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Abstract

The development of validated stability-indicating analytical methods is a cor-
nerstone of pharmaceutical development and quality assurance. Forced deg-
radation (stress testing) studies, as recommended by international regulatory
guidelines, provide the experimental foundation for characterizing drug sub-
stance and drug product degradation behavior, establishing degradation path-
ways, identifying and structurally elucidating degradation products, and demon-
strating analytical method specificity. Despite a well-established regulatory
framework centered on the ICH (International Council for Harmonisation)
Q1 series, Q2(R2), Q3A/B, and the emerging Q14 guideline, consolidated over-
views of methodology, regulatory expectations, and current analytical practice
remain limited in scope. This overview examines the published literature on
forced degradation study design, degradation chemistry, analytical techniques
for degradant characterization, and ICH Q2(R2)-compliant method valida-
tion as applied to pharmaceutical drug substances and drug products, provid-
ing an integrated, regulation-aligned reference framework applicable to small-
molecule drug substances and drug products. A structured literature search was
conducted, and regulatory guidance documents from ICH, FDA (Food and
Drug Administration), EMA (European Medicines Agency), and WHO (World
Health Organization) were reviewed. Sources were selected based on their rel-
evance to forced degradation methodology, degradant characterization, and
analytical method validation for pharmaceutical drug substances and drug
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products. Pharmaceutical drug substances and drug products are susceptible
to hydrolytic, oxidative, photolytic, thermolytic, and humidity-induced deg-
radation under stress conditions. The commonly accepted 5% - 20% degrada-
tion target is generally considered sufficient to generate primary degradants
without secondary degradation artefacts. Reversed-phase HPLC (RP-HPLC)
coupled with photodiode array (PDA) detection remains the predominant an-
alytical platform; hyphenated techniques including LC-MS/MS, LC-HRMS,
and NMR are frequently employed for degradant identity confirmation above
ICH Q3B(R2) reporting, identification, or qualification thresholds. Mass bal-
ance in the range of 95% - 105%, combined with full ICH Q2(R2) validation
covering specificity, linearity, accuracy, precision, limit of detection (LOD),
limit of quantitation (LOQ), and robustness, is widely regarded as the current
standard for demonstrating the stability-indicating character of an analytical
method. This overview provides a comprehensive methodological framework
for forced degradation and analytical method validation of small-molecule
drug substances and drug products, encompassing regulatory convergence and
divergence across global jurisdictions, with discussion of the ongoing transi-
tion toward ICH Q14-aligned analytical procedure lifecycle management. The
framework is intended as a practical reference for pharmaceutical scientists
and regulatory affairs professionals engaged in drug substance and drug prod-
uct development and regulatory submission activities. Biological products are
not covered, as their stability assessment and forced degradation studies re-
quire specialized analytical strategies that are beyond the scope of this over-
view.
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1. Introduction

The global pharmaceutical industry operates under a quality assurance paradigm
that requires every marketed drug substance and drug product to demonstrably
maintain its therapeutic efficacy, safety, and physicochemical integrity through-
out its defined shelflife. Central to this paradigm is the analytical characterization
of drug product stability, specifically, the identification, quantitation, and struc-
tural elucidation of degradation products that may arise during the manufacturing
process, long-term storage, or patient-use conditions. Stability-indicating analyt-
ical methods capable of simultaneously quantifying the drug substance and any
degradation products without mutual interference form the analytical corner-
stone of pharmaceutical stability programs. Forced degradation studies, also re-
ferred to as stress testing or stress degradation studies, are conducted by deliber-
ately subjecting the drug substance (DS), drug product (DP), and placebo to phys-
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icochemical stress conditions more extreme than those used in accelerated stabil-
ity testing. These conditions, typically acid and alkali hydrolysis, oxidative stress,
thermal exposure, photolytic irradiation, and humid/thermal combined stress, are
designed to accelerate the degradation processes likely to occur over the product’s
shelf life, within a controlled and scientifically tractable time frame. The resulting
degradation products (degradants) are characterized, and the study outcomes serve
multiple scientific and regulatory purposes. From a scientific perspective, forced
degradation studies provide mechanistic insights into the intrinsic stability of the
active pharmaceutical ingredient within its formulation matrix. These insights in-
form formulation design decisions (e.g., choice of excipients, antioxidant inclu-
sion, pH adjustment of liquid formulations), manufacturing process development
(e.g., handling under inert atmosphere, light exclusion), and primary packaging
selection (e.g., moisture barrier, light-protective materials) [1]-[6]. From a reg-
ulatory perspective, forced degradation studies are recommended by the Interna-
tional Council for Harmonization of Technical Requirements for Pharmaceuticals
for Human Use (ICH) guidelines Q1A(R2), Q1B, and Q2(R2) as primary evidence
that the analytical method used for quality control and stability testing is stability-
indicating, i.e., that it can detect and quantify degradants without interference
from the parent drug, excipients and other degradation products [7]-[9]. The reg-
ulatory landscape governing forced degradation and method validation has evolved
considerably since the initial ICH Q1 guidelines in the mid-1990s. The forthcom-
ing ICH Q2(R2) revision, together with the new ICH Q14 guideline on Analytical
Procedure Development, signals a fundamental shift from a pass/fail validation
paradigm to a lifecycle management approach, in which method performance is
continuously monitored and the method’s design space (Method Operable Design
Region, MODR) is prospectively defined through Quality by Design (QbD) prin-
ciples [10]-[13]. This regulatory evolution necessitates that pharmaceutical ana-
lytical scientists update both their methodological practice and their documenta-
tion strategy. Despite extensive primary literature on forced degradation of specific
drug molecules, comprehensive reviews that integrate forced degradation meth-
odology with analytical validation science, critically appraise the global regulatory
framework, and address current analytical technology and lifecycle management
approaches in a drug-generic manner are limited. This review addresses that gap,
providing a consolidated and critically evaluated reference for pharmaceutical sci-
entists and regulatory professionals engaged in drug product development and

regulatory submission activities.

2. Review Methodology

This review was conducted using a structured literature search to identify publi-
cations related to stability-indicating analytical methods, forced degradation stud-
ies, impurity profiling, degradation product identification, and regulatory require-
ments. Electronic databases, including PubMed, Scopus, Web of Science, ScienceDi-
rect, and Google Scholar, were searched for articles published between January
2000 and March 2026. Regulatory guidance documents from the ICH, United States

DOI: 10.4236/ajac.2026.177016

271 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2026.177016

S. K. Bompelliwar et al.

Pharmacopeia (USP), European Medicines Agency (EMA), and the U.S. Food and
Drug Administration (FDA) were also included.

The search strategy employed combinations of the following keywords: “stabil-
ity-indicating method”, “forced degradation”, “stress testing”, “degradation prod-
ucts”, “impurity profiling”, “method validation”, “ICH Q1A”, “ICH Q2”, “ICH
Q3A”, “ICH Q3B”, “LC-MS”, “HRMS”, “NMR?”, and “pharmaceutical analysis”.
Boolean operators (AND/OR) were used to refine the search. Studies were included
if they 1) discussed stability-indicating analytical methods or degradation product
characterization, 2) described analytical techniques applicable to pharmaceutical
quality assessment, or 3) reported regulatory recommendations relevant to deg-
radation studies. Editorials, conference abstracts without sufficient technical de-
tail, non-English publications, and studies unrelated to pharmaceutical stability
assessment were excluded. Titles and abstracts were screened for relevance, fol-
lowed by full-text evaluation of eligible publications. Duplicate records were re-
moved before final inclusion. The selected literature was synthesized narratively
to summarize current analytical strategies for analytical method validation and

forced degradation studies.

3. Regulatory Framework for Forced Degradation and
Analytical Method Validation

3.1. Overview of ICH Guidelines

The ICH Quality guidelines provide the primary international regulatory frame-
work for forced degradation studies and analytical method validation. The core
guidelines directly relevant to this review are: ICH Q1A(R2) Stability Testing of
New Drug Substances and Products; ICH Q1B Photostability Testing; ICH Q2(R2)
Validation of Analytical Procedures; ICH Q3A(R2)/Q3B(R2) Impurities in New
Drug Substances and Drug Products [14] [15]; ICH Q6A Specifications: Test Pro-
cedures and Acceptance Criteria for New Drug Substances and New Drug Prod-
ucts (Chemical Substance) [16]; ICH M4Q(R1) CTD for Quality (Module 3 format)
[17]; and the emerging ICH Q14 Analytical Procedure Development.

3.2. ICH Q1A(R2) Stability Testing

ICH Q1A(R2) recommends that stress testing be conducted to establish the in-
herent stability characteristics of a drug substance and products, to identify likely
degradation products, to demonstrate the specificity of the analytical method, and
to support the selection of packaging materials and storage conditions. Stress con-
ditions typically include the effect of: 1) elevated temperatures in 10°C increments
above the accelerated condition; 2) high humidity (typically 275% RH at or above
room temperature); 3) hydrolysis across a wide pH range (acid, base, neutral); 4)
susceptibility to oxidation; and 5) photolysis, as directed by ICH Q1B. Stress test-
ing is typically performed on representative batches of drug substance, drug prod-
uct, and placebo where appropriate to facilitate assessment of degradation prod-

ucts. The guideline indicates that degradation products observed exclusively un-
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der stress conditions and not during accelerated or long-term stability conditions
may not require routine monitoring, but their formation and characterization must
be documented. The decision tree for the data evaluation for Shelf-life estimation

for Drug Substance and Products is presented in Figure 1.
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Figure 1. Decision tree for data evaluation for shelf-life estimation for drug substance and
products.

3.3.I1CH Q1B Photostability

ICH Q1B recommends confirmatory photostability testing as a standard require-
ment for all new drug substances and drug products, with forced photodegrada-
tion studies as an additional investigation tool. The minimum light exposure for
confirmatory studies is 21.2 x 10° lux-h (visible) and 2200 Wh/m? (UV), using
either a D65 artificial daylight fluorescent source (Option 1) or a cool white fluo-
rescent lamp combined with a near-UV fluorescent lamp (Option 2). Drug prod-
ucts are typically tested sequentially: first without primary packaging, then in
the immediate container, and finally in the marketing package. Samples must
be protected from moisture and temperature effects unrelated to photolysis. A
decision flow chart for photostability testing for drug products is presented in
Figure 2.
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Figure 2. Decision flow chart for photostability testing of drug product.

3.4.1CH Q2(R2) and the Emerging Q2(R2)/Q14 Framework

ICH Q2(R2) defines the validation characteristics applicable to different types of
analytical procedures. For stability-indicating assay and related substances deter-
mination, the required characteristics are specificity, linearity, range, accuracy,
precision (repeatability and intermediate precision), LOQ, LOD, robustness, and
solution stability in addition to the forced degradation studies. Critically, ICH Q2(R2)
permits the use of samples generated from forced degradation studies as impurity
surrogates in specificity demonstrations when authentic impurity reference stand-
ards are not available. The forthcoming ICH Q2(R2) and Q14 guidelines further
advance the toward lifecycle management. Under ICH Q14, an Analytical Target
Profile (ATP) is defined as a prospective statement of the quality attributes the
method must measure and the performance requirements it must achieve. Method
development is then guided by Design of Experiment (DOE) to map the Method
Operable Design Region (MODR), analogous to the design space concept in ICH
Q8 for pharmaceutical development. Analytical procedure control strategies are
established to ensure performance remains within the MODR throughout the prod-
uct lifecycle. Regulatory submissions incorporating an ATP and MODR may fa-
cilitate enhanced change management approaches, enabling certain post-approval
analytical changes without a prior approval supplement. An ICH Q14-aligned an-
alytical procedure lifecycle management framework for stability-indicating meth-

ods is presented in Figure 3.

3.5.ICH Q3A(R2)/Q3B(R2) Impurity Thresholds

The reporting, identification, and qualification thresholds specified in ICH
Q3A(R2) and Q3B(R2) directly influence the required sensitivity (LOQ), impurity
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Figure 3. ICH Ql4-aligned analytical procedure life cycle management for stability indi-
cating method.

characterization strategy, and toxicological evaluation requirements associated
with a stability-indicating method. Table 1 summarizes the applicable thresholds
as a function of drug substance and drug product maximum daily dose. For gen-
otoxic (mutagenic) impurities and degradants, ICH M7(R2) describes a Threshold
of Toxicological Concern (TTC) of 1.5 pg/day for lifetime exposure, and provides
a risk-based framework for assessment, including structural alert screening and,
where appropriate, genotoxicity testing or application of the staged TTC approach
[18].

Table 1. ICH impurity reporting, identification, and qualification thresholds for drug substances and drug products.

Maximum Reporting X X X X
Category Daily Dose!  Threshold Identification Threshold Qualification Threshold
<2 g/day 0.05% 0.10% or 1.0 mg/day 0.15% or 1.0 mg/day
Drug Substance
>2 g/day 0.03% 0.05% 0.05%
<l mg 1.0% or 5 ug TDI <10 mg 1.0% or 50 ug TDI
<1 g/day 0.10%
Img-10mg 0.5%or20ug TDI 10 mg-100mg 0.5% or 200 ug TDI
Drug Product
10mg-2g 0.2% or 2 mg TDI 100mg-2g 0.2% or 3 mg TDI
>1 g/day 0.05%
>2g 0.10% >2g 0.15%

'The amount of drug substance administered per day; TDI = total daily intake.

4. Forced Degradation Study Design
4.1. Study Objectives and Scope

A forced degradation program for a pharmaceutical drug substance and drug prod-
uct typically pursues following objectives [19]-[29]:

1) To evaluate the chemical stability of the drug substance and drug product un-
der deliberately intensified stress conditions, including acid and base hydrolysis,
oxidative, photolytic, and thermal stress, per ICH Q1A(R2).

2) To identify and characterize potential degradation products formed during
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stress testing, including structural elucidation of uncharacterized degradants us-
ing appropriate techniques such as LC-MS/MS and NMR spectroscopy as appro-
priate, in compliance with ICH Q1A(R2) and Q1B guidelines.

3) To develop a robust, specific, and sensitive stability-indicating analytical method
(typically RP-HPLC or UPLC) capable of separating the drug substance from its
degradation products, with peak purity confirmed by photodiode array (PDA) de-
tection and, where required, mass spectrometric analysis.

4) To assess the extent of degradation under each stress condition and quantify
the percentage of drug substance remaining after exposure, typically targeting 5% -
20% degradation to generate meaningful degradation products while minimizing
secondary interactions.

5) To ensure mass balance by accounting for the total percentage of the drug sub-
stance and all its degradation products under each stress condition, with a widely
accepted range of 95% - 105%.

6) To provide scientific data supporting the selection of appropriate packaging
materials, storage conditions, and shelf-life estimates, and to assist in the develop-
ment of formulation strategies by identifying degradation-promoting conditions
to be avoided during manufacturing and storage.

7) To fulfil regulatory requirements and provide supporting data for Investiga-
tional New Drug (IND) applications, New Drug Applications (NDAs), and Abbre-
viated New Drug Applications (ANDAs).

8) To support establishment and justification of acceptance criteria for impurity
limits and degradation thresholds in accordance with ICH Q3A(R2) and Q3B(R2)
guidelines.

9) To generate reliable and reproducible stability data that supports the overall
quality, safety, and efficacy of the pharmaceutical product throughout its intended
shelf life.

Forced degradation studies are commonly performed on three matrices: 1) drug
substance alone (to characterize intrinsic DS degradation); 2) drug product (to
account for drug-excipient interactions and matrix-specific degradation); and 3)
a placebo preparation (formulation without API but the same excipient composi-
tion as the drug product) to identify excipient-derived peaks that might otherwise
be misattributed to drug degradants. The analytical concentration employed in
forced degradation experiments should be identical to that of the intended quality

control method.

4.2. Degradation Target and Stress Intensity

A widely accepted industry target for forced degradation is 5% - 20% loss of the
parent compound relative to the unstressed control, as this range generates pri-
mary degradants in detectable and quantifiable quantities without inducing sec-
ondary degradation, or the over-degradation of primary degradants into further
products that would be toxicologically and analytically irrelevant to real shelf-life

scenarios. There is no prescriptive regulatory requirement specifying the exact
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percentage in ICH Q1 A(R2). In case of stable molecules, percent net degradation
may be difficult to achieve as per acceptance criteria. Hence, based on the exper-
iments, study can be concluded and summary of the experiments shall be docu-
mented. For multi-drug product placebo with different formulations containing
one drug substance, each shall be subjected to forced degradation. Stress intensity
should be escalated stepwise (e.g., increasing acid concentration from 0.01 M to
1.0 M, or temperature from 40°C to 80°C) rather than applying maximal condi-
tions immediately, to avoid over-degradation and secondary product formation.
Time-course samples (e.g., at 1, 2, 4, 8, 24, 48 h for hydrolysis) are useful for iden-
tifying the onset of secondary degradation and selecting appropriate exposure end-
points. At the first time point exhibiting <20% degradation, the sample should be
designated as the final forced degradation sample.

4.3. Recommended Stress Conditions

Table 2 summarizes the recommended stress conditions, encompassing ICH

Q1A(R2) and Q1B requirements, and current best-practice literature parameters.

Table 2. Recommended forced degradation stress conditions for pharmaceutical drug substances and drug products.

Stress Type Conditions Applied Duration Primary Degradation Pathway
Acid Hydrolysis 0.1-1.0 MHC];25°C-80°C 1-48h Ester/amide hydrolysis; ring opening
Alkaline Hydrolysis 0.1-1.0 M NaOH; 25°C-80°C 1-48h Saponification; nucleophilic substitution

Neutral Hydrolysis Water; 60°C - 80°C 24-72h pH-independent bond cleavage
Oxidative 3% or 30% H,O: (v/v); room temp. 6-48h N-/S-oxidation; peroxide addition
Thermal (Dry Heat) 60°C - 105°C; dry oven 3 - 14 days Pyrolysis; dehydration; cyclisation
Photolytic (Visible) ICH Q1B Option 2: 21.2 x 10° lux-h Controlled Photo-oxidation; E/Z isomerization
Photolytic (UV) ICH Q1B Option 2: 2200 Wh/m? Controlled Bond homolysis; radical reactions
Humid/Thermal 40°C/75% RH; open dish 2 - 4 weeks Moisture-catalyzed hydrolysis

H,0: = hydrogen peroxide; RH = relative humidity; lux-h = lux hours; Wh/m? = watt-hours per square meter.

4.4. Degradation Chemistry: Principal Pathways

4.4.1. Hydrolytic Degradation

Hydrolytic degradation is the most prevalent pathway for small-molecule drug sub-
stances and drug products in aqueous or solid dosage form matrices. It proceeds
by nucleophilic addition of water to electrophilic centers, principally ester, lactone,
amide, lactam, carbamate, carbonate, and imine (Schiff base) functional groups.
Acid-catalysed hydrolysis proceeds via protonation of the leaving group (specific
acid catalysis), while alkali-catalysed hydrolysis proceeds via hydroxide-ion attack
at the carbonyl carbon (specific base catalysis). General acid/base catalysis by buffer
species can also contribute to solution formulations, necessitating evaluation across

a range of buffer concentrations as well as pH values [25].

4.4.2. Oxidative Degradation

Oxidative degradation proceeds through two principal mechanisms: autoxidation
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(radical-chain mechanisms initiated by reactive oxygen species) and direct oxida-
tion by electrophilic oxidants. Nucleophilic centers susceptible to oxidation in-
clude tertiary amines (yielding N-oxides), thioethers (yielding sulfoxides and sul-
fones), alcohols (to aldehydes or carboxylic acids), aldehydes (to carboxylic acids),
and electron-rich aromatic rings (hydroxylation). The use of peroxide-based
stress (e.g., HO,, representing nucleophilic oxidation) provides a comprehensive
assessment of oxidative susceptibility; However, peroxide stress may not fully rep-
resent all oxidative degradation pathways encountered during product storage.
Trace metal contaminants from excipients, packaging, or manufacturing equip-
ment can catalyze oxidation and must be considered in formulation development
[26].

4.4.3. Photolytic Degradation

Photolytic (photochemical) degradation is initiated by absorption of UV or visible
radiation, generating electronically excited states that either directly react (homo-
lytic bond cleavage, isomerization, cyclisation) or transfer energy to molecular ox-
ygen to form singlet oxygen (Type II photosensitization), which subsequently ox-
idizes nucleophilic sites. Photolytic degradants are often structurally related to ox-
idative degradation pathways and may include N-oxides, hydroxylated products,
and dimer/adduct formation in drug-excipient matrices. A key feature of photo-
degradation is its surface-sensitivity in solid dosage forms: tablet coating, pigmen-
tation, and excipient photoprotection can markedly attenuate photolytic degrada-
tion of the APIL

4.4.4. Thermal and Humidity-Induced Degradation

Thermal degradation under dry heat conditions typically involves elimination re-
actions (dehydration, decarboxylation), cyclisation, and pyrolysis of thermally la-
bile bonds. The Arrhenius equation governs temperature dependence of the rate
constant, enabling extrapolation of shelf-life predictions from accelerated data.
This equation shows that the reaction rate increases exponentially with increasing
temperature because more molecules possess sufficient energy to overcome the ac-

tivation energy barrier.

k:A-exp(—If;j (1)

where & =rate constant, A = frequency factor, E, = activation energy, R = universal
gas constant, 7'= absolute temperature (K).

In the presence of moisture (humid/thermal conditions), hydrolysis is acceler-
ated in nominally solid dosage forms because absorbed water plasticizes the amor-
phous fraction of the solid matrix, facilitating molecular mobility and increasing
the apparent hydrolysis rate. For hygroscopic drug substances or those in amorphous

form, humid/thermal degradation represents a critical stability risk.

4.4.5. Drug-Excipient Interaction Products

Interaction between the drug substance and formulation excipients under stress
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conditions can generate degradation products not observed from the drug sub-
stance alone. Well-characterized examples include: Maillard reaction adducts be-
tween primary or secondary amine drugs and reducing sugars (lactose, glucose)
in tablet excipients; ester formation between hydroxyl-containing drugs and or-
ganic acid excipients (e.g., stearic acid from magnesium stearate); and peroxide-
mediated oxidation of drugs by peroxides present in polysorbates, polyethylene
glycols, and hydroxypropyl methylcellulose. Placebo control studies are highly val-
uable for identifying such excipient-interaction degradants [27]. Pharmaceutical

degradation mechanism is presented in Figure 4.

o) 02, 03] o o5,

HYDROLYTIC OXIDATIVE PHOTOLYTIC THERMOLYTIC EXCIPIENTS

« Esters, Amides  Amines, Thiols « Type |/ Typell « Pyrolysis, Dehydration « Maillard, Peroxides

« Acid + Base « Peroxide + « Singlet O, « Arrhenius kinetics « Reducing sugars
Catalysis Radical photosensitisation k = A-e"(Ea/RT) Mgst, Polysorbates

Figure 4. Pharmaceutical degradation mechanism.

4.5. Analytical Techniques for Degradant Characterization

Table 3 provides a comprehensive summary of analytical techniques employed in
forced degradation studies, their application, regulatory relevance, advantages,
and limitations. A tiered, decision-tree approach beginning with HPLC-PDA for
initial detection and peak purity, followed by LC-MS/MS for identity confirma-
tion, and progressing to HRMS and NMR for definitive structure elucidation,
where warranted by regulatory thresholds, is widely regarded as the current best

practice.

Table 3. Analytical techniques used in forced degradation studies: applications, regulatory relevance, and comparative evaluation.

Technique Application in FD Studies Advantages Limitations
S " . . Robust: widel ted Cannot confirm identity;
eparation, assay, impuri obust; widely accepted; eas
RP-HPLC + UV P ¥, impurity Y P Y limited for chromophore-free

RP-HPLC + PDA

HPLC + ELSD/CAD

LC-ESI-MS (single quad)

quantitation transfer

species

Peak purity; spectral profiling

Detection of chromophore-free

degradants

Molecular ion confirmation
(MH*, [M+Na]*)

Real-time spectral
acquisition; library matching

Universal detection;
near-equimolar response

Rapid identity screening;
high sensitivity

Cannot distinguish co-eluters
with identical spectra

Poor sensitivity vs. UV; not
suitable for volatile analytes

No structural fragmentation;
adduct complexity
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Continued

. Structural fragmentation;
LC-MS/MS (triple quad) o
targeted quantitation

LC-HRMS (Q-TOF,

Orbitrap)

Exact mass; molecular formula
determination
Definitive structure elucidation

NMR 'H, “C, 2D
of isolated degradants

Volatile degradants, residual
GC-MS/Headspace GC
solvents

High-throughput

UHPLC S
stability-indicating assay

Definitive fragmentation
patterns; high selectivity

Sub-ppm mass accuracy; de
novo formula assignment

Gold standard for structure;
stereo-/regiochemistry

Ideal for volatiles; fast

Short run time; high
efficiency; low solvent use

Reference fragmentation
needed; matrix suppression

High cost; complex data
interpretation

Requires mg-level isolated
material; time-consuming

Not suitable for non-volatile
or thermolabile compounds

Column equivalency; system
pressure requirements

RP-HPLC = reversed-phase high-performance liquid chromatography; PDA = photodiode array; ELSD = evaporative light-scatter-

ing detector; CAD = charged aerosol detector; ESI = electrospray ionisation; Q-TOF = quadrupole time-of-flight; HRMS = high-

resolution mass spectrometry; UHPLC = ultra-high-performance liquid chromatography; NMR = nuclear magnetic resonance; GC-

MS = gas chromatography mass spectrometry; LC-MS = liquid chromatography mass spectrometry.

4.6. Peak Purity and Co-Elution Assessment

Peak purity may be assessed using the three-dimensional (3D) spectral plot func-
tion in Empower™ chromatography data software (Waters Corporation, Milford,
MA, USA) or similar platforms (e.g., Openlab, Chromeleon, LabSolutions) to con-
firm the absence of co-eluting impurities at the retention times of the drug sub-
stance and all specified degradants. It is assessed by PDA and is defined as the ab-
sence of spectral contributions from co-eluting species with different UV absorp-
tion characteristics at a given chromatographic peak. In Empower, peak purity
assessment typically compares spectra acquired across the chromatographic peak
profile, with a purity angle less than the purity threshold indicating spectral ho-
mogeneity. The peak purity must be assessed both for drug substance and known
impurities peaks. It must be recognized that peak purity analysis is limited to co-
eluters with distinguishably different UV spectra; for co-eluters with identical chro-
mophores, orthogonal techniques such as MS, 2D-HPLC may provide additional

confirmation.

4.7. Mass Balance Evaluation

Mass balance, defined as the sum of the drug substance assay value and all quan-
tifiable degradation products expressed as a percentage of the unstressed ref-
erence, is a critical criterion for demonstrating the stability-indicating character
of an analytical method. A typical mass balance range of 95% - 105% is widely ac-
cepted. The deviations from this range should be investigated: common causes in-
clude chromophore-free degradants undetectable by UV (remediated by ELSD/CAD
detection); volatile degradants lost during sample preparation (remediated by head-
space GC); formation of insoluble species that precipitate from solution; co-elu-
tion of unresolved degradants under a main peak (remediated by gradient optimi-

zation); degradants eluting late (remediated by extending run time and followed
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Mass Balance

by introduction of gradient optimization); significant differences in molar absorp-
tivity between parent and degradant at the detection wavelength (remediated by
response factor correction or reference standard-based quantitation); Formation
of degradants with absorbance maxima at wavelengths different from primary de-
tection wavelength (remediated by measuring those degradants at their respective
A~max wavelengths and combining the results with those of the impurities meas-
ured at the primary detection wavelength) [30] [31]. In some cases, the calculated
mass balance may exceed 105% due to differences in detector response between
the active pharmaceutical ingredient (API) and unknown degradants. Specifically,
if an unknown degradant has a relative response factor (RRF) greater than 1 but
is quantified assuming an RRF of 1, the calculated impurity level may be overesti-
mated, resulting in a mass balance greater than 105%. The forced degradation work-
flow for stability assessment is presented in Figure 5. The mass balance and per-

centage degradation should be verified using the following equations.

_ %Assay of Stressed Active +%Known Degradation Products + %Unknown Degradation Products

%Degradation =100 — [

%Assay of Unstressed Active

Stressed sample main peak area N Control Spl.Wt N

100} .(2)

Control sample main peak area  Stressed Spl. Wt

0O & o o o

Provide a

scientific
rationale for the

observed
stability profile
of the molecule.

Stress the
sample along
with a
control.

Determine the
duration
required for
degradation.

Evaluate peak
purity, percentage
degradation, and
mass balance.

Define
stress
conditions.

Figure 5. Forced degradation workflow for stability assessment.

5. Method Development Design Strategy
5.1. Analytical Target Profile

In alignment with ICH Q14, method development may begin with the definition
of an Analytical Target Profile (ATP): a prospective specification of the perfor-
mance characteristics required of the method to fulfil its intended purpose. The
ATP for a stability-indicating assay of a solid oral drug substance and drug prod-
uct would typically specify: 1) analyte identity (DS and specified degradants/im-
purities); 2) measurement range (typically 50% - 150% of nominal test concentra-
tion for assay; LOQ to 150% of reporting threshold for impurities); 3) required
precision; 4) required accuracy; 5) specificity; and 6) LOQ at or below the appli-
cable ICH Q3B(R2) reporting threshold. Systematic method development using
Design of Experiments (DoE), typically involving a screening design (e.g., Plack-
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ett-Burman or fractional factorial) followed by a response surface methodology
(RSM) (Box-Behnken or Central Composite), enables simultaneous evaluation of
multiple chromatographic variables and identification of both significant main
effects and interaction effects. Variables typically screened include pH of aqueous
mobile phase component, organic modifier type and concentration gradient pro-
file, column stationary phase chemistry, column temperature, and flow rate. The
MODR, the set of conditions within which all ATP requirements are simultane-
ously met, is then established from the DoE model. The steps for validating the
stability-indicating method are presented in Figure 6.

Analytical Method Development
Pharmaceutical Drug Substance and Drug Product * ICH Q14 / Q2(R2) Framework

Define method objectives and intended use REGULATORY BASIS
@ Assay, impurity profiling, FD, release, stability, dissolution ICH Q14, ATP definition
Literature review and regulatory requirements KEY GUIDELINES
@ ICH Q2(R2), p} opeial methods, prior art, competi hod: USP, EP, ICH Q2(R2)

Select analytical technique
RP-HPLC, UPLC, LC-MS, GC, spectroscopy, capillary electrophoresis

SELECTION CRITERIA
sensitivity, selectivity, cost

Characterise drug substance properties
PKa, log P, solubility, UV lambda-max, molecular weight, functional groups

KEY PARAMETER
pKa +/- 2 pH units rule

e

Develop initial chr graphic

Column, mobile phase, pH, gradient, temperature, wavelength

TYPICAL START
C18, pH 2-3, ACN/MeOH

Optimise method parameters (DoE)
Plackett-Burman screening, RSM, MODR, ICH Q14 enhanced approach

OUTPUT
MODR, established
conditions

Establish system suitability criteria
Rs >= 2.0, T: 0.8-1.8, N >= 2000, %RSD <= 2.0% (n=6)

ICH STANDARD
USP <621>, ICH Q2(R2)

Forced degradation - confirm stability-indicating character CRITERIA

@ Acid, base, oxidative, thermal, photolytic; 5-20% target, MB 95-105% ICH Q1A(R2), Q1B, PDA
Full ICH Q2(R2) method validation 7 PARAMETERS

@ Specificity, linearity, accuracy, precision, LOD, LOQ, robustness ICH Q2(R2) Step 4, 2023
Documentation, transfer and lifecycle management LIFECYCLE

o

|®

Validation report, SOP, method transfer, CMS, CTD Module 3.2.P.5

ICH Q14, CMS, MODR

Figure 6. Steps for validating a stability-indicating method.

5.2. Chromatographic Platform Selection

Reversed-phase HPLC on C18 (USP L1) or C8 (USP L7) stationary phases is the

predominant platform for stability-indicating method development in pharma-
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ceutical drug substance and drug products, owing to its broad applicability to mol-
ecules of log P between —2 and +5, compatibility with aqueous matrices, well-un-
derstood selectivity parameters, and universal regulatory acceptance. UHPLC on
sub-2-pm particles provides significantly higher efficiency (theoretical plates N >
20,000) and shorter run times compared with conventional 5-um HPLC, with
equivalent or superior resolution; it is increasingly adopted for stability-indicating
methods where throughput is critical. For basic compounds susceptible to peak
tailing on silica-based C18 columns, options include use of hybrid silica particles
(BEH, HSS technology) with improved pH stability and reduced silanol activity;
addition of ion-pairing agents (trifluoroacetic acid, heptafluorobutyric acid) to sup-
press silanol interactions; or application of mixed-mode stationary phases (C18/ion
exchange). For acidic drugs, low-pH mobile phases (pH 2.0 - 3.0) typically sup-
press ionization and improve peak shape. Mobile phase pH should be carefully
controlled (typically + 0.05 units) using appropriate buffer systems such as phos-

phate, acetate, formate, and ammonium bicarbonate.

5.3. General Recommended Chromatographic Conditions for Drug
Substance and Drug Product Stability-Indicating Methods

Based on current best practice and literature survey, the following represent broadly
applicable starting conditions for RP-HPLC stability-indicating methods for many
small-molecule drug substances and drug products:

¢ Stationary Phase: C18 column (150 - 250 mm X 4.6 mm, 3.5 - 5 um) or UHPLC
equivalent (50 - 150 mm X 2.1 mm, 1.7 - 1.8 um); USP L1 specification; end-
capped, low-bleed.

* Mobile Phase A: Non-volatile buffers (phosphate, sodium, and potassium salts);
10 - 50 mM volatile buffer (ammonium formate pH 3.0 - 4.5; ammonium ace-
tate pH 4.5 - 6.0; or 0.1% formic acid in water for MS compatibility).

* Mobile Phase B: Acetonitrile or methanol (acetonitrile preferred for lower UV
cut-off and lower viscosity).

* Gradient Profile: Begin at 5% - 20% B; ramp to 80% - 95% B over 20 - 30 min
(analytical) or 8 - 12 min (UHPLC); hold 3 - 5 min; re-equilibrate 5 - 10 min.

* Flow Rate: 0.8 - 1.5 mL/min (analytical); 0.3 - 0.5 mL/min (UHPLC).

* Column Temperature: 30°C - 40°C (controlled + 1°C); documented as critical
if robustness-significant.

* Detection Wavelength: Primary UV absorption maximum of the DS; PDA ac-
quisition 200 - 400 nm.

* Injection Volume: 5 - 20 pL; matched to column geometry and sample concen-
tration.

* Diluent: Matched to initial mobile phase composition, or miscible solvent (e.g.,
methanol: water 50:50 v/v)

* System Suitability: Typically includes tailing factor between 0.8 to 1.8; USP Plate
Count N > 2000 plates; USP Resolution Rs > 2.0 (DS vs. nearest degradant); %RSD
<2.0% (n =5, peak area).

DOI: 10.4236/ajac.2026.177016

283 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2026.177016

S. K. Bompelliwar et al.

For MS-coupled methods (LC-MS/MS or LC-HRMS), non-volatile buffers (phos-
phate, sodium, potassium salts) must be replaced with volatile equivalents (ammo-
nium formate, ammonium acetate, formic acid, acetic acid) to prevent source con-
tamination. Trifluoroacetic acid concentration should be limited to <0.05% to avoid

ion suppression in positive ESI mode.

5.4. Sample Preparation for Drug Substance and Drug Products

Representative sample preparation involves: 1) accurately weighing the sample
into a volumetric flask to obtain the nominal concentration; 2) adding approxi-
mately 75% of the final volume of diluent, followed by hand vortexing, sonication,
and/or mechanical shaking as appropriate to dissolve the sample; 3) diluting to
volume with diluent; 4) centrifugation and/or membrane filtration using a 0.2 or
0.45 pm syringe filter (e.g., PTFE, Nylon, PVDF); and 5) discarding the first 1 - 3
mL of filtrate to saturate the membrane.

6. Validation of Stability-Indicating Analytical Methods:
Principles and Current Practices

6.1. Validation Strategy and Documentation

Method validation must be performed prior to using the method for its intended
purpose (batch release, stability testing, comparability studies, etc.) and in accord-
ance with applicable regulatory expectations. A formal validation protocol, ap-
proved before experimentation, defines the validation scope, analytical procedure
version, reference standards to be used, acceptance criteria for each validation
characteristic, and the number of determinations at each experimental level. Re-
sults are documented in a Validation Report that includes data, statistical analyses,
representative chromatograms, and an explicit pass/fail conclusion against each
acceptance criterion. The validation scope for a new stability-indicating RP-HPLC
method for a drug product must address both the assay of the drug substance and
the related substances (degradants/impurities) determination. Where the same chro-
matographic method serves both purposes, the validation covers both test proce-
dures. Compendial methods adopted without modification require only system
suitability demonstration and, where indicated by USP <1225>, and USP <1226>,
rather than full revalidation [32]-[49].

6.2. Validation Parameters and Acceptance Criteria

According to the United States Pharmacopeia (USP), analytical procedures are
classified into four categories based on their intended purpose. Category I comprises
analytical procedures used for the quantitative determination of major compo-
nents in bulk drug substances or active pharmaceutical ingredients (APIs), includ-
ing preservatives, in finished pharmaceutical products. Category II includes ana-
lytical procedures for the determination of impurities in bulk drug substances and
degradation products in finished pharmaceutical products, encompassing both

quantitative assays and limit tests. Category III consists of analytical procedures
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designed to evaluate performance characteristics, such as dissolution and drug re-
lease. Category IV includes analytical procedures used for the identification of drug
substances and pharmaceutical products. Listed in Table 4 are data elements that
are normally required for each of these categories. The validation parameters are

presented in Figure 7.

Table 4. Data elements required for validation.

Characteristics Category I Category II (Quantitative) Category II (Limit Tests) Category III  Category IV

Accuracy Yes
Precision Yes
Specificity Yes
Detection Limit No
Quantitation Limit No
Linearity Yes
Range Yes

Yes * * No
Yes No Yes No
Yes Yes * Yes
No Yes * No
Yes No * No
Yes No * No
Yes * * No

*May be required, depending on the nature of the specific test.

FILTER

SYSTEM LINEARITY PRECISION Loq STABILITY

SUITABILITY VALIDATION
01 05 07 (L) 1

S

08
SPECIFICITY ACCURACY RANGE LOD ROBUSTNESS

Figure 7. Analytical method validation parameters.

Table 5 presents a comprehensive summary of all ICH Q2(R2) validation pa-
rameters, their applicability to assay and related substances categories, acceptance
criteria, and recommended experimental design for a stability-indicating drug prod-
uct method. Note that the acceptance criteria presented in the table are based on
the authors’ experience with drug product analytical methods. For drug substances,
tighter acceptance criteria are generally expected, and filter compatibility studies
are typically not applicable. During the validation, spiking for drug substances is
typically performed in the diluent, whereas for drug products, spiking is performed
in the placebo to account for potential interactions with excipients. The acceptance
criteria provided should be considered as general guidance, and wider acceptance
limits may be acceptable when scientifically justified based on product specifica-

tions and analytical method performance.
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Based on forced degradation studies, impurities are classified as process-related

impurities and degradants. Process-related impurities are controlled during the

drug substance manufacturing stage and, therefore, are excluded from the calcu-

lation of total impurities. Linearity and accuracy will be established for both the

drug substance and the degradants. In addition, the relative response factors
(RRFs) of the degradants will be determined as part of the method validation

study.

Table 5. Comprehensive summary of ICH Q2(R2) validation parameters, acceptance criteria, and experimental design for a stabil-
ity-indicating RP-HPLC drug product method.

Parameter Test Acceptance Criteria Key Experimental Design
%RSD NMT 2.0%; USP tailing factor between 0.8
o and 1.8; Five replicate injections at the
System Suitability Assay & RS .
USP plate count NLT 2000. USP Resolution must ~ 100% standard level
be >2.0 (co-eluting peaks).
No excipient interference; Rs > 2.0 between the Placebo spike; co-injection with
Specificity Assay & RS main peak and all degradants; PDA peak purity all available RS; analysis of all
angle < purity threshold. FD-stressed samples
Coefficient of correlation r > 0.999; y-intercept < >5 levels, 50% - 150% nominal
Linearity Assay 2.0% at the 100% level response; y-difference < concentration; independent
2.0%. preparations from fresh weighing
. . r > 0.98; y-intercept < 20.0% at the 1% level >5 levels from LOQ to 150% of
Linearity RS . . T
response; y-difference < 20.0%. specification limit
. . r > 0.995; y-intercept < 2.0% at the 100% level Combination of assay and related
Full Level Linearity Assay & RS . .
response substances linearity
97.0% - 103.0% recovery at 50%, 100%, and 150%  Standard addition to placebo
Accuracy Assay levels for each level (12 = 3) and overall (n= matrix; n = 3 per level; 9 total
9); %RSD NMT 3.0% at each level and overall determinations
75.0% - 125.0% recovery at LOQ-150% Spike known impurity/degradant
Accuracy RS specification limit; %RSD NMT 25.0% at each reference standards at 3 levels; n
level and overall =3 each
Six independent 1
Precision (Analyst 1)  Assay & RS~ %RSD < 3.0% (11 = 6, same day/analyst) e e}? endent sample
preparations analyzed
%RSD < 3.0% (22 = 6); absolute difference in %LC  Six independent sample
Intermediate A & RS between Analyst 1 and Analyst 2 NMT 3.0%; preparations analyzed
ssa
Precision (Analyst 2) Y relative difference in %impurity between Analyst 1 ~ sequentially using different days,
and Analyst 2 NMT 30.0% analysts, and instruments
For assay coefficient of c.orrelation r 9.99. For Defined by linearity and
Range Assay & RS related substance coefficient of correlation r >

0.98.

accuracy data
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Continued
No adsorption or extraction observed; %LC in
filtered sample solutions within +2.0% (absolute
Filter Assay & RS diffe.rence.z) of centr.ifug.ed san.lple solutions; ComParison of filtrate versus
relative difference in %impurity between centrifuged sample
centrifuged and each filtrate condition NMT
30.0%.
L Serial dilution; visual
LOD RS S/N = 3; confirmed by injection .
confirmation at proposed LOD
Six replicate injections at LOQ
LOQ RS S/N 2 10; %RSD < 20.0%; <reporting threshold level; confirm accuracy and
precision
System suitability criteria met; %RSD < 2.0%
under all variations; change within +2.0% of Plackett-Burman design (7
Robustness Assay & RS robustness and nominal assay value; relative variables, 8 experiments); main
difference in %impurity between nominal and effects analysis
each robustness condition NMT 30.0%.
Standard agreement must be 98.0% - 102.0% of Analysis at 0, 48, and 72 h under
u .0% - 102.
Standard Stability Assay & RS L 5 ’ ? benchtop (RT) and refrigerated
the initial standard area . N .
(2°C - 8°C) conditions
Change within +2.0% of the initial assay value; Analysis at 0, 48, and 72 h under
Sample Stability Assay & RS relative difference in %impurity between nominal ~ benchtop (RT) and refrigerated

and each stability condition NMT 30.0% (2°C - 8°C) conditions

6.2.1. System Suitability

System suitability testing will be performed prior to the evaluation of each valida-
tion parameter to demonstrate the adequacy of the chromatographic system. The
system suitability assessment will include the injection of five replicate standard
preparations, and the percent relative standard deviation (%RSD) of the peak re-
sponses will be calculated. In addition, chromatographic performance will be eval-
uated by determining the USP tailing factor, USP theoretical plate count, and USP
resolution for all critical pairs, including co-eluting peaks. All system suitability
results will be assessed against the predefined acceptance criteria specified in pro-

tocol before proceeding with sample analysis.

94RSD = Standard Deviation <100 . 3)
Average Peak Area(n=>5)

6.2.2. Specificity

Specificity is ability to assess unequivocally the analyte in the presence of compo-
nents that may be expected to be present, such as impurities, degradation prod-
ucts, and matrix components. Specificity is the foundational validation character-
istic for a stability-indicating method, as it establishes that the method measures
the intended analyte without positive interference from other components. It is

demonstrated through four complementary experiments: 1) placebo challenge anal-

DOI: 10.4236/ajac.2026.177016

287 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2026.177016

S. K. Bompelliwar et al.

ysis of the drug product placebo at the test concentration confirms no excipient
peak interferes with the DS peak or known degradant peaks; 2) forced degradation
specificity analysis of all stressed samples (from all six or more stress conditions)
demonstrates that degradant peaks are resolved from the main peak (Rs = 2.0)
and from each other; 3) peak purity by PDA confirms spectral homogeneity of the
DS and major degradant peaks across all stressed chromatograms; and 4) co-in-
jection specificity test solution spiked with all available impurity and degradant
reference standards confirms individual peak assignments. When an authentic ref-
erence standard is not available for a degradant observed above the identification
threshold, the forced degradation sample containing that degradant serves as a spec-
ificity surrogate, with the caveat that the relative retention time (RRT) of the degra-
dant peak is documented as the identity reference until a reference standard be-
comes available. This approach is consistent with the principles described in ICH
Q2(R2) and USP <1225>.

6.2.3. Linearity

The linearity of an analytical method is its ability to elicit test results that are directly,
or by a well-defined mathematical transformation, proportional to the concentra-
tion of analyte in samples within a given range. Linearity is typically assessed at a
minimum of five concentration levels, each prepared independently from fresh
weighing of the reference standard to propagate independent weighing errors. For
the assay method, the range is 50% - 150% of the nominal test concentration; for
the related substances method, the range is from the LOQ to at least 150% of the
applicable specification limit or reporting threshold for both DS and known degra-
dant. Additionally, a full level linearity may be evaluated by combining assay and
related substance linearity levels to understand the bias of using a single level stand-
ard for system suitability. The assay and related substance linearity model is eval-
uated by the coefficient of correlation r, %y-intercept and % y-difference. Relative
Response Factor (RRF) for Degradants is determined using the slope of DS and

known impurity at related substance level.

y=mx+b (4)

where y = peak area, x = concentration, m = slope, b = y-intercept.

Y-intercept
Peak Area at 100% or 1%

Y bias = (5)

100% peak area for assay level and 1% peak area for Related Substance level

0 . _ Ceq - Cweights
%Y Difference=————%100 (6)

weights

where Cq = Actual concentration from Linearity curve equation. Cyeighis = Theo-

retical concentration from weights

Slope of Impurit
RRF = P purrey | @)
Slope of Main peak
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6.2.4. Accuracy

The accuracy of an analytical method is the closeness of test results obtained by
that method to the true value. The accuracy of an analytical method should be
established across its range. Accuracy for the drug product assay is evaluated by
the standard addition method, adding the DS reference standard to the drug prod-
uct placebo matrix at three concentration levels (50%, 100%, and 150%) with three
replicates per level. For the related substances method, accuracy is assessed for each
specified degradant/impurity at three levels (LOQ, nominal specification limit,
150% specification limit) using its respective reference standard or estimated via
response factor where the standard is unavailable. The % recovery is calculated us-
ing amount found and amount added. The accuracy model is evaluated using the
percentage recovery and %RSD at each level (1 = 3) and across all levels (2= 9
total determinations). The accuracy control is prepared in the diluent and placebo
to see the different effects of extraction procedure.

Amount Found .

—_— (8)
Amound Added

%Recovery =
6.2.5. Method Precision
The precision of an analytical method is defined as the degree of agreement among
individual test results when the method is applied repeatedly to multiple samplings
of a homogeneous sample. Repeatability (intra-assay precision) is assessed using
six independent sample preparations analyzed by a single analyst on one instrument
within one day (2= 6). The spiked precision is performed when the drug product
or drug substance does not contain impurities above the limit of quantification
(LOQ), for comparison purposes. In such cases, impurities are spiked at the spec-
ification level. A similar spiked sample preparation is used for evaluation of method
ruggedness, filter study, and sample solution stability.

Standard Deviation

%RSD = : «100. )
Average %Assay or Label Claim(n = 6)

6.2.6. Ruggedness

The ruggedness (intermediate Precision) of an analytical method is the degree of
reproducibility of test results obtained by the analysis of the same samples under
a variety of conditions, such as different laboratories, analysts, instruments, and
days.

%Abosolute Difference = Method Precision — Intermediate Precision.  (10)

Note: Alternate calculations such as %RSD. % Difference, ANOVA and Confi-
dence Intervals may also be employed to compare with the method precision data.

6.2.7. Range

The range of an analytical method is the interval between the upper and lower
levels of analyte (including these levels) that has been demonstrated to be deter-
mined with an acceptable level of precision, accuracy, and linearity using the method.

The range is evaluated using the correlation coefficient (r) obtained from the re-
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lationship between the amount added and the analytical response generated from
the accuracy data. The assay range is typically 50% - 150% of the nominal concen-
tration, whereas the related substances range extends from the LOQ to 150% of

the specification limit.

6.2.8. Filter Study

Diluent, spiked sample, and placebo preparations are filtered using a 0.45 um
PTFE + GF syringe filter and compared with the corresponding unfiltered aliquots
to assess potential filter-related effects. For unfiltered preparations, sample solu-
tions are typically centrifuged at 4000 RPM for 15 minutes prior to injection. The
centrifugation time may be extended, when necessary, to minimize matrix-related
interference in the chromatographic system. During filtration assessment, sequen-
tial portions of the initial 1 mL, 2 mL, 3 mL, and 4 mL filtrates are discarded, and
subsequent filtrate portions are collected for analysis. Filtered and centrifuged (un-
filtered) samples are evaluated for potential filter-derived interferences, analyte
adsorption, or recovery bias. The assay of the active substance, known degradation
products, and unknown impurities is determined for each preparation, and the
absolute differences between filtered and unfiltered results are calculated for indi-
vidual analytes. This approach supports the evaluation of filter compatibility and
ensures that the selected filtration procedure does not adversely impact analytical

performance.

6.2.9. Limits of Detection and Quantitation
LOD is a characteristic of limit tests. It is the lowest amount of analyte in a sample
that can be detected, but not necessarily quantitated, under the stated experimental
conditions. The LOQ is the lowest amount of analyte in a sample that can be de-
termined with acceptable precision and accuracy under the stated experimental
conditions. LOD and LOQ are determined by the signal-to-noise (S/N) ratio method:
serial dilutions of the reference standard (or surrogate FD sample) are injected,
and the S/N ratio is computed for each concentration. LOD is defined as the con-
centration giving S/N 2 3 (confirmed by three replicate injections showing detect-
able signal above baseline noise); LOQ is the concentration giving S/N = 10
with %RSD < 20.0% from six replicate injections. The LOQ must be at or below
the applicable ICH Q3B(R2) reporting threshold to ensure all regulatorily report-
able degradants are quantifiable.

LOQ:m—G and LOD:& (11)

S S

where o = the standard deviation of the response § = the slope of the calibration

curve.

6.2.10. Robustness
The robustness of an analytical method is a measure of its capacity to remain un-
affected by small but deliberate variations in method parameters and provides an

indication of its reliability during normal usage. A Plackett-Burman design (res-

DOI: 10.4236/ajac.2026.177016

290 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2026.177016

S. K. Bompelliwar et al.

olution III fractional factorial) evaluating seven factors in eight experiments is one
commonly used screening design for robustness. Typical factors for RP-HPLC
methods include mobile phase pH (0.2 units); organic modifier content (£2% -
5%); flow rate (+0.1 mL/min); column temperature (+5°C); detection wavelength
(2 nm); injection volume (£2 pL); and column lot/manufacturer. Main effects
analysis identifies factors that significantly affect system suitability criteria (peak
area %RSD, Rs, tailing factor) at the test range; such factors are designated critical
method parameters and must be controlled within tighter limits in the final method
procedure. Where a Q14/QbD approach is employed, the MODR may be defined
as the region of method parameter space in which all system suitability and ac-
ceptance criteria are simultaneously met. Diluent, standard, spiked sample, and
placebo preparations are injected during the robustness study.

%Difference for Sample

_ Absolute Initial Result — Each Robustness Result) £100. (12)

Initial Result

6.2.11. Solution Stability

Solution stability demonstrates that the standard and sample solutions remain an-
alytically equivalent over the period required for routine laboratory analysis. Sta-
bility is assessed at room temperature (bench-top, protected from light) and under
refrigerated storage (2°C - 8°C), at 0, 48, and 72 h. The stability will be determined
against a freshly prepared working standard at each time point. Solution stability
data directly defines the maximum permissible time between sample preparation
and injection and between preparation of the reference standard and its last use

in an analytical sequence.
%Difference for Standard

_ Absolute(Initial Peak Area —Stability Point Peak Area) £100. (13)
Initial Peak Area
%Difference for Sample
_ Absolute(Initial Result - Stability Point Result) £100. (14)
Initial Result

7. Discussion

7.1. Integration of Forced Degradation and Method Validation:
An Iterative Workflow

Forced degradation studies and analytical method validation are scientifically in-
terdependent activities that are often conducted within an integrated, iterative
workflow rather than as sequential discrete studies. Preliminary forced degrada-
tion experiments using initial, non-optimized chromatographic conditions iden-
tify the number, approximate polarity, and UV characteristics of primary degra-
dants, which in turn inform the gradient elution program and detection wave-
length selection during method development. Once the chromatographic method

is developed and degradants are resolved, a second, confirmatory round of forced
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degradation samples prepared at the optimized conditions provides the definitive
specificity data for validation. Only after this confirmatory specificity demonstra-
tion should full ICH Q2(R2) validation be initiated. A common deficiency in both
academic publications and regulatory submissions is the inadequate treatment of
mass balance failures. When mass balance deviates significantly from the expected
value, typically approaching 100%, the scientific investigation should be system-
atic and exhaustive: UV-transparent degradants may be investigated using orthog-
onal detectors such as ELSD or CAD; volatile species by headspace GC; precipitate
formation by visual inspection and recovery from the solid; and co-elution under
the main peak by 2D-HPLC or high-resolution MS. In submissions, unexplained
mass balance deficits are a frequent target of regulatory queries and are remediable

at the development stage if systematically investigated.

7.2. Degradant Identification: From Detection to Structure
Elucidation

A tiered, threshold-driven identification strategy is most efficient and cost-effec-
tive. Below the ICH Q3B(R2) reporting threshold, degradants are often monitored
and tracked using relative retention time (RRT) without the need for extensive
structural identification. Between the reporting and identification thresholds, ad-
ditional characterization may be warranted, commonly using techniques such as
LC-MS/MS (to provide a molecular ion and fragmentation pattern). At or above
the identification threshold, definitive structure elucidation by LC-HRMS (exact
mass, molecular formula) and NMR ('H, '*C, and 2D correlation experiments)
may be required for the regulatory submissions. At or above the qualification
threshold, additional toxicological justification, qualification, or safety assessment
may be required in accordance with ICH Q3B(R2). Advances in data-independent
acquisition (DIA) mass spectrometry and in silico degradation prediction soft-
ware (e.g., Zeneth®, MDL-ISIS) are beginning to augment though not yet replace
experimental forced degradation and structure elucidation. These tools enable
prospective prediction of the most likely degradation products based on known
chemical reactivity rules, guiding experimental forced degradation protocols and
enabling more targeted LC-MS/MS experiments [50]-[57]. However, the regula-
tory community has not yet established clear guidance on the acceptable use of in
silico data as a substitute for experimental structural elucidation. The tiered an-
alytical strategy for unknown degradation product identification is presented in

Figure 8.

7.3. Critical Evaluation of Published Forced Degradation
Literature

A critical survey of published forced degradation literature reveals several defi-
ciencies that limit the utility of such studies as regulatory-grade evidence. First,
many publications apply only acid, base, and oxidative stress, omitting photolytic,

thermal, and humid/thermal conditions, providing an incomplete stability profile.
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Figure 8. Tiered analytical strategy for unknown degradation product identification.

Second, most published methods use isocratic or poorly optimized gradient elution,
resulting in poor resolution of closely eluting degradants and raising the possibil-
ity that co-eluting peaks inflate the apparent assay value or are missed entirely.
Third, mass balance calculations are frequently absent or incomplete, limiting
confidence in the stability-indicating claim. Fourth, degradant identification based
solely on UV spectral comparison may be insufficient for degradation products
requiring structural characterization, for which orthogonal techniques such as MS
confirmation are often expected by regulatory reviewers. Future publications in
this field would benefit from adopting the reporting standards implicit in current

regulatory guidance: documentation of the complete set of stress conditions (in-
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cluding negative findings with justification); time-course degradation profiles; com-
plete mass balance data with investigation of any deviations; MS or HRMS data
for degradants above the identification threshold; and a full ICH Q2(R2) validation

dataset rather than abbreviated characterization studies.

7.4. Regulatory Convergence and Jurisdiction-Specific
Requirements

The ICH harmonization process has substantially reduced regulatory divergence
among the major markets (U.S., EU, Japan, Canada, Australia, and Switzerland).
However, significant differences persist at the level of regional regulatory author-
ity guidance. ANVISA RDC 53/2015 is uniquely prescriptive in requiring a mini-
mum 10% degradation, mandating metal-ion stress as a separate condition, and
requiring repetition of the forced degradation program for each change of API
manufacturer. The PMDA (Japan) requires cross-validation against pharmaco-
poeia compendial methods where the product is described in the JP. Emerging
markets (ASEAN, Gulf Cooperation Council, African Union) increasingly adopt
WHO or ICH guidelines as their primary reference but with country-specific
variations that must be individually verified. For global regulatory submissions,
a pragmatic approach is often to design the forced degradation studies to satisfy
the most stringent applicable regulatory requirements (currently ANVISA), thereby
ensuring that the resulting dataset will satisfy support submissions across mul-
tiple regulatory markets. This strategy avoids the need for jurisdiction-specific
supplementary studies and reduces total development cost and timeline [58]-
[64].

7.5. Lifecycle Management of Analytical Procedures: ICH Q14 and
the Future

The ICH Q14 guideline (Step 4, November 2023) and the associated revision of
ICH Q2 to Q2(R2) represent a significant evolution in analytical development and
validation philosophy since the original Q2 guideline in 1994. The key elements
of the Q14 framework, Analytical Target Profile, DoE-based development, MODR
definition, and analytical procedure control strategy transform validation from a
one-time compliance activity to a continuous performance monitoring program
integrated into the pharmaceutical quality system. Under ICH Q14, a regulatory
submission incorporating a defined MODR may qualify for a reduced-reporting
or notification-only change management path for post-approval analytical changes,
a significant regulatory benefit that reduces submission burden and approval time-
lines. The major regulatory agencies (FDA, EMA) have issued parallel guidance
or concept papers endorsing this approach, and it is progressively being adopted
in new submissions by innovator pharmaceutical companies [65]-[68]. Generic
manufacturers are increasingly exploring adoption of these principles, and the ex-
pectation is that Q14-aligned submissions will become the standard within the

current regulatory cycle.
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7.6. Emerging Technologies and Future Directions

Several emerging analytical technologies are poised to significantly enhance the
practice of forced degradation and stability-indicating method development in
coming years:

* Two-Dimensional Liquid Chromatography (2D-LC): Orthogonal separa-
tion in two dimensions provides dramatically enhanced peak capacity (>1000
for comprehensive 2D-LC), enabling resolution of degradant pairs that co-
elute in conventional 1D-HPLC. Particularly valuable for complex fixed-dose
combination drug products with multiple APIs and overlapping degradant
profiles.

* Charged Aerosol Detector (CAD) and ELSD: These universal detectors, in-
creasingly used alongside PDA, provide equimolar (near-equimolar for CAD)
response independent of UV chromophore, supporting detection of UV-trans-
parent degradants and potentially improving mass balance assessments with
or without requirement for reference standards.

* Ion Mobility-Mass Spectrometry (IM-MS): Separation by molecular shape
(collision cross-section) orthogonal to m/z provides an additional dimension
of selectivity for structural isomer discrimination, particularly valuable for ste-
reoisomeric degradants where conventional MS and NMR yield ambiguous as-
signments [69].

* In Silico Degradation Prediction: Machine-learning-based models trained on
large pharmaceutical degradation databases (e.g., Zeneth®, Lhasa Limited) can
assist in predicting the most likely degradation products from molecular struc-
ture, enabling more targeted and efficient experimental forced degradation de-
sign [70].

* Real-Time Release Testing (RTRT) and Process Analytical Technology (PAT):
ICH Q8(R2) and related FDA guidance encourage the replacement of end-
product analytical testing with real-time process monitoring using inline/online
sensors (NIR, Raman, UV-Vis probes), which has the potential to significantly
influence batch-based quality assurance for continuous manufacturing plat-

forms.

8. Conclusion

This overview presents a comprehensive and critically evaluated framework for
forced degradation studies and analytical method validation as applied to phar-
maceutical drug substances and drug products. The principal conclusions are as
follows: Forced degradation studies, commonly designed to achieve 5% - 20% deg-
radation of the parent compound under a range of relevant stress conditions, are
both a regulatory requirement and a scientific necessity for pharmaceutical drug
product development. Where appropriate, the study scope should encompass both
the drug substance and the drug product matrix, including placebo controls, to
provide a complete degradation profile relevant to shelf-life stability. The princi-

pal degradation pathways, hydrolytic, oxidative, photolytic, thermolytic, and ex-
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cipient interaction-mediated, should be mechanistically understood to guide both
the experimental design of forced degradation studies and the structural in-
terpretation of degradant data. A tiered analytical approach consisting of HPLC/
UHPLC with PDA for routine detection, peak purity assessment, and quanti-
tation; LC-MS/MS for identity confirmation above the reporting threshold; and
LC-HRMS/NMR for definitive structure elucidation above the identification and
qualification thresholds represents current best practice aligned with ICH Q3B(R2)
requirements. Mass balance (often approximately 95% - 105%) is a critical indi-
cator for confirming the stability-indicating nature of the method. Any deviations
should be systematically investigated using orthogonal detection techniques such
as ELSD/CAD, headspace GC, and MS, and should be documented with appro-
priate scientific justification in regulatory submissions. This overview is intended
to serve as a broadly applicable reference framework. Future work should focus on
the integration of in silico degradation prediction with experimental forced deg-
radation study design, the adoption of universal detection methods for complete
mass balance accountability, and the development of internationally harmonized
standards for reporting forced degradation data in regulatory submissions to reduce

the current fragmentation of global requirements.
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