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Disclaimer
Because USP text and publications may have legal implications in the U.S. and elsewhere, their language must
stand on its own. USP shall not provide an official ex post facto interpretation to one party, thereby placing other
parties without that interpretation at a possible disadvantage. The requirements shall be uniformly and equally
available to all parties.
In addition, USP shall not provide an official opinion on whether a particular article does or does not comply with
compendial requirements, except as part of an established USP verification or other conformity assessment
program that is conducted separately from and independent of USP’s standards-setting activities.
Certain commercial equipment, instruments or materials may be identified in this presentation to specify
adequately the experimental procedure. Such identification does not imply approval, endorsement or
certification by USP of a particular brand or product, nor does it imply that the equipment, instrument or material
is necessarily the best available for the purpose or that any other brand or product was judged to be
unsatisfactory or inadequate.
This course material is USP property. Duplication or distribution without USP’s written permission is prohibited.
USP has tried to ensure the proper use and attribution of outside material included in these slides. If,
inadvertently, an error or omission has occurred, please bring it to our attention. We will in good faith correct
any error or omission that is brought to our attention. You may email us at: legal@usp.org.
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Post-doctoral fellow, Oak Ridge National Laboratory
Ph.D. in chemistry, University of Tennessee
B.S. in chemistry, Universidade Federal de Minas Gerais, Brazil

Dr. Allain has 20 years of experience in pharmaceutical product development, where he
has led CMC teams responsible for several approvals in multiple countries. He has
authored guidance on the development of sterile products, ophthalmic and topical
creams, photostability, and has expertise in the development of chemically unstable
APIs in lyophilized products and injectables, as well as amorphous APIs.

Leonardo is the author of 32 publications and six patents, and a guest lecturer for the USP, Sindusfarma, ANVISA and
AAPS on pharmaceutical impurities, degradation mechanisms, photodegradation, forced stress strategies and evolving
regulation, including mutagenicity and nitrosamine assessment and derisking strategies. He is currently the scientific
lead for drug product analytical sciences at Merck & Co.
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Objectives

Upon completion of this course, you will be able to:
Compare regulatory vs. development guidance

Explain regulatory guidance for impurities

Describe the fundamentals of various stress testing

Identify and apply best practices for oxidative stress
testing

Describe the fundamentals of photochemistry
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Objectives (cont.)
Upon completion of this course, you will be able to:
Explain the importance of stress testing conditions

Interpret forced degradation data into regulatory
filings
Explain considerations for applying ICH M7
guidance to product development

Considerations about Mass Balance

nitrosamine formation and regulatory aspects
5
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Introduction

General Questions for the Audience



Who has professional training in chemistry, pharmacy, chemical engineering,
others?



Who participates in the development or manufacture of sterilized products,
simple or biological active ingredients?



How many of you are responsible for planning, carrying out and interpreting the
degradation studies, method development, formulation development or research
in the manufacturing area?



Who participates in the elaboration of technical reports or regulatory
submissions?



Anyone involved in the nitrosamine assessments or testing?
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A Historical Perspective

Historical Perspective
Medications in the 1800s

Fahnestock's
Vermifuge Bottle

Mexican Mustang
Liniment
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Historical Perspective
Modern versions of “snake oil”
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Historical Perspective
Pharmaceutical Industry: Timeline
Year

Event

1668

Merck (Germany) originated as a pharmacy

1715

GlaxoSmithKline patented first medicine in 1842

1849

Pfizer provided medicines for Union war effort

1876

Colonel Eli Lilly was serving in the Army and set up his
own business

1858

Edward Robinson Squibb set up a laboratory (today’s
BMS)
First two key medicines
- Isolated insulin
- Penicillin from mold during World War II
(beginning of purity concept)

19th century

Nature of the industry was unregulated

12
© 2019 USP

Substandard Medicines



USP-WHO study:

“One-third of antimalarial medicines sampled in three African
nations are found to be substandard in large-scale.”

“Substandard medicines are those that do not meet the
quality specifications set for them, primarily because they do
not contain the correct amount of the active ingredient(s), do
not dissolve properly in the body, or include unacceptable
levels of potentially harmful impurities.”

.
The Standard, USP, Spring 2010
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Substandard Drugs: A Potential Crisis for Public Health

British Journal of Clinical Pharmacology
Volume 78, Issue 2, pages 218-243, 21 JUL 2014 DOI: 10.1111/bcp.12298
http://onlinelibrary.wiley.com/doi/10.1111/bcp.12298/full#bcp12298-fig-0001
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Historical Perspective

Key Findings of Substandard Drugs:


Occurs worldwide



Contains the active principle



Taking shortcuts to reduce the cost



Related to approved manufacturers
producing lower quality material



Lack of appropriate quality controls
cross contamination due to
improper cleaning procedures



Gowning procedures
15
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Historical Perspective—
Impact of Contaminating
Materials

Historical Perspective

Thalidomide Scandal


In the early 1950s, the drug thalidomide was
introduced as a sedative prescribed for nausea
and insomnia in pregnant women



Found to cause severe birth defects in children
whose mothers had taken it



Regulatory Agencies issued a recall of
thalidomide and banned it
–

Published on Jul 27, 2015
https://www.youtube.com/watch?time_conti
nue=5&v=BIORZvhGUlI



The FDA rejected the application and the U.S.
avoided this tragedy

It is currently approved for treating leprosy
–

The original problem was associated with a chiral
isomer impurity, which has been removed

Pharma forum article.
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Historical Perspective
Heparin Adulteration


In 2007–2008, serious injuries and deaths
were associated with the use of heparin



In February 2008, Baxter Healthcare
Corporation recalled multi-dose and singledose vials of heparin sodium for injection



FDA scientists identified a contaminant
over-sulfated chondroitin sulfate (OSCS) in
the heparin (nuclear magnetic resonance,
capillary electrophoresis, enzymatic
kinetics and bioassay)

Add source for this information
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Historical Perspective
Heparin Adulteration (cont.)


OSCS mimics the biological activity of
heparin



Source identified to be API manufactured
in China



USP revised monographs for heparin
sodium and heparin calcium, to
quantitatively measure OSCS

Add source for this information
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Diethyleneglycol and Ethylene
Glycol in Glycerin and Related Excipients


Fatal poisoning reported among young children due to contaminated
acetaminophen oral syrups, Nigeria: 2008–2009



Glycerin used as a sweetener in oral syrup formulations



DEG (and ethylene glycol and propylene glycol)-contaminated glycerin
was used in the oral syrup preparations



Diethyleneglycol (DEG), is a nephrotoxin and hepatotoxin and is used
in industrial solvents and antifreeze



USP monograph revised to include
–

A GC Limit of diethylene glycol and ethylene glycol added to the
glycerin, propylene glycol and sorbitol solution monographs

Centers for Disease Control and Prevention, Morbidity and Mortality Weekly Report, 1996;45:649.
Gryniewicz CM, et al. Amer Pharm Review. 2007;10(7)24.
Bogdanich B, Hooker J, “From China to Panama, a trail of poisoned medicine, The New York Times, May 18,
212007.
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Diethyleneglycol contamination in Beer
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PROPRIETARY ICONS HERE

Recalls in 2019-2021 due to Nitrosamine contaminants in the Drug Substance
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Recalls in 2021-2022 due to Nitrosamine contaminants in the Drug
Product
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Causa raiz para formacao de impurezas de nitrosamina no Valsartan

dimetilformamida

Historical Perspective—
Regulatory Guidance for
Impurities

Regulatory Guidelines
Q: Quality Topics


Stability, Impurities testing, GMP

S: Safety Topics


Carcinogenicity, Genotoxicity, Reprotoxicity

E: Efficacy Topics


Clinical trials, Pharmacogenomics

M: Multidisciplinary Topics


MeDRA, Common Technical Document (CTD), Electronic Standards
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ICH Q and M Guidelines

ICH

Topics

Q1

Stability

Q2

Analytical Validation

Q3

Impurities (3A: Impurities in new drug substances, 3B: Impurities in new drug products,
3C: Impurities: guideline for residual solvents)

Q4

Pharmacopoeias

Q5

Quality of biotechnological products

Q6

Specifications

Q7

Good manufacturing practice

Q8

Pharmaceutical development

Q9

Quality risk management

Q10

Pharmaceutical quality system

M7

Genotoxic impurities
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ICH Guidelines Addressing Impurities and Degradation Products

ICH

Topics

Q1A

Stability testing of new drug substances and products

Q1B

Photostability testing of new drug substances and products

Q2A

Text on validation of analytical procedures

Q3A

Impurities in drug substances

Q3B

Impurities in drug products

Q3C

Impurities: residual solvents

Q6A

Specifications: test procedures and acceptance criteria
for new drug substances and chemical substances

M7

Assessment and Control of DNA Reactive (Mutagenic) Impurities in Pharmaceuticals to Limit
Potential Carcinogenic Risk
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Regulatory Guidance
Guidance
ICH Q1A (R2)

Topic

Date

Stability Testing
of New Drug
Substance and
Products

2003

ICH Q1B

Photo-Stability

1996

ICH Q1C - F

Stability study
set up and
evaluation

1996–2006

ICH Q3A/B

Drug Substance 2006
and Product
Substance
Impurity Control

ICH Q3A-D

Control of
impurities

2006–2014

ICH M7

Control of
Potentially
Mutagenic
Impurities

2014–2017

Guidance to carry out
stability studies for
substance and product
registration

Guidance to evaluate and
control impurities found
in stability studies
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Definitions in Q3A (R2) and Q3B (R2)


Identification (Reporting) Threshold: A limit above which an impurity (degradation product) should be
identified (reported)



Qualification Threshold: A limit above which an impurity (degradation product) should be qualified



Reporting Threshold: A limit above which an impurity or degradation product should be reported



Specified Impurity (Degradation Product): An impurity (degradation product) that is individually listed
and limited with a specific acceptance criterion in the new drug substance specification. Can be either
identified or unidentified



Unspecified Impurity (Degradation Product): An impurity that is limited by a general acceptance
criterion, but not individually listed with its own specific acceptance criterion, in the existing drug substance
specification



Identified Impurity (Degradation Product): An impurity for which a structural characterization has been
achieved



Unidentified Impurity (Degradation Product): An impurity for which a structural characterization has not
been achieved and that is defined solely by qualitative analytical properties (e.g., chromatographic
retention time)
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ICH Reporting and Control of Impurities Expectation and
Requirements (Q3A and Q3B)
Organic Impurities


List of actual and potential impurities (total and individual impurities, identified
and unidentified for all batches [in various stages of the development])



Scientific appraisal of synthetic pathways



Degradation pathways and potential impurities generated during manufacture,
storage and stability studies



Impurities associated with raw materials



Studies conducted to detect and identify impurities (including stress testing)



Impurities arising from the interaction with excipients and/or the immediate
container closure system
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Thresholds for Impurities in Drug Substances (% of Drug Substance)

Maximum
Daily Dose (g)

Reporting
Threshold

Identification
Threshold

Qualification
Threshold

≤2

0.05%

0.10% or
1.0 mg/day intake
(whichever is lower)

0.15% or
1.0 mg/day intake
(whichever is lower)

>2

0.03%

0.05%

0.05%

Based on ICH Q3A (R2)
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Thresholds for Impurities and Degradation Products in Drug Products

Maximum
Daily Dose

Reporting
Threshold

≤1 g/>1 g

0.1%/0.05%

Identification
Threshold

<1 mg

1.0% or 5 µg total daily intake
(whichever is lower)

1 mg–10 mg

0.5% or 20 µg total daily
intake (whichever is lower)

>10 mg–2 g

0.2% or 2 mg total daily
intake (whichever is lower)

>2 g

0.1%

Qualification
Threshold

<10 mg

1.0% or 50 µg total daily intake
(whichever is lower)

10–100 mg

0.5% or 200 µg total daily intake
(whichever is lower)

>100 mg–2 g

0.2% or 3 mg total daily intake

>2 g

0.15%

Based on ICH Q3B (R2)
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A Look at Thresholds - Differences Between Drug Substance (DS)
and Drug Product (DP)
Maximum
Daily Dose
≤2 g/day
>2 g/day
≤1 g
>1 g
<1 mg
1 mg–10 mg
>10 mg–2 g
>2 g
<10 mg
10 mg–100 mg
>100 mg–2 g
>2 g

Reporting
Threshold

Identification
Threshold

Drug Substance Impurities
0.10% or
0.05%
1.0 mg per day*
0.03%
0.05%
Drug Product Degradation Products
0.1%
0.05%
1.0% or 5 µg*
0.5% or 20 µg*
0.2% or 2 mg*
0.1%

Qualification
Threshold
0.15% or
1.0 mg/day*
0.05%

1.0% or 50 µg*
0.5% or 200 µg*
0.2% or 3 mg*
0.15%
*Whichever is lower; % are wt/wt relative to the API.
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Activity

Participant Activity



Which ICH guidance discusses the control of impurities in a Drug
Substance?



Which ICH guidance discusses the control of impurities in a Drug
Product?



What is the only guidance that prescribes in detail how to perform
one type of stress testing? Which stress testing is it?
Show you know!
Take notes
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History of FDA Stress Testing
Recommendations

History of FDA Stress Testing Recommendations

June 1971 was the first guidance on CMCs
for INDs and NDAs:


“Drug substances should be subjected to
exaggerated conditions for any possible
effect on purity and homogeneity.”



“Thus in designing the stability studies for
drugs, some of the many factors which
should be investigated and evaluated
include: temperature, moisture, pH,
susceptibility to oxidation and light.”

Cite source for this information
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History of FDA Stress Testing Recommendations (cont.)
Guideline for the Stability of Human Drugs and Biologics, Feb. 1987


For the drug substance — stress testing at 5°C, 50°C and 75°C, and humidity at
75% or greater



Exposure to various wavelengths of electromagnetic radiation: 190 nm to 780
nm, preferably in open containers



For solutions and suspensions of drugs — evaluate effects of acidic and alkaline
pH, presence and absence of excipients



For the drug product, accelerated stress testing often used synonymously with
stress testing
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Regulatory Background: ICH Q1A (R2)
2.1.2. Stress Testing
Stress testing of the drug substance can help identify the likely degradation products, which can in turn help
establish the degradation pathways and the intrinsic stability of the molecule and validate the stability
indicating power of the analytical procedures used. The nature of the stress testing will depend on the
individual drug substance and the type of drug product involved.
Stress testing is likely to be carried out on a single batch of the drug substance. 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% RH or greater) where appropriate, oxidation and photolysis on the drug substance. The testing should
also evaluate the susceptibility of the drug substance to hydrolysis across a wide range of pH values when in
solution or suspension. Photo-Stability testing should be an integral part of stress testing. The standard
conditions for Photo-Stability testing are described in ICH Q1B.
Examining degradation products under stress conditions is 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.

Results from these studies will form an integral part of the information provided to regulatory authorities.
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History of Stress Testing Recommendations (cont.)





Essentially the same set of
recommendations:
–

10°C temperature increments to accelerated
conditions

–

Exposure to high humidity

–

Oxidation

–

Light testing (Q1B)

–

Hydrolysis "under acidic and basic
conditions"

Guidance on exact conditions to be used is
left to discretion of applicant in most cases

ICH Q1A, Sept 1994; ICH Q1A R1 and ICH Q1A R2
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Stress Testing: Purpose



Map out the formation of potential
degradation products



The nature of the stress testing will
depend on the individual drug
substance and the type of
degradation product involved
according to Q1A (R2



Aid formulation development



Troubleshoot stability issues
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Important Considerations of Forced Degradation That Contribute to
Method Development





Drug substance
–

Oxidation (H2O2, AIBN, etc.)

–

Hydrolysis

–

Photostability

–

Temperature/humidity

Drug product
–

Excipient compatibility

–

Temperature/humidity

–

Photostability
47
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Key Learnings From ICH Q1A (R2)



Identify the likely degradation products



Ensure the intrinsic stability of the molecule



Validate the stability indicating power of the analytical procedures used



The nature of the stress testing will depend on the individual drug substance and the type of
drug product involved
–

Effect of temperatures, humidity

–

Oxidation, photolysis and hydrolysis across a wide range of
pH values

ANVISA RDC53 introduces a broader scope of activities
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Expectations of RDC53

Table 2.
Registrationalstage FD study
design and
conditions for
drug substance
and drug
products

Tattersall P; Asawasiripong S; Takenaka I; Castoro JA; Am. Pharm. Rev., 31Mar2016
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Expectations of RDC53 (cont.)

Table 2.
Registrationalstage FD study
design and
conditions for
drug substance
and drug
products

Tattersall P; Asawasiripong S; Takenaka I; Castoro JA; Am. Pharm. Rev., 31Mar2016
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Anvisa RDC53 Increased the Scope of Researched Conditions



Forced stress with the product, in addition to the substance



Stress with metallic ions (Fe+3 or Cu+2)



Degradation target: 10%



Radical (1e-) and nucleophilic (2e-) oxidation



Thermal/high humidity and thermal/low humidity stress



Stress at all product potencies



Stress with placebo



Mixed/dissolved/suspended product with stress solutions (acidic, basic,
oxidation, etc.)



Use of scientific explanations for deviations from recommendations
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Anvisa RDC53 Increased the Scope of Researched Conditions



Forced stress with the product, in addition to the substance



Stress with metallic ions (Fe+3 or Cu+2)



Degradation target: 10%



Radical (1e-) and nucleophilic (2e-) oxidation



Thermal/high humidity and thermal/low humidity stress



Stress at all product potencies



Stress with placebo



Mixed/dissolved/suspended product with stress solutions (acidic, basic,
oxidation, etc.)



Use of scientific explanations for deviations from recommendations
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Activity

Summary
Participant Exercise


Evolution of medicines as synthetic chemicals/biologicals



Need for increased control of impurities as disastrous situations caused
unnecessary harm



Evolution of regulatory expectations



–

FDA

–

ICH

Scope augmentation in ANVISA RDC 53
Show you know!
Take notes
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Forced Stress Testing: A Comprehensive View

The purpose of forced stress testing:


Determination of the intrinsic stability of a drug substance molecule



Development and validation of stability-indicating methodology



Determination of degradation pathways of drug substances and
drug products



Structural elucidation of potential degradation products
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Predictive Stability Concept
1. Knowledge Space
“Potential” degradation products of API
Parent






structure-activity
in silico
forced stress testing
excipient compatibility
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Predictive Stability Concept
1. Knowledge Space
“Potential” degradation products of API

2. Design Space
“Actual” degradation products in formulation
Parent

Parent







accelerated stability

structure-activity
in silico
forced stress testing
excipient compatibility
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Predictive Stability Concept
1. Knowledge Space
“Potential” degradation products of API

2. Design Space
“Actual” degradation products in formulation
Parent

Parent

✓ accelerated stability
✓
✓
✓
✓

structure-activity
in silico
forced stress testing
excipient compatibility

3. Control Space
“Actual” degradation products in formulation
Parent



long-term storage conditions, in package
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Degradation Profile

Forced Degradation Profile

Parent
Parent



accelerated stability

Parent



long-term storage conditions, in package
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Forced Stress Example
0.160
0.150

A

B

0.140

Unknown Degradates, A and B

0.130
0.120

Stressed tablet 4wk 40/75 open - A +B

0.110
0.100

Unstressed tablet - A + B

AU

0.090
0.080

UV stressed - A
0.070
0.060

Acid Hydrolysis - A

0.050

Base Hydrolysis - B

0.040
0.030

0.1% standard solution – A
0.020
0.010

Blank (diluent)
0.000
5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00
Minutes

45.00

50.00

55.00

60.00

65.00

70.00

60
© 2019 USP

Philosophical Underpinning



Forced stress is intended to be predictive of a drug’s intrinsic degradation
potential



“No reaction” is an important result



Establishing the signal degradants is key



During pre-clinical development, a large number of candidates are screened;
chemical instability is a parameter used to select them out
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Signal Degradants



Signal degradants: The one or two
most abundant/likely degradants
that occur in a particular forced
stress experiment and signal the
onset of this degradation mode



Note: Don’t obsess on minor
degradants from forced stress —
they are not likely to form in real
stability samples
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Photodegradation—Identifying Relevant Peaks

Zoom of the chromatogram points to several species, but only two are relevant
(according to the product stability profile).
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Examples of Degradation (Sample 1)—Photodegradation

API

Product
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Signal Degradants

In most cases, primary degradants are more important than secondary and
tertiary degradants:


Minor degradants seen in solution-forced degradation screens are generally
not the degradants that are later revealed to be important degradants in your
product



Signal degradants are the primary degradants formed in forced degradation
experiments



Obsessing on very minor degradants causes unnecessary method development
headaches
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Secondary Products



Standardized reaction conditions may be too much for some drug molecules
–

Adjust conditions to target 10% degradation — don’t miss the primary degradants!



Collect different timepoints so that you can spot the secondary degradants.
Then make a scientific judgment about their relevance.



The lack of reactivity is an important data point
–

Not all modes of degradation are active
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Forced Stress Used to Predict Future Changes in Treated Cellulose
(Sheet of Paper)

Time
30C
50% relative humidity
21% O2

?
67
© 2019 USP

Forced Stress Used to Predict Future Changes in Treated Cellulose
(Sheet of Paper, cont.)

Forced stress only produces a little degradation

4 weeks
70C
50% relative
humidity
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Forced Stress Used to Predict Future Changes in Treated Cellulose
(Sheet of Paper, cont.)
Inadequately elevated forced stress, attempting to reach
10% degradation of the material—incorrect prediction

69
© 2019 USP

Forced Stress Used to Predict Future Changes in Treated Cellulose
(Sheet of Paper, cont.)

Expected behavior

b

250 years
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Data Interpretation



Emphasize signal degradants



Understand the chemistry and
which degradation modes are most
relevant to each formulation type



Realize that solution experiments
produce intrinsic chemistry, and
crystal structure may significantly
stabilize the compound



Don’t get distracted by unrealistic
chemistry
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Forced Stress Study Rationale

Determination of the intrinsic stability of a drug substance molecule

Determination of degradation pathways of drug substances and drug products

Structural elucidation of potential degradation products

Development and validation of stability-indicating methodology
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Magnitude of Selectivity Requirements

Selectivity Requirements vs. Phase of Development

Solution
forced stress
data
API impurities
API thermal stress

Magnitude
of selectivity
requirements

Prototype
accel. stability

API impurities
degradates: long-term ICH
final excipients

Excipient
interference

The method should be fit for the purpose at hand.

Phase I

Time/Experience, Years

Reproduced by permission from
Harmon AAPS Newsmagazine Dec 2006.

NDA
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Early Method Development



A selective method may not be optimized yet



Method development is required prior to stability studies



Method development is parallel with formulation development



API is available but likely not abundant
Selectivity defined by drug substance forced degradation
and excipient compatibility — likely many degradants to
consider.
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Method Assumptions
H2O 2 day 40C (10,1)
Acquired Friday, December 10, 2004 2:37:52 PM

Gradient HPLC-UV

Response



MDU_0882_01,079.Nelsoner_041210_075924,10,1

70

60



A key separation challenge is
separation of minor degradants from
each other

50

40

30



Variations of forced degradation
methodologies produce differing
degrees of degradation that range
from easy to separate to migraineinducing complexity

20

10

5

10

15

20

25
Retention time

Selection of degradants to be separated is the
foundation of successful method development.
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Key Questions for Early Method Development



What is the intended dosage form and what forced degradation best reflects
this?



Photostability: More representative for solid API or solution?



Hydrolysis and oxidation: How much is enough?



Excipient compatibility: Which excipients are relevant and how are they
processed?



What are the kinetics of degradation?



Which degradants are the signal degradants?
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