IL-8, IL-10, and IL-12; GM-CSF; membrane cofactor 
protein-1; and tumor growth factor-βs. A long list of chemokines (GM-CSF, IL-1β, 
IL-4, IL-6, IFN-α, IFN-γ, TNF-α, PGE2, poly I:C) have been found to influence DC 
maturation and the subsequent capability to elicit T-cell responses [157].

Recent research has shown that DCs can be stimulated ex vivo to activate a cyto-
toxic response toward an antigen upon reinfusion to the host. In this approach, DCs 
are harvested from a patient and then either pulsed with an antigen in the form of 
peptides, proteins, tumor lysates, or mRNAs [158, 159]. Alternatively, DCs can also 
be allowed to fuse with tumor cells or can be genetically modified to express tumor-
associated antigens (TAAs) and/or immune-stimulatory genes with a viral vector. 
Upon reinfusion back into the patient, these activated cells present tumor antigen to 
effector lymphocytes, which in turn initiate a cytotoxic response against antigen-
expressed tumors. In 2010, ProvengeTM (from Dendreon) was the first example of 
this approach approved by the FDA for prostate cancer [160, 161]. DCs were stimu-
lated with an engineered fusion protein composed of prostatic acid phosphatase 
(PAP) and GM-CSF (facilitates uptake of the engineered protein by DCs and 
promotes DC stimulation). Possible future DC-targeted vaccines for both infectious 
diseases and cancer look quite promising, especially following the observation that 
active immunization with an HPV recombinant viral capsid protein prevents HPV-
positive cervical cancer [162]. There were multiple DC-based clinical studies initi-
ated [150, 163, 164].

There are however some limitations with current DC-based therapies [165, 166]. 
Firstly, some tumors can evade the immune system via downregulation of surface or 
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intracellular antigens. Secondly, other tumors secrete immunosuppressive cytokines, 
which convert immature DCs into tolerogenic DCs and recruit Treg. In addition, the 
in vivo vaccine interaction may not be totally efficient. Antigen peptides pulsed onto 
DCs may only bind transiently to MHC molecules due to variations in peptide-binding 
affinities, MHC–peptide complex dissociation, or even MHC turnover. Further, 
identifying TAA peptide epitopes corresponding to the MHC haplotype of the patient 
can be challenging. Finally, selection of appropriate clinical endpoints to measure 
effectiveness when a longer horizon immune response must first be elicited is 
essential. Conventional measures to demonstrate early shrinkage of tumor, a typical 
response evaluation criterion for solid tumors (RECIST), have not been positive even 
though survival endpoints have been demonstrated in randomized phase III trials 
with two DC-based agents. For example, trials of anti-CTLA4 (ipilimumab) demon-
strated a twofold improvement in overall survival without indication of early tumor 
shrinkage [167]. Similarly, in a phase III ProvengeTM (sipuleucel-T) prostate cancer 
trial, a prolonged median survival of 4 months was demonstrated [168].

To address these concerns, insertion of specific TAA genes into DCs has been 
proposed [169–171]. Transduction of DCs with TAA genes should allow expression 
of the full-length protein, enabling prolonged antigen presentation. Presentation 
of multiple or unidentified antigen epitopes relevant to MHC class I (or class II) 
molecules may also be possible. However, gene introduction efficiency and 
expression efficiency in DCs are generally quite low when using conventional gene 
transduction methods, such as adenovirus vector infections, lipofection, or electro-
poration. Because the MHC class I- and II-restricted peptide presentation to naive 
T cells occurs in lymphoid tissue, strategies that enhance migration of the infused 
DCs to lymph nodes may enhance their effectiveness. One concern is that ex vivo DC 
manipulation may affect lymphoid trafficking. To overcome this, combining DCs 
with chemokine receptors that facilitate lymph node migration might be a possible 
approach. Also, combining DCs with cytokines such as IFNγ may enhance DC 
function.

DC-based vaccines that initiate adaptive immunity have also been developed for 
infectious diseases [172, 173]. Unlike conventional infectious disease vaccines that 
(though they may be associated with adjuvants and APC activities) trigger mainly 
protective antibodies, infections like HIV, malaria, and tuberculosis may require 
more durable and protective T-cell immunity. For HIV, the gag-p24 protein antigen is 
introduced into an antibody that targets the DEC-205 antigen uptake receptor on DCs 
[174–177]. When administered together with an adjuvant (e.g., Poly(I:C) or its ana-
logue), early data showed that HIV gag-p24 within anti-DEC-205 antibody was very 
immunogenic in animal models as well as healthy human volunteers. Although 
immunogenicity may not be the key factor for development of an effective vaccine in 
this disease because it is known that the major HIV viral proteins, which include p24 
(core antigen) and gp41 (envelope antigen), are highly immunogenic (providing the 
basis for most HIV testing), further research is necessary. In any case, DC-targeted 
vaccines may represent a pathway forward to induce integrated immune responses 
against antigens of some infectious pathogens. Table  8.6 lists ongoing industry 
studies using DC-based vaccines.
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8.4  Conclusion

Recent advances in elucidating the molecular and cellular bases of many diseases, 
along with a refined understanding of basic immunologic processes and the avail-
ability of novel tools for ex vivo alteration of human cells, offer new opportunities 
for disease management [178, 179]. In addition to its established orthopedic and 
dermatologic use, cell-based biologic therapies have demonstrated potential utility in 
treating many diseases including cancer, infection, and autoimmune disorders. Many 
of these experimental therapies are undergoing human clinical trials to elucidate their 
use. As further delivery tools and more efficient vectors are developed, successful 
translation of these experimental therapies into actual standard medical practice 
will follow.

Our expanding knowledge of basic immunologic mechanisms in the last few 
decades has ushered in an era of cell-based strategies with potential therapeutic value 
for the treatment of many challenging diseases. Some of these cell-based therapies 
have made the transition from the preclinical animal research stage into human 
clinical trials, and a few therapies have been approved. The feasibility and safety of 
many of these therapies are still being established. More work must be done to define 
appropriate patient populations, timing of administration, cell quantities, and cellular 
compositions to achieve optimal therapeutic interventions. To this end, standardiza-
tion of research protocols for the isolation, stimulation, expansion, reinfusion, or 
storage of cells for use in cell-based therapies remains essential [180–185]. In fact, 
better quality controls to minimize variation (both intra- and interpatient) to produce 
uniform, standardized products are critical for the regulatory approval and ultimate 
commercialization of these autologous products. Controlled, randomized trials that 
evaluate the long-term safety and therapeutic efficacy of these approaches will 
enhance confidence in novel therapies. Given further improvements in delivery and 
vector technologies, safer and more efficacious therapies will continue to evolve. 
There is, indeed, a promising future outlook for cell-based biologic therapies.
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Development of Stem Cell 
Therapy for Medical Uses

Klaudyne Hong and Man C. Fung

9

9.1  Introduction

Stem cell therapy is generally defined as the use of stem or progenitor cells to treat a 
medical condition. Often classified within the field of regenerative medicine, stem 
cell therapy is tied to the research that gained prominence when McCulloch and Till 
of the University of Toronto first identified stem cells in mouse in the 1960s [1]. This 
eventually led to the first successful application of stem cell therapy for a patient with 
severe combined immunodeficiency, whereby hematopoietic stem cells were har-
vested from the bone marrow of the patient’s sibling and transplanted into the patient 
[2]. Since then, hematopoietic stem cell transplant (HSCT) has been widely adopted 
by hematologists and oncologists for many hematologic diseases and malignancies 
including various anemia, leukemia, lymphoma, and immunologic disorders [3,4]. 
While most HSCTs are performed for lymphoid and hematologic cancers, there are 
successes also for other conditions such as amyloidosis, some autoimmune disor-
ders, as well as inborn errors of metabolism [4].

In the 1990s, embryonic stem cells (ESCs) were touted for their omnipotency and 
unlimited expansion potential [5–7]. ESCs have the potential of differentiating into 
any and all cell types that can be used to repair or replace disordered or injured 
body tissues or organs. However, the source of ESCs is rooted in ethical dilemma, 
and alternate technologies and sources of donor cells were and continue to be devel-
oped [7,8]. For example, great progresses for alternative sources such as neonatal 
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(nonembryonic) stem cells, adult stem cells, and most recently induced pluripotent 
stem cells (iPSCs) have opened new doors for therapeutic use [9–14]. This chapter 
will focus on the recent development of nonembryonic cell research and their 
potential use in medical treatment.

9.2  History of Stem Cell Development

The history of stem cell development began in the 1960s when McCulloch and Till 
identified the presence of self-renewing cells in the bone marrow of mice [1]. Since 
then, there are major research breakthroughs in stem cell research. Due to the ethical 
controversy of using ESCs, there are alternate developments of non-ESCs from other 
sources such as adipose, dental, and other body tissues [9–13]. There were also 
attempts to induce mature skin cells to become omnipotent stem cells by inserting 
various gene signals [13–15]. Table 9.1 illustrates the key milestones of stem cell 
developments over the past few decades [1–3,5,9,13,15–22].

Table 9.1  Key chronological events of stem cell development

The 1960s–1980s
1963: E McCulloch/J Till (University of Toronto, Toronto, Canada) identified self-renewing 

cells in bone marrow of mice
1968: HSCT between two siblings was successful in treating a patient with severe combined 

immunodeficiency
1978: Hematopoietic stem cells were discovered in human cord blood
1981: M Evans/M Kaufman (Cambridge University, Cambridge, UK) and G Martin 

(University of California San Francisco (UCSF), San Francisco, CA) produced mouse 
ESCs from embryoblast

1988: The first successful cord blood transplant in a patient with Fanconi’s anemia in Paris

The 1990s
1993: First unrelated donor cord blood transplant performed at Duke University, Durham, NC
1997: First cord blood transplant using ex vivo expansion for a patient with chronic 

myelogenous leukemia
1998: J Thomson et al. (University of Wisconsin, Madison, WI) derived the first human 

ESC line
1998: J Gearhart (Johns Hopkins University, Baltimore, MD) derived pluripotent stem cell 

lines from fetal gonadal tissue destined to form germ cells

2001–2005
2001: P Zuk et al. (University of California Los Angeles (UCLA), Los Angeles, CA) 

identified a stem cell population from adipose stromal tissue
2001: J Cibelli et al. (Advanced Cell Tech, CA) cloned the first early human embryos for the 

generation of ESC lines
2003: S Shi (US National Institute of Health (US NIH), Bethesda, MD) discovered new 

source of adult stem cells in children’s primary teeth
2003: A Prusa et al. (University of Vienna, Vienna, Austria) reported discovery of pluripotent 

stem cells in amniotic fluids

(Continued)
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9.3  Sources of Nonembryonic Stem Cells

There are three major sources of nonembryonic, nonfetal stem cells: neonatal, adult, 
and reprogrammed stem cells. For neonatal-related stem cells, the focus will be 
amniotic stem cells or umbilical cord-/placenta-sourced stem cells. While it is 
possible to also harvest stem cells from tissues or organs from an aborted or miscar-
ried fetus, such practice is not included in this review due to a similar controversy 

2005: C McGuckin et al. (Kingston University, Surrey, UK) identified cord blood-derived 
embryonic-like stem cells

2005: H Keirstead et al. (University of California Irvine (UC Irvine), Irvine, CA) restored 
partial ability for spinal cord-injured rats to walk by infusing human neural stem cells

2006–present
2006: N Forraz/C McGuckin (Newcastle University, Newcastle, UK) created the first artificial 

hepatocytes using cord blood stem cells
2007: A Atala et al. (Wake Forest University, Winston-Salem, NC) used AFSC and transformed 

them into multiple cell types
2007: S Mitalipov (Oregon Health and Sciences University, Portland, OR) reported creation 

of a primate stem cell line through somatic cell nuclear transfer
2007: K Takahashi/S Yamanaka (Kyoto University, Kyoto, Japan) and J Yu et al. (University 

of Wisconsin, Madison, WI) independently reported creation of human iPSCs
2008: S Yamanaka et al. (Kyoto University, Kyoto, Japan) generated nontumorigenic pluripotent 

stem cells from adult mouse liver and stomach
2008: C Centeno et al. (Regenerative Sciences Inc., Broomfield, CO) performed successful 

cartilage repair using autologous adult MSCs
2008: K Eggan (Harvard University, Boston, MA)/C Henderson (Columbia University, 

New York) created neuron cells from iPSCs derived from fibroblasts of two ALS patients
2008: S Conrad et al. (Tübingen University, Germany) generated pluripotent stem cells from 

adult human testis
2009: A Nagy et al. (Samuel Lunenfeld Institute, Canada) used nonviral approach 

(electroporation) for gene insertion to create iPSCs
2009: D Kim et al. (Harvard University, Boston, MA) reported creation of iPSCs from 

fibroblasts by direct delivery of reprogramming proteins fused with a cell-penetrating 
peptide, eliminating the needs of virus or DNA transfection as gene transfer vector

2010: P Madeddu et al. (Bristol University, Bristol, UK) extracted stem cells from blood 
vessels removed from bypass surgeries and used them to stimulate growth of new arteries 
in patients

2011: Weinberg (Harvard University, Boston, MA) reported plasticity in mammary epithelial 
cells that spontaneously converted to stemlike cells

2011: K Eto (Kyoto University, Kyoto, Japan) reported the use of iPSCs to create immortal 
megakaryocytic cell lines for platelet generation

2012: J Hickman et al. (University of Central Florida, Orlando, FL) created brain cells from 
cord blood stem cells

2012: Osiris’s Prochymal® (adult MSCs) was approved in Canada and New Zealand for GVHD
2013: V Giampapa (CellHealth Institute, Montclair, NJ) found adult stem cells can be 

reprogrammed to act as younger versions of themselves

Table 9.1  (Cont’d)
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like ESCs. The following description provides more detailed information about 
these two sources:

9.3.1  Neonatal-Related Stem Cells

9.3.1.1  Amniotic Fluid Stem Cells (AFSCs)  Stem cells derived from amniotic 
fluid are a new source of cells that have therapeutic potential in diseases both pre- and 
postnatally [23–35]. Amniotic fluid cells consist of a heterogeneous cell population of 
exfoliated fetal and amniotic cells [31]. In 2003, cells that displayed high plasticity 
with pluripotent characteristics (expressing Oct-4 marker) were identified in the 
amniotic fluid [32]. These cells were found to be cryopreservable for cell banking, not 
tumorigenic, and can be expanded in over 250 population doublings. The potency of 
these cells seems to be between ESCs and adult stem cells, and they are capable to 
differentiate into multiple tissue types encompassing each of the three embryonic 
germ layers [33,34]. For example, human lines from amniotic fluid stem cells (AFSCs) 
have been induced to differentiate into a broad range of cell types including adipo-
genic, osteogenic, myogenic, endothelial, neuronal, and even hepatic lineages. Early 
animal data showed utility of these cells in cardiac and renal diseases as well as for 
hematopoietic uses [25,35]. Availability of AFSCs opens new opportunities in regen-
erative medicine because AFSCs are not subjected to teratoma formation or ethical 
controversy. Thus, they are an appealing alternative to ESCs. In addition, their immu-
nomodulating properties and low immunogenicity make them promising for regener-
ation of tissues as well as useful in graft-versus-host disease (GVHD). Besides adult 
diseases, these cells also have the potential for use in prenatal and postnatal therapies 
[23,27,29,30]. Monoclonal AFSC lines via amniocenteses have been shown to be 
genomically stable with high proliferative potential. In addition, during the time of 
newborn delivery, these cells can be collected and expanded after labor (e.g., if an 
index fetus with congenital malformation needs them in a subsequent postnatal 
reconstructive surgery). As for inborn errors of metabolism, these cells can function as 
transgene carriers by carrying the corrected genes transduced by a viral vector. A key 
advantage for AFSCs is their easy availability. During the prenatal period, amniotic 
fluid can be accessed via amniocentesis. At birth, the neonatal membranes are usually 
discarded, making them readily available in large quantity. Isolation of cells from the 
discarded amniotic fluids is straightforward with low cost. All these make AFSCs an 
exciting source of stem cells in current research.

9.3.1.2  Umbilical Cord (± Placental) Stem Cells  Hematopoietic stem cells from 
“allogeneic” umbilical cord blood (UCB) donations from public cord blood banks 
have been used in the treatment of many diseases for a few decades [36–45]. These 
cells have the advantage of being easily cryopreserved and thawed later without sub-
stantial loss of viability. UCB also has the benefits of being more readily available 
than bone marrow, and in an emergency situation, a transplant can be provided in just 
a few days. In addition, due to their immunological immaturity, hematopoietic stem 
cells from cord blood are generally better tolerated than those from bone marrow 
source while being safe and effective. In certain circumstances, cord blood can be 
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transplanted successfully without a perfect HLA match between donor and recipient 
[36], thus opening the door for a wide range of patients to undergo transplant. The 
major disadvantage of unexpanded cord blood is the relatively low number of cells 
obtained compared to bone marrow. To overcome this limitation, pooled matched cord 
bloods from several donors are generally used for some transplant [37] while efforts 
continue to expand ex vivo cord blood cells [43–45].

9.3.2  Adult Stem Cells

Adult stem cells exist throughout the body and are found inside different types of 
body tissue, though in very low quantity. For example, they have been identified in 
tissues such as the brain, bone marrow, blood, blood vessels, fat, skeletal muscles, 
skin, teeth, and liver [46–53]. They usually remain in a quiescent state for years until 
activated by disease or tissue injury. The current review will focus on four cell types 
that are more advanced in development: bone marrow-derived mesenchymal stem 
cells (BM-MSCs), adipose-derived stem cells (ASCs), dental stem cells (DSCs), and 
endothelial stem cells. While adult stem cells were initially believed to have limited 
ability to differentiate based on their tissue of origin, there is now new evidence that 
they can differentiate into multiple cell types. They are also not tumorigenic although 
their relatively lower quantity remains a limitation.

9.3.2.1  Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSCs)  Mesenchymal 
stem cells (MSCs) can be derived from many different sources, but bone marrow is 
the one first identified and most widely studied [54–67]. MSCs are a group of het-
erogeneous multipotent cells that have the capacity of self-renewal and differentiation 
along with a wide tissue distribution [58, 59]. MSCs participate in organ homeo-
stasis and wound healing. In addition, MSCs also regulate successful aging either as 
precursors for certain lineages or through participation in “niches” (clusters of cells) 
that regulate stem cell proliferation and differentiation [60]. The multilineage 
differentiation potential with the ability to differentiate into cells of mesodermal 
origin (e.g., osteoblasts, chondrocytes, and adipocytes) is a hallmark of MSCs [61–
63]. MSCs have been shown to differentiate into other cells such as cardiomyocytes 
and endothelial, smooth muscle, and neural cells [64]. With low acute toxicity, ease 
of preparation, ex vivo expansion, and “immunologic privilege” (neither induces nor 
is subjected to immune reaction), MSCs are good candidate for tissue regeneration. 
Their initial use was as graft-enhancing agent in patients with malignancies receiving 
HSCT to combat acute GVHD. MSCs have also been studied in cardiovascular and 
autoimmune diseases, bone/cartilage disorders, stroke, and spinal cord injuries 
[60,65,66]. However, MSCs have been shown to enhance tumor growth or undergo 
spontaneous malignant transformation; more data and caution is needed in their 
application [67].

9.3.2.2  Adipose-Derived Stem Cells (ASCs)  This is another source of MSCs that 
is normally extracted via liposuction. There is an abundant source of undifferentiated 
progenitor cells in various adipose tissues throughout the human body. These cells, 
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called ASCs or adipose-derived adult stromal cells, display cell surface marker profiles 
and differentiation characteristics very similar to other multipotent adult stem cells, 
such as BM-MSCs. However, ASCs are shown to have a wider therapeutic capacity 
and are easier to produce [68–75]. Under controlled culture conditions, these cells 
have been shown to differentiate into other cell types besides adipocytes such as chon-
drocytes, osteoblasts, neuronal cells, or muscle cells [69]. One major advantage is 
their abundance in normal human fat and their ease of availability through standard 
liposuction surgery. With such benefits, there are now many clinical trials testing 
ASCs in many conditions such as GVHD, stroke, spinal cord injury, intervertebral 
disk repair, rheumatoid arthritis, diabetes, and wound healing and repair, especially in 
the repair of perianal fistula associated with Crohn’s disease [70–75]. ASCs are also 
being tested in less common conditions such as treatment of traumatic calvarial defect 
and urinary incontinence [74, 75].

9.3.2.3  Dental Stem Cells (DSCs)  This is another extremely rich source for adult 
MSCs with easy harvest from extracted wisdom or deciduous teeth [76–85]. There 
are several types including dental follicle stem cells (DFSCs), apical papilla stem 
cells (APSCs), dental pulp stem cells (DPSCs), and periodontal ligament stem cells 
(PDLSCs) [79]. However, the former two types seem to exhibit higher proliferative 
potential and clonogenicity than the latter two. Based on data from growing curves 
and population doubling times, DSCs appear to have higher proliferative abilities 
than BM-MSCs [76,79]. These stem cells eventually form various parts of the dental 
tissues including enamel, dentin, periodontal ligament, and dental pulp as well as 
blood vessels and nervous tissues. DSCs also secrete trophic factors to enhance pulp 
vascularization and provide nutrients for the dentinogenic process. In addition, a new 
type of DSCs was also identified. They are called immature dental pulp stem cells 
(IDPSCs), which are derived from dental pulp of exfoliated deciduous teeth [80]. 
While all DSCs have been shown to differentiate into multiple cell lineages 
(osteogenic/odontogenic, adipogenic, and neurogenic) under the proper culture 
conditions, IDPSCs were found to express several cell markers such as Oct-4 and 
Nanog, which make them pluripotent. Besides dental diseases, DSCs have been 
studied in many conditions including cardiovascular problems, liver diseases, neuro-
logic disorders, and ophthalmologic use [81–84]. A recent report showed induction 
of hepatocyte formation from dental pulp cells isolated from extracted full-grown 
wisdom and exfoliated deciduous teeth [85]. Because of their extreme ease for col-
lection, they are becoming popular as an alternate source of stem cells for personal 
cell banking and research.

9.3.2.4  Endothelial Stem Cells  Endothelial stem cells (also called endothelial 
progenitor cells) are multipotent cells usually derived from the bone marrow and 
identified by cell markers CD133 and VEGFR2 [86–96]. Nonmarrow source of 
endothelial stem cells has also been identified circulating in blood with the ability to 
differentiate into endothelial cells for blood vessels formation in a process called 
vasculogenesis [88]. However, recruitment and incorporation of these cells require a 
complicated sequence of events including adhesion, migration, chemoattraction, and 
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the ultimate differentiation into endothelial cells. They have been shown to mobilize 
after myocardial infarction, which helps to restore the lining of blood vessels that are 
damaged during the event [89–91]. These cells have also been studied in leg ischemia 
caused by peripheral artery disease [92]. For therapeutic use, these cells are usually 
ex vivo expanded and administered to augment neovascularization of tissue after 
ischemia and re-endothelialization after endothelial injury. Major applications are for 
a broad range of cardiovascular diseases encompassing vasculature in the kidney, 
lung, and brain besides the heart [93–95]. Along with skeletal progenitor cells, they 
can also be used in bone regeneration and healing [96]. However, a recent setback is 
their link to pathologic angiogenesis such as retinopathy, endometriosis, and tumor 
growth, and caution is needed when using these cells [97–99].

9.3.3  Engineered Stem Cells

iPSCs can be derived from human skin cells after a series of complicated steps 
including gene insertion and manipulation. In many aspects, iPSCs are very similar 
to natural pluripotent stem cells (ESCs) and express comparable stem cell genes and 
proteins, chromatin methylation patterns, doubling time, and potency and differen-
tiability [100]. Unlike adult stem cells, they have the advantage of abundant supply 
from an autologous host. Interestingly, while the current understanding of stem cell 
biology assumes unidirectional differentiation of stem cells into nonstem progeny, 
Weinberg et al. demonstrated a population of human mammary epithelial cells spon-
taneously dedifferentiating into stemlike cells [101]. The conversion was found to 
occur in both transformed and nontransformed cells isolated from cell lines or pri-
mary tissue, without any genetic manipulation. This observed plasticity offers new 
opportunity in producing patient-specific adult stem cells via spontaneous conversion, 
which has important implication in regenerative medicine.

9.3.3.1  Induced Pluripotent Stem Cells (iPSCs)  iPSCs are generated by repro-
gramming somatic cells (usually fibroblasts) via forced expression of a combination 
of transcription factors, such as Oct-3/4, Nanog, Klf4, c-Myc, Lin28, and Sox2 
[102–118]. iPSCs can be maintained indefinitely in culture. They can be induced to 
undergo differentiation to give rise to any cell types like ESCs. In addition, frozen 
blood samples can also be used as a source of IPSCs, opening additional avenues 
to produce these cells. These characteristics make iPSCs potentially an unlimited 
supply of cells for cell replacement therapies, but without the ethical controversy like 
ESCs. One report estimates that as few as 15 iPSC clones would be sufficient to 
address the needs of all Caucasian patients with rare blood phenotypes/genotypes in 
the entire France [104]. Moreover, a single iPSC clone would meet 73% of the needs 
in alloimmunized patients with sickle cell disease. iPSCs represent renewable, poten-
tially unlimited cell sources, in contrast to the hematopoietic stem cells originating 
from bone marrow, cord blood, or peripheral blood, which require more frequent 
sourcing of donor tissues to meet increasing treatment demands. A significant appeal 
for autologous iPSCs is the identical antigenic characteristics between the cells and 
the recipient. Several laboratories have established various culture techniques, for 
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example, by coculturing stem cells with stromal layers to induce the desired 
differentiation or by growing stem cells in suspension to specific differentiation 
[105]. In a span of a few years, the explosive growth in the number of iPSC lines has 
now far exceeded the number of ESC lines [106]. With their pluripotency and high 
potential for autologous use, iPSCs have tremendous potential in regenerative medi-
cine as well as for drug discovery testing [107–111]. However, since recent work 
demonstrated potential aberrant epigenomic reprogramming and tumorigenicity in 
iPSCs [112], newer techniques are being developed to minimize this occurrence and 
mitigate concern [113–118].

9.4  Stem Cell Technology and Preparation

9.4.1  Potency: Understanding Cellular Mechanism of Action

Cells are hypothesized to exert efficacy in one of two ways, either by replacing lost 
or dysfunctional cells in the recipient with donor (or self) stem cells or via secretion 
of trophic factors to influence the repair or development of the cells in the targeted 
tissue/organ. The former approach may be feasible when the disease is hinged on 
replacement of one cell type [119–128]. A good example is Parkinson’s whereby dis-
ease progression is associated with temporal loss of dopaminergic neurons in the 
substantia nigra. While small molecules, such as levodopa and dopamine agonists, 
are commonly used to alleviate early motor symptoms, they lose effectiveness over 
time and can produce dyskinesia at a later stage of the disease. A huge unmet need 
for Parkinson’s symptomatic relief and disease modification exists, and the concept 
of replacing dead neurons with live dopaminergic cells emerges with the advent of 
cell therapy research.

Parkinson’s cell therapy research ensued with different stem and progenitor 
cells, some further differentiated for dopaminergic potential. This led to modality-
specific assumptions and questions, for example, the need for long-term in vivo 
survival of transplanted cells for continuous dopamine secretion (as it is not 
known how long donor cells can last in the recipient’s brain). Empirical observa-
tions on the effects of cell concentration, administration route, and graft survival 
in vivo led to refinement of cell preparation and administration techniques, as well 
as the coimplantation of cells on cellular matrices to enhance survival. A handful 
of cell types have been advanced through animal testing into clinic for Parkinson’s 
disease. During the 1980s, transplantation of fetal brain dopaminergic neurons 
into the brains of Parkinson’s patients was first attempted [119–121]. By the mid-
2000s, SpheramineTM (cultured human retinal pigment epithelial cells on micro-
carriers) was tested in a phase II trial in 71 Parkinson’s patients [122]. While 
efficacy was not observed with SpheramineTM, major and long-lasting improve-
ments were seen in some patients with fetal dopaminergic neurons [123]. In 
postmortem analysis, some of the transplanted fetal cells showed host-to-graft 
symptoms such as Lewy body formation [124, 125]. Another interesting observation 
was the unintentional coimplantation of serotonin neurons together with dopaminergic 
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neurons. This became a calling point for techniques to propagate a high-purity 
single cell population as serotonin neurons have an undesired role in progression 
to dyskinesia.

The success of a cell replacement strategy is generally predicated on replacing a 
single cell type. However, many diseases are linked with multiple cell types, and 
transplantation of multiple cell types would pose a formidable challenge. An example 
is stroke, in which neuronal, astrocytic, glial, and endothelial cells are impacted. In 
this situation, the focus on cellular replacement has gradually moved toward trophic 
factor secretion by donor cells [126,127]. Preclinical testings support the hypothesis 
that newly introduced cells make and release trophic factors, and donor cells may be 
able to affect multiple tissues, especially when administered via a parenteral mean 
(intravenously or intra-arterially). The secreted trophic factors are thought to affect 
directly the local environment. For example, secreted fibroblast growth factor (FGF) 
is thought to enhance angiogenesis in the ischemic stroke brain. Trophic factors can 
also act indirectly by modulating secondary tissues such as the spleen, which in turn 
could downregulate the inflammatory cascade in the brain [128].

Whether donor cells act by direct replacement or via trophic factor secretion, they 
present a new paradigm of treatment where multiple mechanisms of action are pos-
sible, a leap from the single mode of action offered by conventional pharmacologic 
treatment. Harnessing the full potential of stem cell therapy requires continued 
refinement in product purification and qualification, mechanistic understanding, 
choice of cell delivery, and use of appropriate substrate. For stroke therapy, specific 
cell administration guidance is available [126]. For instance, with intra-arterial cell 
delivery, care must be taken to prevent microembolism and cerebral infarcts.

9.4.2  Cell Production: Isolation and Expansion

Therapeutic stem cells can be derived from many tissues of the body. The choice of 
tissue depends on ease of access and functional requirements [129–133]. For example, 
stem cells from the skin are greater in number and relatively easier to acquire com-
pared to stem cells in the subventricular zone of the brain. On the other hand, skin 
stem cells may not be an efficacious option for neurological applications.

Once the tissue is selected, the path to cell isolation is often similar. Following 
aseptic acquisition and storage, the tissue is typically minced and/or enzymati-
cally digested to yield heterogeneous cell populations. This is often followed by 
homogeneous cell enrichment through selective cell culture media and conditions 
that promote targeted cell survival or by cell separation. The latter may be achieved 
by various approaches. Some examples include using antibodies to label the 
differentiated cells, followed by ferromagnetic nanoparticle (immunomagnetic 
separation), fluorescence-activated cell sorting, or incubation with complement 
proteins for select cell lysis. Once the stem cells have been isolated, they are 
expanded for a number of population doublings and then either cryopreserved or 
prepped for administration.

In autologous therapies, the patient’s cells are cultured and expanded in T-flasks 
or similar vessels at a GTP/GMP facility at or near the patient care center. When the 
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targeted number of cells is reached, the cell batch is ready for harvest. With adherent 
cells, they are enzymatically removed from their substrate by trypsin digestion or 
other approaches. The cells are washed and reconstituted in the final formulation at 
an appropriate cell density for administration to the patient. Quality control is 
essential, with stringent product release criteria, including high cell viability and 
potency and lack of viral, bacterial, and mycoplasma contamination. However, these 
release tests are time and labor intensive, increasing the costs of production, thus 
making stem cell therapy relatively expensive at the moment. Another consideration 
for autologous therapy is the potentially limited window of administration. Donor 
cells require several days to months for processing, culture expansion, and release; 
therefore, autologous therapy may not be a desired option for indications requiring 
acute or subacute intervention (e.g., an acute myocardial infarction or stroke).

For allogeneic product development, donor cells are typically expanded as long as 
feasible to maximize the number of doses produced per donor tissue. Once cells have 
been isolated from tissue, they are cultured and tested for growth kinetics, mor-
phology, yield and quality before primary banking into a master cell bank (MCB). 
One vial from the MCB can be expanded to yield a working cell bank (WCB), and a 
single WCB vial can be expanded to ultimately yield a batch of final product.

The stepwise expansion of cells requires increasingly larger vessels. The use of 
2D and 3D cultures is a hot topic for bioprocessing engineers interested in maximum 
expansion while maintaining product quality and lowering costs of production. 2D 
cultures usually refer to single-use, disposable cell factories and cell cubes, where 
planar surfaces are stacked in rows. In general, 2D cultures are suitable for indica-
tions that require fewer cells per dose and/or indications with limited patient 
population demand. When patient numbers and dosage demands are high, engineers 
turn to 3D systems such as bioreactors. Pluristem, for instance, seeds placenta-
derived cells on FibraCel disks in a 75 l bioreactor, estimated to be equivalent to 
20,000 tissue culture flasks (T-175 ml) [129]. The bioreactor is intended as part of a 
production train capable of propagating cells sufficient to supply approximately 
40,000 patient doses from one donor placenta.

While different stem cells can be isolated from a variety of tissues, the majority 
share a common requirement during culture—the need for serum in the growth 
media. With increasing global regulatory demand toward animal-free products, this 
has stimulated research into serum-free media, recombinant enzymes, and substrates. 
Once cells are harvested, they are processed and concentrated into the final formula-
tion usually containing a cryopreservant such as DMSO before freezing. Cells can be 
stored for years in liquid nitrogen and maintain high viability upon rapid thaw. High 
viability is especially important as cells are live products and compromises to their 
viability could potentially impact efficacy and safety.

For iPSCs, large-scale generations of targeted differentiated cells from iPSCs are a 
prerequisite to clinical usage [130]. For example, the magnitude and cost of widespread 
application in replacing all blood transfusions with in vitro generated RBCs from 
iPSCs are prohibitively expensive. To make transfusion product cost-effective, consid-
erable amount of progress in the expansion, maturation, and terminal differentiation/
enucleation of erythrocytes will be needed [131]. A novel approach in culturing iPSCs 
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in suspension may help in the scaling up production of iPSCs to address such need 
[130]. Furthermore, utilization of synthetic 3D structures mimicking bone marrow 
structure and the manipulation of transcriptional environment (e.g., downregulation 
of microRNAs-126/125*, ectopic expression of engineered Nup98-HoxA10 fusion 
protein, etc.) may also help to improve production efficiency [132,133].

9.4.3  Strategies for Long-Term Cell Survival

When the mode of action is cellular replacement, longevity of transplanted cells in 
vivo is desired [134–141]. With the majority of replacement cells being adherent, the 
use of a scaffold as substrate onto which donor cells can attach seems appropriate. In 
practice, however, empirical evidence points to poor survival of transplanted cells. 
For example, with SpheramineTM cell therapy for Parkinson’s disease, less than 1% 
of transplanted cells on gelatin microcarriers were viable at 6 months post transplan-
tation in the brain of a Parkinson’s recipient, and overall efficacy was not demon-
strated in the phase II trial [122]. On the other hand, in a primate model of Parkinson’s, 
efficacy with the same cells and scaffold was demonstrated alongside cell survival at 
18 months [134]. It seems reasonable to correlate cellular survival with long-term 
efficacy. New strategies and better scaffolds to enhance donor cell survival in vivo are 
necessary. Success will obviate need for readministration of cell product, often 
achieved by surgical means accompanied by costly medical and/or hospitalization, 
and potential complications with immunologic response to new transplants.

Scaffolds can be made from resorbable and nonresorbable synthetic polymers 
(e.g., polylactic acid (PLA), polyglycolic acid (PGA), polyethylene glycol (PEG)) or 
physiological materials (e.g., collagen, gelatin, hyaluronic acid, alginate, fibrin, 
decellularized extracellular matrix) [135,136]. Molecularly designed biomaterials 
for use as cell scaffolds can control many of the factors that guide differentiation and 
function of stem or progenitor cells. For example, injectable hydrogels could be 
designed to manipulate the biochemical/biophysical microenvironments for the 
transplanted stem cells.

Biomaterials have the ability to promote angiogenesis, improve engraftment and 
differentiation of stem cells, as well as hasten electromechanical integration of the 
transplanted cells [137,138]. For stem cell therapy of ischemic diseases, vasculo-
genic progenitors have been combined with injectable polylactic-co-glycolic acid-
based scaffolds releasing single factors or combinations of angiopoietin-1, vascular 
endothelial growth factor (VEGF), and hepatocyte growth factor (HGF). The results 
also support that dual and triple combinations of scaffold-released growth factors are 
superior to single release [139].

Biomaterials can also be used to deliver genes, small RNAs, and proteins together 
with the stem cells. Integration of molecularly designed biomaterials and stem cell 
biology may be helpful for stable tissue regeneration and long-term utility. New technol-
ogies in local drug delivery to support the transplanted cells to achieve a tighter control 
of the microenvironment of these cells will be desired. To ensure successful tissue regen-
eration, delivery of multiple growth and differentiation factors along with different cell 
types in a temporally and spatially controlled fashion will also be critical.
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Scaffolds can also extend to whole organs [135,136,140]. In an effort to create a 
bioartificial heart, for instance, cadaveric rodent hearts were first decellularized and 
subsequently repopulated as a scaffold with neonatal cardiocytes or aortic endothe-
lial cells derived from stem cells [141]. The scaffold was further cultured under 
simulated physiological conditions for organ maturation. The construct was able to 
generate pump function (equivalent to about 2% of adult or 25% of 16-week fetal 
heart function) in a modified working heart preparation. There are several critical 
successful factors for this approach: optimal characterization of the extracellular 
matrix as a scaffold, methods for decellularization of vascular organs, potential cells 
to reseed such a scaffold, and proper techniques for the recellularization process.

9.5  Regulatory Considerations and Product Testing

The key global regulatory agencies (e.g., FDA, EMA, and TGA) require stringent 
stem cell therapy product characterization and testing before release [142–149]. In 
the United States, the FDA’s Center for Biologics Evaluation and Research (CBER) 
has issued several nonbinding guidance documents [143–147]. In brief, a product 
may be released after testing results confirm the following.

9.5.1  Cell Identity

Quantitative testing by phenotypic and/or biochemical assays should be used to con-
firm cell identity and assess heterogeneity (21 CFR 610.14). For example, flow cy-
tometry can be used to assess heterogeneity of the cell prep and uniformity in 
expression of known cell surface markers.

9.5.2  Potency

Potency is defined as “the specific ability or capacity of the product, as indicated by 
appropriate laboratory tests or by adequately controlled clinical data obtained through 
the administration of the product in the manner intended, to effect a given result” (21 
CFR 600.3(s)). For stem cell therapy, the relevant function of donor cells, if known, 
and/or their proteins relevant to efficacy should be defined and quantified as a mea-
sure of potency (21.CFR 610.10). With cell replacement strategy such as the use 
of pancreatic stem/progenitor cells to treat diabetes, potency may be confirmed by 
testing for insulin production [148]. In cases when donor cell efficacy depends on 
multiple mechanisms of action, one or more potency assays may be required.

9.5.3  Viability

A hallmark of product consistency is the percentage of cells that is expected to be 
viable at the time of administration to patients. Cell viability should be determined 
and an acceptable viability threshold established. Trypan blue exclusion assays are 
common and can also be substituted with more sensitive and reproducible methods 
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[149]. Unfortunately, the majority of somatic cell therapies are derived with adherent 
cells, which have the ability to form clumps. While clumps may be dispersed by 
pipetting during viability testing and escape notice, the remaining product to be 
administered may still contain cell aggregates, which in turn may impact product 
stability, viability, potency, and safety.

9.5.4  Adventitious Agent Testing

Tests should demonstrate that the cells are not contaminated with adventitious 
agents  such as bacteria, fungi, mycoplasma, and viruses (21 CFR 610.12). For 
example, HIV, HBV, and EBV testing is most appropriate for products derived from 
human donors.

9.5.5  Purity

Purity (21 CFR 610.13) or validation of endotoxin testing by limulus amebocyte 
lysate (LAL) or other acceptable assays should be established.

9.5.6  General Safety Test

The general safety test (21 CFR 610.11) must be performed on the final product. 
When appropriate, modified procedures may be developed according to 21 CFR 
610.9.

9.5.7  Frozen Cell Banks

When cell populations frozen are thawed, expanded, and then administered to 
patients, lot release testing on the thawed cells is needed. Karyology is especially 
important for cell lines that exhibit instability with increasing population doublings.

In addition to the aforementioned requirements, current regulatory push for ani-
mal-free products has also stimulated research into serum-free media, recombinant 
enzymes, and substrates.

9.6  Application for Medical Practice

9.6.1  Potential of Stem Cells in Medical Treatment

Disease conditions where stem cell treatment could be used are emerging. There 
are numerous preclinical, animal, and case studies that show successes (or failures) 
of various types of stem cells in many disease conditions [14,107,109,150–165]. 
Diseases range from various cancers, Parkinson’s disease, spinal cord injuries, amyo-
trophic lateral sclerosis (ALS), multiple sclerosis, and muscle damage, which are 
commonly mentioned in the literature [150–157]. Nonetheless, one potential concern 
in using transplanted stem cells is the fear that uncontrolled division of an immortal 
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cell could turn into tumors [112]. While such potential could exist, there is currently 
not sufficient experience to accept or refute such concern.

Meanwhile, HSCT has been well established for several decades in treating many 
hematologic and immune disorders [4]. Nevertheless, early bone marrow-derived 
HSCT faced two major challenges: an invasive marrow harvesting procedure and 
finding a matched marrow donor. Fortunately, bone marrow stem cells were later 
discovered to detach continuously from the marrow into circulation, and an alternate 
technique was subsequently developed to harvest stem cells from the peripheral 
blood, using G-CSF or plerixafor as stem cell mobilizers [158]. Compared to marrow 
harvest, peripheral blood stem cells also have the benefit of quicker hematopoietic 
reconstitution. This approach has now replaced direct marrow harvest for autologous 
and the majority of the allogeneic transplants [4].

Furthermore, concurrent improvement in DNA typing to identify HLA alleles has 
led to better donor matching. With international registries now listing several million 
potential donors, acceptable donors are identified approximately 50% of the time. 
Unfortunately, the process of identifying unrelated matched donors followed by pro-
curement of stem cells usually takes several months, and the delay sometimes limits 
its application [159]. To circumvent delay, autologous transplant can also be used 
and has the benefit of not needing a donor and/or the complication of GVHD. 
Unfortunately, the lack of graft-versus-tumor activity for autologous HSCT limits its 
effectiveness and thus usually has a higher chance of relapse [4].

Over the past decade, considerable efforts have been made to translate umbilical 
cord, cord blood, or placental stem cells from bench to bedside. An increasing global 
trend has parents contracting the collection and storage of postpartum cord blood for 
future autologous transplant purposes. In general, the majority of umbilical cords, 
cord blood, and placenta are discarded post delivery. With proper consent, these tis-
sues can be collected and typed and be used for transplant or research [160, 161]. In 
fact, if an allotransplant is urgent and a suitable donor cannot be found, cord/pla-
cental blood stem cells are becoming a popular alternative [162]. It requires less 
stringent HLA matching than HSCT because mismatched cord blood cells are less 
likely to cause GVHD without losing the graft-versus-tumor effect [36,163,164].

However, cord/placental source suffers from lower quantity of stem cells, and 
hematologic and immunologic reconstitution in the recipients is generally slower. 
Sometimes, the use of additional grafts from different donors may improve engraft-
ment [160]. In addition, ex vivo expansion of cord blood stem cells is now under 
active research [161]. The less stringent HLA requirements for cord blood transplant 
allow the flexibility of using a smaller donor pool to serve most recipients. For many 
childhood hematologic disorders, UCB is now more often used than conventional 
source. For adult recipients, UCB is used when matched donors cannot be identified 
in a timely manner. An organization called Bone Marrow Donors Worldwide collects 
and lists the HLA types for all cord blood and adult registries. Cord blood banks in 
21 countries currently store about 170,000 units [4].

Tissue engineering and tissue/organ regeneration is one of the most important 
potential applications of stem cell research. Transplanted organs are commonly in 
short supply with demand exceeding supply. Stem cells can potentially be used to 



APPLICATION FOR MEDICAL PRACTICE� 253

grow a particular type of tissue or organ such as cartilage, cornea, pancreas, liver, or 
heart. For example, stem cells found below the skin have been used to form new skin 
tissue that can be grafted onto burn patients [153]. For patients with Parkinson’s or 
Alzheimer’s, replacing damaged brain tissue may lead to improvement, if not cure, 
for these conditions [157]. While the road to regenerate a completely replaceable 
body organ is likely long and tortuous, advances in technology that combine 
stem cells and novel scaffolds will fill the sizeable gap in organ reconstruction in 
the future.

Besides cell therapy and organ regeneration, stem cells can also be used to test 
new drugs, especially for safety [108]. It is well known that drugs commonly used in 
medical practice are often associated with potential organ toxicities. By using specific 
tissues engineered from stem cells, such toxicities may be detected during early drug 
development. A very toxic drug may then be dropped, or proper measures could be 
applied to minimize such risks before formal testing in humans.

While extensive research has been conducted either in academia or the medical 
community, large-scale commercialization of the use of stem cells (except HSCT) 
with regulatory approval is limited. Table  9.2 illustrates multiple major ongoing 
randomized studies (www.clinicaltrials.gov) using non-ESCs in the treatment of var-
ious diseases by a commercial sponsor [165].

9.6.2  Stem Cell Banking

In 1992, the University of Arizona began the world’s first family cord blood sample 
banking facility [166–179]. In 1993, the university established the Designated 
Transplant Program (DTP) that provided free banking of cord blood for individuals 
and families with medical needs. Then, in 1998, it became the first accredited cord 
blood bank by the American Association of Blood Banks (AABB). Commercial stem 
cell banks quickly follow and there are many of them now throughout the world. In 
North America, Cryo-Cell International (Florida), NeoStem (New York), BioEden 
(Texas), and Medistem Lab (Arizona) are some bigger players involved in stem cell 
banking [167,168]. Besides UCB, these companies also offer to extract and store 
stem cells from adult blood, adipose tissues, and children’s teeth. The fee for cell 
collection and processing ranges from several hundreds to thousands of dollars along 
with a lower annual charge for storage.

Collecting cord blood is relatively simple and takes just a few minutes after birth. 
After the umbilical cord has been severed, the remaining blood from the cord is har-
vested. The cord blood is then shipped to a cord blood bank and maintained in cryo-
genic liquid nitrogen storage tanks for long-term preservation. In contrast, to harvest 
adult blood hematopoietic stem cells for storage, the customer will need to take two 
injections of G-CSF, before undergoing apheresis for 4 h for stem cells harvested, with 
the rest of blood return to the body. Some common side effects for the procedure are 
bone and lung discomforts from the G-CSF and fatigue and itching from the extraction 
procedure itself. Use of G-CSF also increases the costs of adult blood stem cell banking. 
Meanwhile, adipose stem cells are harvested from liposuction and teeth resulted from 
natural detachment. However, among all types, cord blood banking seems to be more 

http://www.clinicaltrials.gov
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common than other kinds. By 2008, more than 400,000 cord blood stem cell units were 
banked at the Cord Blood Registry for use of over 120,000 clients including hospitals 
and other medical centers [166–168]. Cord blood has also been researched for use 
outside oncologic or immunologic diseases such as anoxic brain injury, traumatic brain 
injury, and cerebral palsy [36–45]. As of 2008, there were already more than 12,000 
cord blood stem cell transplants performed worldwide [168].

Stem cell banks have now been in existence for more than couple decades [169–175]. 
Since the first stem cell bank establishment in the 1990s, they are increasingly recog-
nized as a major resource of biological materials for both basic and translational 
research besides serving a storage function for motivated people for potential future 
use [176–178]. By providing transnational access to quality controlled and properly 
sourced stem cell lines, stem cell banks work together to foster international collab-
oration and innovation. Nonetheless, many local or regional stem cell banks operate 
under different policy, regulatory, and commercial frameworks; thus, transnational 
sharing of stem cell materials and data has many challenges. There are now numerous 
initiatives that have arisen to help harmonize and standardize stem cell banking and 
research to address such challenges [179].

9.6.3  Commercialization

There are many stem cell companies specializing in developing stem cell therapy 
for the treatment of human illness [180–187]. Unfortunately, there were a lot of 
overpromises about stem cell therapy from the industry early on. When the industry 
later failed to live up to these initial promises, enthusiasm from the medical 
community dwindled. Nevertheless, as new controlled clinical data begin to emerge, 
stem cell therapy is gaining attention and credibility again [182–185]. Alliance for 
Regenerative Medicine (ARM) is a professional organization that is made up of 
about 70 pharmaceutical and biotech companies specializing in stem cell therapy 
and regenerative medicine [180]. Besides industrial members, ARM also comprises 
multiple patient advocacy groups, research organizations, and members from the 
investing community. Major patient advocacy members include the ALS Association, 
Juvenile Diabetes Research Foundation, Parkinson’s Action Network, Unite 2 Fight 
Paralysis, and many others. Together, they promote research and awareness of stem 
cell and regenerative medicine.

Unlike ESCs, adult stem cells generally have more limited capacity to differen-
tiate but appear able to reduce inflammation and promote blood vessel formation 
effectively. These cells can also respond to body injury in a flexible and dynamic 
manner, offering advantages over traditional drugs. These cells seem to be prepro-
grammed to act more in tissue repair and less in forming a tissue or an entire organ. 
These are the type of stem cell treatments, delivered by infusion, injection, or cathe-
ters, that are being developed most commonly today by the commercial sponsors. 
Some companies, such as Celgene, Pluristem, Athersys, and Mesoblast, are, how-
ever, developing allogeneic stem cell products. Pfizer has a regenerative medicine 
unit as well as a partnership with Athersys. Baxter International is developing stem 
cell therapies for heart disease.
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Aastrom Biosciences presented encouraging results from a phase II trial of its cell 
treatment for patients with critical limb ischemia at the American Heart Association’s 
annual meeting [186]. Another phase II trial from Mesoblast (Australia) showed its 
stem cell product reduced the rate of heart attacks and the need for angioplasty by 
78% [187]. Cephalon (acquired by Teva) took a 20% stake in Mesoblast, which has 
an estimated market value of about $2 billion [181]. Shire established a new regener-
ative medicine business and started it with a $750 million acquisition of Advanced 
BioHealing, a maker of skin substitute product for treating diabetic foot ulcers [181]. 
As more investments and positive news become available, industrialization of stem 
cells will continue to emerge.

9.7  Conclusions and Outlook for the Future

There remain many barriers to stem cell therapy. The best cell type, optimal delivery 
approach, and most applicable medical conditions for stem cell therapy will need to 
be elucidated. Continued improved techniques to derive, culture, and differentiate 
stem cells into the desired different cell types are certainly needed. Meanwhile, stan-
dardized control test, development of control comparator cell lines (to evaluate newly 
generated cell lines), and new and validated testing assays will be important. 
Improved pluripotency maintenance, better means for gene correction/insertion, and 
integration-free iPSC reprogramming will be useful. Besides challenges from the 
legal, patent, and regulatory fronts, lack of cost-efficient large-scale productions is 
also an area where more work is required.

Scientists, regulators, and policy makers will certainly need to work effectively 
together to advance breakthroughs from laboratories into actual medical practice. 
However, despite great progresses in basic research, clinical applications have fallen 
short. For clinical trials already conducted, follow-ups for long-term outcomes are 
often lacking. It is good to see that NIH has established an intramural center (NIH 
Center for Regenerative Medicine) to advance stem cell therapies, especially iPSC 
research [188]. Meanwhile, as expertise and experiences of regulatory authorities 
increase with these therapies, hopefully more efforts to harmonize international 
regulatory standards in approving stem cell therapy will evolve. Fortunately, as stem 
cell research offers new options to millions of patients with debilitating diseases or 
incurable conditions, public support remains high, and it is foreseeable that stem cell 
therapy will continue to move toward the therapeutic mainstream.

This chapter summarized the history and sources of stem cells, along with a gen-
eral overview of the stem cell industry, including those involved in the development 
of stem cell therapeutics and stem cell banking. It also summarized the various 
potential diseases of which active clinical studies are conducted. Stem cell research 
can potentially help to treat a wide range of medical problems. It can help to replace 
or repair damaged organs, reduced risk of transplantation, and/or provide better 
treatment of these diseases. For example, use of stem cell therapy in Parkinson’s dis-
ease, Alzheimer’s disease, cardiovascular disorders, stroke, diabetes, birth defects, 
spinal cord injuries, etc. has all been widely published. Unfortunately, except for 
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HSCT, stem cell therapy has not yet passed the regulatory hurdles of widespread 
adoption. With more research, the days of using stem cells as an alternative solution 
to current medical and surgical options will emerge.
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10.1  Introduction

During the development of therapeutic solution, specification setting and stability 
studies are two important activities that are needed to ensure quality of the products 
for clinical trial (CT) work. This chapter will focus on discussion using drug 
substance (DS) and drug product (DP) as the theme. The principles will apply 
equally well to devices and cellular therapy products.

The manufacturing and use of a DP, including its components, entail some degree 
of risk. The risk to its quality is one component of the overall risk. Product quality 
should be maintained throughout the product life cycle such that the attributes that 
are important to the quality of the DP remain consistent with those used in the clinical 
studies. These quality attributes are combined into a specification that forms part of 
a total control strategy for the DS and DP to ensure product quality and consistency.

The purpose of stability testing is to provide evidence on how the quality of a DS 
or DP varies with time under the influence of a variety of environmental factors such 
as temperature, humidity, and light and to establish a retest period for the DS or a 
shelf life for the DP and recommended storage conditions.

The International Conference on Harmonisation of Technical Requirements for 
Registration of Pharmaceuticals for Human Use (ICH) brings together the regulatory 
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authorities and pharmaceutical industry of Europe, Japan, and the United States. It 
provides harmonized guidances for setting up global specifications for new DSs and 
new DPs as well as stability studies. The following section discusses more details of 
these guidances from ICH which is applicable to development work.

10.2  Specifications for Test Procedures and Acceptance 
Criteria for Drug Substances and Drug Products

Specifications are one part of a total control strategy for the DS and DP to ensure 
product quality and consistency. Other parts of this strategy include thorough product 
characterization during development, upon which specifications are based, and 
adherence to good manufacturing practices (GMP) such as suitable facilities, a vali-
dated manufacturing process, validated test procedure, raw material testing, 
in-process testing, and stability testing. Specifications are necessary to assure the 
strength, identity, safety, purity, and quality of the DSs and DPs [1].

During the drug development, specification setting is continuous. The philosophy 
and criterion regarding specification setting change due to greater availability of data 
and increased expectations from regulatory authorities as the DP development 
proceeds. The general phases of a specification follow the development of the DS 
and DP that will go through first human dose, later phases of development (i.e., phase 
II), definitive stability studies, establishing the process validation protocol, establish-
ing registration, and final product monograph.

A specification is defined as a list of tests, references to analytical procedures, and 
appropriate acceptance criteria, which are numerical limits, ranges, or other criteria 
for the tests described. It establishes the set of criteria to which a DS or DP should 
conform to be considered acceptable for its intended use. Specifications are critical 
quality standards that are proposed and justified by the developer and approved by 
regulatory authorities as conditions of approval. Setting and refining the DS charac-
teristics from the beginning and throughout the formulation program help focus the 
project team to develop a quality product quickly in a cost-effective manner. DP 
characteristics defined and refined during the drug development program guide the 
development program and ensure the product is developed to meet the clinical, 
marketing, manufacturing, and patient compliance goals on budget.

An example specification for DS is listed in Table 10.1. Critical attributes used in 
this DS example for the specification are appearance, identity, assay, impurities, sol-
vent residue, XRD, DSC, TGA, titration, and particle size.

An example specification of ABC capsule is listed in Table 10.2. Critical attrib-
utes used in this example for the specification are appearance, identity, assay, 
impurities, dissolution, content uniformity, and water.

Specifications are chosen to confirm the quality of the DS and DP rather than 
to establish full characterization and should focus on those characteristics found to be 
useful in ensuring the safety and efficacy of the DS and DP at release and during the 
different clinical development stages and at commercialization. Global agencies 
expect there will be changes to specification as the DP goes through the different 
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Table 10.1  Example specification of ABC DS

SPECIFICATIONS

DRUG SUBSTANCE

Document Code: XXX Revision 
Number:

DRAFT Page 
Number:

x of x

Effective Date:

Product: ABC Drug Substance

Test Method Acceptance Criteria

IDENTIFICATION

Appearance M-XXX White to off-white powder

1H-NMR M-XXX Complies with structure

Identification B  
(UV scan)

M-XXX Absorbance maxima and minima of the sample 
match the absorbance maxima and minima of 
the reference standard

Identification A  
(HPLC retention  
time)

M-XXX The retention time of the main peak obtained for 
the test solution in the HPLC assay testing 
matches the retention time obtained for the 
main peak of the standard solution

XRD M-XXX Report results

IMPURITIES

Related Substances 
by HPLC

M-XXX

Specified 
Impurities:

Report results

A (% area)
B (% area)
C (% area)
D (% area)

Unspecified  
impurities  
(% area)

Report results

Total impurities  
(% area)

Report results

Solvent Residue XXX Toluene: 800 ppm

THF: 700 ppm

DSC XXX Report results

TGA XXX Report results

(Continued )
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MISCELLEANEOUS

Titration M-XXX 90.0–105.0%

Assay by HPLC M-XXX Report results

Particle size M-XXX Report results

Table 10.1  (Cont’d)

Table 10.2  Example specification of ABC capsule

SPECIFICATIONS

FINISHED DRUG PRODUCT

Document Code: XXX Revision 
Number:

DRAFT Page 
Number:

x of x

Effective Date:

Product: ABC Capsule xx mg

Test Acceptance Criteria Method

Appearance Opaque white capsule, 
containing a white to 
light-brown solid

Visual

Identity by retention 
time

The RT of the ABC peak in the 
chromatogram of a sample 
preparation corresponds to 
that of the working standard 
preparation

HPLC

Assay 90–110% of label claim HPLC Mxxx

Impurities
Individual Unknown
Total

NMT 1.0%
NMT 5.0%

HPLC MXXX

Dissolution (@50 rpm)
10 Minutes
15 Minutes
30 Minutes
45 Minutes
Infinity (60 Minutes 

@250 rpm)

USP<711>

Report
Report
Report
Q = 75%
Report
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phases of clinical development. An example for XYZ capsule is listed in Table 10.3 to 
show typical changes through development of a DP when more data are collected.

The following sections discuss the detail for setting specification of the common 
quality attributes and testing procedures for regulatory submission.

10.2.1  In-Process Tests

In-process tests are tests that may be performed during the manufacture of either the 
DS or DP, rather than as part of the formal set of tests that are conducted prior to 
release. In-process tests that are only used for the purpose of adjusting process param-
eters within an operating range, for example, hardness and friability of tablet cores that 
will be coated and individual tablet weights, are not included in the specification.

10.2.2  Pharmacopoeial Tests and Acceptance Criteria

References to certain test procedures are found in pharmacopoeias in the United States, 
EU, and Japan. Pharmacopoeial procedures should be utilized wherever possible. Where 
harmonization has been achieved, an appropriate reference to the harmonized procedure 
and acceptance criteria is considered acceptable for a specification in all three regions.

10.2.3  Impact of Drug Substance on Drug Product Specifications

In general, it should not be necessary to test the DP for quality attributes uniquely 
associated with the DS. It is normally not considered necessary to test the DP for 
synthesis impurities that are controlled in the DS and are not degradation products.

Table 10.3  Example changes during development of XYZ capsule

Test
Phase II 
specification

Registration stability 
specification

Registration  
specification

Assay 90.0–110.0% of 
label claim

90.0–110.0% of 
label claim

NLT 90.0% and NMT 
110.0% of label claim

Total related 
substances

NMT 2.0% NMT 1.0% NMT 0.3%

Largest individual 
related substance

NMT 1.0% NMT 0.5% NMT 0.2%

Content Uniformity
Mean, % Label Claim
Max, % Label Claim
Min, % Label Claim
%RSD

HPLC Mxxx
USP<905>

Acceptance Value 
(AV) <15.0

Water USP<921> Report

Table 10.2  (Cont’d)
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10.2.4  Reference Standard

A reference standard, or reference material, is a substance prepared for use as the 
standard in an assay, identification, or purity test. It should have a quality appro-
priate to its use. It is often characterized and evaluated for its intended purpose by 
additional procedures other than those used in routine testing. For new DS reference 
standards intended for use in assays, the impurities should be adequately identified 
and/or controlled, and purity should be measured by a quantitative procedure.

10.2.5  Justification of Specifications

Justification should be presented for each test procedure and each acceptance crite-
rion. The justification should refer to relevant development data, pharmacopoeial 
standards, test data for DS and DP used in toxicology and clinical studies, and results 
from accelerated and long-term stability studies, where appropriate. Additionally, a 
reasonable range of expected analytical and manufacturing variability should be con-
sidered. It is important to consider all of this information.

For final product specification, test results from CT, stability, and scale-up/valida-
tion batches, with emphasis on the primary stability batches, should be considered in 
setting and justifying specifications. If multiple manufacturing sites are used, it is 
valuable to consider data from these sites in establishing the initial tests and 
acceptance criteria. This is particularly true when there is limited initial experience 
with the manufacture of the DS or DP at any particular site. If data from a single 
representative manufacturing site are used in setting tests and acceptance criteria, 
product manufactured at all sites should still comply with these criteria.

Presentation of test results in graphic format is helpful in justifying individual 
acceptance criteria, particularly for assay values and impurity levels. Data from 
development work should be included in such a presentation, along with stability data 
available for new DS or new DP batches manufactured by the proposed commercial 
processes. Justification for proposing exclusion of a test from the specification should 
be based on development data and appropriate on process validation data.

10.2.6  Universal Tests/Criteria for Drug Substances and Drug Products

Test methods used for DSs and DPs can be classified as universal tests or specific 
tests. Table 10.4 and Table 10.5 list all the common methods that will be applicable to 
DSs and DPs.

Table 10.4  Test methods used in DSs

Universal tests Specific tests

Description Physicochemical properties
Identification Particle size
Assay Polymorphic forms
Impurities Chirality

Moisture content
Inorganic impurities
Microbial limit



10.2.6.1  Universal Tests for New Drug Substances  The following tests and 
acceptance criteria are generally applicable to all new DSs [2].

Description/appearance  Description/appearance is a qualitative statement about 
the physical state (e.g., solid, liquid) and color of the new DS. If any of these charac-
teristics change during storage, this change should be investigated and appropriate 
action taken.

Identification  Identification testing should optimally be able to discriminate bet-
ween compounds of closely related structure that are likely to be present. 
Identification tests should be specific for the new DS, for example, infrared (IR) 
spectroscopy. Identification solely by a single chromatographic retention time, for 
example, is not regarded as being specific. However, the use of two chromatographic 
procedures, where the separation is based on different principles, or a combination 

Table 10.5  Test methods used in DPs

Universal tests Specific tests

Description Dissolution
Identification Disintegration
Assay Hardness/friability
Impurities Uniformity of dosage units

Moisture content
Microbial limit
pH
Antimicrobial preservative content
Antimicrobial preservative effectiveness
Antioxidant
Extractables/leachables
Alcohol content
Particle size distribution
Redispersibility
Rheological properties
Reconstitution time
Sterility
Endotoxins
Particulate matter
Functional testing
Osmolarity
Particle size distribution
Aerodynamic size distribution
Minimum fill
Pressure test
Foreign particulate matter
Spray pattern
Net fill weight
Leak rate
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of tests into a single procedure, such as HPLC/ultraviolet (UV) diode array, HPLC/
MS, or GC/MS, is acceptable. If the new DS is a salt, identification testing should 
be specific for the individual ions. An identification test that is specific for the salt 
itself should suffice. New DS that is optically active needs specific identification 
testing or performance of a chiral assay.

Assay  A specific, stability-indicating procedure should be included to determine 
the content of the new DS. It is possible to employ the same procedure (e.g., HPLC) 
for both assay of the new DS and quantitation of impurities.

In cases where use of a nonspecific assay is justified, other supporting analytical 
procedures should be used to achieve overall specificity. For example, where titration 
is adopted to assay the DS, the combination of the assay and a suitable test for impu-
rities should be used.

Impurities  Organic and inorganic impurities and residual solvents are included in 
this category.

10.2.6.2  Universal Tests for New Drug Products  The following tests and 
acceptance criteria are generally applicable to all new DPs.

Description/appearance  A qualitative description of the dosage form should be 
provided (e.g., size, shape, and color). If any of these characteristics change during 
manufacture or storage, this change should be investigated and appropriate action 
taken. The acceptance criteria should include the final acceptable appearance. If 
color changes during storage, a quantitative procedure may be appropriate.

Identification  Identification testing should establish the identity of the DS(s) in the 
DP and should be able to discriminate between compounds of closely related struc-
ture that are likely to be present. Identity tests should be specific for the DS, for 
example, IR spectroscopy. Identification solely by a single chromatographic reten-
tion time, for example, is not regarded as being specific. However, the use of two 
chromatographic procedures, where the separation is based on different principles, or 
a combination of tests into a single procedure, such as HPLC/UV diode array, HPLC/
MS, or GC/MS, is acceptable.

Assay  A specific, stability-indicating assay to determine strength (content) should 
be included for all DPs. It is possible to employ the same procedure (e.g., HPLC) for 
both assay of the DS and quantitation of impurities. Results of content uniformity 
testing for DPs can be used for quantitation of DP strength, if the methods used for 
content uniformity are also appropriate for assays.

In cases where use of a nonspecific assay is justified, other supporting analyt-
ical procedures should be used to achieve overall specificity. For example, where 
titration is adopted to assay the DS for release, the combination of the assay and a 
suitable test for impurities can be used. A specific procedure should be used when 
there is evidence of excipient interference with the nonspecific assay.



Impurities  Organic and inorganic impurities (degradation products) and residual 
solvents are included in this category. Organic impurities arising from degradation 
of the DS and impurities that arise during the manufacturing process for the DP 
should be monitored in the new DP. Acceptance limits should be stated for individual 
specified degradation products, which may include both identified and unidentified 
degradation products as appropriate, and total degradation products. Process impu-
rities from the DS synthesis are controlled during DS testing and therefore are not 
included in the total impurity limit. However, when a synthesis impurity is also a 
degradation product, its level should be monitored and included in the total degra-
dation product limit. When it has been conclusively demonstrated via appropriate 
analytical methodology, that the DS does not degrade in the specific formulation, 
and under the specific storage conditions proposed in the new drug application, deg-
radation product testing may be reduced or eliminated upon approval by the 
regulatory authorities.

10.2.7  Specific Tests/Criteria for Drug Substances and Drug Products 

In addition to the universal tests, the following tests should be considered for DSs 
and/or DPs. Individual tests/criteria should be included in the specification when the 
tests have an impact on the quality of the DS and DP. Tests other than those listed in 
the following sections may be needed in particular situations or as new information 
becomes available.

10.2.7.1  New Drug Substances Specific Tests 

Physicochemical properties  These are properties such as pH of an aqueous solu-
tion, melting point/range, and refractive index. The procedures used for the 
measurement of these properties are usually unique and do not need much elabora-
tion, for example, capillary melting point. The tests performed in this category should 
be determined by the physical nature of the DS and by its intended use.

Particle size  For some DSs intended for use in solid or suspension DPs, particle 
size can have a significant effect on dissolution rates, bioavailability, and/or stability. 
In such instances, testing for particle size distribution should be carried out using an 
appropriate procedure, and acceptance criteria should be provided.

Polymorphic forms  Some DSs exist in different crystalline forms that differ in 
their physical properties. Polymorphism may also include solvation or hydration 
products (also known as pseudopolymorphs) and amorphous forms. Differences in 
these forms could affect the quality or performance of the new DPs. In cases where 
differences exist that have been shown to affect DP performance, bioavailability, or 
stability, then the appropriate solid state should be specified. Physicochemical mea-
surements and techniques are commonly used to determine whether multiple forms 
exist. Examples of these procedures are as follows: melting point (including 
hot-stage microscopy), solid-state IR, X-ray powder diffraction, thermal analysis 
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procedures (like DSC, TGA, and DTA), Raman spectroscopy, optical microscopy, 
and solid-state NMR. It is generally technically very difficult to measure poly-
morphic changes in DPs. A surrogate test (e.g., dissolution) can be used to monitor 
product performance, and polymorph content should only be used as a test and 
acceptance criterion of last resort.

Drug substance chirality  Where a DS is predominantly one enantiomer, the 
opposite enantiomer is normally excluded from the qualification and identification 
thresholds. However, for chiral DS that is developed as a single enantiomer, control 
of the other enantiomer should be considered in the same manner as for other impu-
rities. However, technical limitations may preclude the same limits of quantification 
or qualification from being applied. Assurance of control also could be given by 
appropriate testing of a starting material or intermediate, with suitable justification.

Drug substance assay  An enantioselective determination of the DS should be part 
of the specification. It is acceptable for this to be achieved either through use of a 
chiral assay procedure or by the combination of an achiral assay together with appro-
priate methods of controlling the enantiomeric impurity.

Drug substance identity  For a DS developed as a single enantiomer, the identity 
test(s) should be capable of distinguishing both enantiomers and the racemic 
mixture.

DP chirality  Control of the other enantiomer in a DP is considered necessary unless 
racemization has been shown to be insignificant during manufacture of the dosage 
form and on storage.

Drug product chiral assay  An achiral assay may be sufficient where racemization 
has been shown to be insignificant during manufacture of the dosage form and on 
storage. Otherwise, a chiral assay should be used, or alternatively, the combination of 
an achiral assay plus a validated procedure to control the presence of the opposite 
enantiomer may be used.

Drug product chiral identity  A stereospecific identity test is not needed in the DP 
release specification. When racemization is insignificant during manufacture of the 
dosage form and on storage, stereospecific identity testing is more appropriately 
addressed as part of the DS specification. When racemization in the dosage form is 
a concern, chiral assay or enantiomeric impurity testing of the DP will serve to 
verify identity.

Water content  Water content test is important where the DS is known to be hygro-
scopic or degraded by moisture or when the DS is known to be a stoichiometric hydrate. 
The acceptance criteria are justified with data on the effects of hydration or moisture 
absorption. A loss on drying procedure may be considered adequate; however, a detec-
tion procedure that is specific for water (e.g., Karl Fischer titration) is preferred.



Inorganic impurities  The need for tests and acceptance criteria for inorganic impu-
rities (e.g., catalysts) should be studied during development and based on knowledge 
of the manufacturing process. Procedures and acceptance criteria for sulfated ash/
residue on ignition should follow pharmacopoeial precedents; other inorganic impu-
rities may be determined by other appropriate procedures, for example, atomic 
absorption spectroscopy.

Microbial limits  There may be a need to specify the total count of aerobic microor-
ganisms, the total count of yeasts and molds, and the absence of specific objection-
able bacteria (e.g., Staphylococcus aureus, Escherichia coli, Salmonella, 
Pseudomonas aeruginosa). These objectionable bacteria limits can suitably be deter-
mined using pharmacopoeial procedures. The type of microbial test(s) and acceptance 
criteria should be based on the nature of the DS, method of manufacture, and the 
intended use of the DP. For example, sterility testing may be appropriate for DSs 
manufactured as sterile, and endotoxin testing may be appropriate for DSs used to 
formulate an injectable DP.

10.2.7.2  New Drug Products Specific Tests A dditional tests and acceptance cri-
teria should be included for particular DPs. The following selection presents a repre-
sentative sample of both the DPs and the types of tests and acceptance criteria that 
may be appropriate for solid oral DPs, liquid oral DPs, and parenterals (small and 
large volume).

Tablets (coated and uncoated) and hard capsules  One or more of these tests may 
also be applicable to soft capsules and granules.

Dissolution  The specification for solid oral dosage forms normally includes a test 
to measure release of DS from the DP. Single-point measurements are normally 
suitable for immediate-release dosage forms. For modified-release dosage forms, 
appropriate test conditions and sampling procedures should be established. Multiple 
time point sampling should be performed for extended-release dosage forms, and 
two-stage testing (using different media in succession or in parallel) is appropriate 
for delayed-release dosage forms.

For immediate-release DP where changes in dissolution rate have been demon-
strated to significantly affect bioavailability, it is required to develop test conditions 
that can distinguish batches with unacceptable bioavailability.

Where dissolution significantly affects bioavailability, the acceptance criteria 
should be set to reject batches with unacceptable bioavailability. Otherwise, test con-
ditions and acceptance criteria should be established, which pass clinically accept-
able batches.

For extended-release DP, in vitro/in vivo correlation may be used to establish 
acceptance criteria when human bioavailability data are available for formulations 
exhibiting different release rates. Where such data are not available, and drug 
release cannot be shown to be independent of in vitro test conditions, then 
acceptance criteria should be established on the basis of available batch data. 
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Normally, the permitted variability in mean release rate at any given time point 
should not exceed a total numerical difference of ±10% of the labeled content of 
DS (i.e., a total variability of 20%; a requirement of 50 ± 10% thus means 
an acceptable range from 40% to 60%), unless a wider range is supported by a 
bioequivalence study.

Disintegration  For rapidly dissolving (dissolution >80% in 15 min at pH 1.2, 4.0, 
and 6.8) products containing drugs that are highly soluble throughout the physiological 
range (dose/solubility volume <250 ml from pH 1.2 to 6.8), disintegration may be 
substituted for dissolution. Disintegration testing is most appropriate when a rela-
tionship to dissolution has been established or when disintegration is shown to be 
more discriminating than dissolution. In such cases, dissolution testing may not be 
necessary.

Hardness/friability  It is normal to perform hardness and/or friability testing as an 
in-process control and not necessary to include these attributes in the specification. If 
the characteristics of hardness and friability have a critical impact on DP quality 
(e.g., chewable tablets), acceptance criteria should be included in the specification.

Uniformity of dosage units  This term includes both the mass of the dosage form 
and the content of the DS in the dosage form. A pharmacopoeial procedure should be 
used. In general, the specification should include one or the other but not both. If 
appropriate, these tests may be performed in process; the acceptance criteria should 
be included in the specification. When weight variation is applied for DPs exceeding 
the threshold value to allow testing uniformity by weight variation, the laboratory 
should verify that the homogeneity of the product is adequate.

Water content  A test for water content should be included when appropriate. The 
acceptance criteria should be justified with data on the effects of hydration or water 
absorption on the DP. In some cases, a loss on drying procedure may be adequate; 
however, a detection procedure that is specific for water (e.g., Karl Fischer titration) 
is preferred.

Microbial limits  Microbial limit testing is an attribute of GMP as well as of quality 
assurance. In general, it is needed to test microbial limit in the DP unless its compo-
nents are tested before manufacture and the manufacturing process is known, 
through validation studies, not to carry a significant risk of microbial contamination 
or proliferation.

Acceptance criteria should be set for the total count of aerobic microorganisms, 
the total count of yeasts and molds, and the absence of specific objectionable bacteria 
(e.g., S. aureus, E. coli, Salmonella, P. aeruginosa). These limits should be deter-
mined by suitable procedures, using pharmacopoeial procedures, and at a sampling 
frequency or time point in manufacture that is justified by data and experience. The 
type of microbial test(s) and acceptance criteria should be based on the nature of the 



DS, the method of manufacture, and the intended use of the DP. With acceptable 
scientific justification, it should be possible to propose no microbial limit testing for 
solid oral dosage forms.

Oral liquids  One or more of the following specific tests will normally be applicable 
to oral liquids and to powders intended for reconstitution as oral liquids.

Uniformity of dosage units  This term includes both the mass of the dosage form 
and the content of the DS in the dosage form. A pharmacopoeial procedure should 
be used. The specification should include one or the other but not both. When 
weight variation is applied for the DP exceeding the threshold value to allow test-
ing uniformity by weight variation, the laboratory should verify that the homoge-
neity of the product is adequate.

If appropriate, the tests may be performed in process; however, the acceptance 
criteria should be included in the specification. This concept may be applied to both 
single-dose and multiple-dose packages.

The dosage unit is considered to be the typical dose taken by the patient. If the 
actual unit dose, as taken by the patient, is controlled, it may either be measured 
directly or calculated, based on the total measured weight or volume of drug divided 
by the total number of doses expected. If dispensing equipment (such as medicine 
droppers or dropper tips for bottles) is an integral part of the packaging, this equip-
ment should be used to measure the dose. Otherwise, a standard volume measure 
should be used.

For powders for reconstitution, uniformity of mass testing is generally considered 
acceptable.

pH  Acceptance criteria for pH should be provided where applicable and the 
proposed range justified.

Microbial limits  Microbial limit testing is an attribute of GMP as well as of quality 
assurance. In general, it is needed to test microbial limits in the DP unless its compo-
nents are tested before manufacture and the manufacturing process is known, through 
validation studies, not to carry a significant risk of microbial contamination or prolif-
eration. With acceptable scientific justification, it may be possible to propose no 
microbial limit testing for powders intended for reconstitution as oral liquids.

Acceptance criteria should be set for the total count of aerobic microorganisms, 
the total count of yeasts and molds, and the absence of specific objectionable bacteria 
(e.g., S. aureus, E. coli, Salmonella, P. aeruginosa). These limits should be deter-
mined by suitable procedures, using pharmacopoeial procedures, and at a sampling 
frequency or time point in manufacture that is justified by data and experience.

Antimicrobial preservative content  For oral liquids needing an antimicrobial preserva-
tive, acceptance criteria for preservative content should be established. Acceptance cri-
teria for preservative content should be based upon the levels of antimicrobial preservative 
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necessary to maintain microbiological quality of the product at all stages throughout its 
proposed usage and shelf life. The lowest specified concentration of antimicrobial preser-
vative should be demonstrated to be effective in controlling microorganisms by using a 
pharmacopoeial antimicrobial preservative effectiveness test.

Testing for antimicrobial preservative content should be performed at release. 
Under certain circumstances, in-process testing may suffice in lieu of release testing. 
When antimicrobial preservative content testing is performed as an in-process test, 
the acceptance criteria should remain part of the specification.

Antimicrobial preservative effectiveness should be demonstrated during 
development, during scale-up, and throughout the shelf life, although chemical test-
ing for preservative content is the attribute normally included in the specification.

Antioxidant preservative content  Release testing for antioxidant content should 
be performed. Under certain circumstances, where justified by developmental and 
stability data, shelf life testing may be unnecessary, and in-process testing may 
suffice in lieu of release testing where permitted. When antioxidant content testing 
is performed as an in-process test, the acceptance criteria should remain part of the 
specification. If only release testing is performed, this decision should be reinves-
tigated whenever either the manufacturing procedure or the container/closure 
system changes.

Extractables  Where development and stability data show evidence that extract-
ables from the container/closure systems are consistently below the levels that are 
demonstrated to be acceptable and safe, elimination of this test can be accepted. 
This should be reinvestigated if the container/closure system or formulation 
changes.

Where data demonstrate the need, tests and acceptance criteria for extractables 
from the container/closure system components (e.g., rubber stopper, cap liner, plastic 
bottle, etc.) are considered appropriate for oral solutions packaged in nonglass sys-
tems or in glass containers with nonglass closures. The container/closure compo-
nents should be listed, and data collected for these components as early in the 
development process as possible.

Alcohol content  Where it is declared quantitatively on the label in accordance with 
pertinent regulations, the alcohol content should be specified. It may be assayed or 
calculated.

Dissolution  It is appropriate (e.g., insoluble DS) to include dissolution testing and 
acceptance criteria for oral suspensions and dry powder products for resuspension. 
Dissolution testing should be performed at release. This test may be performed as 
an in-process test when justified. The testing apparatus, media, and conditions 
should be pharmacopoeial, if possible, or otherwise justified. Dissolution proce-
dures using either pharmacopoeial or nonpharmacopoeial apparatus and conditions 
should be validated.



Single-point measurements are normally suitable for immediate-release dosage 
forms. Multiple-point sampling, at appropriate intervals, should be performed for 
modified-release dosage forms. Acceptance criteria should be set based on the 
observed range of variation and should take into account the dissolution profiles of 
the batches that showed acceptable performance in vivo.

Particle size distribution  Quantitative acceptance criteria and a procedure for 
determination of particle size distribution may be appropriate for oral suspen-
sions. Developmental data should be considered when determining the need for 
either a dissolution procedure or a particle size distribution procedure for these 
formulations.

Particle size distribution testing should be performed at release. It may be per-
formed as an in-process test when justified. If these products have been demonstrated 
to have consistently rapid drug-release characteristics, exclusion of a particle size 
distribution test from the specification may be proposed.

Particle size distribution testing may also be proposed in place of dissolution 
testing with the proper justification. The acceptance criteria should include accept-
able particle size distribution in terms of the percent of total particles in given size 
ranges. The mean, upper, and/or lower particle size limits should be well defined.

Acceptance criteria should be set based on the observed range of variation and 
should take into account the dissolution profiles of the batches that showed accept-
able performance in vivo, as well as the intended use of the product. The potential for 
particle growth should be investigated, and the acceptance criteria should take the 
results of these studies into account.

Redispersibility  For oral suspensions that settle on storage (produce sediment), 
acceptance criteria for redispersibility are appropriate. Shaking may be an appro-
priate procedure.

The procedure (mechanical or manual) should be indicated. Time required to 
achieve resuspension by the indicated procedure should be clearly defined.

Rheological properties  For relatively viscous solutions or suspensions, it is appro-
priate to include rheological properties (viscosity/specific gravity) in the specifica-
tion. The test and acceptance criteria should be stated.

Reconstitution time  Acceptance criteria for reconstitution time should be provided 
for dry powder products that require reconstitution. The choice of diluent should be 
justified.

Water content  For oral products requiring reconstitution, a test and acceptance cri-
terion for water content should be proposed when appropriate. Loss on drying is 
sufficient if the effect of absorbed moisture versus water of hydration has been ade-
quately characterized. In certain cases, a more specific procedure (e.g., Karl Fischer 
titration) may be preferable.
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Parenteral DPs  The following tests may be applicable to parenteral DPs.

Uniformity of dosage units  This term includes both the mass of the dosage form 
and the content of the active substance in the dosage form. A pharmacopoeial 
procedure should be used. The specification should include one or the other but not 
both and is applicable to powders for reconstitution.

These tests may be performed in process and the acceptance criteria should be 
included in the specification. This test may be applied to both single-dose and 
multiple-dose packages.

For powders for reconstitution, uniformity of mass testing is generally acceptable.

pH  Acceptance criteria for pH should be provided where applicable and the 
proposed range justified.

Sterility  All parenteral products should have a test procedure and acceptance 
criterion for evaluation of sterility.

Endotoxins/pyrogens  A test procedure and acceptance criterion for endotoxins, 
using a procedure such as the limulus amebocyte lysate test, should be included in 
the specification. Pyrogenicity testing may be proposed as an alternative to endo-
toxin testing where justified.

Particulate matter  Parenteral products should have appropriate acceptance criteria 
for particulate matter. This will normally include acceptance criteria for visible partic-
ulates and/or clarity of solution as well as for subvisible particulates as appropriate.

Water content  For nonaqueous parenterals and for parenteral products for reconsti-
tution, a test procedure and acceptance criterion for water content should be pro-
posed when appropriate. Loss on drying is generally considered sufficient for 
parenteral products, if the effect of absorbed moisture versus water of hydration has 
been adequately characterized during development. In certain cases, a more specific 
procedure (e.g., Karl Fischer titration) may be preferred.

Antimicrobial preservative content  For parenteral products needing an antimicro-
bial preservative, acceptance criteria for preservative content should be established. 
Acceptance criteria for preservative content should be based upon the levels of anti-
microbial preservative necessary to maintain microbiological quality of the product 
at all stages throughout its proposed usage and shelf life. The lowest specified 
concentration of antimicrobial preservative should be demonstrated to be effective in 
controlling microorganisms by using a pharmacopoeial antimicrobial preservative 
effectiveness test.

Testing for antimicrobial preservative content should normally be performed at 
release. Under certain circumstances, in-process testing may suffice in lieu of release 
testing where permitted. When antimicrobial preservative content testing is performed 
as an in-process test, the acceptance criteria should remain part of the specification.



Antimicrobial preservative effectiveness should be demonstrated during 
development, during scale-up, and throughout the shelf life (e.g., in stability testing), 
although chemical testing for preservative content is the attribute normally included 
in the specification.

Antioxidant preservative content  Release testing for antioxidant content should nor-
mally be performed. Under certain circumstances, where justified by developmental 
and stability data, shelf life testing may be unnecessary, and in-process testing may 
suffice in lieu of release testing. When antioxidant content testing is performed as an 
in-process test, the acceptance criteria should remain part of the specification. If only 
release testing is performed, this decision should be reinvestigated whenever either the 
manufacturing procedure or the container/closure system changes.

Extractables  Control of extractables from container/closure systems is considered 
significantly more important for parenteral products than for oral liquids. However, 
where development and stability data show evidence that extractables are consis-
tently below the levels that are demonstrated to be acceptable and safe, elimination 
of this test can normally be accepted. This should be reinvestigated if the container/
closure system or formulation changes.

Where data demonstrate the need, acceptance criteria for extractables from the 
container/closure components are considered appropriate for parenteral products 
packaged in nonglass systems or in glass containers with elastomeric closures. This 
testing may be performed at release only, where justified by data obtained during 
development. The container/closure system components (e.g., rubber stopper) should 
be listed, and data collected for these components as early in the development pro-
cess as possible.

Functionality testing of delivery systems  Parenteral formulations packaged in pre-
filled syringes, autoinjector cartridges, or the equivalent should have test procedures 
and acceptance criteria related to the functionality of the delivery system. These may 
include control of syringeability, pressure, and seal integrity (leakage) and/or param-
eters such as tip cap removal force, piston release force, piston travel force, and 
power injector function force. Under certain circumstances, these tests may be per-
formed in process. Data generated during product development may be sufficient to 
justify skip lot testing or elimination of some or all attributes from the specification.

Osmolarity  When the tonicity of a product is declared in its labeling, appropriate 
control of its osmolarity should be performed. Data generated during development 
and validation may be sufficient to justify performance of this procedure as an in-pro-
cess control, skip lot testing, or direct calculation of this attribute.

Particle size distribution  Quantitative acceptance criteria and a procedure for deter-
mination of particle size distribution may be appropriate for injectable suspensions. 
Developmental data should be considered when determining the need for either a 
dissolution procedure or a particle size distribution procedure.
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Particle size distribution testing should be performed at release. It may be per-
formed as an in-process test when justified by product development data. If the prod-
uct has been demonstrated during development to have consistently rapid drug-release 
characteristics, exclusion of particle size controls from the specification may be 
proposed.

Particle size distribution testing may also be proposed in place of dissolution test-
ing, when development studies demonstrate that particle size is the primary factor 
influencing dissolution; justification should be provided. The acceptance criteria 
should include acceptable particle size distribution in terms of the percent of total 
particles in given size ranges. The mean, upper, and/or lower particle size limits 
should be well defined.

Acceptance criteria should be set based on the observed range of variation and 
should take into account the dissolution profiles of the batches that showed accept-
able performance in vivo and the intended use of the product. The potential for par-
ticle growth should be investigated during product development; the acceptance 
criteria should take the results of these studies into account.

Redispersibility  For injectable suspensions that settle on storage (produce sedi-
ment), acceptance criteria for redispersibility may be appropriate. Shaking may be 
an appropriate procedure. The procedure (mechanical or manual) should be indi-
cated. Time required to achieve resuspension by the indicated procedure should be 
clearly defined. Data generated during product development may be sufficient to 
justify skip lot testing, or elimination of this attribute from the specification may be 
proposed.

Reconstitution time  Acceptance criteria for reconstitution time should be provided 
for all parenteral products that require reconstitution. The choice of diluent should be 
justified. Data generated during product development and process validation may be 
sufficient to justify skip lot testing or elimination of this attribute from the specifica-
tion for rapidly dissolving products.

10.3  Stability Testing for New Drug Substances  
and Drug Products

The purpose of stability testing is to provide evidence on how the quality of a DS or 
DP varies with time under the influence of a variety of environmental factors such as 
temperature, humidity, and light and to establish a retest period for the DS or a shelf 
life for the DP and recommended storage conditions.

In the ICH definition, the choice of test conditions is based on the analysis of the 
effects of climatic conditions in the three regions of the EC, Japan, and the United 
States. The mean kinetic temperature in any part of the world can be divided into four 
climatic zones, I–IV. The EC, Japan, and the United States fall into climatic zones I 
and II. It had been agreed that stability information generated in any one of the three 
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regions of the EC, Japan, and the United States would be mutually acceptable to the 
other two regions.

The drug development cycle is summarized in Figure 10.1.
As the DS and DP go through the different phases of development, different sta-

bility studies will be conducted to collect data that will be used to support each phase 
of development. The different studies can be summarized below:

1.	 Excipient Compatibility Study

2.	 Prototype Formulation Stability Studies

3.	 DS and DP Stress Testing Study

4.	 CT Stability and Toxicology Stability Studies

5.	 Preliminary and Confirmatory Photostability Study

6.	 Cycle Stability Study

7.	 Registration Stability Studies

10.3.1  Excipient Compatibility Study

This study involves simple binary mixtures in vials. The samples are exposed to 
extreme conditions of temperature and humidity. Quality attributes studied in this 
study normally include assay, related substances, moisture, and other appropriate 
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analytical properties. Analytical data critical to determine suitability of the formula-
tion to meet desired final product attributes are studied. This study is usually started at 
initiation of formulation development and lasts 1–3 months.

10.3.2  Prototype Formulation Stability Studies

This is usually an open-dish study. Quality attributes studied in this study normally 
include content uniformity, assay, related substances, moisture, and other appropriate 
analytical properties. The analytical data is critical to determine suitability of the for-
mulation to meet desired final product attributes. The study is normally initiated with 
commercial formulation development and takes 3–6 months. Stability conditions 
used will be dependent on the molecule.

10.3.3  Drug Substance and Drug Product Stress Testing Study

Results from these studies form an integral part of the information provided to 
regulatory authorities. Stress testing of the DS and DP can help identify the likely 
degradation products, which can in turn help establish the degradation pathways and 
the intrinsic stability of the molecule. It validates the stability-indicating power of the 
analytical procedures used. The nature of the stress testing will depend on the 
individual DS and the type of DP involved.

Stress testing is likely to be carried out on a single batch of the DS. It should 
include the effect of temperatures (in 10°C increments (e.g., 50°C, 60°C, etc.) above 
that for accelerated testing), humidity (e.g., 75% relative humidity (RH) or greater) 
oxidation, and photolysis on the DS. The testing should also evaluate the suscepti-
bility of the DS to hydrolysis across a wide range of pH values in  solution or 
suspension. Photostability testing should be an integral part of stress testing.

Degradation products identified under stress conditions are useful in establishing 
degradation pathways and developing and validating suitable analytical procedures. 
However, it may not be necessary to examine specifically for certain degradation 
products if it has been demonstrated that they are not formed under accelerated or 
long-term storage conditions.

DP stress study determines the potential degradation profile of the DP to assist in 
the development of analytical methods, define container/closure system, and deter-
mine specifications. As for the DS, the DP is exposed to extreme conditions of tem-
perature, humidity, and light. This study will help to develop and validate discriminative 
stress test methods. The study will use qualitative/quantitative formulation and 
placebo formulation samples and takes about 2 months.

10.3.4  CT Stability and Toxicology Stability Studies

These studies will be ongoing activities throughout the development of a therapeutic 
solution when the molecule is going through different stages of CT. The samples include 
CT samples, swab stability samples, and toxicology dosage forms stability samples.
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10.3.5  Preliminary and Confirmatory Photostability Study

This study is conducted to establish that light exposure does not result in unac-
ceptable changes to DS and DP. Photostability information serves as a guideline 
to determine the potential degradation profile of the DS and DP to assist in the 
development of analytical methods, define container/closure system, and deter-
mine specifications. The samples are exposed to extreme conditions of light. The 
preliminary photostability study is completed during early development. The 
confirmatory study is completed at the start of registration/formal stability 
study and takes about 1 month. More detailed discussion is presented in later 
sections.

10.3.6  Cycle Stability Studies

Cycle stability studies are conducted to further support the stability of the DS and 
DP, for example, in-use stability and excursion stability. The excursion study will be 
used to support the supply chain for potential temperature deviation during transpor-
tation and during product distribution. An example for an excursion study is to cycle 
between –10°C and +50°C, with 2 days in each condition and employing four cycles 
of temperature changes.

10.3.7  Registration/Formal Stability Studies

Formal stability studies will be discussed in more detail in Sections 10.4.1 and 10.4.2. 
Generally, climatic zones I and II will be studied. Data generated in any one of the 
EC, Japan, and the United States is mutually acceptable and if it is in accordance 
with national/regional requirements of the country.

10.4  Initiation of Stability Studies

When a stability study is defined, a formal protocol should be written to define the 
scope of the study. The study should be formally written, reviewed, and approved. 
Approval should be in the form of signed document by management and the quality 
unit. The document also includes testing that needs to be conducted, acceptance cri-
teria of the test methods, the storage conditions, and the schedules for the sample pull 
and testing.

An example stability protocol is given in Table 10.6. The depth and details of 
the stability study protocol will vary depending on the scope and stage of the 
therapeutic solution development. Detailed requirements for DS and DP marketing 
approval are discussed in the following sections. The principles of the stability 
requirement are also applicable to the device and cellular therapeutic solution 
development.



Table 10.6  Example stability protocol template for ABC capsules

EXAMPLE STABILITY PROTOCOL
ABC Capsules

Prepared by:

ABC1 Date

Reviewed by:

ABC2 Date

Approvals:

ABC3 Date

Quality Assurance Date

PURPOSE OF STUDY

This protocol outlines the stability activities to be performed for ABC Capsules, X mg, 
Y mg, and Z mg. Samples will be stored for up to 12 months at 25°C/60%RH, 
30°C/65%RH, and 40°C/75%RH.

A. PRODUCT DESCRIPTION
Provide detail description of formulation

Table 10.6.1  Example table summary of ABC capsule formulations

X mg Y mg Z mg

Formula Formula Formula

Ingredients % % %

API

Excipients

Fill weight

Capsules size

Color

Method of preparation

B. STUDY DESIGN
The required number of bottle(s) from the specified chamber for the indicated 

month will be removed for testing at the time intervals according to 
Table 10.6.2. The testing to be performed at each time pull is detailed in the 
testing parameters section of this protocol (Table 10.6.3). Samples to be 
pulled and tested are marked with “X.”
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TESTING PARAMETERS AND ACCEPTANCE CRITERIA
Table 10.6.3 presents the details of parameters to be tested, the method to be 
utilized, and the relevant acceptance criteria.

Table 10.6.2  Pull points for ABC capsules

Conditionsa Pull points (months) Total containers stored
(ºC/%RH)

T
0

1 2 3 6 12

25ºC/60%RH X X X X X

30ºC/65%RH X X X X

40ºC/75%RH X X X X

a Temperatures should be held ±2ºC of the specified temperature and the relative humidity (RH)  
should be ±5% of the specified RH.

Table 10.6.3  Testing guidelines

Parameters Method tracker Acceptance criteria

Appearance Visual Report observations

Assay M-xxx 90–110% label claim

Related substances M-xxx Report results for 
impurities ≥ 0.05%  
by % area,

RRT and identity (if known)

Total impurities ≤ 2.0%

Dissolution M-xxx Report the results

Moisture content Karl Fisher Report the results

C. SAMPLE STORAGE
Upon testing completion, the sample will be retained for 60 days and then 

scheduled for disposal in accordance to relevant SOPs (include SOP reference).

D. REPORTS
A stability report will be generated at the end of the study and will include all 

stability information, including but not limited to packaging information, 
conditions, method(s), and results generated during testing. Any Out of 
Specification or Atypical results will be investigated and conducted in 
accordance with SOP XXX (Investigating Out of Specifications and Atypical 
Test Results).



294� Specification Setting and Stability Studies

10.4.1  Formal Stability of Drug Substance

Formal stability data of DS is required to assess the stability of the DS at the time of 
regulatory submission [3]. Table 10.7 lists the usual storage conditions that are used 
for both DS and DP stability studies.

10.4.1.1  Selection of Batches  Data from formal stability studies should be provided 
on at least three primary batches of the DS. The batches should be manufactured to a 
minimum of pilot scale by the same synthetic route as, and using a method of manufac-
ture and procedure that simulates the final process to be used for production batches. 
The overall quality of the batches of DS placed on formal stability studies should be 
representative of the quality of the material to be made on a production scale.

10.4.1.2  Container/Closure System  The stability studies should be conducted on 
the DS packaged in a container/closure system that is the same as or simulates the 
packaging proposed for storage and distribution.

10.4.1.3  Specification  Specification which is a list of tests, reference to analyt-
ical procedures, and proposed acceptance criteria, is addressed in previous sections. 
Stability studies should include testing of those attributes of the drug substance 
that are susceptible to change during storage and are likely to influence quality, 
safety, and/or efficacy. The testing should cover the physical, chemical, biological, 
and microbiological attributes. Validated stability-indicating analytical procedures 
should be applied. Whether and to what extent replication should be performed 
will depend on the results from validation studies. Specification with the appropriate 
acceptance criteria should be used with the stability studies.

10.4.1.4  Testing Frequency F or long-term studies, frequency of testing should 
be sufficient to establish the stability profile of the DS. For DSs with a proposed 
retest period of at least 12 months, the frequency of testing at the long-term storage 
condition should normally be every 3 months over the first year, every 6 months over 
the second year, and annually thereafter through the proposed retest period.

At the accelerated storage condition, a minimum of three time points, including 
the initial and final time points (e.g., 0, 3, and 6 months), from a 6-month study is 
recommended. Where an expectation (based on development experience) exists that 

Table 10.7  Usual storage conditions used in stability studies

25°C ± 2°C/60% RH ± 5% RH
30°C ± 2°C/65% RH ± 5% RH
40°C ± 2°C/75% RH ± 5% RH
5°C ± 2°C
−20°C ± 5°C
Below –20°C
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results from accelerated studies are likely to approach significant change criteria, 
increased testing should be conducted either by adding samples at the final time point 
or by including a fourth time point in the study design.

When testing at the intermediate storage condition is called for as a result of 
significant change at the accelerated storage condition, a minimum of four time 
points, including the initial and final time points (e.g., 0, 6, 9, 12 months), from a 
12-month study is recommended.

10.4.1.5  Storage Conditions A  DS should be evaluated under storage conditions 
that test its thermal stability and its sensitivity to moisture. The storage conditions 
and the lengths of studies chosen should be sufficient to cover storage, shipment, and 
subsequent use.

The long-term testing should cover a minimum of 12 months duration on at least 
three primary batches at the time of submission to regulatory authorities and should be 
continued for a period of time sufficient to cover the proposed retest period. Additional 
data accumulated during the assessment period of the registration application should be 
submitted to the authorities if requested. Data from the accelerated storage condition and 
from the intermediate storage condition can be used to evaluate the effect of short-term 
excursions outside the label storage conditions (such as might occur during shipping).

Long-term, accelerated, and, where appropriate, intermediate storage conditions 
for DSs are detailed in the following sections. The general case applies if the DS is 
not specifically covered by a subsequent section. Alternative storage conditions can 
be used if justified.

10.4.1.6  General Case for Controlled Room Temperature Storage

Study Storage condition
Minimum time period 

covered by data at submission

Long terma 25°C ± 2°C/60% RH ± 5% RH or 
30°C ± 2°C/65% RH ± 5% RH

12 months

Intermediateb 30°C ± 2°C/65% RH ± 5% RH 6 months
Accelerated 40°C ± 2°C/75% RH ± 5% RH 6 months
a The laboratory will decide whether long-term stability studies are performed at 25 ± 2°C/60% RH ± 5% 
RH or 30°C ± 2°C/65% RH ± 5% RH.
b If 30°C ± 2°C/65% RH ± 5% RH is the long-term condition, there is no intermediate condition.

If long-term studies are conducted at 25°C ± 2°C/60%RH ± 5%RH and “significant 
change” occurs at any time during 6 months testing at the accelerated storage 
condition, additional testing at the intermediate storage condition should be con-
ducted and evaluated against significant change criteria. Testing at the intermediate 
storage condition should include all tests, unless otherwise justified. The initial appli-
cation should include a minimum of 6 months data from a 12-month study at the 
intermediate storage condition.

“Significant change” for a DS is defined as failure to meet its specification.
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10.4.1.7  Drug Substances Intended for Storage in a Refrigerator

Study Storage condition
Minimum time period covered by 

data at submission

Long term 5°C ± 3°C 12 months
Accelerated 25°C ± 2°C/60%  

RH ± 5% RH
6 months

Data from refrigerated storage should be assessed according to the Evaluation 
section, except where explicitly noted in the following.

If significant change occurs between 3 and 6 months testing at the accelerated 
storage condition, the proposed retest period should be based on the real-time data 
available at the long-term storage condition.

If significant change occurs within the first 3 months testing at the accelerated 
storage condition, a discussion should be provided to address the effect of short-term 
excursions outside the label storage condition, for example, during shipping or 
handling. This discussion can be supported by further testing on a single batch of the 
DS for a period shorter than 3 months but with more frequent testing than usual. It is 
unnecessary to continue to test a DS through 6 months when a significant change has 
occurred within the first 3 months.

10.4.1.8  Drug Substances for Storage in a Freezer

Study Storage condition
Minimum time period covered by 

data at submission

Long term –20°C ± 5°C 12 months

For DSs intended for storage in a freezer, the retest period should be based on the 
real-time data obtained at the long-term storage condition. In the absence of an 
accelerated storage condition for DSs intended to be stored in a freezer, testing on a 
single batch at an elevated temperature (e.g., 5°C ± 3°C or 25°C ± 2°C) for an appropriate 
time period should be conducted to address the effect of short-term excursions outside 
the proposed label storage condition, for example, during shipping or handling.

10.4.1.9  Drug Substances for Storage below –20°C  DSs intended for storage 
below –20°C should be treated on a case-by-case basis with specific justification.

10.4.1.10  Stability Commitment  When available long-term stability data on pri-
mary batches do not cover the proposed retest period granted at the time of regulatory 
approval, a commitment should be made to continue the stability studies post approval in 
order to firmly establish the retest period.
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Where the submission includes long-term stability data on three production 
batches covering the proposed retest period, a postapproval commitment is unneces-
sary. Otherwise, one of the following commitments should be made:

1.	 If the submission includes data from stability studies on at least three production 
batches, a commitment should be made to continue these studies through the 
proposed retest period.

2.	 If the submission includes data from stability studies on fewer than three 
production batches, a commitment should be made to continue these studies 
through the proposed retest period and to place additional production batches, 
to a total of at least three, on long-term stability studies through the proposed 
retest period.

3.	 If the submission does not include stability data on production batches, a com-
mitment should be made to place the first three production batches on long-term 
stability studies through the proposed retest period.

The stability protocol used for long-term studies for the stability commitment 
should be the same as that for the primary batches, unless otherwise scientifically 
justified.

10.4.1.11  Evaluation  The purpose of the stability study is to establish, based on 
testing a minimum of three batches of the DS and evaluating the stability information 
(including results of the physical, chemical, biological, and microbiological tests), a 
retest period applicable to all future batches of the DS manufactured under similar 
circumstances. The degree of variability of individual batches affects the confidence 
that a future production batch will remain within specification throughout the 
assigned retest period. Any evaluation should cover not only the assay but also the 
levels of degradation products and other appropriate attributes.

When the data show so little degradation and so little variability that it is apparent 
from looking at the data that the requested retest period will be granted, it is normally 
unnecessary to go through the formal statistical analysis. Under this circumstance, 
providing a justification for the omission should be sufficient.

An approach for analyzing the data on a quantitative attribute that is expected to 
change with time is to determine the time at which the 95% one-sided confidence 
limit for the mean curve intersects the acceptance criterion. If analysis shows that the 
batch-to-batch variability is small, it is advantageous to combine the data into one 
overall estimate. This can be done by first applying appropriate statistical tests (e.g., 
p values for level of significance of rejection of more than 0.25) to the slopes of the 
regression lines and zero time intercepts for the individual batches. If it is inappro-
priate to combine data from several batches, the overall retest period should be based 
on the minimum time a batch can be expected to remain within acceptance criteria.

The nature of any degradation relationship will determine whether the data should 
be transformed for linear regression analysis. Usually, the relationship can be repre-
sented by a linear, quadratic, or cubic function on an arithmetic or logarithmic scale. 
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Statistical methods should be employed to test the goodness of fit of the data on all 
batches and combined batches to the assumed degradation line or curve.

10.4.2  Formal Stability Study of Drug Product

The design of the formal stability studies for the DP should be based on knowledge 
of the behavior and properties of the DS and from stability studies on the DS and on 
experience gained from clinical formulation studies. The likely changes on storage 
and the rationale for the selection of attributes to be tested in the formal stability 
studies should be stated.

10.4.2.1  Selection of Batches  Data from stability studies should be provided on 
at least three primary batches of the DP. The primary batches should be of the same 
formulation and packaged in the same container/closure system as proposed for 
marketing. The manufacturing process used for primary batches should simulate that 
to be applied to production batches and should provide product of the same quality 
and meeting the same specification as that intended for marketing. Two of the three 
batches should be at least pilot scale batches and the third one can be smaller, if jus-
tified. Where possible, batches of the DP should be manufactured by using different 
batches of the DS. Stability studies should be performed on each individual strength 
and container size of the DP unless bracketing or matrixing is applied.

10.4.2.2  Container/Closure System  Stability testing should be conducted on the 
dosage form packaged in the container/closure system proposed for marketing 
(including any secondary packaging and container label). Any available studies car-
ried out on the DP outside its immediate container or in other packaging materials 
can form a useful part of the stress testing of the dosage form or can be considered as 
supporting information, respectively.

10.4.2.3  Specification  Stability studies should include testing of those attributes 
of the DP that are susceptible to change during storage and are likely to influence 
quality, safety, and/or efficacy. The testing should cover the physical, chemical, 
biological, and microbiological attributes, preservative content (e.g., antioxidant, 
antimicrobial preservative), and functionality tests (e.g., for a dose delivery system). 
Analytical procedures should be fully validated and stability indicating. Whether and 
to what extent replication should be performed will depend on the results of valida-
tion studies. Specification with the appropriate acceptance criteria should be used 
with the stability studies.

Shelf life acceptance criteria should be derived from consideration of all available 
stability information. It may be appropriate to have justifiable differences between 
the shelf life and release acceptance criteria based on the stability evaluation and the 
changes observed on storage. Any differences between the release and shelf life 
acceptance criteria for antimicrobial preservative content should be supported by a 
validated correlation of chemical content and preservative effectiveness demon-
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strated during drug development on the product in its final formulation (except for 
preservative concentration) intended for marketing. A single primary stability batch 
of the DP should be tested for antimicrobial preservative effectiveness (in addition to 
preservative content) at the proposed shelf life for verification purposes, regardless 
of whether there is a difference between the release and shelf life acceptance criteria 
for preservative content.

10.4.2.4  Testing Frequency F or long-term studies, frequency of testing should 
be sufficient to establish the stability profile of the DP. For products with a proposed 
shelf life of at least 12 months, the frequency of testing at the long-term storage 
condition should normally be every 3 months over the first year, every 6 months over 
the second year, and annually thereafter through the proposed shelf life.

At the accelerated storage condition, a minimum of three time points, including 
the initial and final time points (e.g., 0, 3, and 6 months), from a 6-month study is 
recommended. Where an expectation (based on development experience) exists that 
results from accelerated testing are likely to approach significant change criteria, 
increased testing should be conducted either by adding samples at the final time point 
or by including a fourth time point in the study design.

When testing at the intermediate storage condition is called for as a result of 
significant change at the accelerated storage condition, a minimum of four time 
points, including the initial and final time points (e.g., 0, 6, 9, 12 months), from a 
12-month study is recommended.

Reduced designs, that is, matrixing or bracketing, where the testing frequency 
is reduced or certain factor combinations are not tested at all, can be applied, if 
justified.

10.4.2.5  Storage Conditions A  DP should be evaluated under storage conditions 
that test its thermal stability and its sensitivity to moisture or potential for solvent 
loss. The storage conditions and the lengths of studies chosen should be sufficient to 
cover storage, shipment, and subsequent use.

Stability testing of the DP after constitution or dilution, if applicable, should be 
conducted to provide information for the labeling on the preparation, storage 
condition, and in-use period of the constituted or diluted product. This testing 
should be performed on the constituted or diluted product through the proposed 
in-use period on primary batches as part of the formal stability studies at initial 
and final time points and, if full shelf life long-term data will not be available 
before regulatory submission, at 12 months or the last time point for which data 
will be available. In general, this testing need not be repeated on commitment 
batches.

The long-term testing should cover a minimum of 12 months duration on at least 
three primary batches at the time of submission and should be continued for a period 
of time sufficient to cover the proposed shelf life. Additional data accumulated during 
the assessment period of the registration application should be submitted to the 
authorities if requested. Data from the accelerated storage condition and, if appro-
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priate, from the intermediate storage condition can be used to evaluate the effect of 
short-term excursions outside the label storage conditions (such as might occur 
during shipping).

Long-term, accelerated, and, where appropriate, intermediate storage conditions 
for DPs are detailed in the following sections. Alternative storage conditions can be 
used, if justified.

10.4.2.6  General Case for Controlled Room Temperature Storage  The storage 
condition and table used in the general case of DS (Section 10.4.1.6) can be applied 
to the DP.

If long-term studies are conducted at 25°C ± 2°C/60%RH ± 5%RH and “significant 
change” occurs at any time during 6 months testing at the accelerated storage 
condition, additional testing at the intermediate storage condition should be con-
ducted and evaluated against significant change criteria. The initial application 
should include a minimum of 6 months data from a 12-month study at the intermediate 
storage condition.

“Significant change” for a DP is defined as:

1.	 A 5% change in assay from its initial value or failure to meet the acceptance 
criteria for potency when using biological or immunological procedures;

2.	 Any degradation products exceeding its acceptance criterion;

3.	 Failure to meet the acceptance criteria for appearance, physical attributes, and 
functionality test (e.g., color, phase separation, resuspendability, caking, 
hardness, dose delivery per actuation); however, some changes in physical 
attributes (e.g., softening of suppositories, melting of creams) may be expected 
under accelerated conditions;

4.	 Failure to meet the acceptance criterion for pH; or

5.	 Failure to meet the acceptance criteria for dissolution for 12 dosage units.

10.4.2.7  Drug Products Packaged in Impermeable Containers  Sensitivity to 
moisture or potential for solvent loss is not a concern for DPs packaged in imperme-
able containers that provide a permanent barrier to passage of moisture or solvent. 
Thus, stability studies for products stored in impermeable containers can be conducted 
under any controlled or ambient humidity condition.

10.4.2.8  Drug Products Packaged in Semipermeable Containers A queous-
based products packaged in semipermeable containers should be evaluated for poten-
tial water loss in addition to physical, chemical, biological, and microbiological 
stability. This evaluation can be carried out under conditions of low RH, as discussed 
in the following paragraph. Ultimately, it should be demonstrated that aqueous-based 
DPs stored in semipermeable containers can withstand low-RH environments.

Other comparable approaches can be developed and reported for nonaqueous, 
solvent-based products.
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Study Storage condition
Minimum time period covered by 

data at submission

Long terma 25°C ± 2°C/40% RH ± 5%  
RH or 30°C ± 2°C/35%  
RH ± 5% RH

12 months

Intermediateb 30°C ± 2°C/65% RH ± 5% 6 months
Accelerated RH 40°C ± 2°C/not more  

than (NMT) 25% RH
6 months

a It is up to the laboratory to decide whether long-term stability studies are performed 
at 25 ± 2°C/40% RH ± 5% RH or 30°C ± 2°C/35% RH ± 5% RH.
b If 30°C ± 2°C/35% RH ± 5% RH is the long-term condition, there is no intermediate 
condition.

For long-term studies conducted at 25°C ± 2°C/40% RH ± 5% RH, additional 
testing at the intermediate storage condition should be performed to evaluate the 
temperature effect at 30°C if significant change other than water loss occurs 
during the 6 months testing at the accelerated storage condition. A significant 
change in water loss alone at the accelerated storage condition does not neces-
sitate testing at the intermediate storage condition. However, data should be 
provided to demonstrate that the DP will not have significant water loss 
throughout the proposed shelf life if stored at 25°C and the reference RH of 
40% RH.

A 5% loss in water from its initial value is considered a significant change for a 
product packaged in a semipermeable container after an equivalent of 3 months 
storage at 40°C/NMT 25% RH. However, for small containers (1 ml or less) or unit-
dose products, a water loss of 5% or more after an equivalent of 3 months storage at 
40°C/NMT 25% RH may be appropriate, if justified.

10.4.2.9  Drug Products Intended for Storage in a Refrigerator

Study Storage condition
Minimum time period covered by 

data at submission

Long term 5°C ± 3°C 12 months
Accelerated 25°C ± 2°C/60%  

RH ± 5% RH
6 months

If the DP is packaged in a semipermeable container, appropriate information 
should be provided to assess the extent of water loss.

Data from refrigerated storage should be assessed according to the evaluation 
section.



302� Specification Setting and Stability Studies

If significant change occurs between 3 and 6 months testing at the accelerated 
storage condition, the proposed shelf life should be based on the real-time data 
available from the long-term storage condition.

If significant change occurs within the first 3 months testing at the accelerated 
storage condition, a discussion should be provided to address the effect of 
short-term excursions outside the label storage condition, for example, during 
shipment and handling. This discussion can be supported, if appropriate, by 
further testing on a single batch of the DP for a period shorter than 3 months but 
with more frequent testing than usual. It is unnecessary to continue to test a prod-
uct through 6 months when a significant change has occurred within the first 
3 months.

10.4.2.10  Drug Products Intended for Storage in a Freezer

Study Storage condition
Minimum time period covered 

by data at submission

Long term –20°C ± 5°C 12 months

For DPs intended for storage in a freezer, the shelf life should be based on the 
real-time data obtained at the long-term storage condition. In the absence of an accel-
erated storage condition for DPs intended to be stored in a freezer, testing on a single 
batch at an elevated temperature (e.g., 5°C ± 3°C or 25°C ± 2°C) for an appropriate 
time period should be conducted to address the effect of short-term excursions 
outside the proposed label storage condition.

10.4.2.11  Drug Products Intended for Storage below –20°C  DPs intended for 
storage below –20°C should be treated on a case-by-case basis based on scientific 
data justification.

10.4.2.12  Stability Commitment  When available long-term stability data on pri-
mary batches do not cover the proposed shelf life granted at the time of regulatory 
approval, a commitment should be made to continue the stability studies post 
approval in order to firmly establish the shelf life.

Where the submission includes long-term stability data from three production 
batches covering the proposed shelf life, a postapproval commitment is unnecessary. 
Otherwise, one of the following commitments should be made:

1.	 If the submission includes data from stability studies on at least three produc-
tion batches, a commitment should be made to continue the long-term studies 
through the proposed shelf life and the accelerated studies for 6 months.

2.	 If the submission includes data from stability studies on fewer than three 
production batches, a commitment should be made to continue the long-term 
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studies through the proposed shelf life and the accelerated studies for 6 months 
and to place additional production batches, to a total of at least three, on 
long-term stability studies through the proposed shelf life and on accelerated 
studies for 6 months.

3.	 If the submission does not include stability data on production batches, a 
commitment should be made to place the first three production batches on 
long-term stability studies through the proposed shelf life and on accelerated 
studies for 6 months.

The stability protocol used for studies on commitment batches should be the same 
as that for the primary batches, unless otherwise scientifically justified.

Where intermediate testing is called for by a significant change at the acceler-
ated storage condition for the primary batches, testing on the commitment batches 
can be conducted at either the intermediate or the accelerated storage condition. 
However, if significant change occurs at the accelerated storage condition on the 
commitment batches, testing at the intermediate storage condition should also be 
conducted.

10.4.2.13  Evaluation A  systematic approach should be adopted in the presenta-
tion and evaluation of the stability information, which should include, as appro-
priate, results from the physical, chemical, biological, and microbiological tests, 
including particular attributes of the dosage form (e.g., dissolution rate for solid oral 
dosage forms). Any evaluation should consider not only the assay but also the deg-
radation products and other appropriate attributes. Attention should be paid to 
reviewing the adequacy of the mass balance and different stability and degradation 
performance.

The purpose of the stability study is to establish, based on testing a minimum 
of three batches of the DP, a shelf life and label storage instructions applicable to 
all future batches of the DP manufactured and packaged under similar circum-
stances. The degree of variability of individual batches affects the confidence 
that a future production batch will remain within specification throughout its 
shelf life.

Where the data show so little degradation and so little variability that it is apparent 
from looking at the data that the requested shelf life will be granted, it is normally 
unnecessary to go through the formal statistical analysis; providing a justification for 
the omission should be sufficient.

An approach for analyzing data of a quantitative attribute that is expected to 
change with time is to determine the time at which the 95% one-sided confidence 
limit for the mean curve intersects the acceptance criterion. If analysis shows that 
the batch-to-batch variability is small, it is advantageous to combine the data into 
one overall estimate. This can be done by first applying appropriate statistical 
tests (e.g., p values for level of significance of rejection of more than 0.25) to the 
slopes of the regression lines and zero time intercepts for the individual batches. 
If it is inappropriate to combine data from several batches, the overall shelf life 
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should be based on the minimum time a batch can be expected to remain within 
acceptance criteria.

The nature of the degradation relationship will determine whether the data 
should be transformed for linear regression analysis. Usually, the relationship can 
be represented by a linear, quadratic, or cubic function on an arithmetic or 
logarithmic scale. Statistical methods should be employed to test the goodness of 
fit on all batches and combined batches (where appropriate) to the assumed degra-
dation line or curve.

10.5  Photostability Testing of New Drug Substances  
and Drug Products

The intrinsic photostability characteristics of new DSs and DPs should be evaluated 
to demonstrate that light exposure does not result in unacceptable change.

A systematic approach to photostability testing is recommended covering studies 
such as:

1.	 Tests on the DS

2.	 Tests on the exposed DP outside of the immediate pack

3.	 Tests on the DP in the immediate pack

4.	 Tests on the DP in the marketing pack

The extent of DP testing should be established by assessing whether or not accept-
able change has occurred at the end of the light exposure testing. Acceptable change 
is change within justified limits.

10.5.1  Light Sources

The light sources described in the following section may be used for photostability 
testing. The laboratory should either maintain an appropriate control of temperature 
to minimize the effect of localized temperature changes or include a dark control in 
the same environment unless otherwise justified.

10.5.1.1  Option 1 A ny light source that is designed to produce an output similar 
to the D65/ID65 emission standard such as an artificial daylight fluorescent lamp 
combining visible and UV outputs, xenon, or metal halide lamp. D65 is the interna-
tionally recognized standard for outdoor daylight as defined in ISO 10977 (1993). 
ID65 is the equivalent indoor indirect daylight standard. For a light source emitting 
significant radiation below 320 nm, an appropriate filter(s) may be fitted to eliminate 
such radiation.
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10.5.1.2  Option 2 F or option 2, the same sample should be exposed to both the 
cool white fluorescent and near-UV lamp:

1.	 A cool white fluorescent lamp designed to produce an output similar to that 
specified in ISO 10977(1993).

2.	 A near-UV fluorescent lamp having a spectral distribution from 320 to 400 nm 
with a maximum energy emission between 350 and 370 nm; a significant 
proportion of UV should be in both bands of 320–360 nm and 360–400 nm.

10.5.1.3  Procedure F or confirmatory studies, samples should be exposed to light 
providing an overall illumination of not less than (NLT) 1.2 million lx h and an 
integrated near-UV energy of NLT 200 W h/m2 to allow direct comparisons to be 
made between the DS and DP.

If protected samples (e.g., wrapped in aluminum foil) are used as dark controls to 
evaluate the contribution of thermally induced change to the total observed change, 
these should be placed alongside the authentic sample.

10.5.2  Drug Substance

For DSs, photostability testing should consist of two parts: forced degradation 
testing and confirmatory testing [4].

The purpose of forced degradation testing studies is to evaluate the overall 
photosensitivity of the material for method development purposes and/or degra-
dation pathway elucidation. This testing may involve the DS alone and/or in 
simple solutions/suspensions to validate the analytical procedures. In these 
studies, the samples should be in chemically inert and transparent containers. In 
these forced degradation studies, a variety of exposure conditions may be used, 
depending on the photosensitivity of the DS involved and the intensity of the 
light sources used. For development and validation purposes, it is appropriate to 
limit exposure and end the studies if extensive decomposition occurs. For photo-
stable materials, studies should be terminated after an appropriate exposure level 
has been used.

Under forcing conditions, decomposition products may be observed that are 
unlikely to be formed under the conditions used for confirmatory studies. This 
information may be useful in developing and validating suitable analytical methods. 
If in practice it has been demonstrated they are not formed in the confirmatory 
studies, these degradation products need not be further examined.

Normally, only one batch of DS is tested during the development phase, and then 
the photostability characteristics should be confirmed on a single primary batch of 
DS to determine if the DS is photostable or photolabile. If the results of the confir-
matory study are equivocal, testing of up to two additional batches should be 
conducted.
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10.5.2.1  Presentation of Samples  Care should be taken to ensure that the 
physical characteristics of the samples under test are taken into account, and efforts 
should be made, such as cooling and/or placing the samples in sealed containers, to 
ensure that the effects of the changes in physical states such as sublimation, evapo-
ration, or melting are minimized. All such precautions should be chosen to provide 
minimal interference with the exposure of samples under test. Possible interactions 
between the samples and any material used for containers or for general protection 
of the sample should also be considered and eliminated wherever not relevant to the 
test being carried out.

As a direct challenge for samples of solid DSs, an appropriate amount of sample 
should be taken and placed in a suitable glass or plastic dish and protected with a 
suitable transparent cover. Solid DSs should be spread across the container to give a 
thickness of typically NMT 3 mm. DSs that are liquids should be exposed in chemi-
cally inert and transparent containers.

10.5.2.2  Analysis of Samples A t the end of the exposure period, the samples 
should be examined for any changes in physical properties (e.g., appearance, clarity, 
or color of solution) and for assay and degradants by a method suitably validated for 
products likely to arise from photochemical degradation processes.

Where solid DS samples are involved, sampling should ensure that a representa-
tive portion is used in individual tests. Similar sampling considerations, such as 
homogenization of the entire sample, apply to other materials that may not be homo-
geneous after exposure. The analysis of the exposed sample should be performed 
concomitantly with that of any protected samples used as dark controls if these are 
used in the test.

10.5.2.3  Evaluation of Photostability Results  The forced degradation studies 
should be designed to provide suitable information to develop and validate test 
methods for the confirmatory studies. These test methods should be capable of 
resolving and detecting photolytic degradants that appear during the confirmatory 
studies. When evaluating the results of these studies, it is important to recognize that 
they form part of the stress testing and are not therefore designed to establish 
qualitative or quantitative limits for change.

The confirmatory studies should identify precautionary measures needed in man-
ufacturing or in formulation of the DP and if light-resistant packaging is needed. 
When evaluating the results of confirmatory studies to determine whether change 
due to exposure to light is acceptable, it is important to consider the results from 
other formal stability studies in order to assure that the drug will be within justified 
limits at time of use.

10.5.3  Drug Product

Normally, the studies on DPs should be carried out in a sequential manner starting 
with testing the fully exposed product and then progressing as necessary to the 
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product in the immediate pack and then in the marketing pack. Testing should 
progress until the results demonstrate that the DP is adequately protected from 
exposure to light.

Normally, only one batch of DP is tested during the development phase, and then 
the photostability characteristics should be confirmed on a single primary batch of 
DP to determine if the product is clearly photostable or photolabile. If the results of 
the confirmatory study are equivocal, testing of up to two additional batches should 
be conducted.

For some products where it has been demonstrated that the immediate pack is 
completely impenetrable to light, such as aluminum tubes or cans, testing should 
normally only be conducted on directly exposed DP.

It may be appropriate to test certain products such as infusion liquids, dermal 
creams, etc. to support their photostability in use. The extent of this testing should 
depend on and relate to the directions for use. The analytical procedures used should 
be suitably validated.

10.5.3.1  Presentation of Samples  Care should be taken to ensure that the physical 
characteristics of the samples under test are taken into account, and efforts, such as 
cooling and/or placing the samples in sealed containers, should be made to ensure 
that the effects of the changes in physical states are minimized, such as sublimation, 
evaporation, or melting. All such precautions should be chosen to provide a minimal 
interference with the irradiation of samples under test. Possible interactions between 
the samples and any material used for containers or for general protection of the 
sample should also be considered and eliminated wherever not relevant to the test 
being carried out.

Where practicable when testing samples of the DP outside of the primary 
pack, these should be presented in a way similar to the conditions mentioned for 
the DS. The samples should be positioned to provide maximum area of exposure 
to the light source. For example, tablets, capsules, etc. should be spread in a 
single layer.

If direct exposure is not practical (e.g., due to oxidation of a product), the 
sample should be placed in a suitable protective inert transparent container  
(e.g., quartz).

If testing of the DP in the immediate container or as marketed is needed, the sam-
ples should be placed horizontally or transversely with respect to the light source, 
whichever provides for the most uniform exposure of the samples. Some adjustment 
of testing conditions may have to be made when testing large-volume containers 
(e.g., dispensing packs).

10.5.3.2  Analysis of Samples A t the end of the exposure period, the samples 
should be examined for any changes in physical properties (e.g., appearance, clarity, 
or color of solution, dissolution/disintegration for dosage forms such as capsules, 
etc.) and for assay and degradants by a method suitably validated for products likely 
to arise from photochemical degradation processes.



308� Specification Setting and Stability Studies

When powder samples are involved, sampling should ensure that a representative 
portion is used in individual tests. For solid oral dosage form products, testing should 
be conducted on an appropriately sized composite of, for example, 20 tablets or cap-
sules. Similar sampling considerations, such as homogenization or solubilization of 
the entire sample, apply to other materials that may not be homogeneous after 
exposure (e.g., creams, ointments, suspensions, etc.). The analysis of the exposed 
sample should be performed concomitantly with that of any protected samples used 
as dark controls if these are used in the test.

10.5.3.3  Evaluation of Photostability Results  Depending on the extent of change, 
special labeling or packaging may be needed to mitigate exposure to light. When eval-
uating the results of photostability studies to determine whether change due to exposure 
to light is acceptable, it is important to consider the results obtained from other formal 
stability studies in order to assure that the product will be within proposed specifica-
tions during the shelf life.

Glossary

Accelerated testing: Studies designed to increase the rate of chemical degradation 
or physical change of a DS or DP by using exaggerated storage conditions as part 
of the formal stability studies. Data from these studies, in addition to long-term 
stability studies, can be used to assess longer-term chemical effects at nonacceler-
ated conditions and to evaluate the effect of short-term excursions outside the 
label storage conditions such as might occur during shipping. Results from accel-
erated testing studies are not always predictive of physical changes.

Acceptance criteria: Numerical limits, ranges, or other suitable measures for 
acceptance of the results of analytical procedures.

Bracketing: The design of a stability schedule such that only samples on the extremes 
of certain design factors, for example, strength and package size, are tested at all 
time points as in a full design. The design assumes that the stability of any 
intermediate levels is represented by the stability of the extremes tested. Where a 
range of strengths is to be tested, bracketing is applicable if the strengths are iden-
tical or very closely related in composition (e.g., for a tablet range made with 
different compression weights of a similar basic granulation or a capsule range 
made by filling different plug fill weights of the same basic composition into dif-
ferent size capsule shells). Bracketing can be applied to different container sizes 
or different fills in the same container/closure system.

Chiral: Not superimposable with its mirror image, as applied to molecules, confor-
mations, and macroscopic objects, such as crystals. The term has been extended 
to samples of substances whose molecules are chiral, even if the macroscopic 
assembly of such molecules is racemic.

Climatic zones: The four zones in the world that are distinguished by their 
characteristic prevalent annual climatic conditions. This is based on the concept 
described by Grimm [5].
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Commitment batches: Production batches of a DS or DP for which the stability 
studies are initiated or completed post approval through a commitment made in 
the registration application.

Confirmatory studies: Those undertaken to establish photostability characteris-
tics under standardized conditions. These studies are used to identify precau-
tionary measures needed in manufacturing or formulation and whether 
light-resistant packaging and/or special labeling is needed to mitigate exposure 
to light.

Container/closure system: The sum of packaging components that together con-
tain and protect the dosage form. This includes primary packaging components 
and secondary packaging components, if the latter are intended to provide addi-
tional protection to the DP. A packaging system is equivalent to a container/
closure system.

Delayed release: Release of a drug (or drugs) at a time other than immediately fol-
lowing oral administration.

Dosage form: A pharmaceutical product type (e.g., tablet, capsule, solution, 
cream) that contains a DS generally, but not necessarily, in association with 
excipients.

DP: The dosage form in the final immediate packaging intended for marketing.
DS: The unformulated DS that may subsequently be formulated with excipients to 

produce the dosage form.
Enantiomers: Compounds with the same molecular formula as the DS, which 

differ in the spatial arrangement of atoms within the molecule and are non
superimposable mirror images.

Excipient: Anything other than the DS in the dosage form.
Expiration date: The date placed on the container label of a DP designating the time 

prior to which a batch of the product is expected to remain within the approved 
shelf life specification if stored under defined conditions and after which it must 
not be used.

Extended release: Products that are formulated to make the drug available over  
an extended period after administration.

Forced degradation testing studies: Those studies undertaken to degrade the 
sample deliberately. These studies, which may be undertaken in the development 
phase normally on the DSs, are used to evaluate the overall photosensitivity of 
the material for method development purposes and/or degradation pathway 
elucidation.

Formal stability studies: Long-term and accelerated (and intermediate) studies 
undertaken on primary and/or commitment batches according to a prescribed 
stability protocol to establish or confirm the retest period of a DS or the shelf 
life of a DP.

Immediate (primary) pack: Constituent of the packaging that is in direct contact 
with the DS or DP, and includes any appropriate label.

Immediate release: Allows the drug to dissolve in the gastrointestinal contents, 
with no intention of delaying or prolonging the dissolution or absorption of 
the drug.
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Impermeable containers: Containers that provide a permanent barrier to the passage 
of gases or solvents, for example, sealed aluminum tubes for semisolids and 
sealed glass ampoules for solutions.

Impurity: (1) Any component of the new DS that is not the chemical entity defined 
as the new DS. (2) Any component of the DP that is not the chemical entity defined 
as the DS or an excipient in the DP.

In-process tests: Tests that may be performed during the manufacture of either the 
DS or DP, rather than as part of the formal battery of tests that are conducted prior 
to release.

Intermediate testing: Studies conducted at 30°C/65% RH and designed to moder-
ately increase the rate of chemical degradation or physical changes for a DS or DP 
intended to be stored long term at 25°C.

Long-term testing: Stability studies under the recommended storage condition for 
the retest period or shelf life proposed (or approved) for labeling.

Marketing pack: The combination of immediate pack and other secondary packaging 
such as a carton used for marketing the product.

Mass balance: The process of adding together the assay value and levels of degrada-
tion products to see how closely these add up to 100% of the initial value, with due 
consideration of the margin of analytical error.

Matrixing: The design of a stability schedule such that a selected subset of the 
total number of possible samples for all factor combinations is tested at a spec-
ified time point. At a subsequent time point, another subset of samples for all 
factor combinations is tested. The design assumes that the stability of each 
subset of samples tested represents the stability of all samples at a given time 
point. The differences in the samples for the same DP should be identified as, 
for example, covering different batches, different strengths, different sizes of 
the same container/closure system, and, possibly in some cases, different con-
tainer/closure systems.

Mean kinetic temperature: A single derived temperature that, if maintained 
over a defined period of time, affords the same thermal challenge to a DS or 
DP as would be experienced over a range of both higher and lower tempera-
tures for an equivalent defined period. The mean kinetic temperature is higher 
than the arithmetic mean temperature and takes into account the Arrhenius 
equation [6].

Modified release: Dosage forms whose drug-release characteristics of time course 
and/or location are chosen to accomplish therapeutic or convenience objectives 
not offered by conventional dosage forms such as a solution or an immediate-
release dosage form. Modified-release solid oral dosage forms include both 
delayed- and extended-release DPs.

New drug product: A pharmaceutical product type, for example, tablet, capsule, 
solution, cream, etc., which has not previously been registered, and which contains 
a drug ingredient generally, but not necessarily, in association with excipients.

New drug substance: The designated therapeutic moiety, which has not previ-
ously been registered. This is also referred to as a new molecular entity or new 
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chemical entity (NCE). It may be a complex, simple ester, or salt of a previously 
approved DS.

New molecular entity: An active pharmaceutical substance not previously 
contained in any DP registered with the national or regional authority 
concerned. A new salt, ester, or noncovalent-bond derivative of an approved 
DS is considered a new molecular entity for the purpose of stability testing 
under this guidance.

Pilot scale batch: A batch of a DS or DP manufactured by a procedure fully rep-
resentative of and simulating that to be applied to a full production scale batch. 
For solid oral dosage forms, a pilot scale is generally, at a minimum, 1/10th 
that of a full production scale or 100,000 tablets or capsules, whichever is the 
larger.

Polymorphism: The occurrence of different crystalline forms of the same DS. This 
may include solvation or hydration products (also known as pseudopolymorphs) 
and amorphous forms.

Primary batch: A batch of a DS or DP used in a formal stability study, from which 
stability data are submitted in a registration application for the purpose of estab-
lishing a retest period or shelf life, respectively. A primary batch of a DS should 
be at least a pilot scale batch. For a DP, two of the three batches should be at least 
pilot scale batch, and the third batch can be smaller if it is representative with 
regard to the critical manufacturing steps. However, a primary batch may be a 
production batch.

Production batch: A batch of a DS or DP manufactured at production scale by 
using production equipment in a production facility as specified in the 
application.

Quality: The suitability of either a DS or DP for its intended use. This term includes 
such attributes as the identity, strength, and purity.

Rapidly dissolving products: An immediate-release solid oral DP is considered 
rapidly dissolving when NLT 80% of the label amount of the DS dissolves 
within 15 min in each of the following media: (1) pH 1.2, (2) pH 4.0, and (3) 
pH 6.8.

Retest date: The date after which samples of the DS should be examined to ensure 
that the material is still in compliance with the specification and thus suitable for 
use in the manufacture of a given DP.

Retest period: The period of time during which the DS is expected to remain within 
its specification and, therefore, can be used in the manufacture of a given DP, 
provided that the DS has been stored under the defined conditions. After this 
period, a batch of DS destined for use in the manufacture of a DP should be 
retested for compliance with the specification and then used immediately. A batch 
of DS can be retested multiple times and a different portion of the batch used after 
each retest, as long as it continues to comply with the specification. For most bio-
technological/biological substances known to be labile, it is more appropriate 
to establish a shelf life than a retest period. The same may be true for certain 
antibiotics.
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Semipermeable containers: Containers that allow the passage of solvent, 
usually water, while preventing solute loss. The mechanism for solvent trans-
port occurs by absorption into one container surface, diffusion through the 
bulk of the container material, and desorption from the other surface. 
Transport is driven by a partial-pressure gradient. Examples of semiperme-
able containers include plastic bags and semirigid, low-density polyethylene 
(LDPE) pouches for large-volume parenterals (LVPs) and LDPE ampoules, 
bottles, and vials.

Shelf life (also referred to as expiration dating period): The time period 
during which a DP is expected to remain within the approved shelf life spec-
ification, provided that it is stored under the conditions defined on the con-
tainer label.

Specific test: A test that is considered to be applicable to particular new DSs or 
particular new DPs depending on their specific properties and/or intended use.

Specification: A list of tests, references to analytical procedures, and appropriate 
acceptance criteria, which are numerical limits, ranges, or other criteria for the 
tests described. It establishes the set of criteria to which a DS or DP should con-
form to be considered acceptable for its intended use. “Conformance to specifica-
tions” means that the DS and/or DP, when tested according to the listed analytical 
procedures, will meet the listed acceptance criteria. Specifications are critical 
quality standards that are proposed and justified by the manufacturer and approved 
by regulatory authorities.

Specification—Shelf life: The combination of physical, chemical, biological, 
and microbiological tests and acceptance criteria that determine the suitability 
of a DS throughout its retest period or that a DP should meet throughout its 
shelf life.

Stress testing (DP): Studies undertaken to assess the effect of severe conditions on 
the DP. Such studies include photostability testing and specific testing on certain 
products (e.g., metered dose inhalers, creams, emulsions, refrigerated aqueous 
liquid products).

Stress testing (DS): Studies undertaken to elucidate the intrinsic stability of the DS. 
Such testing is part of the development strategy and is normally carried out under 
more severe conditions than those used for accelerated testing.

Supporting data: Data, other than those from formal stability studies, that 
support the analytical procedures, the proposed retest period or shelf life, and 
the label storage statements. Such data include (1) stability data on early 
synthetic route batches of DS, small-scale batches of materials, investiga-
tional formulations not proposed for marketing, related formulations, and 
product presented in containers and closures other than those proposed for 
marketing; (2) information regarding test results on containers; and (3) other 
scientific rationales.

Universal test: A test that is considered to be potentially applicable to all new 
DSs or all new DPs, for example, appearance, identification, assay, and 
impurity tests.
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LC-MS for Pharmaceutical 
Analysis

Herman Lam

11

11.1  Introduction

When considering the wide scope of analytical requirements for pharmaceutical 
analysis, there is little doubt that the liquid chromatography-mass spectrometry (LC-
MS) is among the most valuable technique in terms of sensitivity, selectivity, dynamic 
range, reliability, throughput, and diversity in applications [1–10]. LC-MS has been 
used in all stages of drug development process including discovery, preclinical, 
clinical, and manufacturing. The LC-MS applications being explored in various 
stages of drug development are outlined in Table 11.1.

The prevalence of the LC-MS technique in pharmaceutical analysis originated 
from the combination of two very powerful techniques, liquid chromatography (LC) 
and mass spectrometry (MS), through the use of an atmospheric pressure ionization 
(API) interface. LC, which provides very good separation and selectivity in liquid 
phase, is more amendable to pharmaceutical molecules and macromolecules such as 
proteins. This front-end separation power is coupled with the tremendous sensitivity 
and selectivity of the MS detection to enable the analysis of very complex samples. 
Recent developments in tandem multidimensional LC coupled to tandem MS detec-
tion have further enhanced the capability.
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11.2  LC-MS Instrumentation

There are many possible combinations to configure an LC-MS system. The configu-
ration depends on the application requirements and the budget available. The selection 
of LC, ionization interface, and mass detector combinations is shown in Table 11.2.

11.2.1  HPLC Front End

The performance of high-performance liquid chromatography (HPLC) instrumenta-
tion has come a long way. Advancement in the HPLC instrumentation in all modules 
(viz., the pump, detector, and injector) that comprises of an LC together with the new 
HPLC column technology has greatly improved the resolution power and the sensi-
tivity of HPLC. The new LC systems are designed to deliver mobile phase at a much 
higher pressure than traditional LC and allow the use of smaller particle sorbents to 
achieve better resolution. Many reverse-phase column sorbents are now available in 
sub-2 micron size. The ultrahigh-performance liquid chromatography (UHPLC) is 
an example of utilizing higher pressure with smaller particle size sorbent material to 
achieve superior resolution, sensitivity, and selectivity to accomplish the analysis in 
a much shorter time than traditional LC. Capillary LC and nanoflow LCs where the 
flow rates in the microliter or nanoliter per minute ranges are available for applica-
tions that require ultrahigh-resolution power. The resolution enhancement and 

Table 11.1  LC-MS applications in different stages of drug 
development

Development stage LC-MS applications

Discovery High-throughput screening
Structural identification
Pharmacokinetics
Membrane permeability
Drug–drug interaction
Metabolite identification
Metabolic stability
Drug–protein interaction
Protein PTM–Post Translational Modification
Biomarkers

Preclinical Impurity identification
Degradant identification
Metabolite identification

Clinical Bioanalysis
Impurity identification
Degradant identification
Metabolite identification

Manufacturing Impurity identification
Quality control
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peak capacity are very important to reduce the sample complexity for the reduction 
of the matrix effects and ion suppression in LC-MS applications.

The development of two-dimensional LC (2D-LC) that couples columns of differ-
ent separation chemistry together is aimed to gain further improvement in resolution 
and peak capacity [11–13]. For example, a hydrophilic interaction chromatography 
(HILIC) column can be coupled with a reversed-phase column online to extend the 
peak capacity of the front-end separation of an LC-MS system [14]. Online 2D-LC 
separation, which can be automated and with minimum sample loss, is preferred to 
the offline separation where the eluates are collected and reinjected into a second 
column of different chemistry.

11.2.2  LC-MS Interface

Since MS can only be used to analyze charged or ionized species, it is necessary to 
convert the neutral analytes into ions. The development of different API techniques 
is the key driving factor for the widespread use of LC-MS. Without the availability of 
various API interfaces, the use of LC-MS may still be confined to research labora-
tories with limited real-world applications. There are two main types of API inter-
faces, the electrospray ionization (ESI) and atmospheric pressure chemical ionization 
(APCI). The ESI is used in the analysis of polar analytes, while the APCI is used in 
the analysis of nonpolar molecules. Both API devices used as an interface between 
the LC and the MS have to cope with the eluent from the LC, ionize the analytes 
within the eluate, and transfer the analyte ions under atmospheric pressure to the high 
vacuum inside the mass spectrometer.

11.2.2.1  Electrospray Ionization (ESI) F or the ESI, the eluent from the HPLC is 
channeled through a fine capillary. A high voltage (typically 3–6 kV) is applied to the 
capillary tip to produce a spray of very fine droplets containing ions (Fig.  11.1). 
Depending on the polarity of the applied potential, either positive ions or negative 
ions will be formed. The charged droplets are drawn toward the inlet of the mass 
spectrometer by applying a potential difference between the spray tip and the inlet. 
A  stream of hot dry gas usually nitrogen is blowing across the charged droplets 

Table 11.2  Common 1iquid chromatographic systems, ionization 
interfaces, and mass detectors for LC-MS and LC-MS/MS systems

LC (flow rate) Interface MS MS/MS

Traditional  
LC (ml/min)

ESI Q QqQ

UPLC (ml/min) APCI IT Quadrupole-ion trap
Capillary LC 

(µl/min)
APPI LIT Q-TOF

Nanoflow  
LC (nl/min)

Orbitrap MS TOF/TOF

TOF Quadrupole-Orbitrap MS
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to assist evaporation of the solvent in the droplets. Evaporation leads to solvent loses 
from the droplets and reduction in the size of the droplet. The size of the droplets 
reduces as they move toward the inlet. The charge density of the droplets increases 
with reducing droplet size. At a certain droplet size, the coulombic force overcomes 
the surface tension of the droplet [15, 16]. The droplets break into smaller droplets. 
This evaporation and droplet-breaking process continues until free ions are formed. 
The formation of the ions is under atmospheric pressure. The ions enter the mass 
analyzer through a small opening at the inlet and travel to the high vacuum section 
guided by electrical lens operating at cascading potential difference. The pressure at 
the inlet is reduced through several stages to reach the high vacuum condition inside 
the mass spectrometer.

ESI is considered a soft ionization technique where analytes usually remained 
intact during the ionization process [15]. A very useful feature of ESI is that mul-
tiply charged ions can be produced within large molecules. As the mass-to-charge 
(m/z) ratio is the physical property that is measured in MS, multiply charged ions 
have apparent m/z values that are a fraction of their actual masses. This enables the 
analyses of the multiply charged species of very large molecules such as proteins 
due to apparent reduction in the m/z ratio. The sensitivity of the ESI is dependent 
on the LC flow rate; the slower the flow rate, the more sensitive the analysis 
can be  achieved. It is thus beneficial to use capillary LC or nanoflow LC with 
columns of smaller internal diameter in the LC front end of the LC-MS using 
an ESI interface.

The presence of a background matrix can affect the ionization efficiency in ESI by 
either suppressing the formation of ions or enhancing the ions formation. The matrix 
effect suppression can cause significant decrease in sensitivity and introduce large 
variation in quantitation.

11.2.2.2  Atmospheric Pressure Chemical Ionization (APCI)  In the APCI anal-
ysis, the eluent from the HPLC column is pushed through a heated nonconductive 
capillary tube surrounded by a coaxial jacket of nitrogen (Fig. 11.2). The spray of 

Analyser

SkimmersCounter
electrode

Nebulising gas

Hot
nitrogen

3–6 kV

Atomspheric pressure Vacuum

Figure 11.1  Schematic of an ESI interface.
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fine droplets surrounded by hot gas is converted into gas phase. The gas phase 
analytes are then ionized chemically by transfer of charge between a reagent ion 
and a target molecule [16]. The mechanism of the ionization is believed to involve 
primary ions such as N

2
+ or O

2
+ formed by the corona discharge from a corona 

needle set to 2–3 kV. Subsequent charge transfer from the primary ions to solvent 
molecules took place to form solvated reagent ions, which then ionized the 
analyte molecules. APCI is also a soft ionization technique. Usually, [M+H]+ 
ions are produced in the positive mode, and [M−H]− ions are produced in the negative 
mode. The ions enter the mass analyzer through a small opening at the inlet and 
travel to the high vacuum section guided by electrical potential difference.

APCI can be operated at a higher linear velocity of the mobile phase (often close 
to 1 ml/min). APCI is more suitable for analyzing less polar molecules and comple-
ments the operational polarity range for ESI. A schematic diagram showing the 
different operation ranges for APCI and ESI in terms of relative polarity, mass range, 
and target analytes is shown in Figure 11.3.

Neutral analyst
Reagent ion
Analyst ion

Corona needle

Analyser

SkimmersCounter
electrode

Hot
nitrogen

Atomspheric pressure Vacuum

Nebulising gas

Figure 11.2  Schematic of an APCI interface.

APCI

ESI

Polarity
PolarNon-polar

Molecular
weight (Da)Analytes

Small molecules 1000

KilodaltonMarcomolecules:
DNA, proteins,
carbohydrates

Figure 11.3  Schematic diagram showing the different operation ranges for APCI and ESI 
in terms of relative polarity, mass range, and target analytes.
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11.2.3  Mass Analyzers

Among the many different types of mass analyzers being used in MS, the analyzers 
based on quadrupole (Q), ion trap (IT), time of flight (TOF), and orbital trap 
(Orbitrap) are commonly encountered in LC-MS applications. These mass analyzers 
operate on different principles of ion separation, which will be discussed in the fol-
lowing sections. In order to provide a perspective of the capability of the different 
mass analyzers, it is useful to introduce several key performance characteristics such 
as mass range, mass accuracy, and mass resolution for consideration [17–19].

The mass range refers to the limit of m/z of the ions that the mass analyzer is 
capable of measuring. The mass accuracy is the difference between the measured 
mass and the theoretical mass. The mass accuracy can be expressed in absolute mass 
difference or in a part per million (ppm) in relationship to the mass of the ion being 
measured. A lower ppm value implies better mass accuracy. The mass resolution is 
the ability to differentiate neighboring peaks of ions with small difference in their 
mass (ΔM). Two peaks are considered resolved if the valley between them has 50% 
of the intensity of the smaller peak of the two. The resolution (R) between two peaks 
of masses M and M + ΔM is given by (M/ΔM). The smaller the mass difference ΔM 
that can be differentiated, the better the resolution. Another way to estimate the res-
olution power is to use the full width at half maximum (FWHM) of a peak as the ΔM 
in the resolution Equation.

11.2.3.1  Quadruple (Q)  The quadrupole is made up of four metallic rods arranged 
in parallel. Ideally, the rods should be hyperbolic (Fig. 11.4). One pair of opposing 
rods is connected electrically to a direct current (DC) voltage U and superimposed 
with an oscillating radio-frequency (RF) voltage Vcosωt where ω is the angular fre-
quency (in rads−1) and t is time. The other pair of rods receives a DC voltage of U and 
superimposed with a RF voltage of the same magnitude but 180º out of phase. The 
configuration and the voltages applied to each pair of rods in the quadrupole are shown 
in Figure 11.4. During a m/z scan, the applied voltages U and V are increased in a 
linear manner. The ions that entered the quadrupole are subjected to a quadrupolar 

+

+

–

–

A

A
B

B

–(U–Vcosωt)

+(U–Vcosωt)

Figure 11.4  Schematic of the configuration of a quadrupole mass analyzer.
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field. Only the ions of a narrow m/z range can have a stable trajectory to pass through 
the quadrupole at a particular voltage setting, while the others collide on the rod 
surface due to unstable trajectories. The ratio of U and V dictates the resolution. 
A higher ratio increases the resolution but decreases the number of ions that can 
have a stable trajectory reducing the sensitivity. Quadrupole is not a high-resolution 
mass analysis. The typical resolution is unit mass. The practical m/z range for a quadru-
pole is about 4000, which is sufficient for small molecules but not for big biomolecules 
such as proteins.

11.2.3.2  Ion Trap  Traditional IT mass analyzers have a ring electrode and two 
endcap electrodes. The endcap electrodes have a small opening to allow introduction 
of ions into the trap and ejection ions to the detector (Fig. 11.5). The ions introduced 
to the space between the electrodes are trapped by an oscillating electric field by 
applying a potential Φ

0
 = U − Vcosωt to the ring electrode. The trapped ions with a 

broad m/z range precess in trajectories within the space defined by the radius R
o
 of the 

ring electrode and the distance (Z
o
) between the endcap electrodes. As ions repel each 

other within the small confine of the trap, which leads to trajectory deterioration, 
helium at a pressure of 10−3 Torr is introduced to remove excess energy by collision to 
confine the ions.

Different modes of operation can be used to analyze the ions in the trap. In the 
mass-selective instability mode, ramming the RF potential leads to ions of increasing 
m/z to be ejected from the trap successively from the endcap to the detector. In the 
resonant excitation mode, a bipolar supplementary RF potential applied to the endcap 
excites the ions and ejects the ions. An ion with a particular m/z can be selected to 
remain in the trap by ejecting ions of m/z higher and lower than the m/z of interest. In 
the mass-selective mode, potentials to the ring and endcap electrode are analogous to 
the opposing electrodes in a quadrupole mass filter. A mass spectrum can be obtained 
by scanning the U and V components of the applied potentials or to trap selected ions 
with specific m/z. The major advantages of IT are abilities to accumulate ions of 
interests to enhance the sensitivity and to enable multiple fragmentations in a cascade 
reaction resulting in product ions in one experiment (MSn), which can be very 
informative in structure identification. However, there is a limit in the number of ions 

Ring electrode

Inlet endcap

Exit endcap

Ro

Zo

Figure 11.5  Schematic of the configuration of the electrodes in a 3D IT mass analyzer.
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in the trap. If there are too many ions in the trap, a space charge effect resulting from 
the slight modification of the electrical field experienced by the inner ions due to 
shielding by the outer ions can lead to reduction in resolution power.

The linear ion trap (LIT) is a variant of the traditional three-dimensional ion 
trap (3D IT). A 2D LIT is a quadrupole with endcaps appended at the entrance and 
exit, so it can work as a quadrupole or as an IT, depending on whether potential is 
applied on the endcaps or not. Compared to the 3D IT, the LIT has better trapping 
efficiency, larger ion storage capability, and enhanced ion ejection efficiency and 
sensitivity.

11.2.3.3  Time of Flight (TOF) F or the TOF mass analyzer, ions are separated 
on the basis of their velocity difference inside a field-free flight tube (Fig. 11.6). 
Packages of ions are being drawn into the acceleration region of the analyzer by a 
potential difference to impart the ions with the same kinetic energy. Ions then travel 
into the flight tube of length L with different velocities depending on their masses 
(m) and the charges (ze) they carried. The relationship between the velocity of ion, 
mass, and charge is given by Equation 11.1:

	
v

zeV

m
=

2
	 (11.1)

where V is the acceleration potential.
The time (t) it takes for the ions to reach the detector at a distance L away is related 

to m/z given by Equation 11.2:
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m

z

L

eV
2

2

2
=









 	 (11.2)

Detector

Field-free region (length = L)

Aceleration region

Figure 11.6  Schematic diagram showing the basic operation principle of TOF mass 
analyzer.
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TOF mass analyzers offer many attractive features. The mass range is potentially 
unlimited though there is a practical limit. Good sensitivity is achieved by having 
high transmission efficiency and using multichannel detection. The acquisition rate 
is very fast to enable the detection of transient species. Good mass accuracy is down 
to less than 5 ppm. Mass resolution, which used to be a weakness for TOF, has been 
tremendously improved by the use of delayed ion extraction and the energy-
correction device (reflectron) to correct slight variation in velocity of the ions due to 
the dispersion of initial kinetic energy.

11.2.3.4  Orbital Trap (Orbitrap)  The Orbitrap is a new type of Fourier transform 
mass analyzer introduced in 2004. The Orbitrap is very compact in size but big in 
performances. Ions are introduced into the Orbitrap (a static field), cycling around 
the central electrode rings [20] while moving back and forth along the axis of the 
central electrode. The ions with a specific m/z ratio move in the static field oscillate 
along the central electrode at a specific frequency. The frequency of these harmonic 
oscillations is inversely proportional to the square root of the m/z ratio. The circu
lating ions induce a current that can be detected and converted into mass spectra 
by using Fourier transform algorithm. The Orbitrap MS exhibits a very impressive 
performance in mass accuracy (1–2 ppm), mass resolution (up to 200,000), and 
dynamic range.

Overall, there is a range of mass analyzers for LC-MS applications. The typical 
performance of each class of mass detector is given in Table 11.3.

11.2.4  Tandem Mass Spectrometry (MS/MS)

A lot of LC-MS applications involve the use of more than one MS analyzer working 
in tandem. The idea is to use the first mass analyzer to select a target (precursor) ion 
of interest for fragmentation studies. The collision-induced dissociation with an inert 
gas at reduced pressure is a popular way to introduce fragmentation to the target ion. 
The product ions resulting from the fragmentation are analyzed by a second MS ana-
lyzer. The unique relationship between the precursor ion and the product ions plays 
an important role in structural elucidation and identification of target compounds. 
There are many combinations of mass analyzers that can be used in LC-MS/MS. 
Some of the common tandem configurations are the triple quadrupoles (QqQ) and 
hybrid quadrupole/TOF (Q-TOF). The increasing popularity tandem MS can be 
linked to the emergence of QqQ. The QqQ systems are the workhorses of many 
bioanalysis in clinical trials. The Q-TOF systems that couple great sensitivity, mass 

Table 11.3  Performance of mass detectors

Mass analyzer type Mass range (μ) Mass resolution (FWHM) Mass accuracy (ppm)

Q 4,000 2,000 100
IT 6,000 4,000 100
TOF with reflectron 10,000 100,000 10
Orbitrap 50,000 200,000 <5
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accuracy, and resolution with ion fragmentation capability play a crucial role in 
MS-based proteomics and metabolomics.

There are four possible scan modes that can be used in tandem MS/MS. Schematic 
illustration of the scan modes is shown in Figure 11.7 [2, 17].

11.2.4.1  Product Ion Scan  The first mass analyzer operates in a nonscanning 
setting to transmit only the target precursor ion with a fixed m/z. The precursor ion 
undergoes fragmentation to produce the product ions, which are analyzed by the 
second mass analyzer in scanning mode over a range of m/z. The spectral information 
from the fragments is useful in structural elucidation and peptide sequencing.

11.2.4.2  Precursor Ion Scan  The first mass analyzer operates in a scanning setting 
to transmit ions over a range of m/z. The second mass analyzer operates in a nonscan-
ning setting to transmit only a selected product ion with a fixed m/z. All precursors 
that may produce the selected product ion fragment are identified. Precursor ion scan 
is useful to identify related compounds in a mixture. For example, a fragment of m/z 
79 corresponding to the PO

3
− ion can be set to detect the presence of phosphopeptides 

in a mixture.
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Figure 11.7  Scan mode for LC-MS/MS applications.
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11.2.4.3  Neutral Loss Scan  The first and the second mass analyzers are scanned 
in a synchronized fashion with a mass offset that corresponds to the mass of a specific 
neutral species. For example, the loss of 44 Da corresponding to the CO

2
 is a common 

reaction for carboxylic acids. The scan in the second mass analyzer is offset by a 
m/z of 44; the neutral loss scan can reveal the analytes containing the carboxylic 
functionality.

11.2.4.4  Multiple Reaction Monitoring (MRM) or Selective Reaction Monitoring 
(SRM)  The first mass analyzer transmits only the target precursor ion with a fixed 
m/z. The second mass analyzer is set to transmit only the product ion fragments with 
specific m/z. A precursor ion and a particular product ion are referred to as transition. 
A precursor ion can give rise to several transitions with product ions of different m/z. 
More than one transition can be monitored in the same experiment. The SRM mode 
is the most common mode of operation for quantitative application. The reduction 
of chemical noise by isolating the precursor ion significantly increases the signal-
to-noise ratio in the selective reaction monitoring (SRM) mode to enable detection 
of analytes, which may have been buried by the noise. Typically, the transition with 
the highest product ion intensity will be used for quantitation purpose and a second 
transition can be used for confirmation purpose.

In a QqQ system, the first quadrupole (Q1) and the third quadrupole (Q3) operate 
as mass analyzers to provide mass selection functions by varying the DC and the RF. 
The second quadrupole (q) that operates in RF only allows all ions to pass through 
functions as an ion containment region and as a collision cell for collision-induced 
fragmentation. All four types of scan can be performed by a QqQ system.

The Q-TOF instruments are another popular hybrid instruments combining two 
types of mass analyzer. The quadrupole mass analyzer provides the initial mass 
selection to isolate the precursor ions. Usually, there is another quadrupole operating 
in RF only to function as a collision cell. The TOF mass analyzer with reasonably 
good resolution and mass accuracy and high sensitivity is used to scan the product 
ions. The duty cycle of a Q-TOF instrument is much faster than a QqQ instrument. 
The standard scan mode for a Q-TOF instrument is the product ion scan. Other scan 
modes such as precursor ion scan and neutral loss scan are not directly applicable.

11.3  Examples of Qualitative and 
Quantitative Applications

11.3.1  Structural Identification

LC-MS has played an important role in the identification of related substance in 
active pharmaceutical ingredient because of its superb combination of separation 
capability, selectivity, sensitivity, much improved mass resolution, and accuracy [7]. 
The characterization and identification of related substances of a potent corticosteroid 
mometasone furoate using an Orbitrap is a good example to illustrate the usefulness 
of the powerful LC-MS combination [5]. In this application, two of the impurities 
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related to mometasone furoate with m/z of 535 and 581 were found to coelute in the 
total ion chromatogram before the mometasone furoate peak. The high-resolution 
and high-mass-accuracy capabilities of the Orbitrap enable the determination of ele-
mental composition of the coeluting impurities based on isotopic patterns and the 
elemental combinations. The best possible elemental composition for the [M+H]+ 
ions with m/z of 581.1606 with a mass accuracy of 0.18 ppm was determined to be 
C

28
H

34
O

9
ClS (Compound A, Fig.  11.8). Comparing the elemental composition of 

mometasone furoate, the additional moiety corresponds to CH
3
O

3
S with the removal 

of on chlorine atom. Further high-resolution LC-MS/MS experiments establish that 
the sulfur moiety is inserted at the 20 keto position. The formation of the sulfur-
containing impurity is properly related to the action with the reagent CH

3
O

2
Cl used 

in the synthetic processes.
The best possible elemental composition for the coeluting [M+H]+ ions with m/z 

of 535.1283 with a mass accuracy of 0.41 ppm was determined to be C
27

H
29

O
7
Cl

2
, 

which corresponds to the 6 keto structure (Fig. 11.8, Compound B). Interestingly, 
there is a late-eluting impurity after the mometasone furoate peak with the same 
nominal m/z of 535. The best possible elemental composition for the late-eluting 
impurity ([M+H]+ ions with m/z of 535.1647 with a mass accuracy of 0.41 ppm) was 
determined to be C

28
H

33
O

6
Cl

2
, which corresponds to a methyl substitution at the 6 keto 

position (Fig.  11.8, Compound C). The difference in structure between the two 
impurities with the same nominal mass was differentiated using accurate mass data.
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Figure 11.8  Mometasone furoate and its related impurities.
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11.3.2  Bioanalytical Applications

Tandem LC-QqQ systems with API interfaces have been the workhorse in quantitative 
analysis in pharmacokinetics and metabolism studies. The SRM mode is the method 
of choice for its specificity, sensitivity, and high throughput. The signal-to-noise ratio 
is greatly enhanced using the SRM mode to improve the limit of detection and limit 
of quantitation (LOQ). The analytes of interest are ionized by the soft atmospheric 
ionization techniques such as ESI or APCI depending on the polarities. The 
unfragmented targeted analyte ions are selected as precursor ions in Q1. The selected 
ions are fragmented in Q2 by collision-induced dissolution into product ions and 
transmitted to Q3. More than one transition can be monitored in Q3. The transition 
that produces the highest ion intensity is selected in Q3 for detection and quantita-
tion. Other transitions can be used to confirm the identity of the targeted analyte for 
specificity.

The development of a bioanalytical method involves the development of sample 
extraction and cleaning procedure, chromatographic conditions to separate the analyte 
of interest from potential interferences, and optimization of the MS detection of the 
analytes of interests [10, 21]. A good sample preparation procedure enables good and 
consistent recovery of the analytes from the complex biological matrixes such as 
urine, blood, plasma, and tissues. Depending on the applications, the analytes of 
interest may not necessary be completely resolved in the chromatographic separation 
as the mass spectrometer can provide orthogonal separation according to the m/z ratio 
of the analytes. However, it is certainly useful to achieve an adequate level of 
chromatographic separation up front using a solvent mixture and pH that facilitate 
ionization by the API interface for good sensitivity. Experimental parameters such as 
temperature and voltage of the API interface, the flow of evaporation gas to assist the 
vaporization of the droplets from the spray tip, various potentials of the electrical lens 
along the ion optics, the collision gas pressure, and the detector voltage have to be 
optimized for the formation and detection of precursor ions and product ions.

The composition of the biological samples can vary significantly between individ-
uals and species. One of the major factors affecting the accuracy and precision of the 
analysis of biological samples is the matrix effect [22]. The ionization of the analytes 
are either suppressed or enhanced by the presence of the matrix components such as 
endogenous compounds and metabolites, which result in increase or decrease in 
signal intensity. Matrix effect is more pronounced in ESI than APCI, and it affects the 
early-eluting compounds more than late-eluting compounds. Several mechanisms for 
ion suppression caused by the matrix components such as competition of excess 
charges on the ESI droplets, changes in surface tension and viscosity of the droplets, 
and neutralization of the analyte ions have been proposed [23]. The matrix effect can 
be evaluated by comparing the response obtained from a neat standard solution and 
a postextraction sample spiked with the analyte of interest. Another way to evaluate 
matrix effect is the postcolumn infusion of the analyte solution into the ion source 
while the blank matrix extract is eluting from a column. The postcolumn infusion 
method can provide information about the retention time or the chromatography 
region affected by the matrix components in the chromatogram. Due to the 
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unpredictability of the matrix effect, it is a major concern in quantitative analysis 
using LC-MS with ESI and APCI. Evaluation of matrix effect is required in the 
validation of bioanalytical method by the U.S. FDA Guidance for Industry on 
Bioanalytical Method Validation [24].

Various approaches can be taken to avoid or reduce the detrimental matrix effect. 
The first approach is to explore different APIs such as ESI, APCI, and atmospheric 
pressure photoionization (APPI) techniques to see what ionization technique for the 
analyte is less prone to matrix effect. The second approach is to chromatographically 
separate the analyte from the matrix interference. The postcolumn infusion technique 
can provide useful information on the retention of the interfering matrix components. 
The third approach is to remove the interfering matrix components in the sample 
preparation stage by protein precipitation or solid phase extraction (SPE). In case all 
these approaches cannot effectively clean up the interfering matrix, the use of matrix 
match standards can be considered provided the matrix effect is similar among same 
type of samples. However, the use of stable isotopic-labeled internal standard is the 
best way to compensate the variability caused by the matrix effect on the accuracy 
and precision of the quantitative LC-MS/MS method for bioanalysis. The stable 
isotopic-labeled internal standard with a sufficient number of 13C or 15N incorporated 
will have the same protein bonding characteristics, recovery, ionization efficiency, 
response, and retention as the unlabeled analyte [25]. For LC-MS analysis, the stable 
isotopic-labeled internal standard does not have to be separated chromatographically 
from the analyte as long as they have separate mass. The stable isotopic-labeled 
internal standard should be added to the sample prior to sample pretreatment so that 
both matrix effect and extraction loss can be compensated.

The assay of melamine in milk is used as example to illustrate the use of stable 
isotopic-labeled internal standard for quantitative analysis. The nonlabeled 
melamine has a molecular weight of 126. The stable isotopic-labeled melamine has 
three 13C and three 15N substitutes with a molecular weight of 132 as shown in 
Figure 11.9. For the nonlabeled melamine, the precursor ion [MH+] has a m/z of 
127. The product ions to be monitored for the quantitation have a m/z of 85 and 68. 
For the stable isotope-labeled melamine, the precursor ion [MH+] has a m/z of 133. 
The products to be monitor for the quantitation have a m/z of 91 and 74 (Fig. 11.9b). 
A fix quantity of an internal standard is introduced to each standard and sample 
preparation. The extracted ion chromatograms of the labeled and the nonlabeled 
melamine and the fragment ions are shown in Figure 11.9c. A calibration curve is 
then constructed based on the ratio of the responses of analyte and internal standard 
versus the analyte concentration for the quantification of the unknown level of 
melamine in the samples.

11.3.3  Protein and Peptide Analysis

In life science research, the ability to identify and quantify any protein or set of 
proteins of interest in various physiological states is essential to advance the 
understanding of biological systems. The qualitative and/or qualitative analysis of all 
proteins in a tissue and cell in both temporal and spatial terms is referred to as 
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proteomics. Since many small-molecule drugs and biologics act on protein targets, 
proteomics has been used in drug discovery and preclinical studies to try to understand 
the effects of drug on the protein targets [10, 26–29]. For a long time, the use of MS 
for protein analysis had been restricted by the lack of suitable ionization techniques 
to produce intact gas phase ions for large biomolecules using traditional ionization 
methods. Large biomolecules are broken up into random fragments during the 
vaporization and ionization processes. The development of ESI and matrix-assisted 
laser desorption/ionization (MALDI) has revolutionized the protein and peptide 
analysis to make them amendable for MS. ESI can be coupled with various mass 
filters and detectors in tandem for qualitative and quantitative proteomics. MALDI in 
general is not amendable for LC-MS application because of the sample preparation 
steps required prior to the laser desorption.

11.3.3.1  Qualitative Analysis  The identification of proteins in a complex 
biological matrix is sometimes referred to as shotgun proteomics. The workflow for 
shotgun proteomics involved in the LC-MS/MS analysis of peptides obtained from 
tryptic digestion of the cell or tissues is shown in Figure 11.10 [26]. The peptide 
mixture first undergoes a capillary LC or nanoflow LC separation to reduce the 
complexity of the mixture before the peptides in the eluent are ionized by ESI. The 
number of peptides in the sample is expected to be far exceeding peak capacity for 
complete separation; multiple peptides are likely to be coeluding within a fraction 
at a given time. Peptide coelution can lead to ion suppressions during the ionization 
process and under sampling of peptides in the MS analysis. The use of multidimen-
sional LC that harnesses the separation power of different column chemistries to 
increase the separation power and peak capacity has gain popularity in shotgun 
proteomics [11, 12].

In a data-dependent approach, the mass spectrometer can be programmed to per-
form a scan of the peptides in the first mass detector, usually a quadrupole, to select 
few peptides with the highest signal intensity for collision-induced dissociation in Q2. 
The resulting fragments are analyzed in the second mass detector with good mass 
accuracy and resolution to enable better identification of the mass fragments from 
very similar peptides. The MS analysis can also be conducted in a direct precursor 
selection approach to select peptides with specific masses and LC retention time if 
prior information is available [30]. The low-intensity peptide ions can be analyzed 
in the direct precursor selection mode.

Tryptic digestion of
proteins

Precusor selection Fragmentation Product ion scan

Q1 q2

1
3

2

Q3

1 32
Database

search

LC separation,
ESI

Figure 11.10  Work for shotgun proteomics.
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The spectra of the peptides and fragment ions are then searched against known 
peptide spectral libraries or theoretical peptide fragment lists in sequence databases 
[31]. The process of peptide/protein identification is called spectral library searching. 
A peptide spectral library is a curated, annotated, and nonredundant collection/
database of LC-MS/MS peptide spectra built by consensus. For a sequence database 
search, the experimental spectral information of the peptide ion fragments is searched 
against the calculated spectra of all putative peptide candidates in the given setting 
(proteolytic enzymes, miscleavages, posttranslational modifications (PTM)) to find 
a sufficiently close match with the experimental mass spectra, which serves as the 
basis for peptide/protein identification. Since the sequence of amino acids in a protein 
is very unique, its identification can be inferred by the presence of one or more unique 
characteristic peptides of the protein from the tryptic digest.

11.3.3.2  Quantitative Analysis  Different levels of a particular protein or set of 
proteins can be present in different physiological states that correspond to different 
stages of a disease or in drug interactions [28, 29, 32, 33]. LC-MS/MS analysis using 
stable isotope labels plays a key role in the relative and absolute quantification of 
proteins in proteomics research. Among the many different protein quantification 
techniques involving stable isotope labeling, the isobaric tags for relative and abso-
lute quantification (iTRAQTM) reagents are useful tools to monitor relative changes in 
protein and PTM abundance across perturbed biological systems allowing comparison 
of normal, disease, or drug-treated states [34].

The iTRAQ reagents consist of a set of four or eight isobaric reagents to label the 
primary amines of peptides and proteins. For simplicity, an iTRAQ reagent set with 
four isobaric label reagents each consisting of an N-methyl piperazine reporter group 
with mass equal to 114, 115, 116, or 117; a balance group with mass equal to 31, 30, 
29, or 28; and an N-hydroxysuccinimide ester group that is reactive with the primary 
amines of peptides is used to illustrate the workflow of the iTRAQ technique for pro-
tein and peptide quantification (Fig. 11.11). The balance groups present in each of 
the iTRAQ reagents render the labeled peptides from each sample isobaric (same 
mass). Each isobaric tag has a m/z of 145.

A typical iTRAQ workflow is illustrated in Figure 11.12. Samples to be quanti-
fied are prepared and digested using an enzyme, such as trypsin, to generate 
proteolytic peptides. Each peptide digest is labeled with a different iTRAQ reagent. 
The labeled digests from different samples are then combined into one sample 
mixture. The combined peptide mixture is analyzed by LC-MS/MS for both 
identification and quantification. Since the chemical composition of each iTRAQ 
reagent is the same, the labeled peptide fragments from a particular protein of 
interest from different samples with different iTRAQ tags are chemically identical 
and with the same characteristics in LC separation, ionization, and MS analysis. 
The sequence of a peptide is determined from the product ions of the peptide 
fragments that are generated from cleavage of the peptide bonds as discussed 
previously. The relative abundance of the peptides from the same protein in differ-
ent samples can be determined by comparing the intensities of reporter ion signals 
in the MS/MS scan.
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11.4  Summary

The rapid advancements of LC-MS/MS instrument and methodology with high-
throughput capability, super selectivity, exquisite sensitivity, and unprecedented 
mass accuracy make LC-MS/MS an indispensable tool for pharmaceutical and 
biological research and development.
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12.1  Background

12.1.1  Dissolution Testing Definition

Dissolution is a state of transforming a solid into solution, which is an essential step 
for a drug product in order to be orally absorbed [1]. Pharmaceutical dissolution test-
ing is the in vitro measurement of the release of an active pharmaceutical ingredient 
(API) from a dosage form. It includes the rate as well as the extent of drug dissolution. 
Dissolution testing has important applications throughout a product’s life cycle [2] 
from the early development stages to routine batch releases of marketed products.

12.1.2  History of Dissolution

The foundation of dissolution experiments is based on Noyes and Whitney equation 
published in 1897 [3]. Arthur A. Noyes and Willis R. Whitney studied the solubility 
of benzoic acid and lead chloride; they found that the rate of dissolution is propor-
tional to the difference between the concentrations of the bulk solution (not satu-
rated) and the solution in saturated state. This can be mathematically expressed as 
(dC/dt) = k(C

s
 − C), where C is the concentration, t is the time, k is a constant, and C

s
 

is the saturated solubility of the substance under observation. In vitro dissolution in 
pharmaceutical sciences started to grow in the early 1950s [4]. In 1970, dissolution 
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testing was introduced officially in the United States Pharmacopeia (USP) 18 and 
National Formulary (NF) as a quality control (QC) test in six monographs [4]. Over 
the years, dissolution testing has gained other valuable applications; one of them 
is  the ability to predict the in vivo performance of drug products, and this will be 
discussed further.

Dissolution testing is used in formulation development to scan the impact of excip-
ients such as disintegrates, lubricants, and binders or physical properties such as 
hardness or powder compression on a drug’s dissolution [5]. Excipients might not 
always have a significant impact on immediate-release (IR) dosage forms; however, 
they are crucial in the case of extended-release dosage forms [6]. Furthermore, disso-
lution testing is a valuable test to assess a drug’s stability at different storage conditions 
and to monitor any aging of a formulation at different temperatures over time. 
Additionally, intrinsic dissolution testing can be used to optimize a drug’s particles size 
and size distribution or surface area to achieve a desired rate and extend of dissolution 
[5]. Figure 12.1 summarizes formulation factors that impact dissolution testing.

12.2  Dissolution Apparatus

12.2.1  Apparatus Types

Different apparatuses were introduced over the past decades to test in vitro the 
performance of pharmaceutical dosage forms. However, only few of them are listed 
in a major pharmacopoeia. USP is one of the most important pharmacopoeias. 

Dissolution

Disintegration

Porosity

Hardness
API 

surface 
area

API 
particle 

size

Figure 12.1  Factors that might impact drug dissolution. Reproduced from Ref. 7.
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Therefore, this chapter will focus on USP apparatuses and will only review some 
other important methods. The first apparatus described in USP is USP apparatus 1, 
which was introduced in 1970 [5, 8, 9]. Eight years later, USP apparatus 2 was added 
to the USP. USP adopted apparatus 3 in 1991 followed by apparatus 4, which was 
first described in 1995 [2]. Today, USP 34 describes seven apparatuses used for dis-
solution testing in its general chapters <711> and <724>. Four dissolution appara-
tuses are mainly used for oral dosage forms: apparatus 1(basket), apparatus 2 
(paddle), apparatus 3 (reciprocating cylinder), and apparatus 4 (flow-through cell). 
The other three apparatuses are usually used for transdermal delivery systems—
apparatus 5(paddle over disk), apparatus 6 (cylinder), and apparatus 7 (reciprocating 
holder)—but they can also be used for other dosage forms such as suspensions, 
patches, or drug-eluting stents for which apparatus 4 has gained importance.

Apparatuses 1 and 2 are the most widely used test apparatuses in industry because 
they are easy to operate and well established as performance tests for regulatory sub-
missions [10] (Fig.  12.2). Apparatuses 1, 2, 3, and 4 settings and specifications 
are described in detail in USP chapter <711>, whereas apparatuses 5, 6, and 7 are 
described in chapter <724> of USP.

Franz cells are currently not listed in the USP [11], but they are commonly used 
since 1975 for semisolid dosage forms such as creams and ointments [12] (Fig. 12.3). 
A stimulus article was published by USP, PF Vol. 35(3) [May–June 2009], to define 
Franz cells and their usage for topical dosage forms [13]. Franz cells were also used 
in the past to develop buccal tablets [14].

It can be expected that this kind of diffusion cell will be listed one day in USP 
as apparatus to assess the performance of pharmaceutical dosage forms.

The individual drug product monographs in the USP specify parameters like 
media, pH, and sample time points, apparatus settings like rotation speed, and 
acceptance criteria.

Dissolution tests are performed usually at 37°C, and buffers like simulated gastric 
fluid (SGF) or simulated intestinal fluid (SIF) can be used; the volume in the 
apparatus should be set to maintain sink conditions [5]; however, just because these 

Figure 12.2  Apparatus 1 and 2 dissolution test.
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sets of conditions mimic some physiological conditions, it is wrong to assume that 
dissolution testing is a good predictor of in vivo dissolution. This chapter will discuss 
how dissolution tests can be made more predictive in regard to the in vivo dissolution 
of oral dosage forms.

Over the years, there were different concerns about dissolution equipment and its 
calibration and its reliability. Physical calibration procedures issued by USP [15], 
Food and Drug Administration (FDA) [16], and ASTM [17] try to minimize any 
source of variation in dissolution test apparatuses and aim to eliminate them as much 
as possible. For example, switching dissolution vessels or paddle wobble is a source 
of variability [18]. Therefore, dissolution test procedures and apparatus require vali-
dation and continuous calibration of physical parameters. USP has made reference 
standards available, which can be used for a performance verification test [15]. 
Similar procedures were outlined for Franz cells [19].

12.2.1.1  Dosage Forms and Related Dissolution Test E ach dosage form requires 
a specific dissolution apparatus. Table 12.1 summarizes typical dissolution appara-
tuses used for common dosage form.

As mentioned before, dissolution testing is used as a QC test or as in vitro 
performance test for oral dosage forms. However, it has to be pointed out that in vitro 
dissolution does not necessary reflect the in vivo dissolution. While in vivo dissolution 
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Figure 12.3  Franz cells as described in Pharmacopeial Forum. Reproduced from 
Pharmacopeial Forum, May-June 2009, with permission of the US Pharmocopeial Convention.
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is a prerequisite for drug absorption in the human body, the in vitro dissolution test-
ing is not necessarily a predictor of in vivo dissolution or in vivo performance of a 
drug product. However, there are some examples where in vitro dissolution was pre-
dictive for in vivo performance. Blume et al. compared the quality of 128 gliben-
clamide tablets in 28 countries. They reported that some glibenclamide IR tablet 
products that had less than 80% drug release in more than 10 min were not bioequiva-
lent to a reference product and thus they were not interchangeable with each other 
[21]. This example shows that in some cases QC methods can pick up therapeutic 
relevant performances. The common conclusion that this has to be right for any dis-
solution method is wrong. In vitro QC methods are in most cases overdiscriminating, 
and industry struggled for many years with the application and link between in vitro 
dissolution and in vivo performance of drug products [7]. This is especially true for 
IR products, which have low solubility such as Biopharmaceutics Classification 
System (BCS) class II or IV drugs.

A different picture can be seen for controlled-release drug products. Here, dis-
solution over an extended time period controls drug absorption. The FDA issued 
an industry guidance in 1997, which describes how in vitro dissolution and in vivo 
performance can be linked to each other [22]. Details will be discussed later in 
this chapter under in vitro/in vivo correlations (IVIVCs). The FDA recommends 
that at least three data points are defined in a dissolution profile of extended-
release products: The first one shows that no dose dumping has occurred; there-
fore, not more than 30% of the drug should be dissolved within, for example, 3 h. 
The second time point should capture about 50% of the drug released, and the last 
time point should show that over 80% of the dose is dissolved, for example, within 
at least 12 or 24 h [23].

Table 12.1  Apparatus typically used for special dosage forms

Dosage from Dissolution apparatus

Solid oral dosage forms (conventional) Basket, paddle, reciprocating cylinder, or 
flow-through cell

Oral suspensions Paddle
Orally disintegrating tablets Paddle
Chewable tablets Basket, paddle, or reciprocating cylinder with 

glass beads
Transdermalpatches Paddle over disk
Topicalsemisolids Franz cell diffusion system
Suppositories Paddle, modified basket, or dual-chamber 

flow-through cell
Chewing gum Special apparatus
Powders and granules Flow-through cell (powder/granule sample cell)
Microparticulate formulations Modified flow-through cell
Implants Modified flow-through cell

Reproduced from Ref. 20, with permission of Springer Science and Business Media.
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12.3  Media Used in Dissolution Testing

12.3.1  Simple Media

Dissolution testing is used in QC as a performance test to ensure that defined drug 
product specifications and lot-to-lot consistency are met [7]. Therefore, simple media, 
including compendial dissolution media, are used in most cases [5]. Water is the sim-
plest medium for dissolution testing; using it alone can make analytical assay work 
easier. However, one has to have in mind that the pH of water may vary according to 
its source [10]. Other sources of variability are pH changes triggered by dosage form 
excipients or environmental factors like the absorption of carbon dioxide, which can 
impact the pH of the medium [24]. In such cases, the use of buffers as dissolution 
media is recommended to stabilize the pH of the media or to avoid any negative 
impact of pH changes on the drug’s stability or the performance of the analytical 
assay. The pH of the media can also be used to simulate gastric or intestinal pH con-
ditions by using USP SGF or SIF [25]. Both media usually are used without enzymes. 
The composition of commonly used simple media is listed in Table 12.2.

Phosphate buffers are commonly used as simple media; however, phosphate 
buffers are not physiologically relevant because bicarbonate buffers play a major role 
in the gut. Lui et al. showed that enteric-coated tablets had a delayed drug dissolution 
in phosphate buffer compared to pH 6.8 bicarbonate buffer [27]. The in vitro 
bicarbonate dissolution results showed a better fit with the in vivo observed data [27]. 
However, Boni et al. emphasized that such a result can only be achieved as long as 
the bicarbonate buffer is freshly prepared; otherwise, the dissolution profile will not 
be reproducible [28]. Another important consideration is the nature of the buffers 
used in performance testing [29]. Almukainzi reported that the use of sodium and 
potassium buffers resulted in different disintegration times of capsules [30]. 
Differences in disintegration will presumably trigger differences in dissolution times. 
This is an important observation because different pharmacopoeias use different salts 
to make buffers. SIF and USP buffer pH 6.8 is made with K+, while the International 
Pharmacopoeia (Ph. Int.) uses Na+ to make pH 6.8 buffer [31].

Table 12.2  Simple media used in dissolution testing

Media Composition References

SGF USP 2 g/l NaCl [25]
7 ml/l HCl
1 l H2O
3.2 purified pepsin

SIF USP KH2
PO

4
 6.8 g [25]

NaOH 77 ml
Pancreatin 10 g
Deionized water to 1 l

SLS Concentration used (0.1–3%) [26]
Tween 80 media Concentration used (0.1–5%) [26]
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In vivo drug dissolutions are sensitive to many factors such as pH, food effects, 
transit time, motility, volume of coadministered water, bacteria, age, gender, and 
disease states [32, 33]. Additionally, the gastrointestinal (GI) system contains solu-
bilizing agents such as bile salts, which can enhance a drug’s solubility, and this 
might impact its dissolution behavior. Therefore, simple media for poorly soluble 
drugs often contain sodium lauryl sulfate (SLS) or Tween 80 to increase the solu-
bility of the drug [34]. Surfactant purity is another important factor. Crison et al. 
investigated the intrinsic dissolution rate and solubility of carbamazepine using 
SLS prepared with two different purity grades, 95% and 99% [35]. They showed 
that the commonly used SLS grade, which has at least a purity of 95%, had a lower 
dissolution rate compared to highly purified SLS. Relatively small differences in 
purity had a significant impact on the dissolution results [35]. They concluded that 
in order to get a reliable and reproducible result, attention must be given to the 
purity of SLS.

12.3.2  Biorelevant Media

One of the major challenges in dissolution testing is to make in vitro results relevant 
to clinically observed data. For example, there are reports that the in vivo dissolution 
of a product can vary between individuals and within the same individual [36]; addi-
tional factors that can complicate the dissolution rate are the location, for example, 
stomach or intestine, and the fasted/fed state [37]. Food can have an impact on drug 
absorption by changing the physiological environment of the GI environment [38]. 
Gastric emptying is prolonged in the fed state and the pH in the stomach is increased, 
while the pH in the small intestine is decreased. This may impact a drug’s dissolution 
behavior. For example, the dissolution of weak acidic drugs may be enhanced after a 
meal, which might increase absorption, whereas the opposite might happen for weak 
basic drugs [38]. Food also increases the secretion of bile into the small intestine, and 
the hepatic blood flow is increased, which can impact metabolism.

Media that can account for such factors are desirable and are needed in order to 
closely mimic the in vivo dissolution situation [36].

As outlined earlier, the demands for a medium mimicking the in vivo environment 
lead to developed biorelevant dissolution media (BDM) [32]. The goal of such media 
is to be an in vitro dissolution surrogate for in vivo release [32]. The development of 
these media started with simple buffers in combination with naturally occurring sur-
factants and has evolved throughout the years to more complex media that are more 
predictive of the in vivo environment. Today, the most common biorelevant media are 
fasted-state simulated intestinal fluid (FaSSIF) and fed-state simulated intestinal 
fluid (FeSSIF), which were first introduced in 1998 by Dressman [39]. FaSSIF con-
tains taurocholate and lecithin, which are natural surfactants. These physiologically 
occurring compounds assist solubilizing lipophilic drugs into micelles [10]. Research 
has shown that the purity of these surfactants has a high impact on the dissolution and 
solubility of certain drugs.

In 2005, Vertzoni et al. proposed a fasted-state simulated gastric fluid (FaSSGF) 
[40] followed by fed-state simulated gastric fluid (FeSSGF).
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FeSSGF can be differentiated into an early-, middle-, and late-stage composition 
after ingestion, and its composition is shown in Table 12.3. Additionally, milk was 
used in combination with FeSSGF to simulate an ingested breakfast meal in the 
stomach [10]. The compositions of most of these media have slightly changed since 
they were introduced to better mimic the physiological environment [42, 43]. 
Table 12.3, Table 12.4, Table 12.5, and Table 12.6 summarize the most commonly 
used composition of BDM.

The following examples will explain the different uses of BDM. Wei and 
Löbenberg reported that the dissolution of glyburide, a BCS class II drug, was 
increased when low purity grades of taurocholate and lecithin were used [44]. Okumu 
et al. reported the opposite behavior for montelukast sodium, which is much more 
lipophilic compared to glyburide. This drug was more soluble in higher-purity bile 
salt/lecithin media compared to the lower purity grades [45]. Figure 12.4 shows the 
reported solubility of both drugs in high- and low-purity BDM.

In another study, Hammed et al. studied the impact of the chemical purity on the 
solubility of different steroidal drugs such as estradiol, prednisolone, and proges-
terone and compared it with the solubility of benzodiazepines such as clonazepam, 
tetrazepam, diazepam, and lorazepam [46]. They showed that the solubility in the 
surfactants depended on the drug nature; hence, steroidal drugs showed a higher 
affinity for bile salt than benzodiazepines as these steroids have better affinity to 
micelles [46].

These studies show that the quality of the individual components is an important 
consideration when BDMs are used. Other factors like the preparation methods used 
to make BDM might also impact the performance of the media. Kloefer et al. studied 

Table 12.3  SGF composition

Composition FaSSGF

FeSSGF

Early Middle Late

Sodium taurocholate (μM) 80 — — —
Lecithin (μM) 20 — — —
Pepsin (mg/ml) 0.1 — — —
Sodium chloride (mM) 34.2 148 237.02 122.6
Acetic acid (mM) — — 17.12 —
Sodium acetate (mM) — — 29.75 —
Orthophosphoric acid (mM) — — — 5.5
Sodium dihydrogen phosphate — — — 32
Milk/buffer — 1:0 1:1 1:3
Hydrochloric acid/sodium hydroxide q.s. pH 1.6 pH 6.4 pH 5 pH 3

Properties
pH 1.6 6.4 5 3
Osmolality (mOsm/kg) 120.7 ± 2.5 559 400 300
Buffer capacity (mmol/l/pH) — 21.33 25 25
Surface tension (mN/m) 42.6 — — —

Reproduced from Ref. 41, with permission of Dissolution Technologies.
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different manufacturing procedures to make BDMs [47]. They examined how FeSSIF 
and FaSSIF media can be reproducibly prepared from commercial powders. The study 
looked at the physical, chemical, and microbiological stability of media along with the 
dissolution behavior of three poorly water-soluble drugs: ketoconazole, dipyridamole, 

Table 12.4  FaSSIF composition

Composition FaSSIF FaSSIF

Sodium taurocholate (mM) 3 —
Lecithin (mM) 0.2 —
Maleic acid (mM) 19.12 —
Sodium hydroxide (mM) 34.8 q.s. pH 6.5
Sodium chloride (mM) 68.62 2 g
Glyceryl monocholate (mM) — —
Sodium oleate (mM) — —
Deionized water q.s. — 1 L
24-Phosphonobile acid (mM) — 3
Sodium dihydrogen phosphate (M) — 0.025 M

Properties
pH 6.5 6.5
Osmolality (mOsm/kg) 180 ± 10 140
Buffer capacity (mmol/l/pH) 10 13
Surface tension (N/m2) — 35

Reproduced from Ref. 41, with permission of Dissolution Technologies.

Table 12.5  FeSSIF composition

Composition FeSSIF

FeSSIF

Early Middle Late FeSSIF

Sodium taurocholate (mM) — 10 7.5 4.5 10
Lecithin (mM) — 3 2 0.5 2
Maleic acid (mM) — 28.6 44 58.09 55.02
Sodium hydroxide (mM) — 52.5 65.3 72 81.65
Sodium chloride (mM) 5 g 145.2 122.8 51 125.5
Glyceryl monocholate (mM) — 6.5 5 1 5
Sodium oleate (mM) — 40 30 0.8 0.8
24-Phosphonobile acid (mM) 15 — — — —
Sodium acetate (M) 0.05 — — — —
Acetic acid q.s. pH 5 — — — —
Deionized water q.s. 1 l — — — —

Properties
pH 5 6.5 5.8 5.4 5.8
Osmolality (mOsm/kg) 272 400 ± 10 390 ± 10 240 ± 10 390 ± 10
Buffer capacity(mmol/l/pH) 29 25 25 15 25
Surface tension (N/m2) 30 — — — —

Reproduced from Ref. 41, with permission of Dissolution Technologies.



344� Biorelevant Dissolution Testing

Table 12.6  Simulated colonic fluid 1 (SCoF1)

Composition Amount (g/l)

Potassium chloride 0.20
Sodium chloride 8.00
Potassium phosphate monobasic 0.24
Sodium phosphate dibasic 1.44

Properties Value
pH 7.00

Reproduced from Ref. 41, with permission of Dissolution Technologies.
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and phenytoin [47]. The study concluded that using a standard preparation method to 
prepare FeSSIF and FaSSIF resulted in reproducible dissolution profiles; however, 
differences observed in the micelle sizes of the differently prepared media might 
impact the dissolution behavior of other drugs [47]. Today, although biorelevant media 
were intensively studied and their composition was further developed over the years, 
many of their properties are still not well known. For example, FaSSIF and FeSSIF 
contain a trihydroxy acid as the only bile salt. In fact, it represents only 20% of the in 
vivo bile salt content. In vivo bile salt contains additionally dihydroxy acid [33]. 
Moreover, the lecithin used to make these media is not the exact phospholipid, which 
is present in small intestine. Lysolecithin is not included in the composition of FaSSIF 
and FeSSIF, which is the naturally occurring phospholipid in small intestine [33].

Some drugs are intended to be delivered to the colon to have a local effect as in 
the case of ulcerative colitis [48]. Therefore, drugs intended for colonic absorption 
need to be protected from gastric and intestinal absorption by designing a drug 
delivery system, which can achieve a localized drug release. One dosage form used 
for this purpose contains partially digested polysaccharides. This delivery system 
consisted of drug-layered pellets, which were coated first with two pH-independent 
polymers, EUDRAGIT RL and RS, and then with an outer layer of a pH-dependent 
polymer, EUDRAGIT FS 30D, which dissolves rapidly at pH > 7 [49]. To simulate 
the colonic environment, simulated colonic fluid (SCoF) as biorelevant medium was 
introduced. Marques et al. have reviewed the most common compositions of this 
medium, which is shown in Table 12.6 and Table 12.7 [41]. The medium has a neutral 
pH and can contain enzymes such as galactomannanase, which digest polysaccharide 
films or matrices, which is used as mechanism for drug releases [48].

Vertzoni et al. and colleagues developed and evaluated a fasted- and fed-state 
colonic fluid [50]. In a study, they compared the solubility of model drugs ketocon-
azole, danazol, and felodipine using human colonic fluids and gastric and intestinal 
fluids with the solubility in fasted-state simulated colonic fluid (FaSSCoF) and fed-
state simulated colonic fluid (FeSSCoF) and plain buffers. Figure 12.5 shows the 
FaSSCoF and FeSSCoF and human colonic fluids. The study concluded that these 
biorelevant media have a solubility capacity closer to human colonic fluid than plain 
buffers [50]. Table 12.8 shows the properties of FaSSCoF and FeSSCoF.

Table 12.7  Simulated colonic fluid 2 (SCoF2)

Composition Concentration (mM)

Acetic acid 170.0
Sodium hydroxide 157.0

Properties Value
pH 5.80
Osmolality (mOsmol/kg) 295.00
Buffer capacity (mEq/l/pH) 29.10
Ionic strength 0.16

Reproduced from Ref. 41, with permission of Dissolution Technologies.
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To mimic the juices of the stomach, simple media such as SLS were tested at 
low pH. However, these media have some problem at this pH level. For example, 
SLS interacts with gelatin at pH values less than pH 5, or they interfere with salts 
of weak bases [40]. The introduction of FaSSGF media avoided all of these 
problems.

Different drug products have sometimes different in vitro dissolution behaviors 
due to the nature of excipients used in the formulation. Buch et al. investigated the 
dissolution of fenofibrate using different formulations [51]. Some of these formula-
tions contained SLS. They found that formulations that contain SLS can cause a 
decrease in a drug’s solubility when FaSSIF as dissolution medium was used. This 
effect seems to be due to an interaction between SLS and FaSSIF surfactants, which 
affects the solubilization of the mixed micelle systems [51].

Dissolution media containing synthetic surfactants are cheaper, easier to prepare, 
and presumably more stable. Therefore, some studies compared the in vitro drug dis-
solution behavior in media containing SLS versus BDM and assessed their ability to 
correlate the results with in vivo observed data. Lehto et al. compared SLS alone with 
FaSSIF for three BCS class II drugs: danazol, spironolactone, and a phase I compound 
(N74) [52]. FaSSIF was composed out of the higher purity grades of lecithin and 
sodium taurocholate, while SLS and Tween 80 were of analytical grade and used in 
concentration of 0.02%, 0.1%, 0.2%, 0.014%, 0.035%, and 0.07%. The author con-
cluded that all tested media were generally able to reflect some of the in vivo disso-
lution. However, an in vivo study for a phase I product showed that 0.1% (v/v) SLS 
media were the best predictive media for this drug [52].

Similarly, Taupitz and Klein investigated using SLS and Tween 80 as the disso-
lution media in comparison to FaSSIF and FeSSIF [34]. Tamoxifen was used as a 
model drug. 0.1%, 0.175%, 0.25%, 0.5%, 0.75%, 1.0%, and 1.5% (w/v) of surfac-
tant were used in the two buffers. They found that SLS and Tween 80 can be used 
as substitutes for BDMs to develop predictive and discriminatory methods in early 

Table 12.8  Properties of FaSSCoF and FeSSCoF

Properties

Fasted state Fed state

FaSSCoF FeSSCoF

pH 7.8 6.0
Buffer species Tris/maleates Tris/maleates
Buffer capacity (mmol/l/ΔpH) 16/26 15/14
Osmolality (mOsm/kg) 196 207
Surface tension (mN/m) 51.4 50.4
Proteins/peptides (mg/ml) 3 3 total carbohydrates (mg/ml)
Total carbohydrates (mg/ml) 0 14
Total bile acids (μM) 150 600
Long-chain fatty acids (μM) 100 200
Phosphatidylcholine (μM) 300 500
Cholesterol (μM) 0 0

Reproduced from Ref. 50, with permission of Springer Science and Business Media.
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formulation development [34]. The study results are promising, but they might be 
due to the nature of the drug used, the composition of the tested formulation, or the 
purity and concentration of the used surfactants. It is still recommended to investi-
gate each drug in regard to its dissolution behavior in different media until an 
optimal medium is found. The recommendation is also supported by Zoeller and 
Klein, who investigated simplified media containing simple surfactants and com-
pared them to conventional FaSSIF and FeSSIF [53]. Ketoconazole, glyburide, and 
tamoxifen were used as the model drugs in USP apparatus 2. They found that in 
some cases the dissolution profiles were comparable, whereas in other cases they 
were not. Synthetic surfactants are more cost effective compared to BDMs. They 
can be used in QC and formulation screening and showed in some of the studied 
cases a good predictability of the in vivo dissolution; however, in general, biorele-
vant media were more reliable in predicting in vivo release compared to SLS [53]. 
Therefore, the right media selection is the key in designing biorelevant dissolution 
methods, and different media are available that have to be tested for the drug under 
investigation. A case-by-case determination is required to get the best result and to 
define the best dissolution conditions.

12.4  In Vitro/In Vivo Correlation (IVIVC)

12.4.1  What is IVIVC

IVIVC is the establishment of a mathematical relationship between in vivo observed 
pharmacokinetic parameters and in vitro data, which are usually dissolution profiles 
[8]. The FDA has defined an IVIVC as “a predictive mathematical model which 
describes the relationship between in vitro properties of a dosage form and its in vivo 
response” [22]. USP (33 or 34) defined the IVIVC as “the establishment of a rational 
relationship between a biological property, or a parameter derived from a biological 
property produced from a dosage form, and a physiochemical property of the same 
dosage form” [54].

There are two general approaches that can be used to establish IVIVC. 
Traditionally, deconvolution of pharmacokinetic data was used to establish an 
IVIVC. This can be achieved by correlating the fraction dose dissolved versus 
fraction dose absorbed. The fraction dose absorbed is calculated by deconvolution 
from the observed data. Pharmacokinetic models like the one-compartment model of 
Wagner–Nelson or the multicompartment model of Loo–Riegelman can be used to 
extract the fraction dose absorbed or fraction dose dissolved [55]. This step is fol-
lowed by correlating the fraction dose absorbed versus the in vitro fraction dose dis-
solved. This process is a two-stage process and can be successfully applied to most 
extended-release products if dissolution is the rate-limiting step as outlined in the 
FDA guidance for extended-release products [56].

For IR products, the traditional approach using deconvolution technique mostly 
fails. Polli et al. investigated the cause of this failure and found that the relationship 
between the in vivo and in vitro fraction dose absorbed is in most cases nonlinear [57]. 
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This is the main reason why an IVIVC cannot be established for this kind of 
products. However, when the dissolution is the rate-limiting step, an IVIVC will pro-
duce a straight line, and a correlation will be possible. In contrast, when absorption 
is the time-limiting factor, then the plotted data will produce a “reverse L”-shaped 
graph. When both dissolution and permeability are limited, a more “hockey stick”-
shaped graph will be the result rather than an L shape [57]. Therefore, in order to 
build IVIVC for these drugs, Dunne et al. suggested to use a nonlinear mixed-effects 
modeling approach [58].

In some other cases, IR products required a scale factor between in vitro and 
in vivo data. Löbenberg et al. investigated how to establish an IVIVC for IR gliben-
clamide tablets [59]. They found if a scale factor was used for the in vitro release 
data, then they can correlate with the in vivo fraction dose absorbed data [59].

Dunne et al. and Gaynor et al. reviewed deconvolution approaches to establish 
IVIVC. Their article lists many limitations for this method. For example, using a 
linear model for IVIVC might lead to biased predictions when the real data do not 
follow a straight line. In addition, many other statistical concerns are mentioned and 
summarized in Dunne et al.’s review [60]. Therefore, the authors suggested using 
convolution models to avoid these problems.

One of the first examples of a convolution was given by Gillespie using  
a fast-, medium-, and slow-release dosage forms of diltiazem [61]. He reported  
that the relationship between in vitro release and plasma drug concentrations  
can directly be modeled in a single stage rather than via an indirect two-stage 
approach [61].

As reviewed by Buchwald, the equation that forms the basis of these approaches 
[55, 61–65] relies on a convolution-type integral transform:

c t c t u r u du
t

( ) ( ) ( )= −∫ δ abs

0

where (c(t)) is the plasma concentration resulting from the absorption rate time 
course (r

abs
). The function cδ represents the concentration time course that would 

result from the instantaneous absorption of a unit amount of drug and can be esti-
mated from either IV bolus data or oral solution, suspension, or rapidly releasing 
(in vivo) IR dosage forms [56].

Costello et al. evaluated using a time scaling approach to develop IVIVCs using a 
convolution-based technique [66]. This approach seems to be successful for drugs 
that have a disparity in their in vitro and in vivo time scales. They found that incorpo-
ration of a time scale factor into the convolution-based model gave more accurate and 
robust predictions. In addition, this method accounts for variability that can come 
from the subjects or the dosage forms [66].

Another way to construct IVIVC is to use physiologically based pharmacokinetic 
(PBPK) models. These models are composed out of a series of compartments that 
represent different organs. Yu and Amidon described this in their Compartmental 
Absorption and Transit (CAT) Model [67]. Figure 12.6 shows the improved version 
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of this model known as Advanced Compartmental Absorption and Transit (ACAT) 
developed by Simulations Plus.

These models require species-specific and compound-specific input parameters. 
The parameters have to be taken from the appropriate sources in the literature [69]. 
The combination of all input parameters allows for the prediction of plasma and 
tissue concentration time profiles in animals or humans; without that, an experiment 
has to be performed [69]. As reviewed by Jones et al., there are various simulation 
packages available for the prediction of the rate and extent of oral absorption in 
human and preclinical species, for example, GastroPlus™, SimCYP, PK-SIM®, and 
ChloePK® [69].

These models are complex and depend on the accuracy of the input parameters. 
However, independent of the input parameters, any model used for pharmaceutical 
product development needs to be validated before it can be part of a submission 
package.

The current FDA guidelines are based on deconvolution methods to establish an 
IVIVC, but they allow alternative approaches to develop IVIVC and suggest convo-
lution procedures that model the relationship between in vitro dissolution and plasma 
concentration in a single step as outlined earlier.

The FDA guideline states that convolution-based IVIVC needs to be validated 
using a prediction error. Similarly, IVIVCs established by deconvolution are nor-
mally assessed using the regression coefficient between the plotted in vivo and 
in vitro data. Besides, the FDA guideline allows an internal and an external validation 
of these models. The internal validation is performed with formulations, which 
release the drug at different rates, while the external validation uses convolution 
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models that were successfully used for a variety (seven sets) of other drugs [56]. The 
guideline states:

•• Plasma concentrations predicted from the model and those observed are 
compared directly.

•• An IVIVC should be evaluated to demonstrate that predictability of in vivo 
performance of a drug product from its in vitro dissolution characteristics is 
maintained over a range of in vitro dissolution release rates and manufacturing 
changes.

•• Since the objective of developing an IVIVC is to establish a predictive 
mathematical model describing the relationship between an in vitro property 
and a relevant in vivo response, the proposed evaluation approaches focus on the 
estimation of predictive performance or, conversely, prediction error.

•• Depending on the intended application of an IVIVC and the therapeutic index 
of the drug, evaluation of prediction error internally and/or externally may be 
appropriate. Evaluation of internal predictability is based on the initial data used 
to define the IVIVC model.

•• Evaluation of external predictability is based on additional test data of seven 
sets. Application of one or more of these procedures to the IVIVC modeling 
process constitutes evaluation of predictability.

The mechanistic knowledge of the rate-limiting factor (dissolution or absorption 
controlled) is essential for the establishment of an IVIVC. It can be used to decide 
which approach—convolution or deconvolution—should be used. This can then be 
the basis to develop a meaningful dissolution method to establish an IVIVC.

Figure 12.7 shows the two general mechanisms in which a drug can be absorbed. 
In the first case, dissolution happens faster than absorption. In this case, absorption 
is the rate-limiting factor. If dissolution occurs slower than absorption, then dissolu-
tion is the rate-controlling step. An important differentiation needs to be added to 
these two general mechanistic pathways of oral absorption, which is the difference 
between the in vitro and in vivo dissolution. Both might or might not be similar. Only 
if they can be linked to each other, then the establishment of an IVIVC is possible.

Dissolution testing might be in this case a surrogate for in vivo dissolution [36, 
70]. However, as shown in Figure 12.8, the chance to establish an IVIVC based on 
dissolution data requires that dissolution controls the absorption process. If dissolu-
tion is faster than absorption, only a minimum dissolution requirement can be defined 
(see Fig. 12.8). This minimum dissolution requirement is given when absorption and 
dissolution happen at the same rate.

Any dosage form, which has a faster dissolution than the minimum required dis-
solution, will have the same bioavailability because absorption and not dissolution is 
the rate-controlling mechanism. Differences in dissolution will presumably not affect 
bioavailability for these formulations. In a quality-by-design (QbD) approach, such 
dissolution specifications might be used to define the lower limit of a dissolution 
design space[67].
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Another situation is given when dissolution controls absorption. Here, the dosage 
form is the rate-limiting step in regard to the absorption process. It can be expected 
that in vitro dissolution methods will be able to differentiate between formulations 
and their in vivo performance. However, the prerequisite is that the in vitro dissolu-
tion is a surrogate for in vivo dissolution. It is obvious that biorelevant media might 
be needed in developing a dissolution test that mimics the in vivo environment. As 
mentioned before, only if in vitro dissolution can be linked to the in vivo dissolution, 
an IVIVC can be established. The challenge however is that the in vivo dissolution 
cannot be determined without either invasive procedures or fancy noninvasive tech-
niques. Endoscopy is the most common invasive technique, but it is uncomfortable to 
subjects and sometimes requires a sedation of the subjects [71]. Noninvasive tech-
niques such as roentgenography or fluoroscopy are used to follow the in vivo disso-
lution of a dosage form, but both techniques use high radiation doses. The gamma 
scintigraphy is the most common noninvasive technique, which is used to evaluate 
the in vivo behavior of pharmaceutical formulations [71, 72]. However, the costs of 
such studies are high, and the gained knowledge does not justify using these methods 
on a regular basis. Therefore, the search for methods, which can mimic the in vivo 
dissolution, is still an ongoing field of research.

12.4.2  Levels of IVIVC

The FDA has developed IVIVC guidelines for IR and extended-release dosage forms. 
The FDA guideline for extended-release products lists three possible levels of IVIVC: 
level A, level B, and level C [56]. For regulatory purposes, level A correlations are 
acceptable to waive bioequivalence studies. However, all other levels like levels B 
and C cannot be used to apply for a biowaivers, but they are useful for formulation 
development and to validate the in vitro dissolution test conditions [5, 73]. Level D 
correlations are not mentioned in the FDA guidance, but this rank-order correlation 
is commonly used in research to rank formulations according to their in vitro disso-
lution behavior. This is in most cases performed without any knowledge of the in vivo 
performance [74]. All other correlations require mathematical calculations.

Level A is a point-to-point correlation, for example, between the in vitro fraction 
dose dissolved and the in vivo fraction dose absorbed; ideally, it is a linear correlation 
[5]. However, nonlinear correlations are discussed in literature [58, 75]. Similarly, 
level A correlations can be achieved using convolution techniques. Examples are given 
later in the chapter. Level A is the most predictive level and can be used for regulatory 
filing to waive bioequivalence studies when formulation changes are needed. The 
main purpose of establishing an IVIVC is to waive bioequivalence studies.

An example of level A IVIVC is given by Rekhi and Jambhekar. They correlated 
the fraction of propranolol absorbed against the percentage of the drug released in 
vitro [76]. The in vitro data were generated in a USP 1, whereas the in vivo study was 
performed in healthy individuals. An IVIVC between in vitro and in vivo fraction 
dose absorbed/dissolved was established. This is the traditional way to establish 
IVIVC, and many examples exist in literature using this method to establish level A 
IVIVC [65, 77–79].
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Level B correlations are statistical moment analysis between, for example, the 
in vitro mean dissolution time (MDT) and the in vivo mean residence time (MRT) [6].

Graffner et al. correlated the in vitro dissolution of alaproclate extended-release 
solid oral dosage forms [80]. All dissolution studies were performed using USP 
apparatus 2 at 50 rpm in 500 ml of water at pH 1.2. The in vivo pharmacokinetic 
parameters were determined in healthy volunteers, who received 200 mg alaproclate 
hydrochloride. All profiles were linearized and a level B correlation between the 
in vitro MDT and in vivo MRT was obtained (Fig. 12.9) [80].

Level C correlations compare single-point relationships between in vitro and 
in vivo data. For example, the amount of drug dissolved at a particular time such as 
t

50%
 and in vivo parameters such as C

max
 or AUC are correlated [6, 56].

Balan et al. evaluate three metformin extended-release capsules [62]. The in vitro 
dissolution data were obtained using the USP apparatus 2 (paddle method) at 100 rpm 
in 1000 ml of phosphate buffer pH 6.8. The in vivo study was conducted in eight 
healthy volunteers. A linear regression was used to establish a level C IVIVC by cor-
relating the mean C

max
 and AUC0-∞ values to the percent dissolved at 2 and 4 h [62] 

(Fig. 12.10). Table 12.9 summarizes all parameters required to establish IVIVCs of 
levels A to C.

12.4.3  Examples of IVIVC

The following section will review some examples of how IVIVC was established 
using conventional or slightly adapted dissolution apparatuses.

Shono et al. conducted a series of studies aimed to investigate the utility of using 
biorelevant media like FaSSGF, FeSSGF, FaSSIF-V2, and FeSSIF-V2 and conven-
tional USP buffers in combination with a software called STELLA. The software 
allows the user to build his own PBPK models. In the first study, the author investigated 
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Figure 12.9  Level B correlation between the in vitro MDT and in vivo MRT. Reproduced 
from Ref. 80, with permission of Springer Science and Business Media. 
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the impact on fed and fasted conditions on celecoxib 200 mg capsules. They measured 
the solubility and dissolution profiles in biorelevant and compendial media. This study 
found that the PBPK approach corresponded much better to the food effect observed 
for celecoxib in vivo. Additionally, point estimates of AUC and C

max
 as well as a 

comparison of the predicted versus the observed data demonstrated a clear advantage 
of using results in biorelevant rather than compendial media.

In a second study, the previous model needed to be optimized for particle size 
effects on the fed- and fasted-state absorption of aprepitant, a poorly soluble anti-
emetic drug. The new model simulated the in vivo profiles for aprepitant well in both 
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Table 12.9  Parameters used in IVIVC corresponding to the level

Level In vitro In vivo

A Dissolution curve Input (absorption, plasma) curves
B Statistical moments: MDT Statistical moments: MRT, MAT, etc.
C Disintegration time, time to have 

10%, 50%, and 90% dissolved
C

max
, T

max
, K

a
, time to have 10%, 50%, 

and 90% absorbed, AUC (total or 
cumulative)Dissolution rate

Dissolution efficiency

Reproduced from Ref. 6, with permission from Dissolution Technologies.
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prandial states. It also predicted the dependency of the observed pharmacokinetic 
profiles on the dose and the particle size. The study concluded that the software 
model combined with dissolution results in biorelevant media successfully forecasts 
the in vivo performance of both nanosized and micronized formulations in the fed 
and fasted states.

In a third study, nelfinavir mesylate was used as a model compound. For this drug, 
it was found that the model needed to be adjusted for drug precipitation occurring in 
the GI tract in the fasted state. Without this adjustment, the model was not able to 
predict the observed data. However, in the fed state, no drug precipitation seemed to 
occur, and no adjustment for precipitation was necessary [81].

These simulations demonstrated that an in silico approach can be a powerful tool 
to test the impact of the fasted- and fed-state media on the absorption of certain low-
solubility drugs. However, adjustments of the model are needed to accommodate 
compound-specific behaviors.

Grbic et al. used gliclazide as a model of a poorly soluble drug. Figure 12.11 
shows that this drug has an unfavorable solubility in the small intestinal pH range or 
pH 5.0–6.5. The dose number (Do) is very high within this pH range. The fraction 
dose absorbed can be calculated as

	 Fa
An

Do
=

2
	 (12.1)

where Fa is the fraction of drug absorbed, and An is the absorption number calculated 
(An = 7.27).The critical value of Do was calculated under the assumption that the 
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drug is completely absorbed (Fa = 1). The authors calculated the critical Do as 14.5. 
Only Do of one or less fulfills the solubility requirements of BCS.

The study used USP apparatus 2 at 37 ± 0.5°C at a rotational speed of 100 rpm 
and 900 ml of various dissolution media (media pH 1.2, 4.0, 4.5, 6.8, 7.2, and 7.4) 
[82]. The dissolution profiles were used as input into GastroPlusTM. Other needed 
data like the volume of distribution, clearance, and solubility at pH 4.3 or pK

a
 were 

extracted from literature. Then, the software was used to estimate the drug plasma 
profiles of a clinical study. After the model was successfully established, the percent 
of drug absorbed was plotted against the percent of drug dissolved in vitro. In this 
study, a level A IVIVC was established using both a deconvolution and a convolution 
approach [82]. This demonstrates that PBPK models are important software solu-
tions to establish IVIVCs. Other studies showed similar results [44, 83–85].

As shown earlier, if a convolution model has an acceptable degree of predict-
ability, then it can be used to establish IVIVC. However, a model is only as good as 
its input data, which is especially true for PBPK models. Therefore, further modifi-
cations of the dissolution test condition to mimic the GI passage of a drug have 
proven to be beneficial when convolution approaches are used. The in vivo dissolu-
tion environment is dynamically changing in volume, composition, and pH. For 
example, in the fasted state, the small intestinal fluid volume may fluctuate from 45 
to 319 ml, whereas in the fed state the volume may vary from 20 to 156 ml [43]. 
Then, there is the pH gradient from the stomach to the small intestine to the colon 
[59]. This is an especially important consideration for drugs that are sensitive to pH 
changes in GI and may precipitate or increase in their solubility when the pH 
changes. Using a two-stage pH technique, as used for enteric-coated dosage forms, 
is one way to mimic pH changes in a dissolution apparatus. A more advance tech-
nique used more than two pH values for the dissolution test. Wei and Löbenberg 
showed for glyburide that changing the pH during the dissolution test resulted in a 
different drug-release profile compared to a single pH test. They used the USP 
paddle apparatus and created a stepwise pH gradient from pH 6.0 to pH 7.5 and back 
to pH 5.0 as it occurs in the small and large intestine [44]. Using these dissolution 
data and GastroPlusTM as simulation software, they were able to predict in vivo 
observed data. In contrast, data acquired from a single pH condition was not able to 
predict the drug plasma time curves.

Okumu et al. showed in a study that a transfer model was needed to obtain disso-
lution profiles that were predictive of the in vivo dissolution [86]. They tested etori-
coxib, which is a weak base. The drug dissolves fast and completely in the acetic 
environment of the stomach; however, its solubility decreases in the small intestinal 
pH range of 5.0–6.5. Using GastroPlusTM, the measured solubility at pH 6.8 gave 
poor estimates of the plasma time course of a clinical study [86]. However, when 
they transferred the dissolved drug into SIF, they obtained a supersaturated solution 
at pH 6.8. The higher solubility value of this solution was able to achieve a good 
prediction of the clinically observed data.

A more convenient way to introduce dynamic pH changes while a dissolution test 
is performed is by using an open flow-through cell system. This apparatus allows 
to mimic dynamic pH changes of the in vivo environment by sequentially perfusing 
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different biorelevant media. Okumu et al. showed that using a flow-through dissolu-
tion apparatus with dynamic pH changes can be used to predict the in vivo performance 
of montelukast sodium, a low-solubility drug [45]. The dynamic dissolution data 
were able to establish an IVIVC using GastroPlusTM as simulation software. 
Simulation data obtained with a single pH release profiles failed to generate a good 
fitting IVIVC (Fig. 12.12).

This is another example for how important the use of appropriate input data for 
PBPK simulation software is. Mimicking the GI environment using BDM combined 
with a dynamic dissolution protocol can provide dissolution data that reflect the 
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in  vivo dissolution. In such cases, simulation software can be used to establish 
strong IVIVCs.

USP apparatus 4 seems to be one of the most promising standard apparatuses to 
mimic the in vivo dissolution [36]. This is because this apparatus has the ability to 
supply continuously fresh media, remove dissolved materials, and maintain sink con-
ditions over the duration of the study [36]. The performance of this apparatus was 
investigated by different studies [87–89]. Fang et al. investigated the ability of USP 
apparatus 4 with biorelevant media (SGF, SIF, FeSSIF, and FaSSIF) to predict the in 
vivo drug release in early-stage drug development [36]. The study investigated IR 
formulations containing BCS class II drugs. The impact of flow rates between 2 and 
20 ml/min, the diameter of the flow-through cells, and the impact of using a sample 
holder were tested. The study found that the cumulative drug-release rate generated 
with USP apparatus 4 had a high prediction power of observed in vivo release rates 
when biorelevant media were used.

As mentioned earlier, level A correlations can be used to waive bioequivalence 
studies and will be more and more required by regulatory agencies in the future. It is 
therefore important to know how IVIVC can be established. However, the available 
standard dissolution apparatuses might not be suitable for every drug. There are some 
more complex dissolution protocols available that might be a solution for drugs 
where the normal apparatus will not provide predictive dissolution results.

McAllister reviewed more complex dissolution apparatuses [43]. Such approaches 
use, for example, multicompartment dissolution models like the artificial stomach–
duodenum (ASD) model. Here, the drug is transferred from a stomach chamber to a 
duodenum chamber.

Carino reported that this model was able to simulate the fasted- and fed-state drug 
plasma curves of carbamazepine obtained in dogs [90].

Other models simulate the physical stress forces of the GI tract [91]. There are 
also combined dissolution and absorption models like the Flo Vitro system developed 
by Dow Chemicals. This system uses a chamber transfer model combined with an 
absorptive compartment. Finally, there are complex in vitro digestion models that 
aim to mimic the entire GI tract including enzymes and the bacterial flora. The TNO 
TIM is the most famous and complex model in this family [92].

There are many more apparatuses described in literature that focus on very spe-
cialized applications. Their successful use depends on the nature of the drug, the 
drug-release mechanisms, and whether the drug is actively or passively absorbed. 
However, it has to be pointed out that a dissolution method has to be developed for 
each drug individually.

12.5  Summary

Dissolution as drug product performance test and drug development tool has been 
moved from being an in vitro test for assessing different dosage forms or formula-
tions and batch-to-batch consistency to a test that can be used to predict the in vivo 
performance of a drug. Modern dissolution methods should be able to link the in vitro 
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performance with the in vivo performance of a dosage form. The introduction of the 
BCS by Amidon in 1995 changed the way modern drug development is performed. 
The BCS is the mechanistic basis of oral drug absorption. The fundamental knowledge 
if a drug is dissolution or absorption limited in its bioavailability is important in any 
stage of the drug development process. This mechanistic understanding can be used 
to optimize a dosage form and to develop a strategy how to establish an IVIVC. In 
most cases, a dissolution test has to be developed for a specific purpose. In QC, a 
very sensitive and overdiscriminating dissolution test might be used for regulatory 
filing. However, such tests often do not reflect the in vivo dissolution, and they fail to 
predict the in vivo performance of a drug product. Therefore, the development of two 
separate dissolution tests might be in some cases a practical approach to capture the 
needs of routine batch releases and the need to have an IVIVC for life cycle 
management if production or formulation changes occur.

As shown, the currently available pharmacopoeial apparatuses are in many cases 
a good starting point to develop biorelevant dissolution methods. The important mes-
sage to remember is that any biorelevant method must mimic the in vivo dissolution 
if the absorption process is dissolution limited. The use of computer models and here 
especially PBPK models will be in the future an integral part of drug development. 
This need will be mostly driven by QbD approaches that require predictive models to 
define design spaces and to set clinically relevant specifications for dosage form 
attributes like dissolution.
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13.1  Introduction

By the end of the nineteenth century, America had seen tremendous progress in 
mechanization and was leading in innovations. The close of the century witnessed 
tremendous economic activity in the United States. As a result of political and 
socioeconomical progress, stability was achieved in the later part of nineteenth century 
and the early twentieth century; the pace of the drug development as well as regulatory 
requirement were enhanced. Industrial expansion and growth were noted in all sectors 
including the pharmaceutical sector. Some important drugs discovered before the 
twentieth century include nitrous oxide, ether, nitroglycerin, barbiturates, and aspirin.

A new consciousness and an invigorated awareness started to surface, contrib-
uting toward improved quality in the pharmaceutical field. Substandard and 
poor-quality drugs had created an awareness about protecting consumers, putting 
pressure on governments. As such, both developing and developed countries started 
regulating drugs and pharmaceuticals.

Regulations to control the quality of pharmaceuticals did exist in some form or the 
other at almost all times. However, the latest research in the scientific, medical, and 
pharmaceutical fields and the availability of more sophisticated automated manufac-
turing and analytical equipments put an onus on manufacturers, who were pressured by 
stricter and more stringent demands from the regulatory bodies to produce better-quality 
products. In essence, this would not have been possible if economic growth had not been 
commensurate to support the prohibitive expenses required by government regulations.
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Laws are developed to regulate or monitor the activity of people. Drug laws, like 
all the other laws, are not different in this respect. They exert a significant influence 
on the public starting from the point of manufacture to distribution and eventually to 
sale. They have social and economical implications, and they influence both national 
and international trade particularly where free enterprise exists and where there is 
competition between businesses.

The drug act and regulations are designed to provide effective protection to con-
sumers from ineffective and unsafe medicines. They provide working documents of 
specifications for regulators in both developed and developing countries and must be 
fully understood by both the manufacturer and distributor of drugs. Regulatory require-
ments for pharmaceuticals or medicinal products are not straightforward and differ 
around the world. Manufacturers are usually successful in getting approval for their prod-
ucts if all international, national, regional, and local requirements and guidelines are met.

Major differences exist among countries with regard to data requirements, storage 
conditions (especially temperature and humidity conditions), and standard testing 
requirements. These differences and uncertainties make the development of globally 
recognized standards challenging and difficult. The lack of harmonized approaches 
increases cost and poses barriers to timely international access to drug products. This 
impact is significant especially for developing countries with limited resources and 
training, thus leading to differences in regulatory experience and decisions.

13.2  Global Harmonization Forums

The global activities for harmonization of drug standards are wide-ranging and 
encouraging, thus providing many opportunities. Awareness of global harmonization 
and a thorough understanding of underlying issues are necessary for achieving success 
in the developing countries. These provide opportunities for the developing countries 
to become a part of the global community to further enhance their regulatory capabil-
ities and to take enforcement action, ensuring that the medical products marketed in 
their jurisdiction comply with global international standards that are based on science 
and experience. In the global context, this provides a certain degree of acceptability 
for the free movement of such products when harmonized standards are met.

The purpose of the International Conference on Harmonization of Technical 
Requirements for Registration of Pharmaceuticals for Human Use (ICH) is to harmo-
nize the interpretation and applications of technical guidelines. Harmonization and 
multilateral relation representatives act as a liaison for ICH steering committee 
experts as well as the ICH secretariat.

The Pan American Network for Drug Regulatory Harmonization (PANDRH) was 
established in 1999 to support processes on drug regulatory harmonization. 
Participants in PANDRH include regulatory authorities from America’s various phar-
maceutical interest groups, industry, and academia.

Other similar organizations were conceived to respond to the growing need for 
international harmonization in the regulation of pharmaceutical products. These 
organizations provide a forum in which official representatives of national regulatory 
bodies working with manufacturers and other organizations possessing the relevant 
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expertise can harmonize global approaches to regulating the safety, efficacy, and 
quality of pharmaceutical products.

The globalization approach utilizes the expertise of international regulatory 
bodies and research-based industry of the member countries and seeks their help to 
document a single set of technical requirements for the registration of pharmaceu-
tical products, thus streamlining the drug development process. There are still many 
challenges for the effective, timely implementation of harmonized procedures and 
guidance documents.

The globalization approach greatly influences the requirement related to the 
existing products especially regarding the quality of generic drug products and drug 
substances. This has a direct bearing on not only the generic industry but also the 
developing countries where drug use is based on well-established products and 
linked with many countries for producing the generic version of essential drugs.

The Global Cooperation Group (GCG) was established as a subcommittee of the 
ICH steering committee to garner support for the use of ICH guidelines by non-ICH 
countries (developing countries). It also supports various regional harmonization ini-
tiatives such as Asia Pacific Economic Cooperation (APEC), the Association of 
Southeast Asian Nations (ASEAN), the Gulf Cooperation Council (GCC), and the 
PAN American Network of Drugs (PANDRH).

13.3  ICH Process

The ICH involves the three regulatory authorities of Europe, Japan, and the United 
States and their official industry organizations. The experts from these six groups 
discuss the scientific and technical requirements for product registration and 
monitoring.

The purpose of setting up these expert groups is to develop harmonized technical 
guidelines and requirements and thus reduce or eliminate the need to duplicate the 
testing carried out during the research and development of medicines.

There are obvious advantages associated with such types of harmonization from 
both the human resources and animal resources perspectives. At the same time, 
unnecessary delays in the global development and availability of medicines are 
eliminated while the key attributes needed of new medicines, such as safety, quality, 
and efficacy, are maintained and the regulatory obligations for public health protec-
tion are met.

The mission of such harmonization is a more economical use of human, animal, 
and material resources and the elimination of unnecessary delays in the global 
development and availability of new medicines while maintaining standards of 
quality, safety, and efficacy and the regulatory obligations to protect public health.

13.3.1  Structure

This is a joint initiative involving regulators and industry as partners in the scientific 
and technical discussion on various aspects of medicine that are essential to ensure 
and assess the safety, quality, and efficacy of medicines. Although the focus of the 
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ICH is on new drugs, its principles and standards have been accepted by many 
countries for generic products. The sole objective behind establishing the ICH was 
the fact that most of these new molecules are developed in Western Europe, Japan, 
and the United States.

The ICH consists of six parties, three observers, and the International Federation 
of Pharmaceutical Manufacturers Association (IFPMA). The six parties are founders 
of ICH and represent regulatory bodies and research-based industry of the European 
Union (EU), Japan, and the United States. The observers are the World Health 
Organization (WHO), the European Free Trade Association (EFTA), and Canada. 
Canadians are represented by Health Canada.

13.3.2  European Union

In Europe, the Commission represents the European member states and these member 
states have been working for the past so many years toward harmonization of 
technical requirements and procedures to achieve a single market in pharmaceuticals 
that would allow free movement of products throughout the EU.

The European Medicine Agency (EMEA) has been established by the Commission 
to support the scientific and technical activities of the ICH. The European Federation 
of Pharmaceutical Industries and Associations (EFPIA) is a representative of phar-
maceutical industry associations involving pharmaceutical companies and is working 
toward research and development and manufacturing of medicinal products in 
Europe for human use.

In Japan, the Ministry of Health, Labour and Welfare has the responsibility for 
approval and administration of drugs, medical devices, and cosmetics. The Japan 
Pharmaceutical Manufacturer Association (JPMA) represents a large number of 
pharmaceutical manufacturers in Japan, and it also represents the industry’s point of 
view through a specialized committee of experts and working group. The JPMA 
represents the industry’s interest in international issues and promotes international 
standards among its members.

The U.S. Food and Drug Administration (FDA), which is responsible for the 
management of a wide range of drugs, biologicals, medical devices, and cosmetics, 
is also responsible for the premarket approval of drugs in the United States. Technical 
and scientific advisors of the FDA work with the ICH toward developing harmonized 
standards.

The Pharmaceutical Research and Manufacturers of America (PhRMA) repre-
sents the research-based industry of the United States. The member companies are 
involved in drug discovery and development and the manufacture of prescription 
drugs. The PhRMA coordinates the technical and scientific input to ICH through its 
scientific and regulatory committees.

The ICH observers include the WHO, the EFTA, which is currently represented 
by Swissmatic, Switzerland, and Canada, which is represented by Health Canada.

The IFPMA is a nonprofit, nongovernmental organization representing 
industry associations and companies from both developed and developing countries. 
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Many member companies of IFPMA are research-based pharmaceutical and bio-
tech companies. The IFPMA has been closely associated with the ICH since its 
inception in 1990 to ensure contact with research-based industry outside the 
ICH region.

13.3.3  ICH Steering Committee

The administration of the ICH is conducted through a Steering Committee (SC), 
which is supported by its Secretariat. This Committee was established in 1990 
and works as per the ICH Terms of Reference and determines policies and proce-
dures for ICH, selects topics for harmonization, and monitors the progress of 
harmonization. Each of the six cosponsors occupies two seats on the ICH SC. 
The IFPMA provides the Secretariat services and participates as a nonvoting 
member in the SC. The observers also have nonvoting participation in the SC 
meetings.

For smooth running of the ICH, each of the six cosponsors acts as a coordinator 
to establish a contact point with the ICH Secretariat in order to ensure that the ICH 
documents are shared with the appropriate persons within their area of jurisdiction. 
Each party also establishes a contact network of experts within their own organiza-
tion to ensure that in the discussion they reflect the views and policies of the cospon-
sors they represent.

The Secretariat operates from its office in Geneva and is basically responsible 
for documentation, meetings, the coordination of Expert Working Groups 
(EWGs), and other administrative support services. It is also responsible for 
organizing and arranging the ICH conferences and maintaining all contact with 
relevant bodies.

13.3.4  Conferences and Workshops

One of the key objectives of the ICH was to organize international conferences and 
workshops on harmonization activities and initiatives so as to keep the harmoniza-
tion activities more transparent and to have an open forum to discuss the various ICH 
decisions and recommendations. Until now, six international conferences on harmo-
nization have been organized by the ICH in different parts of three regions—the 
United States, Europe, and Japan. The first conference was organized in 1991 and 
the last in 2003. Other workshops and meetings on various ICH topics were organized 
by different organizations.

13.3.5  ICH Harmonization Activities

The ICH harmonization activities are given in the following Table 13.1. A stepwise 
progression of guideline procedures is followed, which also includes maintenance 
activities.
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The suggestions for harmonization initiatives (the suggestion or the topic) come 
from various sources. However, the formal proposal for ICH action should be channel-
ized through one of the six parties of ICH or one of the ICH observers on the ICH SC.

A concept paper is initiated or triggered indicating the type of harmonization action 
proposed, the perceived problems, issues to be resolved, references, and the recom-
mendation of the type of EWG required. This concept paper is presented to the SC, 
and, after the endorsement from the SC, the ICH Working Group is established. Each 
of the six official ICH parties nominates official representatives (usually two officials 
per Working Group). The SC officially designates a reporter; sometimes a corappor-
teur may be appointed. The observers also nominate their representatives in the EWG.

13.3.6  ICH Procedure

Basically, there are four key steps in the ICH process for the development of guide-
lines. This is a streamlined procedure; however, in certain situations, the SC may 
decide to follow some accelerated procedures for new topics. The steps are as follows:

13.3.6.1  Step 1—Consensus Building  When a new topic is accepted, the 
process of consensus building begins. As specified in the concept paper, an EWG 
is  established. The rapporteur prepares an initial draft guideline based on the 
objective set out in the concept paper and in consultation with experts designated 
to the EWG. The initial draft goes through successive revisions and is circulated 
within the EWG. Consultation on the draft within the EWG is carried out by 
correspondence, fax, and e-mails. The face-to-face meeting of the EWG normally 
takes place during biennial steering committee meetings. If any formal additional 
meetings are required, the EWG is required to receive permission from the SC. When 
consensus is reached among the working group members of all the six parties, the 

S. No. Procedure

Scientific  
discussion  

group Description Remarks

1 ICH procedure EWG Development of a new  
guideline

M5

2 Q&A procedure Implementation 
Working  
Group (IWG)

Q&As to assist in the  
implementation of  
guidelines

Common Technical 
document 
(CTD)–IWG

3 Revision 
procedure

EWG Revision and/or 
modification of  
guidelines

E2B (R3)

4 Maintenance 
procedure

EWG Addition of standards 
to existing 
guidelines and/or 
recommendations

Q3C (R3)
M2 recommendations

TABLE 13.1  ICH Harmonization Activities
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EWG signs the Step 2 sign-off sheet. When consensus within the six parties has not 
been reached, a report is made to the SC indicating the extent of agreements and 
disagreements, and, in this situation, experts from all parties represented on the EWG 
have an opportunity to explain their position to the SC. Based on the discussion 
between the SC and the EWG, the SC may give an extension to the EWG to accom-
plish the consensus or may decide to suspend the harmonization project.

13.3.6.2  Step 2—Confirmation of Six-party Consensus  When sufficient scientific 
consensus on technical issues for the draft guideline is accomplished and accepted at 
the SC, the consensus text approved by the SC proceeds to the next stage of regulatory 
consultation. The consensus text approved by the SC is signed off by the SC as a 
Step 2 final document.

13.3.6.3  Step 3—Regulatory Consultation and Discussion  Step 3 involves 
wide-ranging regulatory consultation in three regions. Also, there is an opportunity 
for industry associations and regulatory authorities of non-ICH regions to comment 
on the draft consultation document, which is distributed using IFPMA and WHO 
contact lists.

After obtaining all regulatory consultation results, the EWG, which organizes the 
discussion for consensus building, reviews all the comments received during the con-
sultation period. If both regulatory and industry parties of EWGs are satisfied, the 
consensus achieved at Step 2 is not substantially altered. The Step 3 expert document 
is signed by the EWG regulatory experts. This sign-off is called Step 3 Expert Sign-
Off. In case complete consensus has not been achieved, a report is made to the SC 
highlighting the differences between the parties. The EWG representatives have an 
opportunity to explain their position to the SC.

13.3.6.4  Step 4—Adoption of an ICH Harmonized Guideline  This step is 
reached when the SC agrees on the basis of the report provided by the rapporteur of 
the EWG. This is the confirmation that sufficient scientific consensus on the 
technical issues has been accomplished. The document is signed by three regulatory 
parties to the ICH confirming that the guidelines or document is considered to be 
satisfactory for adoption by the regulatory parties of three regions. In case of any 
major objection to adoption due to some new issues, the regulatory parties may 
agree to revise and submit it for further consultation. In such a situation, the EWG 
discussion restarts.

The final document is signed off by the SC signatories for regulatory parties of 
ICH as an ICH Harmonized Tripartite Guideline at Step 4 of the ICH process.

The Step 4 Harmonized Guideline is moved to the final step of the process, which 
is regulatory implementation. This step of regulatory implementation is carried out 
according to the national and regional procedures in the EU, Japan, and the United 
States. The final guideline is published by the ICH Secretariat on the ICH website.

To support the implementation of guidance, additional information in the form of 
questions and answers (Q&A) is usually developed. The development and adoption 
of Q&A has an established process that has to be followed. The Q&A process is 
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intended as a mechanism by which questions received from the stakeholders are 
collected, analyzed, reformulated, and ultimately used as model questions for which 
standard answers are developed and posted on the website.

Any questions sent to the mailbox of the ICH website or raised by any of the six 
official ICH parties are brought to the attention of the appropriate implementation 
working group.

The regional questions and issues are handled by the regulatory party of the 
concerned region and then shared and evaluated within the IWG; the final pro-
posed answer is presented to the SC for approval and endorsement before its pub-
lication on the website. The IWG rapporteur sends questions to members of his/her 
IWG thereafter, and, based on this information, the IWG prepares model questions 
and their responses for presentation at the SC meeting. Based on the level of 
guidance given by the answer, the IWG assesses whether the Q&A document 
should be a Step 2 document and published for comments or a Step 4 document 
and published as final.

Each IWG presents its draft Q&A to a SC meeting and makes recommendations 
on the status of the documentation. The SC concurs with the Q&A document and its 
step status. For Step 2, the Expert and SC members sign the Q&A document, and, for 
Step 4, the Regulatory Experts and the Regulatory SC members sign the Q&A 
document.

This procedure is intended to provide results quickly and efficiently by using 
the minimum amount of resources consistent with the achievement of scientifically 
valid results.

The revision procedure of ICH guidelines is almost identical to the formal ICH 
procedures. The only difference compared to ICH procedure category 1 is the final 
outcome. In the revision procedure (category 3), the final outcome is a revised ver-
sion of the current existing guideline, whereas, in category 1, the final outcome is a 
new guideline. The revision of a guideline is designated by the letter R1 after the 
usual denomination of the guidelines. However, when a guidance or guideline is 
revised more than once, the document is renamed R2, R4, and so on.

The maintenance procedure (category 4) is based on updating new information. 
This has been harmonized by all parties. The maintenance procedure follows almost 
on the same lines as the other procedures. However, instead of having many 
face-to-face meetings, the regulatory rapporteurs rely on correspondence or telecon-
ferencing to avoid unnecessary travel.

13.3.7  ICH Global Cooperation Group

The ICH GCG was formed in 1999 as a subcommittee of the ICH SC. The mission of 
the GCG is to promote mutual understanding of regional harmonization initiatives in 
order to facilitate the harmonization process related to ICH guidelines globally and to 
facilitate the capacity of drug regulatory authorities and the industry to utilize them.

The GCG comprises one representative from each of the six parties on the ICH SC 
plus the ICH Secretariat. The ICH observers (WHO, Canada, EFTA) are also part of the 
GCG. The group includes other Regional Harmonization Initiatives (RHIs). These 
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RHIs include APEC, ASEAN, the GCC, the Pan American Network of Drug Regulatory 
Harmonization (PANDRH), and Southern African Development Community (SADC) 
as permanent representatives to GCG.

The purpose of the GCG is to set up principles intended to guide harmonization 
activities and to answer requests for information by non-ICH regulators and industry. It 
is interesting to note that some of the key principles of the GCG include the following:

1.	 The ICH will serve as a resource for information and data and not seek to 
impose its views on any country, region, or company.

2.	 Documents related to the GCG initiative will be provided to non-ICH member 
countries or companies without charge.

3.	 The GCG will work closely with the WHO and other international organiza-
tions in order to achieve these goals.

13.4  Impact of ICH Guidelines

Drugs have been most extensively regulated among all consumer products. Extensive 
testing requirements and meeting high-quality standard guidelines with added 
regulatory close monitoring and supervision and every aspect of development, man-
ufacturing, and testing are creating a major issue of affordability and accessibility to 
drugs for consumers of both developed and developing countries.

Besides these factors, many regulatory authorities are not applying the risk 
assessment and management model in their evaluation/review of product applica-
tions particularly generic or branded generic products. Furthermore, some review 
processes require information from the perspectives of “nice to have with no added 
value to the quality and safety of product.” In some other cases a host of additional 
administrative information is a part of the drug review process, thus creating unnec-
essary delays in the approval of drug products. Although the ICH process for formu-
lating globalization and harmonization guidelines has significant benefits but, at the 
same time, there are significant difficulties particularly in non-ICH countries 
regarding generic drugs.

In 2001, the WHO issued a report with a host of recommendations on the impact 
of implementation of ICH guidelines in non-ICH countries. These are as follows:

1.	 The WHO should maintain its position as an observer with the ICH SC adopt-
ing a more proactive role.

2.	 The WHO should maintain a position as an observer in the ICH Global Expert 
Group, making it clear that participation should not be considered as automatic 
endorsement of ICH guidelines or procedures.

3.	 With regard to the ICH process, the WHO should establish a consultation 
procedure for assessing the usefulness of new ICH guidelines for the pharma-
ceutical industries and drugs regulatory authorities in non-ICH countries as 
early as possible.
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4.	 The WHO should establish a mechanism to review and build on ICH guide-
lines in order to establish WHO guidelines. It should also assess the benefits 
and risks of implemented selected ICH drugs quality guidelines and the pos-
sible impact of pharmacopoeia and harmonization activities in the ICH region 
on standards for the manufacturer of generic products in non-ICH countries.

5.	 In order to improve access to essential drugs of assured quality especially in 
developing countries, there is an urgent need for the WHO to intensify its 
efforts to further develop international standard/guidelines for the approval of 
generic products in consultation with the generic drug industry, related organi-
zations, and national authorities.

6.	 The ICH should be encouraged to benefit from the work already carried out by 
the WHO in the area of pharmacovigilance, and all ICH countries should be 
encouraged to participate more actively in the WHO Program for International 
Drug Monitoring. Although a decade has passed since these recommendations, 
one should look at what progress has been made by the WHO with regard to 
the impact of ICH International quality guidelines on non-ICH countries, par-
ticularly on the accessibility and reasonable price of generic drugs.

Points 2, 3, and 4 are important from the point of view of usefulness of new ICH guide-
lines, additional benefits, and the risk of implementation of these guidelines as well as 
improved access to essential drugs of assured quality in developing countries. One can 
argue on this point that there are many ICH quality guidelines that are significantly 
beneficial especially for the generic drugs and their accessibility in the developing 
countries. The two guidelines (ICH Q3A and ICH Q3B) are most significant from the 
impact point of view on the quality and accessibility of drug at a reasonable price. With 
the exception of a few WHO guidelines for stability testing, the WHO did not build on 
ICH guidelines but rather endorsed all ICH guidelines in their prequalification program.

The development of international standards has definitely presented a challenge 
to the WHO as an intergovernmental organization because of the associated costs 
of setting international standards related to pharmaceuticals. “A resolution of 9th 
International Conference of Drugs Regulatory Authorities (ICDRA)” held in Berlin 
in April 1999 requested the WHO when participating in the ICH process to take 
into account the implication for non-ICH countries. It was also recognized that the 
harmonized standards developed by the ICH will impact non-ICH countries, where 
the largest number of people reside and where there is a need for generic drugs at 
a reasonable price. The most important group of guidelines is ICH Q3A to Q3D 
and Q7A. The most serious impact was created by ICH Q3A and Q3B as these 
guidelines along with the others has created two types of Active Pharmaceutical 
Ingredient (API) standards for generic drugs. One category of generic drugs is 
referred to as Drug Master File (DMF) grade and the other as non-DMF grade. 
There is no doubt that impurities that are inherently toxic and are known to be toxic 
or have side effects must be controlled and monitored. However, the regulatory 
authorities apply these guidelines without taking into consideration risk–benefit 
assessment and all API pharmaceutical synthetic materials. For ICH Q7A many 
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regulatory authorities from developing countries have significantly accelerated 
inspection programs for including the WHO and European directorate of Quality 
Medicine (EDQM). These additional activities and requirements are the result of 
the two types of API grades, as stated earlier. The difference between the prices of 
the two grades (type) of API is significantly huge. For example, the cost of sita-
gliptin with an assay limit of 98.6% is $1000 per kg, while the same material of 
DMF grade with an assay limit of 99.4% is about $10,000 per kg. The important 
question is whether the difference of 0.8% impurity justifies the use of sitaglipton 
at $10,000 per kg. There are many similar examples and differences in the price of 
APIs of DMF and non-DMF grades. The principle of risk assessment of ICH Q9 
can be used to justify that such minor differences of impurities could justify the 
cost. The new emerging markets and many developing countries using these guide-
lines cannot have generic drugs at a reasonable cost.

The driving force behind the harmonization initiatives has been the need to hasten 
access to pharmaceutical products and respond to the demands of international trade, 
but this is not the WHO principle of harmonization. Besides having consistent and 
uniform standards and avoiding unnecessary duplication of regulatory requirements, 
the harmonized standards should not be based on the state of the art but also on cost 
considerations.

13.5  Conclusion

There are positive impacts resulting from many ICH guidelines and in the interests of 
global harmonization. These guidelines should be adopted by all regulatory author-
ities including the WHO. A good example is the stability guidelines.

ICH Quality Guideline list

Stability Q1A–Q1F
Code Document title
Q1A (R2) Stability testing of new drug substances and 

products
Q1B Stability testing : photo-stability testing of new drug 

substances and products
Q1C Stability testing for new dosage forms
Q1D Bracketing and matrixing designs for stability testing 

of new drug substances and products
Q1E Evaluation of stability data
Q1F Stability data package for registration applications in 

climatic zones III and IV

Analytical validation Q2
Code Document title
Q2 (R1) Validation of analytical procedures: text and 

methodology

(Continued)
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Impurities Q3A–Q3D
Code Document title
Q3A (R2) Impurities in new drug substances
Q3B (R2) Impurities in new drug products
Q3C (R5) Impurities: guideline for residual solvents
Q3D Impurities: guideline for metal impurities

Pharmacopoeias Q4–Q4B
Code Document title
Q4 Pharmacopoeias
Q4A Pharmacopoeia harmonization
Q4B Evaluation and recommendation of pharmacopoeial 

texts for use in the ICH Regions
Q4B Annex 1R1 residue on ignition/sulphated ash  

general chapter
Q4B Annex 2R1 Test for extractable volume of parenteral preparations 

general chapter
Q4B Annex 3R1 Test for particulate contamination: sub-visible 

particles general chapter
Q4B Annex 4AR1 Microbiological examination of non-sterile products: 

microbial enumeration tests general chapter
Q4B Annex 4BR1 Microbiological examination of non-sterile products: 

tests for specified micro-organisms general chapter
Q4B Annex 4CR1 Microbiological examination of non-sterile products: 

acceptance criteria for pharmaceutical preparations 
and substances for pharmaceutical use general chapter

Q4B Annex 5R1 Disintegration test general chapter
Q4B Annex 6R1 Uniformity of dosage units general chapter
Q4B Annex 7R2 Dissolution test general chapter
Q4B Annex 8R1 Sterility test general chapter
Q4B Annex 9R1 Tablet friability general chapter
Q4B Annex 10R1 Polyacrylamide gel electrophoresis general chapter
Q4B Annex 11 Capillary electrophoresis general chapter
Q4B Annex 12 Analytical sieving general chapter
Q4B Annex 13 Bulk density and tapped density of powders general 

chapter
Q4B Annex 14 Bacterial endotoxins test general chapter

Quality of biotechnological products  
Q5A–Q5E

Code Document title
Q5A (R1) Viral safety evaluation of biotechnology products 

derived from cell lines of human or animal origin 
Q5A

Q5B Analysis of the expression construct in cells used for 
production of r-DNA derived protein products

Q5C Stability testing of biotechnological/biological 
products

  ICH Quality Guideline list  (Cont’d)

(Continued)
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Q5D Derivation and characterisation of cell substrates 
used for production of biotechnological/biological 
products

Q5E Comparability of biotechnological/biological products 
subject to changes in their manufacturing process

Specifications Q6A–Q6B
Code Document title
Q6A Specifications: test procedures and acceptance 

criteria for new drug substances and new drug 
products: chemical substances

Q6B Specifications: test procedures and acceptance 
criteria for biotechnological/biological products

Good manufacturing practice Q7
Code Document title
Q7 Good manufacturing practice guide for active 

pharmaceutical ingredients

Pharmaceutical development Q8
Code Document title
Q8 (R2) Pharmaceutical development
Q8/9/10 Q&As R4Q8/Q9/Q10 Implementation

Quality risk management Q9
Code Document title
Q9 Quality risk management
Q8/9/10 Q&AsR4Q8/Q9/Q10 Implementation

Pharmaceutical quality system Q10
Code Document title
Q10 Pharmaceutical quality system
Q8/9/10 Q&AsR4Q8/Q9/Q10 Implementation

Development and manufacture of  
drug substances Q11

Code Document title
Q11 Development and manufacture of drug substances 

(chemical entities and biotechnological/biological 
entities)
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Out of Specification/Atypical 
RESULT Investigation

Yu-Hong Tse and Chung Chow Chan

14

14.1  Background

In the development of therapeutic solutions, there are situations when out of specifi-
cation (OOS) or aberrant data are obtained. OOS data can be any analytical labora-
tory-recorded result that is not within the stated specification of the tested material or 
official compendia (detailed definition of OOS data is listed in Appendix I). When 
this happens, an investigation must be carried out.

Workshops, seminars, consultants, and guidance are available to support labora-
tory personnel in overcoming difficulties and in having a consistent approach during 
an OOS/atypical result investigation. Most firms have developed a specific OOS/
atypical result investigation document. Unfortunately,  an inadequate OOS investiga-
tion is still a leading cause for warning letters being issued by the Food and Drug 
Administration (FDA) since the emphasis in FDA-483 laboratory citations has 
shifted from the lack of an adequate OOS standard operating procedure (SOP) to 
observations on details within the document or for not following the procedure 
without any scientific justification during the investigation [1]. The following excerpt 
from the FDA guidance document clearly summarizes the overall requirements for 
the OOS investigation:

To be meaningful, the investigation should be thorough, timely, unbiased, well-documented, 
and scientifically sound. The first phase of such an investigation should include an initial 
assessment of the accuracy of the laboratory’s data. Whenever possible, this should be done 
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before test preparations (including the composite or the homogenous source of the 
aliquot tested) are discarded. This way, hypotheses regarding laboratory error or instrument 
malfunctions can be tested using the same test preparations. If this initial assessment 
indicates that no meaningful errors were made in the analytical method used to arrive at 
the data, a full-scale OOS investigation should be conducted. For contract laboratories, 
the laboratory should convey its data, findings, and supporting documentation to the 
manufacturing firm’s quality control unit (QCU), who should then initiate the full-scale 
OOS investigation [2].

In this chapter, we will look at how sound scientific judgment and good documentation 
can lead to a successful OOS/atypical result investigation in a case study based on 
current guidance.

Successful OOS investigation in the laboratory = sound scientific judgment + good 
documentation

In the case study described here, Analyst A and Supervisor B followed the typical 
process flow for an OOS/atypical result investigation process discussed in Appendix 
II for their investigation.

During routine release testing, Analyst A followed the approved testing method 
to perform a high-performance liquid chromatography (HPLC) analysis in Cream 
A (material code: 101, batch #123), which contained methyl paraben (limit: 95.0–
105.0% of label claim at release) and propyl paraben (limit: 95.0–105.0% label claim 
at release) as preservatives. The bulk samples from the top, middle, and bottom of the 
manufacturing tank were tested. The sample was prepared as follows:

•• 1 g of Cream A was accurately weighed in a 25-ml centrifuge tube.

•• 5 ml of methanol and 5 ml of the mobile phase were added in the tube.

•• The tube was closed and the sample mixed well until the cream matrix 
dissolved.

•• The sample preparation was transferred to the HPLC vial for analysis.

After completion of the system suitability test (SST), Analyst A analyzed the sample 
by injecting the sample preparation with bracketing of standard preparation to the 
HPLC system.

Case Study P art I—Original Testing Result

Test result (acceptance criteria: release limit: 95.0–105.0%)

Sample ID
Propyl paraben 
assay result (%)

Methyl paraben 
assay result (%)

Batch #123—tank top 96.1 99.8
Batch #123—tank middle 95.5 99.6
Batch #123—tank bottom 94.9 99.4
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14.2  Identifying and Assessing OOS Test Results— 
Phase I: Laboratory Investigation

14.2.1  Responsibility of Analyst A

14.2.1.1  Before Testing  The first and primary responsibility for Analyst A is to 
ensure that he/she has been trained on the appropriate testing procedure in order to 
achieve accurate laboratory testing results. Analyst A should document the evidence 
in his/her training record and get it approved by the supervisor to indicate that he/she 
has the confidence to perform the test. Analyst A should be aware of any potential 
problems that could occur during the testing process and should watch for problems 
that could create OOS/atypical results. Analyst A should not knowingly continue an 
analysis he/she expects to invalidate at a later time for an assignable cause (i.e., 
analyses should not be completed for the sole purpose of seeing what results can be 
obtained when obvious errors are known):

In accordance with the CGMP regulations in §211.160 (b)(4), the analyst should ensure 
that only those instruments meeting established performance specifications are used 
and that all instruments are properly calibrated [2].

14.2.1.2  During Testing  Analyst A should ensure system suitability requirements 
(SST) in the analytical method, and systems not meeting such requirements should 
not be used:

For example, in chromatographic systems, reference standard solutions may be injected 
at intervals throughout chromatographic runs to measure drift, noise, and repeatability. 
If reference standard responses indicate that the system is not functioning properly, 
all of the data collected during the suspect time period should be properly identified 
and  should not be used. The cause of the malfunction should be identified and, if 
possible, corrected before a decision is made whether to use any data prior to the suspect 
period [2].

14.2.1.3  After Testing  Before discarding test preparations or standard prepara-
tions, Analyst A should check the data for compliance with specifications. Analyst 
A should retain the test preparations and glassware. Analyst A should inform the 
supervisor immediately and start an assessment of the accuracy of the results if 
any OOS/atypical results are obtained. Analyst A should also prevent the analyt-
ical parameters from being altered until the instrument has been investigated. If 
errors are obvious, such as the spilling of a sample solution or the incomplete 
transfer of a sample composite, Analyst A should immediately document what 
happened and repeat the testing at the original level of duplication with the 
approval of the supervisor.
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14.2.2  Responsibilities of Supervisor B

Once OOS/atypical results have been obtained, Supervisor B should perform the 
initial assessment with Analyst A in an objective and timely manner. There should be 
no preconceived assumptions as to the cause of the OOS/atypical result.

FDA’s OOS guidance document iterated expectations that analysts are appropriately 
trained, followed validated procedures, use appropriate glassware, the correct reagents 
and standards, and perform analysis on well-maintained & calibrated instrumentation. [2]

Supervisor B should assess the data promptly to ascertain if the results may be 
attributed to laboratory error or whether the results could indicate problems in the man-
ufacturing process. An immediate assessment could include visual examination of the 
actual solutions, test units, and glassware used in the original measurements and prep-
arations, which would allow more credibility to be given to laboratory error theories.

According to current guidance, Supervisor B should take at least the following 
steps as part of the assessment (Appendix III) [3]:

•• Discuss the test method with Analyst A; confirm Analyst A’s knowledge of and 
performance of the correct procedure.

•• Review and examine the raw data obtained with Analyst A in the analysis, 
including the chromatogram, and identify anomalous or suspect information.

•• Confirm the equipment setting with Analyst A in front of the instrument.

•• Verify that appropriate reference standards, solvents, reagents, and other solu-
tions were used and that they meet quality control specifications.

•• Evaluate the performance of the testing method and the performance of the 
instruments to ensure that it is performing according to the standard expected 
based on method validation data.

•• Document and preserve evidence of this assessment.

•• Inform the quality assurance unit immediately since appropriate action may be 
required from some regulatory authorities.

The assignment of a cause for the OOS/atypical result will be greatly facilitated if the 
retained sample preparations are examined promptly. Hypotheses regarding what might 
have happened (e.g., dilution error, instrument malfunction) can be tested. Examination of 
the retained solutions can be performed as part of the laboratory investigation [2].

14.2.3  Documentation Requirement

Information to be included in the documentation during investigation includes but is 
not limited to the following:

•• The nonconformity number should be unique and should be used as a reference 
number during the whole investigation.

•• The incident date should be clearly defined in the investigation process. For 
example, does the date refer to when OOS data was collected or the date when 
the OOS data is observed?
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•• The date OOS was initiated should be confirmed. Since the OOS investigation 
should be thorough, timely, unbiased, well-documented, and scientifically 
defensible, the time difference between the dates of OOS initiated and those of 
the incident should not be significantly different. A significant time difference 
indicates that the laboratory is out of control and also increases the difficulty in 
identifying the root cause of the OOS.

•• Sample information to be included is as follows:

•• Description of the sample being tested as received by the laboratory.

•• Name of the material.

•• Type of sample: raw material, in process, finished product, stability, consumer 
complaint, and so on.

•• Batch number or other unique code.

•• Amount received.

•• Date on which it was received for testing.

•• Identification of the source or location from where the sample was obtained.

•• Testing method information to be included is as follows:

•• Method reference number (use only the most recent, approved version).

•• Description of modifications, including reason(s) for the modification and 
data to verify the accuracy and reliability of the modified method.

•• Testing limit(s) to be included is as follows:

•• Upper and lower limits.

•• Specification reference number.

•• The conclusion of each investigation should be documented and the next step of 
the investigation step should be discussed based on whether laboratory error is 
or is not clearly identified.

14.2.4  Reanalysis

After initial assessment, Supervisor B can authorize Analyst A to perform reanalysis 
if the obvious determinate laboratory error is not identified. The reanalysis plan 
should be prepared and preapproved. The justification should be discussed and docu-
mented (Appendix IV).

According to the guidance, original sample preparation can be reinjected as 
part of an investigation where a transient equipment malfunction is suspected. 
This could occur if bubbles were introduced during an injection on a 
chromatographic system, while other tests indicated were proper. Such theories 
are difficult to prove. However, a reinjection can provide strong evidence that the 
problem should be attributed to the instrument rather than the sample problem or 
its preparation [2].

Supervisor B can also authorize further extraction of the active ingredient from the 
cream matrix to determine whether the active ingredient was fully extracted during 
the original analysis.
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For release rate testing of certain specialized dosage form drugs that are not destroyed 
during testing, where possible, examination of the original dosage unit tested might 
determine whether it was damaged during laboratory handling in a way that affected its 
performance. Such damage would provide evidence to invalidate the OOS test result, 
and a retest would be indicated.

Further extraction of a dosage unit, where possible, can be performed to determine 
whether it was fully extracted during the original analysis. Incomplete extraction could 
invalidate the test results and should lead to questions regarding validation of the test 
method [2].

Supervisor B should ascertain not only the reliability of the individual value obtained, 
but also the significance of the OOS/atypical results represent in the overall quality 
assurance program.

When clear evidence of laboratory error exists, the OOS/atypical results should be 
invalidated. When evidence of laboratory error remains unclear, a full scale OOS 
investigation should be conducted by the manufacturing firm to determine what 
caused the unexpected results. It should not be assumed that OOS test results are 
attributable to analytical error without performing and documenting an investigation. 
Both the initial laboratory assessment and the following failure investigation should 
be documented fully [2].

14.2.5  Reanalysis Result Discussion

14.2.5.1  Averaging  In this case study, the average result from the original anal-
ysis (94.9%) and the reanalysis results from the original HPLC vial (95.3 and 95.2%) 
provide a result that passed the specification:

Appropriate uses: It should be noted that a test might consist of a specific number of 
replicates to arrive at a result. For instance, an HPLC assay result may be determined 
by averaging the peak responses from a number of consecutive, replicate injections 

Case Study: Part II—Reanalysis Result

Reanalysis result obtained: (acceptance criteria: release limit: 95.0–105.0%)

Propyl paraben assay result Methyl paraben assay result

Sample ID
Original 

result (%)

Original 
HPLC 

vial (%)

Revial 
after 

remixing
Original 

result (%)

Original 
HPLC 

vial (%)

Revial 
after 

remixing

Batch #123—
tank top

96.1 96.5 96.2% 99.8   99.9   99.6
96.4 96.4% 100.5 100.0

Batch #123—
tank bottom

94.9 95.3 95.8 99.4 100.4 100.7
95.2 95.9   99.3 101.1
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from the same preparation (usually 2 or 3). The assay result would be calculated 
using the peak response average. This determination is considered one test and one 
result. This is a distinct difference from the analysis of different portions from a lot, 
intended to determine variability within the lot, and from multiple full analyses of 
the same homogenous sample. The use of replicates to arrive at a single reportable 
result, and the specific number of replicates used, should be specified in the written, 
approved test method. Acceptance limits for variability among the replicates should 
also be specified in the method. Unexpected variation in replicate determinations 
should trigger remedial action as required by §211.160(b)(4). If acceptance limits 
for replicate variability are not met, the test results should not be used. In some 
cases, a series of complete tests (full run-throughs of the test procedure), such as 
assays, are part of the test method. It may be appropriate to specify in the test method 
that the average of these multiple assays is considered one test and represents one 
reportable result. In this case, limits on acceptable variability among the individual 
assay results should be based on the known variability of the method and should also 
be specified in the test methodology. A set of assay results not meeting these limits 
should not be used. These appropriate uses of averaging test data should be used 
during an OOS investigation only if they were used during the original testing that 
produced the OOS result.

Inappropriate use: Reliance on averaging has the disadvantage of hiding variability 
among individual test results. For this reason, all individual test results should normally 
be reported as separate values. Where averaging of separate tests is appropriately speci-
fied by the test method, a single averaged result can be reported as the final test result. 
In some cases, a statistical treatment of the variability of results is reported. For 
example, in a test for dosage form content uniformity, the standard deviation (or 
relative standard deviation) is reported with the individual unit dose test results. 
Averaging can also conceal variations in different portions of a batch, or within a 
sample. For example, the use of averages is inappropriate when performing powder 
blend/mixture uniformity or dosage form content uniformity determinations. In these 
cases, testing is intended to measure variability within the product, and individual 
results provide the information for such an evaluation [2].

Since the initial assessment does not determine that laboratory error caused the  
OOS/atypical test result and testing results appear to be accurate, Supervisor B 
should inform other business units such as production and quality assurance to per-
form a full-scale failure investigation using a predefined procedure.

14.3  Expanded Investigating OOS/Atypical Test Results

14.3.1  Review of Production

Supervisor B should also request for a review of manufacturing and packaging 
processes to ascertain if any deviation from these processes caused an OOS/atypical 
result for the preservative assay result. Supervisor B should also review the historical 
testing result for product Cream A. Reconfirmation of the assay result from the raw 
material can also help determine if sufficient amount of preservative was or was not 
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added in the batch. Supervisor B should also review the validation of the testing 
method from the raw material and final product.

The objective of such an investigation should be to identify the root cause of the OOS 
result and take appropriate corrective and preventative action. A full-scale investigation 
should include a review of production and sampling procedures, and will often include 
additional laboratory testing. Such investigations should be given the highest priority. 
Among the elements of this phase is evaluation of the impact of OOS result(s) on 
already distributed batches.

The investigation should be conducted by the QCU and should involve all other 
departments that could be implicated, including manufacturing, process development, 
maintenance, and engineering. In cases where manufacturing occurs off-site (i.e., per-
formed by a contract manufacturer or at multiple manufacturing sites), all sites poten-
tially involved should be included in the investigation. Other potential problems should 
be identified and investigated [2].

14.3.2  Additional Laboratory Testing

Since the reanalysis cannot identify any determinate laboratory errors, Supervisor B 
should initialize expanded laboratory-followed approved procedures. A number of 
practices can be followed during the laboratory phase of an investigation. These 
include (1) retesting a portion of the original sample and/or (2) testing a specimen 
from the collection of a new sample from the batch.

14.3.2.1  Retest  According to the guidance, Supervisor B should use the sample 
for the retesting from the same homogeneous material that was originally collected 
from the lot, tested, and yielded the OOS results. For a liquid, it may be from the 
original unit liquid product or composite of the liquid product; for a solid it may be 
an additional weighing from the same sample composite that had been prepared by 
Analyst A. Supervisor B should use the retesting situations to investigate the possi-
bility of the testing instrument malfunctions or to identify a possible sample handling 
integrity problem, for example, a suspected dilution error. Supervisor B can authorize 
Analyst A and/or another trained analyst, Analyst C, when there is an increase in the 
level of duplication. Supervisor B can also authorize the retest performed with the 
“control sample” in order to provide valuable information to identify the product-
related OOS (Appendix V).

Generally, retesting is neither specified nor prohibited by approved applications or by the 
compendia. Decisions to retest should be based on the objectives of the testing and sound 
scientific judgment. The cGMP regulations require the establishment of specifications, 
standards, sampling plans, test procedures, and other laboratory control mechanisms 
(§211.160). The establishment of such control mechanisms for examination of additional 
specimens for commercial or regulatory compliance testing must be in accordance with 
“predetermined guidelines or sampling strategies” (United States Pharmacopeia 23, 
General Notices and Requirements, p. 9).
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Some firms have used a strategy of repeated testing until a passing result is 
obtained (testing into compliance), then disregarding the OOS results without 
scientific justification. Testing into compliance is objectionable under the cGMPs. 
The number of retests to be performed on a sample should be specified in advance by 
the firm in the SOP.

The number may vary depending upon the variability of the particular test method 
employed, but should be based on scientifically sound, supportable principles. The 
number should not be adjusted depending on the results obtained. The firm’s prede-
termined testing procedures should contain a point at which the testing ends and the 
product is evaluated.

If, at this point, the results are unsatisfactory, the batch is suspect and must be 
rejected or held pending further investigation (§211.165(f)). In the case of a clearly 
identified laboratory error, the retest results would substitute for the original test results. 
The original results should be retained, however, and an explanation recorded. This 
record should be initialed and dated by the involved persons and include a discussion of 
the error and supervisory comments.

If no laboratory or statistical errors are identified in the first test, there is no scientific 
basis for invalidating initial OOS results in favor of passing retest results. All test 
results, both passing and suspect, should be reported and considered in batch release 
decisions [2].

14.3.2.2  Resample (If Required)  If sufficient quantity of sample is not available, 
the original sample has been contaminated, and/or the sample is suspected to not be 
representative of the batch, then Supervisor B can request a resampling with the sample 
plan to ensure that the resamples are representative of the batch, and the establishment 
of control mechanisms for examination of additional specimens for commercial or 
regulatory compliance testing should be in accordance with predetermined procedures 
and sampling strategies (§211.165(c)) after Quality Assurance (QA)approval. In our 
case study, since the bulk cream has been packed into the finished pack, Supervisor B 
has decided to test the finish pack to confirm if there is any problem with the bulk 
sample during the first retest. However, the number of samples to be tested should be 
addressed if the homogeneity of the product during the packaging has not been 
established for this product (Appendix VI).

In some cases, when all data have been examined, it may be concluded that the 
original sample was prepared improperly and was therefore not representative of the 
batch (§211.160(b)(3)). A resampling of the batch should be conducted if the inves-
tigation shows that the original sample was not representative of the batch. This 
would be indicated, for example, by widely varied results obtained from several 
aliquots of the original composite (after determining there was no error in the 
performance of the analysis). Resampling should be performed by the same quali-
fied, validated methods that were used for the initial sample. However, if the inves-
tigation determines that the initial sampling method was in error, a new accurate 
sampling method must be developed, qualified, and documented (§§211.160 and 
165(c)) [2].
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Since the retest results confirm the atypical/OOS results for propyl paraben assay and 
typical result is obtained for methyl paraben, Supervisor B has decided to investigate 
the raw material used in manufacturing as stated in the QA preapproved documented 
investigation plan (Appendix VII).

14.4  Concluding the Investigation

14.4.1  Interpretation of the Investigation Results

The expectation from the agency is clear on interpretation of the investigation results. 
However, it is critical for firms to understand the impact of the OOS result/atypical 
result on the batch quality and the impact on the patient.

Case Study: Part IV—Resample Testing Result for  
Propyl Paraben

Acceptance criteria: Release limit: 99.0–101.0% using titration method

Batch number Titration method (%) HPLC method

ABC 99.7 Sample #1: 95.10%
Sample #2: 95.22%
Average: 95.16%

CDE 99.5 Sample #1: 99.82%
Sample #2: 99.10%
Average: 99.46%

Case Study: Part III—Retest Result

Retest result obtained: (acceptance criteria: release limit: 95.0–105.0%)

Analyst Sample ID
Propyl 

paraben (%)
Methyl 

paraben (%)

A Batch #123—tank bottom 1 95.4 99.8
Batch #123—tank bottom 2 95.3 99.7
Batch #123—tank bottom 3 95.1 99.6
Batch #123—tank bottom 4 95.2 99.6
Batch #123—finished pack 95.5 101.0
Control sample (batch #456) 99.1 99.7

C Batch #123—tank bottom 1 95.8 100.1
Batch #123—tank bottom 2 95.9 100.2
Batch #123—tank bottom 3 95.4 99.9
Batch #123—tank bottom 4 95.3 99.9
Batch #123—finished pack 95.8 100.9
Control sample (batch #456) 99.5 100.0
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An initial OOS result does not necessarily mean the subject batch fails and must be 
rejected. The OOS result should be investigated, and the findings of the investigation, 
including retest results, should be interpreted to evaluate the batch and reach a decision 
regarding release or rejection (§211.165).

In those instances where an investigation has revealed a cause, and the suspect result 
is invalidated, the result should not be used to evaluate the quality of the batch or lot. 
Invalidation of a discrete test result may be done only upon the observation and documen-
tation of a test event that can reasonably be determined to have caused the OOS result.

In those cases where the investigation indicates an OOS result is caused by a factor 
affecting the batch quality (i.e., an OOS result is confirmed), the result should be used 
in evaluating the quality of the batch or lot. A confirmed OOS result indicates that 
the batch does not meet established standards or specifications and should result in the 
batch’s rejection, in accordance with §211.165(f), and proper disposition. For inconclusive 
investigations—in cases where an investigation (1) does not reveal a cause for the OOS test 
result and (2) does not confirm the OOS result—the OOS result should be given full 
consideration in the batch or lot disposition decision. In the first case (OOS confirmed), 
the investigation changes from an OOS investigation into a batch failure investigation, 
which must be extended to other batches or products that may have been associated 
with the specific failure (§211.192) [2].

In our case study, the initial OOS result should be considered as a valid result based on 
the investigation finding. Most of the QA personnel will reject the batch since this action 
will avoid any potential finding during audit with assumption that the appropriate 
correction action and preventive action (CAPA) are in place to prevent the reoccurrence. 
On the other hand, Supervisor B has recommended batch release based on the following 
scientific discussion:

•• Additional testing shows atypical result only during retest with increase of 
sample preparations.

•• Stability trending for this product has been reviewed and indicates that there is only 
a slight drop in the propyl paraben assay result with proposed shelf life. The end of 
shelf life specification for propyl paraben has a wider limit of 90.0–110.0%.

•• Both propyl paraben and methyl paraben can work as preservatives in products.

•• USP antimicrobial effective test for preservatives on Cream A, lot #123, has 
been performed and passed.

14.4.2  Additional Reporting Requirement

For those products that are the subject of applications, regulations require submitting 
within three working days a field alert report (FAR in the United States) of information 
concerning any failure of a distributed batch to meet any of the specifications established 
in an application (21 Code of Federal Regulations (CFR) 314.81(b)(1)(ii). The OOS 
test results not invalidated on distributed batches or lots for this class of products are 
considered to be one kind of “information concerning any failure” described in this 
regulation. This includes OOS results that are considered to be discordant and of low 
value in batch quality evaluation. In these cases, an FAR should be submitted.
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14.4.3  Tracking and Trending OOS/Atypical Results

Supervisor B should be especially alert in developing trends during investigation finding. 
To conclude the investigation, Supervisor B should evaluate the available results and 
determine the batch quality with quality assurance’s approval regarding when a release 
decision should be made. The SOPs should be followed in arriving at this point. Supervisor 
B should also periodically review the OOS/atypical result with senior management to 
determine if any trend has been established. Each review should be documented to 
include proposed corrective actions for any trends observed (Appendix VIII).

Laboratory error should be relatively rare. Frequent errors suggest a problem that 
might be due to inadequate training of analysts, poorly maintained or improperly 
calibrated equipment, or careless work. Whenever laboratory error is identified, the 
firm should determine the source of that error and take corrective action to ensure 
that it does not occur again. To ensure full compliance with the cGMP regulations, 
the manufacturer also should maintain adequate documentation of the corrective 
action [2].

The tracking system used during the atypical/OOS investigation should also be 
established and used for the follow-up for corrective action and preventative 
measurements.

14.5  Corrective and Preventive Action

CAPA has been a high-priority topic for many years. It is expected that a CAPA be 
implemented after each OOS/atypical result investigation, although this has not been 
discussed in detail in the guidance. Therefore it is critical that Supervisor B clearly 
identify the root cause of the OOS/atypical result.

14.5.1  Corrective Actions

In our case study, the impact of low potency of propyl paraben raw material should 
be investigated in the firm. This should be undertaken not only for Cream A but for 
other products in which the same raw material has been used. Extended investigation 
should also look at other in-house batches of propyl paraben raw material.

The stability limit for Cream A was reviewed. There was no significant change 
in the methyl paraben assay and about 2% drop in the propyl paraben assay after 
24 months shelf life storage. The current USP antimicrobial effective test for pre-
servatives for Cream A, lot #123, will be performed before it is recommended for 
product release.

14.5.2  Preventive Actions

The quality assurance unit in the firm should work with the vendor to determine the 
root cause of the problem to prevent reoccurrence. Additional procedures may be 
implemented.
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Appendix I

Out of specification (OOS)  The term OOS results includes all suspect results that 
fall outside the specifications or acceptance criteria established in new drug 
applications, official compendia, or by the manufacturer.

Acceptance criteria  Predefined limits that are to be applied to the test results to 
determine if they meet the specification required with the approved methods.

Analyst  A trained individual performed the tests.
Assignable cause  An assignable cause is a clear and scientific reason for the 

OOS result.
Atypical result  Any result that is significantly different from previously obtained 

results for other batches of the same product or raw material but is within specifi-
cation limits. Examples include (1) variability between sample preparations 
that exceeds the typical past performance of the method; (2) out of trend result; 
(3) atypical sample chromatogram.

Control sample  A sample that is generally from a batch of the same material that 
has previously given that result within specification.

Determinate error  An error that has unequivocally occurred within the laboratory 
(e.g., wrong size of glassware was used).

Expanded OOS investigation  Expanded OOS investigation included further 
assessment of the laboratory testing and an external investigation conducted by 
QA, which may include a department outside the laboratory.

Immediately  As soon as it is known; the same working day if it is possible.
Indeterminate laboratory error  An error that has been suspected, but not proven, 

to have occurred in the laboratory. Typically, this will occur where a result cannot 
be repeated (e.g., loss of drying).

Investigation  An investigation conducted to identify the reason for an OOS result 
and indicated both initial assessment and expanded OOS investigation.

Laboratory sample  A sample from a batch or lot of product or material—
intended for inspection or testing—obtained according to a defined 
sampling plan.

Prepared sample  A laboratory sample that has been prepared for a testing 
according to the procedures documented in the approved method.

Reanalysis  Reanalysis involves remeasurement or rerunning of an original sample 
preparation provided these solutions were correctly prepared, properly stored, and 
within their expiration date.

Remeasure  Where the same final test solution, in the same final container, is 
measured again (e.g., sample in the HPLC vial).

Reprepared  Where a further portion of drug product is taken from the same 
laboratory sample and then treated to sample preparation and measurement.

Rerun  Where the same final test solution, in a different final container, is measured 
again (e.g., fresh HPLC vial is filled from the final solution).

Resample  Where a further, fresh laboratory sample is taken from the batch 
as stored in the warehouse and then treated to sample preparation and 
measurement.
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Result  The value obtained when a defined test method is performed on a sample. 
The result may be an individual value, the mean of the values obtained from 
replicate measurements on the same prepared sample, or the mean of the values 
obtained for replicate sample preparations.

Retest  To restart or reinitiate a test by a test by repreparing a sample according to 
the test method using the original sample or a new laboratory sample obtained 
after resampling.

Sample  One or more portion of material derived from a larger amount in one item 
or one or more items taken from a larger number of items. Sample should be taken 
from a batch or lot of material according to a defined sampling plan.

SST  System suitability test.
System  Instrument, reagents, conditions, and procedural details constitute a system.
Test  A defined procedure performed to measure or classify a characteristic of a 

laboratory sample.

Appendix ii  Suggested OOS Investigation Flowchart

The charts summarizing the activities that will follow for the investigation of an 
OOS/atypical result are illustrated in the below figure.

Documented the error
and repeat the testing if

required

OOS/atypical result
obtained

Inform supervisor and perform initial assessment Report result/batch
sentencing

Determine laboratory error
identi�ed

Inform QA, perform re-analysis

OOS/atypical result
con�rmed

Batch sentencing/CAPA
implementation

Report �nding

Review of productionRe-test/re-sampling if required

Report result

No

No

No

Yes

Yes

Yes
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Appendix iii E xample of initial assessment form

Document tracking information

Investigation tracking number: 2012–0001
Analyst(s) Analyst A
Incident date: OOS result was obtained on Aug 12, 2012, 

and observed on Aug 13, 2012
Date OOS initiated: Aug 13, 2012

Sample information

Product name: Cream A
Item code: 101
Batch number 123
Analytical record reference: 1200001
Sample ID number: 20120812
Vendor batch number: NA, in-house product
Sample received date (amount): Aug 09, 2012 (3x100g, bulk—top, middle,  

and bottom)
Type of OOS (OOS/atypical): OOS and atypical
Sample storage condition: Room temperature at QC sample cabinet
Test performed: HPLC preservative assay
Limit and specification reference: 95.0–105.0% (Cream A, item code: 101, 

version 2)
Result obtained: 94.9% on bottom of holding tank sample
Method number: Method 013 (version 2)
Testing purpose: Release testing

Questions during assessment: Answers:

Verify the analyst has enough 
experience for performing this 
technique?

Analyst A has been trained on this method 
(reference: Analyst A training record on file) 
and has been testing this product for a few 
years.

Was the correct method used? Method #013 (version 2) is the current 
version and has been verified for testing 
this batch. No change has been made on 
this version since 2004.

Were the physical attributes of the 
laboratory sample as expected?

The appearances for all samples received are 
typical for this product.

Were appropriate reference 
standards, solvents, reagents, 
media, or other solutions used 
and prepared correctly?

Reference standard, solvents, reagents, 
media, or other solutions used were checked 
and used as specified in Method #013 
(version 2).

Was the correct glassware used? All glassware was checked and corrected 
glassware was used.

(Continued)
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Was the instrument calibration 
current?

HPLC001 was calibrated on July 03, 2012, and 
next calibration date was Jan 03, 2012. During 
the calibration, all testing results complied with 
the acceptance criteria in the SOP.

Did the instrument perform  
correctly?

% RSD of five injections for the standard was 
less than 1% (limit: 2%).

Did the testing method perform  
as historically expected?

Yes, except OOS result was obtained.

Are the features of absorbance  
spectra consistent with  
expectations?

Sample and standard chromatogram were 
reviewed, and they appeared to be typical. The 
response factor is typical based for the standard 
injection comparing with the historical data.

Were all the arithmetic/ 
calculations correct?

Yes, manual calculation confirmed that the 
result from the sample was low.

Is chromatographic peak shapes/
intensity consistent with 
expectations?

Sample peaks were smaller based on the 
expected sample size.

Were the SST criteria defined in  
the method met?

% RSD for five injections was less than 
1% (limit: 2%)

Were control sample results 
satisfactory?

No control sample was performed.

Is QA informed? Yes, QA Manager D has been contacted.

Initial assessment of deviation:

Background information
•• On Aug 12, 2012, Analyst A followed method #013 (version 2) to perform the 
HPLC assay analysis on one batch of Cream A (Item code: 101, batch #123). 
The bulk samples from the top, middle, and bottom of the manufacturing tank 
were tested. Samples were prepared at 14:00 hours on August 12, 2006. The 
analysis was completed at 23:00 hours. All the chromatographic data was 
stored on file: 12AUG2012-1400.

•• Analyst A has been testing this product for a few years.
•• HPLC system used: HPLC001.
•• Sample preparation: Weigh 1 g of Cream A in a 25-mL centrifuge tube. Add 5 mL 
of chloroform and 5 mL of mobile phase in the tube. Close the tube and mix the 
sample well until the ointment matrix dissolves completely. Wait 5 minutes until 
the separation of the layers. The top layer is the sample layer for analysis.

•• After completion of the SST, the sample preparation was injected only once with 
bracketing of standard preparation.

•• Testing resting for other samples:
•• Batch #123—tank top 96.1% (propyl paraben); 99.8 (methyl paraben)
•• Batch #12—tank middle 95.5% (propyl paraben); 99.6 (methyl paraben)
•• Batch #123—tank bottom 94.9% (propyl paraben); 99.4 (methyl paraben)

Appendix iii  (Cont’d)
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Problem analysis:

What other tests indicate have been 
wrong but are not affected?

No, methyl paraben assay results are typical 
for all samples analyzed.

Size or extent of deviation: All QC samples.
Is this deviation on a specific portion 
of material?

No, all samples showed low propyl paraben 
assay results.

Could this deviation have been 
on other portion but was not 
observed in this deviation?

No, all samples showed low propyl paraben 
assay results.

Is there any trend in this kind of 
deviation?

No, OOS trending for Cream A was reviewed.

Is this a recurring deviation? Yes, one OOS was observed in 2009, 
reference: 2009–013, and the root cause was 
due to incomplete extraction.

How many samples/units have 
deviation?

Only sample from bottom of the tank has 
OOS result but the top and middle samples 
are atypical compared with the product 
trending.

Any recent changes in the laboratory 
/manufacturing process?

Production manager indicated there was no 
change of manufacturing process.

Could this change cause this 
deviation?

NA

List all probable causes of deviation: Incomplete extraction during sample 
preparation.
Injector problem—equipment error
Insufficient raw material is added in the 
batch.
Inhomogeneous of the sample.

Conclusion:
Laboratory error cannot be clearly identified during initial assessment. Reanalysis 
will be performed according to the reanalysis plan.
Prepared by: Analyst A, Aug 13, 2012
Approved by: Supervisor B, Aug 13, 2012

Appendix iv  Example of reanalysis plan form

Investigation tracking number: 2012–0001

Objective of analysis:
The original sample preparation for Cream A , tank bottom (item code: 101, batch 
#123) will be reanalyzed using method #013 on the same HPLC system (HPLC001) 
to determine if the OOS/atypical result is due to equipment error or sample 
preparation error.
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Plan of analysis:
Original analyst will undertake the following tasks:

•• Duplicate injections will be performed on the original HPLC vial for batch 
#123 tank bottom samples to confirm there is no instrument error during the 
original analysis.

•• Original sample preparation from batch #123 tank bottom will be remixed 
before reanalysis and revialed to confirm there is no sample preparation error.

•• Duplicate injections will also be performed on the original HPLC vial for batch 
#123 bulk top sample preparation as control sample.

•• Original sample preparation from batch #123 tank top sample will also be 
remixed before reanalysis and revialed as control.

Acceptance criteria:
All results must meet specification limits.

Prepared by: Analyst A� Approved by: Supervisor B
Date: Aug 13, 2012� Date: Aug 13, 2012

Result from analysis:
Release limit: 95.0–105.0%

Sample ID

Propyl paraben assay result Methyl paraben assay result

Original 
result

Original 
HPLC  

vial

Revial  
after 

remixing
Original 

result

Original 
HPLC 

vial

Revial  
after 

remixing

Batch #123— 
tank–top

96.1% 96.5% 96.2% 99.8% 99.9% 99.6
96.4% 96.4% 100.5% 100.0

Batch #123— 
tank bottom

94.9% 95.3% 95.8 99.4% 100.4% 100.7
95.2% 95.9 99.3% 101.1

Conclusion from the reanalysis plan:
The reanalysis results are consistent with the initial result and indicate that the 
OOS was not due to the equipment error and sample mixing error.  However, the 
elimination of preparation error cannot be established without further retesting. 
Original sample will be retested according to the new retest plan.

Prepared by: Analyst A� Approved by:  Supervisor B
Date: Aug 14, 2012� Date: Aug 14, 2012

Appendix v E xample of retest plan I form

Investigation tracking number: 2012–0001

Objective of retest:
To determine if the cause of the OOS/atypical result for Cream A is due to sample 
preparation error or sample error.
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Design of retest plan:
The samples will be prepared from the original sample. All the samples listed below 
will be tested according to Method #013 (Version 2).

•• Analyst A: Batch #123 tank-top
•• Analyst A: Batch #123 tank-middle
•• Analyst A: Batch #123 tank- bottom
•• Analyst A: Batch #123 finished pack
•• Analyst A: Control sample: Batch #789
•• Analyst C: Batch #123 tank-top
•• Analyst C: Batch #123 tank middle
•• Analyst C: Batch #123 tank-bottom; four sample preparations
•• Analyst A: Batch #123 finished pack
•• Analyst C: Control sample : Batch #789

Each analyst will prepare standard, chemicals separately. Two different HPLC will 
be used in the analysis.
Name of Analyst: Analyst A and C
Number of results obtained: 10

Acceptance criteria:
All results must meet specification limits and show typical results.

Prepared by: Analyst A� Approved by: Supervisor B
Date: Aug 14, 2012� Date: Aug 14, 2012

Retest result obtained:
Release limit: 95.0–105.0%

Analyst Sample ID Propyl paraben Methyl paraben

A Batch #123—tank bottom 1 95.4% 99.8%
Batch #123—tank –bottom 2 95.3% 99.7%
Batch #123—tank bottom 3 95.1% 99.6%
Batch #123—tank bottom 3 95.2% 99.6%
Batch #123—finished pack 95.5% 101.0%
Control sample (batch #789) 95.5% 99.7%

C Batch #123—tank bottom 1 95.8% 100.1%
Batch #123—tank bottom 2 95.9% 100.2%
Batch #123—tank bottom 3 95.4% 99.9%
Batch #123—tank bottom 4 95.3% 99.9%
Batch #123—finished pack 95.8% 100.9%
Control sample (batch #789) 99.5% 100.0%

Reference for all analytical data: Analytical record: 1200001, 1200002, and 1200003

Conclusion from retest plan:
Although all reanalysis passed the acceptance criteria, the results for propyl 
paraben were atypically low and indicated that the cause of the original OOS was 
not laboratory-related error. Expanded investigation will be performed.

Prepared by: Analyst A � Approved by: Supervisor B
Date: Aug 14, 2012 � Date: Aug14, 2012
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Appendix vi E xample of retest plan II form

Investigation tracking number: 2012–0001

Objective of retest II:
Investigate the potency for propyl paraben (material code: RM101) used in 
manufacturing Cream A (material code: 101).
Design of retest:
Propyl paraben raw material (material code: RM101) from batch ABC, which was 
used in Cream A, batch #123, and batch CDE, which was used in other batch of 
Cream A with typical assay result will be tested using titration method and HPLC 
method 013 (version 2)
Name of analyst: Analyst A
Number of results obtained: 4
Acceptance criteria:
All results must meet specification limits.

Prepared by: Analyst A � Approved by: Supervisor B
Date: Aug 16, 2012 � Date: Aug 16, 2012

Result from retest:
Acceptance criteria: Release limit: 99.0–101.0% using titration method

Batch # Titration method (%) HPLC method

ABC 99.7 Sample #1: 95.10%
Sample #2: 95.22%
Average: 95.16%

CDE 99.5 Sample #1: 99.82%
Sample #2: 99.10%
Average: 99.46%

Conclusion from retest result:
The assay results obtained from batch ABC using titration and HPLC methods are 
significantly different. Sample should be sent out for impurity analysis.

Prepared by: Analyst A� Approved by: Supervisor B
Date: Aug 22, 2012� Date: Aug 22, 2012

Appendix vii E xample of retest plan III form

Investigation tracking number: 2012–0001

Objective of retest III:
Investigate the cause of low potency for propyl paraben, material code: RM101, 
batch ABC using GC-MS and NMR spectroscopy
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Design of retest:
Sample from propyl paraben, material code: RM101, batches ABC and DEF 
(as control) will be sent out to contract laboratory for impurity identification 
using GC-MS and H NMR spectroscopy
Name of analyst: Analyst A
Number of results obtained: NA
Acceptance criteria:
Report result and finding.

Prepared by: Analyst A � Approved by: Supervisor B
Date: Aug 20, 2012� Date: Aug 20, 2012

Result from retest:
The impurities in propyl paraben (Batch ABC) were analyzed by gas chromatog-
raphy. Two impurity peaks at the retention time of 5.9 and 6.5 minutes were 
observed. Using mass spectrometry coupled with gas chromatography, these 
impurities were identified to be methyl paraben and ethyl paraben.

The 1H NMR spectra for propyl paraben (batch ABC (purity: 93.89%) and 
DEF (purity: 99.46)) were compared. Three additional NMR signals were 
observed on the 1H NMR spectrum for propyl paraben, Lot ABC. Using the 
information obtained from GC-MS, all these additional peaks were identified and 
assigned in Table III.

Table III: Additional peaks observed on H NMR spectrum for propyl paraben (Lot ABC)

Chemical shift Intensity Number of protons Assignment

1.34–1.37 (triplet) 7.87 3 CH
3
-CH

2
-O(C=O)Ar*

4.3 (quartet) 5.42 2 CH
3
-CH

2
-O(C=O)Ar*

3.84 (singlet) 2.39 3 CH
3
-O(C=O)Ar*

*Ar = 4-hydroxyl-aryl; the NMR signals for the aromatic hydrogen on the methyl 
paraben, ethyl paraben, and propyl paraben are not resolved due to the similar 
chemical shift and low concentration for methyl and ethyl paraben.
Using the NMR data, the concentration of methyl, ethyl, and propyl paraben 
calculated in mole ratio are 1.7%, 5.5%, and 92.7% respectively.

Conclusion from retest result:
Two impurities, ethyl paraben and methyl paraben, were identified in batch ABC 
and the amounts of these two impurities were about 5.5% and 1.7%, respectively.

Prepared by: Analyst A � Approved by: Supervisor B
Date: Aug 22, 2012 � Date: Aug 22, 2012

Appendix VIII E xample of final reporting for atypical/
OOS result investigation form

Investigation tracking number: 2012–0001
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Final conclusion:
The potency for propyl paraben, RM101, in raw material form is determined 
through titration according to the current testing procedure (RM101-M1). A 
known amount of propyl paraben raw material reacts with propyl paraben with 
excess 1N sodium hydroxide. The unreacted sodium hydroxide is then backed-
titrated with 1N H

2
SO

4
. However, the propyl paraben content in Cream A is 

determined by HPLC. The purity of propyl paraben in raw material RM101 
(batch ABC) obtained by the titration method is 99.7%. However, purity of 
95.05% was obtained when HPLC was used. These results suggest that the 
titration method lacks selectivity in determining the purity of propyl paraben 
since any alkyl paraben will react with sodium hydroxide just like propyl paraben 
does. Also, these results have explained the cause of atypical propyl paraben for 
Cream A, batch #123.

Result to be reported:
The average result obtained from all the sample preparations from the bottom-tank 
sample will be reported as the result from the bottom sample.
Investigation completed within predefined period (20 working days)   ✓  Yes or ___No
Evaluation of atypical/OOS result for trending:
Indeterminate laboratory error ___Yes or   ✓  No
Determinate laboratory error___Yes or   ✓  No
Inconclusive___Yes or   ✓  No
Valid Results (Material related)   ✓  Yes or ___No

Corrective action:
The remaining inventory for propyl paraben raw material, material code 
RM101, batch ABC has been restricted for use and it is the only batch currently 
in-house.
Investigation findings indicated that batch ABC has been used in Cream A 
(batch #123) only. Therefore, no other product has been impacted due to this 
deviation.
The stability limit for Cream A is reviewed. There is no significant change in 
methyl paraben assay and there is about 2% drop of the 24 months shelf life 
storage. The current USP antimicrobial effective test for preservatives on Cream A, 
lot #123, will be performed before recommendations for product release.

Preventative action:
The vendor was informed about this investigation finding. Vendor investigation  
to determine the root cause of the problem if required. The potency determination 
using validated HPLC for propyl paraben RM101 will be added in the 
specification.

Prepared by: Analyst A� Approved by: Supervisor B
Date: Aug 25, 2012� Date: Aug 25, 2012
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artificial, 167
BIMO, 15
Biocompatibility, 137, 143, 148, 156
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BMP-2, 139, 140, 142, 151, 152, 154, 155
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Parkinson, 246, 249
Cell-based biologic therapies, 207
Cell-based immunotherapy, 210
Cell-based therapy, 181
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Commercial formulation, 40
Compliance Program, 14
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Compression, 53, 54, 57, 59, 61–3
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Convolution, 349–51, 353, 357
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391, 392, 394
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CTL, 210–213, 224, 225
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Decision tree, 68, 82, 83, 97, 99

delivery systems and formulations, 97
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input, 112
output, 112
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Design of experiment see DOE
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DOE, 55, 62, 63
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Drug product (DP), 272

characteristics, 38, 45, 46, 48, 49
specifications, 47, 49

Drug substance (DS), 272
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specifications, 47, 48, 50

Dry powder inhaler (DPI), 124
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Expedited Programs, 18
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FaSSIF, 341, 343–5, 347, 348, 354,  
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Granulation, 53, 54, 57, 59–62
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Hazards, 28, 29
HCT/Ps, 9, 15, 31
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tissue-based products see HCT/Ps
Human islet transplantation, 182
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Quantification, 331
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LAK, 210, 211
LC–MS, 315–18, 320, 323, 325, 328, 330
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Local delivery, 135
Longer term complications, 186
LS–MS interface, 317
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Manufacturing process, 38, 44, 49, 51, 55–7, 

59, 60, 62
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Mass analyzers, 320, 321, 323, 325
Maximum absorbable dose, 86
Mechanical integrity, 146, 147
Medical device, 6, 14, 16, 26, 107
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Postapproval modification, 32
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Preformulation, 39, 40, 43–5, 49
PreMarket approval see PMA
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(PMDIs), 124
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Stability commitment, 296, 302
Stability studies, 271
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CT and toxicology stabilities, 290
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study, 290
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prototype formulation stability, 290
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Stem cell therapy, 239–57
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SUPAC, 56
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Target Product Profile (TPP), 38, 40, 41, 43, 

45, 47, 49, 51, 56, 57, 63
T-cell receptor see TCR
TCR, 213–17, 219
Test Procedures, 272
Testing frequency, 294, 298
Testing, 383
Time of flight (TOF), 320–323, 325
Titanium dioxide, 52
Tracking OOS, 392
Transdifferentiation, 208, 209
Treg cell, 220
Trending OOS, 392

Ulcerative colitis, 254
Uniformity of Dosage Units, 282, 283, 286
Universal tests, 276
Usability Engineering (UE), 28
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Water content, 280, 282, 285, 286
World Health Organization (WHO), 370, 373–7
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