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imperative part in pharmaceutical advancement. These tools are essential for confirming
the quality, safety, and effectiveness of drug substances and products, as well as meeting
(SIMs), Forced degradation regulatory standards. SIMs are specialized analytical techniques that can accurately
studies, degradation identify and measure the active pharmaceutical ingredient (API) even in the presence of
pathway, hyphenated its degradation products, impurities, or formulation excipients, effectively
methods distinguishing the API from other components. Stability-indicating methods (SIMs) and
Dol forced degradation studies are essential aspects of pharmaceutical analysis. These
10.5281/zenodo.15790807 methods ensure that a drug maintains its quality, safety, and therapeutic effectiveness
throughout its shelf life. A SIM is a validated analytical technique that can accurately
measure the active pharmaceutical ingredient (API), even in the presence of its
degradation products, impurities, or excipients, by effectively separating them from
each other.

Stability-indicating methods

INTRODUCTION Stability indicating methods include analytical
techniques that evaluate the stability of drug over
time. That analytical technique contains UV-VIS
Spectrophotometry, Chromatographic techniques

like TLC, HPTLC, GC, HPLC. Forced

To maintain and improve quality, safety, efficacy
of any formulation stability study is important
aspect. It is complex group of processes that

requires significant money, time consumption, and
scientific skills. Thus, stability testing assesses
how drug substance and manufactured product is
affected by environment in quality concern.

degradation studies are conducted to intentionally
degrade a drug substance or product under extreme
stress conditions, as recommended by ICH
guidelines. These conditions are more intense than

*Corresponding Author: Vishranti Wattamwar
Address: Dayanand College of Pharmacy, Barshi Road.

Email [: vishrantikedarl@gmail.com

Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

N\

2R

'f%*?\} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

~E

S

7

359 | Page


https://www.ijpsjournal.com/

Vishranti Wattamwar, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 7, 359-372 | Review

those used in accelerated stability testing and are
designed to produce possible degradation
products. This approach helps in understanding the
stability profile, identifying degradation pathways,
and supports the development and validation of
stability-indicating analytical methods. In a forced
degradation study, drug samples are exposed to
extreme conditions such as elevated temperature,
humidity, pH variations, oxidative agents, metal
ions, and light. The selection and intensity of each
stress condition are based on how stable the drug
substance is. For instance, to study hydrolytic
degradation, the drug can be dissolved and treated
with solutions of different pH values at ambient
temperature to produce meaningful degradation
products.

Objectives
Objectives of Stability Studies:

1. To establish the shelf life and define suitable
storage conditions for active pharmaceutical
ingredients (APIs), excipients, and final
dosage forms.

2. To assess how environmental factors—such
as temperature, humidity, and light—affect the
quality and integrity of APIs, excipients, and
drug products over time.

3. To investigate the chemical behavior of drug
molecules and identify their degradation
routes, including those of the active substance
and excipients.

4. To support the development of stable
formulations by identifying and resolving
stability-related challenges.

5. To define appropriate forced degradation
conditions, including the type and
concentration of stress agents and the duration
of exposure, targeting a controlled degradation
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level (typically 5-30%
compound).

of the original

6. To create and validate robust analytical
methods that can effectively monitor drug
stability.

7. To ensure the quality of pharmaceutical
products during storage and distribution by
tracking their stability over time.

Degradation Limits

A degradation range of 5% to 30% is generally
considered acceptable for validating
chromatographic ~ methods  during  forced
degradation studies. Many experts in the
pharmaceutical ~ field view around 10%
degradation as optimal for meaningful analysis. If
no significant degradation is observed under
standard stress conditions beyond those used in
accelerated stability testing, the study may be
intensified by increasing the severity or duration
of the applied stress to ensure adequate breakdown
of the drug substance or product.

Timeline for forced degradation experiments

Understanding the appropriate timing for
conducting forced degradation studies is crucial in
the development of new drug substances and
products. According to FDA guidance, stress
testing should be carried out during Phase 111 of the
regulatory submission process. These studies are
typically performed on a single batch and involve
exposing the drug to various stress conditions such
as different pH environments, oxidative agents,
light exposure, as well as high temperature and
humidity, to evaluate its stability.

International and Regulatory Guidelines for
Stability Testing:
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Stability testing is guided by several international
regulatory bodies, including:

e ICH (International Council for Harmonisation)
e FDA (Food and Drug Administration)

« WHO (World Health Organization)

e USP (United States Pharmacopeia)

e EMA (European Medicines Agency)

 ASEAN (Association of Southeast Asian
Nations) Guidelines

The ICH guidelines are primarily followed by
countries such as Japan, the United States, and
members of the European Union, while WHO
guidelines are intended for global product
development and are widely used in international
health settings.
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Drug Concentration for Degradation Process

The regulatory guidelines do not specify the exact
drug concentration required for degradation
studies. However, it is commonly advised to start
forced degradation studies using a concentration of
1 mg/mL, as this level is usually adequate to
identify even low levels of degradation products.
Additionally, it is advisable to conduct
degradation studies at concentrations that align
with the drug's expected levels in the final
formulations.

Stress Conditions Applied to Drug Substances
and Drug Products
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The ICH Q1A guideline on Stability Testing for
New Drug Substances and Products provides
recommendations for evaluating parameters that
may change over extended storage periods. It
specifies that forced degradation studies, or stress
testing, should be conducted under conditions such
as temperatures elevated in 10 °C increments

above accelerated levels, extreme pH values, and
oxidative and photolytic environments to assess
the stability of the drug substance and drug
product.

Forced Degradation Condition

Degradation Test condition Storage Sampling period

category parameters (days)
Hydrolysis Control API (no acid or no base) 40 °C, 60 °C 1,35
0.1M HCL 40 °C, 60 °C 1,35
0.1 M NaOH 40 °C, 60 °C 1,35
Acid control (no API) 40 °C, 60 °C 1,3,5
Base control(no API) 40 °C, 60 °C 1,35
pH: 2,4,6,8. 40 °C, 60 °C 1,35
Oxidation 3% H20> 20 °C, 60 °C 1,35
Hydrogen Peroxide control 20 °C, 60 °C 1,35
Azobisisobutyronitrile (AIBN) 40 °C, 60 °C 1,35
AIBN control 40 °C, 60 °C 1,35
Photolytic Light 1 x ICH NA 1,3,5
Light 3 x ICH NA 1,35
Light control NA 1,35
Thermal/ Heat chamber 60 °C 1,3,5
Humidity Heat chamber 60 °C/75%RH 1,3,5
Heat chamber 80 °C 1,3,5

Heat chamber 80 °C/75%RH

Heat chember Room temp.

Forced degradation conditions

Followings are the forced degradation conditions
carried out for testing stability of any API, drug
product and excipient.

1. Hydrolytic Forced Degradation:

Hydrolysis is the chemical breakdown of a
compound due to response with water.. This study
of acid hydrolysis or base hydrolysis is carried out
at ambient temperature or elevated temperature.
Hydrolysis is one of the most common pathways
of chemical degradation and can occur over a wide
range of pH levels. In hydrolytic stress studies,
both acidic and alkaline conditions are employed
to promote the breakdown of ionizable functional
groups within the drug molecule. These stress
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conditions are used to speed up degradation and
generate major degradation products within a
targeted range. The type and concentration of
acid or base used depend on how stable the drug
substance is. Ordinarily,
hydrochloric corrosive or sulfuric corrosive
is utilized for corrosive hydrolysis, whereas sodi
um  hydroxide or potassium  hydroxide
is favored for antacid hydrolysis.  For  drug
substances with low aqueous solubility, suitable
co-solvents may be added to aid dissolution in acid
or base solutions. The choice of co-solvent is
based on the chemical nature of the compound.
Stress  testing generally starts at room
temperature, and if no significant degradation is
observed, the temperature is increased to 50—70°C.
The total stress duration should not exceed seven
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days. Once degradation has occurred to the desired
extent, the reaction mixture is neutralized using a
suitable acid, base, or buffer to halt further
breakdown.

2. Oxidative Forced Degradation:

Hydrogen peroxide is widely used as an oxidizing
agent in forced degradation studies involving
APIs, drug products, and excipients. Other
oxidants, including metal ions, molecular oxygen,
and radical initiators like azobisisobutyronitrile
(AIBN), may also be employed depending on the
study. The selection of the oxidizing agent, its
concentration, and the experimental conditions are
tailored to the specific drug substance.
Considers have appeared that

treating sedate arrangements with  0.1- 3%
hydrogen peroxide at impartial pH and room
temperature for up to seven daysa€” or
until around 20% debasement is

reacheda€ ” can successfully create significant o
xidative debasement items. Oxidative
degradation typically proceeds through electron
transfer reactions that create reactive ionic species.
Certain functional groups such as amines,
sulfides, and phenols are particularly susceptible,
often transforming into derivatives like N-oxides,
hydroxylamines, sulfoxides, and sulfones.
Additionally, sites containing labile hydrogen
atoms—such as benzylic, allylic, tertiary
carbons, or those adjacent to heteroatoms—are
prone to oxidation, resulting in products like
hydroperoxides, alcohols, or ketones.

3. Photolytic Forced Degradation:

Photostability testing is crucial to confirm that
exposure to light does not cause unacceptable
changes in drug substances. These tests involve
exposing the drug substance to ultraviolet (UV) or
fluorescent light to induce the formation of
primary degradation products. The ICH
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guidelines specify the conditions for such testing,
recommending that APIs, drug products, and
excipients be subjected to at least 1.2 million lux
hours and 200 watt-hours per square meter of
light exposure. The typical wavelength range used
to promote photodegradation is 300 to 800 nm,
with a maximum recommended exposure of 6
million lux hours. Light-induced degradation
often proceeds via photo-oxidation mechanisms
involving free radicals. Functional groups such as
carbonyls, nitroaromatics, N-oxides, alkenes,
aryl chlorides, weak C-H and O-H bonds,
sulfides, and polyenes are especially prone to
degradation when exposed to light.

Thermal Forced Degradation:

Thermal degradation studies, involving both dry
and moist heat, should be carried out under
conditions more severe than those outlined in the
ICH Q1A accelerated stability guidelines. For
solid drug substances and products, exposure to
both dry and wet heat is recommended, whereas
liquid formulations are typically subjected only to
dry heat. These tests are usually conducted at
elevated temperatures for shorter periods. The
impact of temperature on the degradation rate can
be evaluated using the Arrhenius equation.

k=A.eE&RT
Where:

e Kk represents the specific reaction rate,
e A denotes the frequency factor,
o Eais the activation energy,

e R stands for the gas constant (1.987
cal/°’K-mol),

e T is the absolute temperature in Kelvin.

Thermal degradation studies are usually

performed within a temperature range of 40°C to
80°C.
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Stability indicating methods

An analytical approach called a stability-
indicating method (SIM) is used to quantify the
amount of degradation-induced reduction in the
active pharmaceutical ingredient (API), drug
product, and excipient in a drug product. A
stability-indicating method, as defined by the
FDA, is a quantitative analytical technique that has
been validated and may identify changes in the
stability of drug substances and drug products over
time. This technique precisely monitors changes in
the concentration of active substances without
being influenced by excipients, contaminants, or
degradation products. In situations when little is
known about possible degradation products, stress
testing is done to confirm the method's specificity
in identifying changes in the drug substance's
concentration. To enable pre-formulation research,
stability testing, and the establishment of suitable
storage conditions, a suitable stability-indicating
method must be developed. A UV detector is
frequently used in conjunction with reverse-phase
high-performance liquid chromatography (RP-
HPLC), which is frequently utilised for impurity
separation and quantification. The process of
creating an HPLC-based SIM that conforms with
regulatory criteria involves the following steps.

Creation Of a Sample

The active pharmaceutical ingredient (API) is
exposed to more severe circumstances than those
employed in accelerated deterioration testing in
order to produce samples for a stability-indicating
method (SIM). As was previously mentioned, this
entails subjecting the API, drug product, and
excipient to hydrolytic, oxidative, photolytic, and
thermal stress. In order to create degradation
products that are likely to happen under normal
storage settings, the API is forced to degrade both
in solid and solution form. A stability-indicating
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technique is then these

deteriorated samples.

developed using

Method development and optimization

Understanding the drug's physicochemical
characteristics, including its pKa, log P, solubility,
and absorption maximum, is crucial before
beginning to create an analytical method. The
HPLC method's design is based on these
characteristics. The pKa value is essential for
figuring out the mobile phase's pH, while log P and
solubility aid in choosing the right mobile phase
and sample solvent. Since deterioration frequently
takes place in aqueous solutions, a reverse-phase
column is usually selected to separate the sample's
constituent parts Within
the early stages of partition,

the portable stage ordinarily a blend of
methanol,  water, and  acetonitrile s
changed completely  different extents.  The
solubility of the analyte determines whether
methanol or acetonitrile should be used as the
organic phase. To attain the best peak separation,
the water-to-organic phase ratio might be first
fixed at 50:50 and then adjusted during testing.
Buffers can be added if needed to improve peak
separation and symmetry. Selecting a mass
spectrometry-compatible buffer, like ammonium
formate or triflouroacetic acid, is crucial for
applying the technique to liquid chromatography-
mass spectrometry (LC-MS). Because analytes
may react differently to temperature changes,
column temperature can have an impact on the
method's selectivity. In general, a temperature
range of 30 to 40°C is appropriate for guaranteeing
high repeatability. Pushing the drug peak farther
down the chromatogram can assist separate
degradation products and improve separation.
Additionally, to guarantee that degradation
products elute correctly, enough run time should
be permitted following the drug peak. The drug
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peak may occasionally coincide with a degradant
peak during method development. Peak purity
analysis is required in these situations to confirm
the method's specificity. A photodiode array
(PDA) detector, which offers details on the
homogeneity of the spectral peak, can be used for
this. PDA might not work, in spite of the fact
that, with degradants that share the drug's UV
wavelength. In this instance, peak separation can
be enhanced by altering the chromatographic
parameters, such as the column type or mobile
phase ratio. The purity of the drug peak is then
verified by comparing the spectrum from these
modified settings with the original spectra. As long
as the degradant crest does
not happen beneath quickened or delayed capa
city circumstances, it is passable in the event
that it co-elutes with the medication. In order to
get the best separation of closely eluting peaks, the
method is finally optimised by varying parameters
including flow rate, injection volume, column
type, and mobile phase ratio.

Method validation

Then, in compliance with USP/ICH requirements,
the stability-indicating method (SIM) is validated
by testing for factors like robustness, ruggedness,
linearity,  accuracy, precision, specificity,
quantitation limit, and detection limit. Degradation
products above the identification threshold,
usually set at 0.1%, must be able to be isolated,
identified, and quantified by the procedure. The
method is updated and put through revalidation if
it fails to satisfy the predetermined acceptance
criteria during validation.

Other Methods of Analysis for the Development
of Stability-Indicating Methods (S1M)

A. Conventional Techniques:

Vot
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1. Chromatography with thin layers
Preparative thin-layer chromatography (TLC)
has proven to be a valuable technique over the
years. Although it offers low throughput in
terms of the quantity of material that can be
collected for structural analysis, it remains a
quick, straightforward, and cost-effective
method.

2. Solid phase extraction (SPE):

Solid-phase  extraction (SPE) could be
a crucial strategy in constrained debasement p
onders, disentangling and filtering test network
s for exact examination. It efficiently isolates
degradation products from the parent drug and
excipients while removing interferences like salts
and buffers. SPE is particularly useful for
concentrating low-abundance degradation
products and preparing samples for techniques like
HPLC or MS. Its ability to streamline workflows
and enhance sensitivity makes SPE an
indispensable tool for understanding drug stability
and degradation pathways.

3. Low-pressure LC (LPLC):

Flash chromatography (FC) is frequently the
recommended  low-pressure  chromatography
technique when NMR analysis is required to detect
a degradant. It is cost-effective, capable of
handling milligram to gram-scale samples
efficiently, and provides sufficient resolution for
moderate separations.

4. Supercritical fluid extraction (SFE):

Supercritical fluid extraction (SFE) is a green and
efficient technique for isolating degradation
products in forced degradation studies. Using
supercritical CO: as the solvent, SFE provides
selective extraction, preserving sensitive analytes
while minimizing organic solvent use. Its mild
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conditions and adaptability to various sample
types make it ideal for preparing samples for
techniques like LC-MS or NMR. Although
equipment requirements can be a limitation, SFE
is a valuable tool for accurate and eco-friendly
degradation analysis.

5. Mass Spectrometry (MS):

In forced degradation investigations, mass
spectrometry (MS) is an effective instrument that
is essential for locating and describing degradation
products in pharmaceutical study. By determining
the mass-to-charge ratio of ions, it provides
excellent sensitivity and comprehensive structural
information. MS aids in the detection of minute
amounts of degradation products produced in
stressful situations, such as heat, light, or
acidic/basic environments, in forced degradation
investigations.

6. Nuclear Magnetic Resonance (NMR):

An compelling approach

for considering medicate breakdown items inclu
des NMR spectroscopy.The process of analyzing
degradation products can be significantly
enhanced by combining the structural information
from NMR with molecular formulas and
additional insights gained from MS fragmentation
analysis. Typically, a minimum of 1 mg of
material is isolated for NMR analysis to enable
detailed structural identification of the degradation
products. Different molecule fragments can be
correlated to rebuild the chemical structure using
both one-dimensional and two-dimensional NMR
methods. These investigations can now be
performed on materials as small as a few
microgrammes, thanks to developments in NMR
probe technology.

7. Accelerated solvent extraction (ASE):
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This method provides a fast and effective way to
extract APIs and contaminants from solid matrices
using organic solvents. However, a key limitation
is the potential degradation of extracted chemicals
when exposed to high temperatures and pressures.

8. High-Performance
Chromatography (HPLC):

Liquid

Degradants are frequently isolated using High-
Performance Liquid Chromatography (HPLC) in
forced degradation investigations.Modern HPLC
systems, equipped with advanced UV detectors,
allow for simultaneous monitoring across multiple
wavelengths, enabling a more detailed analysis. To
improve the assessment's accuracy, some detectors
even produce ratio graphs at two different
wavelengths. This feature has been very helpful in
the creation of stability-indicating techniques
(SIMs), which are commonly used to assess peak
purity. Such applications ensure the reliability of
the separation process and provide deeper insights
into the behaviour of degradants under stress
conditions.

B. Hyphenated Methodologies

1. GC-MS The original hyphenated analytical

technique, gas chromatography-mass
spectrometry (GC-MS), is still an essential
instrument for detecting organic volatile

contaminants and leftover solvents in materials.
However, because the necessary analyte qualities,
including volatility and thermal stability, are
sometimes not well understood beforehand, its
application is limited for many organic
contaminants and  degradation  products.
2. Among the most often used hyphenated
techniques for the characterisation  of
contaminants in pharmaceutical analysis are liquid
chromatography-mass spectrometry (LC-MS) and
its variants. Their widespread adoption is
attributed to their ability to provide detailed
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structural information, often with a high degree of
accuracy and  reliability, even  without
supplementary analytical methods. LC-MS
systems can identify and quantify trace levels of
impurities, degradation products, and metabolites,
making them invaluable for ensuring drug quality
and safety. Furthermore, advancements in LC-MS
technology have introduced a range of
sophisticated instruments, such such as tandem
mass spectrometry (MS-MS) and high-resolution
mass spectrometry (HR-MS), which offer
exceptional sensitivity, specificity, and versatility
for impurity profiling and structural elucidation.
This makes LC-MS a cornerstone technigue in
modern pharmaceutical research and
development.

1. Capillary
Spectrometry (CE-MS):

Electrophoresis-Mass

CE and CEC are crucial complimentary methods
for separation of contaminants and degradation
products. CEC is a hybrid method that combines
the great efficiency of capillary electrophoresis
with the selectivity of the stationary and mobile
phases of liquid chromatography. While CE-MS
and CEC-MS are still evolving and primarily
focused on developing separation methods,
studying different CE modes and evaluating the
advantages of various mass spectrometer types
have shown promising results. In pharmacological
research, these hyphenated systems are becoming
more and more significant for the in-depth
examination and description of degradation
products.

4. LC-NMR, or liquid chromatography-
nuclear magnetic resonance:
Since the initial report on the combination of
Liquid Chromatography (LC) with Nuclear
Magnetic Resonance (NMR) in 1978, a number of
devices have been created for usage in both
commercial and academic labs. Technological
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developments like cryoprobes, microprobes, and
high-field magnets improve sensitivity and
resolution in modern LC-NMR systems. LC
systems frequently use magnets with field
strengths of 500 MHz or greater. To accommodate
varying LC sample amounts, flow-through
microprobes with variable inner diameters are
offered. In order to improve reaction efficiency
and detect sub-microgram amounts, cryogenic
cooling is also used. When combined with LC,
NMR provides a number of benefits over LC-MS,
such as:

(1) both LC and NMR operate in solution,
eliminating the need for phase transfer as in
LC-MS;

(2) Neither molecular weight nor vaporisation
problems can restrict NMR.

(3) More specific structural information is
frequently provided by NMR spectra, especially
when it comes to stereochemistry.

5. Fourier Transform Infrared Liquid
Chromatography (LC-FTIR):

For IR spectra analysis, 1-5 mg of sample is
usually needed, which might be difficult when
working with small amounts of components or
when they are not isolated. Due to this constraint,
LC-IR systems were created and are now
beginning to be sold commercially. Some
investigations, including the one by Somsen et al.,
have evaluated the efficacy of LC-FTIR as a stand-
alone technique for characterising degradants,
despite the paucity of literature on employing LC-
IR for impurity profiling. In their study, both fresh
and stability samples of testosterone undecanoate
were analyzed using LC-FTIR after being stored at
60°C and 75% relative humidity for five months.
The degradation product lacked the distinctive
bands of conjugated C-3 carbonyl (1675 cm™) and
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nearby conjugated C=C (1610 cm™), indicating
that the double bond in the steroid structure had
been saturated, according to their comparison of
the degradation product's IR spectra with the
drug's spectrum.

CONCLUSION

Forced degradation studies are essential for
understanding the potential degradation pathways
and identifying degradation products of active
pharmaceutical ingredients. These studies offer
insights into the structure of degradants and play a
key role in developing stability-indicating
methods. While degradation products observed in
forced studies may not always occur under
standard storage conditions, they serve as a
foundation for predicting stability concerns.
Initiating degradation studies early in the drug
development process is advantageous, as it allows
sufficient time to gather comprehensive data on
the molecule's stability. This knowledge can
contribute to optimizing the formulation process,
improving manufacturing efficiency, and defining
appropriate storage conditions. Since regulatory
guidelines do not prescribe specific conditions for
forced degradation studies—and no single
approach is universally applicable—researchers
must rely on scientific judgment to design suitable
experiments. The goal of any forced degradation
strategy is to achieve a controlled level of
degradation, typically between 5-20%, ensuring
the generation of samples necessary for
developing stability-indicating analytical
methods. A  well-structured and properly
conducted forced degradation study provides the
foundation for robust method development.
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