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ABSTRACT

Impurity profiling is a critical aspect of pharmaceutical quality control, encompassing the
identification, characterization, quantification, and regulation of impurities in both drug
substances and drug products. Impurities may originate from synthetic processes, degradation
pathways, residual solvents, or interactions with packaging materials, and their presence can
significantly impact drug safety, efficacy, and regulatory compliance. A wide range of
advanced analytical techniques, including chromatographic methods (HPLC, GC, UPLC),
spectroscopic tools (NMR, IR), and mass spectrometric approaches (LC-MS/MS, GC-MS),
are employed for impurity profiling. International regulatory frameworks, particularly ICH
guidelines Q3A—Q3D and M7, provide clear specifications for impurity limits and control
strategies. This report outlines the various sources and classifications of impurities—organic,
inorganic, residual solvents, and genotoxic—and emphasizes the role of Quality by Design

(QbD), method validation, and risk assessment in establishing robust impurity control.
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1. INTRODUCTION

1.1. Impurity Profiling:

Impurity profiling is an essential part of pharmaceutical development and quality assurance.
It is defined as the detection, characterization, and quantitation of impurities in active
pharmaceutical ingredients (APIs) or finished drug product.!'! Impurities can have their origin
from raw materials, intermediates, solvents, reagents, or degradation products. The existence
of impurities, even in minute quantities, can affect the safety, efficacy, and stability of a drug
product. Hence, the understanding and regulation of impurities are critical to product quality
and patient safety.[?! Impurity profiling aids in formulating decisions, process optimization in
manufacture, and shelf-life estimation. It also assists in the establishment of specifications for
drug substances and products.’®] Analytical methods such as HPLC, GC, MS, NMR, and IR
spectroscopy are routinely used to identify and characterize impurities with high sensitivity
and accuracy.'¥ By means of strong impurity profiling, the pharmaceutical industry can prove
regulatory compliance, improve process knowledge, and reduce the risk of product recalls or

drug toxicity."]

1.2. Importance of Impurity Control:

Impurity control throughout drug development is required to ensure drug quality, patient
safety, and regulatory compliance.[®! Some impurities may have severe toxicological effects,
including genotoxicity, mutagenicity, or carcinogenicity, even at low levels. Thus, an obvious
plan for impurity control ensures harmful impurities are minimized or eliminated, enhancing
the final product's safety profile.l”? This is especially important during scale-up and
production stages where raw material changes, reaction conditions, or purification methods
can result in the introduction of new or higher amounts of impurities.’®! Lack of control of
impurities may lead to rejection of batches, recall of products, or even regulatory penalties.
Furthermore, unidentified or unqualified impurities compromise product consistency and can
influence the therapeutic effectiveness of the drug.”! Besides being necessitated by law,
impurity control is a key aspect of quality-by-design (QBD) and good manufacturing
practices (GMP) To ensure batch-to-batch consistency and product stability over a long

period, drug manufacturers can specify tolerable levels of impurities and measure them with
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validated analytical methods.['” At the end of the day, strict control of impurities protects the
integrity of the drug development process and builds confidence among regulators, healthcare

professionals, and patients.[!!]

1.3. Impact on Drug Safety, Efficacy, and Regulatory Compliance:

Drug impurities in pharmaceutical products can have a considerable impact on the efficacy,
safety, and regulatory status of a drug. Even at very low levels, certain impurities—
particularly genotoxic and carcinogenic impurities—present severe health threats from a
safety perspective.'’l The International Council for Harmonisation (ICH) has put forth a
number of guidelines (e.g., Q3A—Q3D, M7) that govern the way impurities should be
handled during the drug life cycle. From an efficacy perspective impurities are able to change
the pharmacokinetic and pharmacodynamic attributes of the drug substance, impacting the
way it is absorbed, distributed, metabolized, and excreted.!'*! Non-reproducible impurity

profiles also impact the reproducibility and therapeutic response of the drug.!'*!

1.4. Objectives and Scope

Impurity profiling includes identification, characterization, quantitation, and control of
impurities in drug substances, excipients, and finished pharmaceutical products. It is widely
and importantly applicable in all aspects of drug development and manufacture.!'> Impurity
profiling has a critical role in ensuring pharmaceutical product safety, efficacy, and quality. It
is an important factor in regulatory filings, process validation, stability, and product shelf-life

determination.!'®

1. Organic impurities: starting materials, intermediates, by-products, and degradation
products.

2. Inorganic impurities: catalysts, reagents, and heavy metals.

3. Residual solvents and genotoxic impurities: Each class demands unique analytical

methods for detection and quantification.!!”)

In addition, impurity profiling facilitates the optimization of synthesis and purification
processes, ensuring batch uniformity, and reducing the potential toxicity. Impurity profiling
also facilitates formulation development and packaging decisions through the assessment of
degradation pathways.!'¥! The role of impurity profiling is, therefore, not restricted to quality
control but encompasses regulatory compliance, patient safety, and lifecycle management in

the pharmaceutical industry worldwide.¢!
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2. Classification of impurities:

2.1. Organic Impurities:

Organic impurities are the most frequent type to be encountered at pharmaceutical
development and production. They can occur at different stages of synthesis and consist of
unreacted starting materials, intermediates, by-products, and degradation products *. The
impurities are often structurally similar to the active pharmaceutical ingredient (API) and can

be expected according to the chemical route applied to synthesis.[?"

Regulatory standards like ICH Q3A and Q3B mandate the identification and quantification of
organic impurities beyond certain levels. Sensitive analytical tools like high-performance
liquid chromatography (HPLC), ultra-performance liquid chromatography (UPLC), and mass
spectrometry (MS) are employed for sensitive and accurate detection of such impurities.!*!]
Identification and control of organic impurities should be done appropriately to guarantee the
safety and consistency of pharmaceutical products!!! Inorganic impurities derive from the
synthesis raw materials, e.g., reagents, catalysts, ligands, or even equipment used for
manufacturing.[?l These impurities are generally independent of the active pharmaceutical
ingredient (API) structure and range from residual metals, inorganic salts, filter aids, and
leached products of equipment used in processing.”’! Ionic residues can also result from
reagents, such as acids, bases, or neutralization agents, if they are not removed effectively

during purification. Whereas inorganic impurities cannot be distinguished from organic

impurities by common chromatographic methods, they are not necessarily detectable.[*]

WWW.Wippr.com Vol. 03, Issue 05, 2026

66

——
| —


http://www.wjppr.com/

G. Kranthiet al. World Journal Of Pharmacy and Pharmaceutical Research

Specialized techniques such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
Atomic Absorption Spectroscopy (AAS), and X-ray fluorescence are used to determine
elemental impurities.*¥! The ICH Q3D guideline makes specific recommendations regarding
limits of allowable elemental impurities based on toxicological studies.!*) Monitoring and
control of inorganic impurities are essential not only for the safety of the product but also for
ensuring that GMP compliance is sustained. Proper handling of their management ensures the
chemical purity of the drug and minimizes variability and risk in drug substance and

product.[2®!

2.2. Residual Solvents:
Residual solvents are volatile organic compounds employed at the synthesis, purification, or

(7] Though these solvents are very important in

formulation of drug products and excipients.
manufacturing operations—e.g., to favour chemical reaction, recrystallization, or
extraction—they are not designed to be delivered with the final product.?®! When not fully

eliminated, they may persist as trace-level impurities and cause potential health hazards.[*’!

Residual solvents are divided by the International Council for Harmonisation (ICH) Q3C
guideline into three classes:

Class 1: Solvents to be eliminated due to toxicity. e.g., benzene

Class 2: Solvents to be avoided due to inherent toxicity. e.g., methanol

Class 3: Solvents of low toxic potential. e.g., ethanol.!'’!

Their permissible daily intake levels and concentration limits are well established in
regulatory guidelines.*”) Analytical methods like Headspace GC and Gas Chromatography
(GC) are the most used for detecting and measuring residual solvents because of their
specificity and sensitivity towards volatile compounds.’! Selection of solvents during
process development, as well as proper purification techniques, is essential to keep residual
solvents under acceptable limits.*?! Control of the residual solvents is crucial to ensure

patient safety, product quality, and international regulatory compliance.**]

2.3. Genotoxic Impurities

Genotoxic impurities (GTIs) are a unique class of impurities that have a direct interaction

[34

with DNA and can cause mutations, cancer, or heritable genetic damage.l** These impurities,

even in very trace amounts, are viewed as highly dangerous and are thus regulated very

strictly.]

WWW.Wippr.com Vol. 03, Issue 05, 2026

67

——
| —


http://www.wjppr.com/

G. Kranthiet al. World Journal Of Pharmacy and Pharmaceutical Research

The most frequent sources of GTIs are reagents, intermediates, and by-products of the
synthetic route of APIs.I*8! Nitrosamines, alkylating agents, and epoxides are some examples.
Guideline recommendations, especially ICH M7, present the estimation, control, and

qualification of genotoxic impurities.””)

ICH M7 recommends a risk-based strategy
encompassing structure—activity relationship (SAR) evaluations, experimental information,
and toxicological evaluation.*®! It also sets acceptable intakes (AI) for genotoxic compounds,
commonly on the basis of the Threshold of Toxicological Concern (TTC), usually 1.5 pg/day
for lifetime exposure.”! Analytical techniques like LC-MS/MS and GC-MS are most often
utilized due to their exquisite sensitivity and selectivity, since GTIs are required to be at trace
levels (ppm or even ppb).2! Resolution of genotoxic impurities serves to maintain the health
of patients, especially in chronic therapy where prolonged exposure could elevate the risk of

cancer.**) Their detection and control demonstrate the pharmaceutical industry's concern for

achieving international safety standards and regulatory acceptance.*!]

3. International Regulatory Expectations

In order to restrict the number of contaminants, international regulatory agencies have
established stringent requirements to ensure the quality, safety, and effectiveness of
pharmaceutical products.[*?! The expectations are grounded on risk assessment, scientific
data, and toxicological information. Impurities—be it in the synthesis step, degradation, or
packaging materials—need to be evaluated, tracked, and kept within acceptable limits
throughout the product life cycle.!'®) Regulatory requirements stress complete documentation
of impurity profiles in drug development and submission for approval to market.[*’! This
encompasses method validation, impurity characterization, toxicological qualification, and
justification beyond the threshold level.[**! Pharmaceutical companies are mandated by
regulatory agencies such as the International Council for Harmonisation (ICH), United States
Food and Drug Administration (USFDA), European Medicines Agency (EMA), and World
Health Organization (WHO) to adopt harmonized standards in the control of impurities.!*]
The industry is supposed to detect, quantify, and control impurities in both drug products and
active pharmaceutical ingredients (APIs) using validated analytical techniques.”) These
worldwide standards allow uniformity in drug quality across markets and facilitate regulatory
filing in several jurisdictions.*”] Non-compliance can cause warning letters, delayed
approval, or product recall. Thus, know-how and compliance with worldwide regulatory

requirements are the basis for pharmaceutical development and public health protection. ¢!
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3.1. ICH Guidelines: Q3A, Q3B, Q3C, Q3D and M7.
The International Council for Harmonisation (ICH) has made it important to put forward
significant guidelines for the control of impurities in drug products and substances, which are

practised extensively by regulatory authorities across the globe.*7!

ICH Q3A: ICH Q3A (R2) covers impurities in new drug substances, ranging from
classification to identification thresholds and control strategies. It mandates identification and

qualification of impurities above 0.1% or certain toxicological thresholds.[*]

ICH Q3B: ICH Q3B (R2) addresses impurities in new drug products, including degradation

products which can occur on formulation and storage.! !

ICH Q3C: ICH Q3C (R8) gives limits for residual solvents in drugs. It categorizes solvents
into three groups on the basis of their toxicity and determines acceptable daily exposure

limits.

ICH Q3D: ICH Q3D (R2) imposes limits on elemental impurities like heavy metals. It
applies a risk-based model to establish acceptable levels based on toxicity and route of

administration.[!3!

ICH M7: ICH M7 offers a framework for the evaluation and control of DNA-reactive
(mutagenic) impurities with potential carcinogenic activity. It includes toxicological

evaluation, control limits based on lifetime exposure, and analytical approaches.?!]

3.2. USFDA, EMA, WHO Guidelines:

Aside from ICH guidelines, national and global regulatory agencies like the USFDA, EMA,
and WHO have laid down their own regulatory guidelines regarding the detection and control
of pharmaceutical impurities.”) These are usually supplementary to ICH standards and

include region-specific requirements and expectations.>"’

USFDA: The United States Food and Drug Administration (USFDA) issues comprehensive
guidance documents, such as the "Guidance for Industry" series, that describe procedures for
evaluating impurities in drug substances and drug products.®!] The FDA also places strong
emphasis on risk-based methods and has issued particular guidelines on elemental impurities,

residual solvents, and genotoxic impurities.>?)
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EMA: The European Medicines Agency (EMA) closely follows ICH guidelines but adds
clarification in its Quality Guidelines and Questions & Answers publications. The EMA

especially focuses on environmental and manufacturing controls to avoid contamination 3

WHO: WHO releases guidelines for application mostly in low- and middle-income countries
and within prequalification programs. Guidelines are critical for maintaining uniform drug

quality in global health programs and provide a pragmatic method for assessing impurities.!!!

3.3. Thresholds for Reporting, Identification, and Qualification

Regulatory guidelines set particular thresholds for reporting impurities, identification, and
qualification in order to guarantee that potentially toxic impurities are properly evaluated and
controlled.® Those thresholds are mostly defined as a function of the maximum daily dose

of the drug and aim to balance patient safety with reasonable limits of analytical capability.[>!

Reporting thresholds: Reporting threshold is the amount at and above which an impurity

needs to be reported in the product's impurity profile.[>®

Identification threshold: The identification threshold is the level at which or above which

the chemical structure of the impurity must be determined.l”!

Qualification threshold: The qualification threshold is the level at or above which
toxicological data are required to be presented to show that the impurity is safe at that level.
For instance, for drug substances with a daily maximum dose of <2 g, ICH Q3A and Q3B
guidelines commonly place the reporting threshold at 0.05%, the identification threshold at
0.10%, and the qualification threshold at 0.15%. The values depend on the dose and on the
type of impurity.[°8]

3.4. Mutagenic and Genotoxic Impurity Regulations:

Mutagenic and genotoxic impurities (MGIs) are a topic of significant concern in
pharmaceutical impurity profiling due to their ability to harm DNA and induce mutations or
cancer even at very low levels. MGIs may arise from reagents, intermediates, or degradation
routes.!*”) To manage such risks, ICH M7 offers a science- and risk-based method for the
identification, evaluation, and control of MGIs in pharma products. I[CH M7 classifies
mutagenic impurities according to their mode of action and safety data available. In case an
impurity is found to be mutagenic and has insufficient safety information, a threshold of

toxicological concern (TTC) is used.!®” The default TTC for lifetime exposure is 1.5 pg/day,
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which translates to a hypothetical excess lifetime cancer risk of 1 in 1,00,000. Increased
values might be appropriate on the basis of compound-specific information. Control measures
for MGIs involve process optimization to reduce formation, purification methodologies, and
analytical methods of high sensitivity such as LC-MS/MS for trace-level detection.[!! In
silico methodologies (e.g., QSAR) are frequently employed for initial mutagenicity
evaluation.!®?l Regulation of MGIs is increasingly a normal part of drug development and
regulatory assessment, with failure to comply potentially causing delays in approval or

market removal, as in the nitrosamine-related recalls over the past few years.[6!

4. Sources of impurities

4.1. Synthesis and Manufacturing process

Impurities that are introduced during synthesis and manufacturing are a primary source of
contamination in pharmaceutical products and substances.[*¥ These impurities can result
from unreacted starting materials, intermediates, by-products, and degradation products that
are generated through chemical reactions.!® Side reactions and rearrangements as well as
incomplete reactions can produce unwanted and unexpected substances. Reagents, catalysts,
and solvents could also introduce chemical residues if purification steps are poor.l°! Process-
related impurities are frequently route-specific and depend on the synthetic pathway used, so
selection and optimization of the route will be important for impurity control.’”) As an
example, if halogenation is part of the synthesis, residual halides are left behind unless they

are removed.%®]

Likewise, heavy metal catalysts palladium or platinum, used in
hydrogenation or coupling reactions, can remain as trace-level impurities. Manufacturing
conditions also play a role in impurity generation through cross-contamination, equipment
malfunction, or operator error.l®”) Good manufacturing facility cleanliness, cleaning
procedure validation, and Good Manufacturing Practices (GMP) are necessary to prevent

these risks.[”!

4.2. Storage and Degradation process

Storage conditions have a great impact on the stability of drug products and can result in the
formation of degradation impurities during their long-term storage.l’!] Exposure to light, heat,
moisture, and oxygen may trigger chemical transformations, which degrade the API or
excipients.[’”?! The resulting degradation products not only decrease the drug's potency but

[73

also lead to toxic effects.l”? For instance, hydrolysis is prevalent in ester, amide, or lactam-

containing compounds, particularly in moist settings.’¥ Oxidation is another degradation
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process that frequently occurs in drugs with phenolic or amine functional groups, promoted
by light and air exposure.l”> Photolytic degradation is a possible occurrence when drugs are
subjected to UV or visible light, resulting in bond cleavage and intramolecular
rearrangements.!’%) Adequate packaging materials and storage conditions (such as temperature

7] Stability studies, according to

and humidity control) are critical to reducing such risks.
ICH guidelines (e.g., QlA), assist in identifying degradation pathways and shelf-life and
storage guidance determination.!”®! Degradation product monitoring is an important part of
impurity profiling. Forced degradation experiments mimic vigorous storage conditions to
anticipate impurity development.’”) The resultant degradation products should be
characterized, quantified, and regulated in accordance with allowable limits within the

regulatory agency to guarantee product quality and patient safety over the shelf life of the
drug.[8!

4.3. Packaging and Environmental Contamination process

Packaging materials and environmental conditions can be unforeseen yet considerable
sources of contaminants in pharmaceuticals - The interaction between the drug product and
container-closure system can cause chemical substances to migrate into the formulation.[®?
Examples include plasticizers, adhesives, ink ingredients, or other extractables and leachables
(E&L) from packaging materials like plastic, rubber, glass, or metal.’®¥] For instance,
phthalates in plastic packaging or stoppers, and alkali metals in glass packaging, are able to

(4] Inadequately chosen or

migrate into liquid products, particularly under heat or stress.
untested packaging materials therefore lower the purity and stability of the product.
Environmental pollution may happen during storage, packaging, or manufacture.®! Sources
are airborne particulate matter, microbial contaminants, cleaning chemicals, or human
contact-related impurities (e.g., hair, skin cells, fibers).®¥ Facilities that do not follow
cleanroom practices are particularly susceptible to these problems. In parenteral preparations
or in sterile preparations, their presence is unacceptable and can be of serious health

consequence.®]
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5. Analytical methods for impurity profiling:

Analytical Techniques for Impurity Detection

Electrophoresis

HPLC s U> C
GC /TLC

Capillary
Electrophoresis (CE)

@ Gel Electophoresis

Spectroscopy

l:cn Mass Spectrometry (MS)

& NMR Spectroscopy

Hyphbhenated Methods
(LC-MS /7 LC-MS/\as)

Elemental Analysis
aCcpP-mMms)

5.1. Chromatographic Methods (HPLC, UPLC, GC):

Chromatographic methods are the pillar of impurity profiling because of their great

resolution, sensitivity, and flexibility.

(88]

organic impurities

leakage

Technique Examples of Use Common Problems Troubleshooting
. Separation of degradation Poor peak resolution, Use fresh mobile phase, degas
HPLC (High- . . :
. .. | products, process-related baseline noise and drift, solvents, replace column,
Performance Liquid impurities, quantification of | tailing peaks, pum optimize gradient/flow rate
Chromatography) p -4 &b » Pump P g ’

check pump seals

Quantification of degradation
products in paracetamol

Broad/ overlapping peaks

Optimize mobile phase

composition and gradient;
change stationary phase (C18-
C8);adjust PH

HPLC: High-Performance Liquid Chromatography (HPLC) is the most popular method for

separation and quantitation of organic impurities, such as degradation products and process-

related impurities. It provides good reproducibility and can be interfaced with UV,

fluorescence, or mass detectors.!®]

UPLC: Ultra-Performance Liquid Chromatography (UPLC) is a recent evolution of HPLC

based on the utilization of smaller particle sizes (<2 pm) for improved speed and resolution

of separations, especially beneficial for intricate mixtures of impurities.[*")

Technique Examples of Use Common Problems Troubleshooting
UPLC (Ultra- Fast separation of High backpressure, clogging | Use guard columns, filter samples &
_ complex mixtures, . )
Performance Liquid e due to small particle size, solvents, lower flow rate/temperature,
stability-indicating . .
Chromatography) short column life regular system maintenance

method

Detection of low-level
impurities in Atorvastatin

High back pressure

Use proper column washing, reduce
injection volume, replace columns
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GC: Gas Chromatography (GC) is most suitable for volatile and semi-volatile compounds,

such as residual solvents. GC provides high sensitivity when combined with flame ionization

or mass spectrometric detectors.”!]

Technique Examples of Use Common Problems Troubleshooting

Detection of volatile/semi- | Poor separation, column Replace/condition column, check for
GC (Gas S .. . ..

volatile impurities, residual | bleed, ghost peaks, detector | leaks, optimize oven temperature
Chromatography) . 2 . [92]

solvents instability program, clean injector.

Analysis of Residual Poor peak resolution for gﬁ:;ﬁfi;eﬁg erazléﬁé)lrno.gcrﬁgz;kuse

Solvents In APIs volatile solvents priary ’

carrier gas purity

These chromatographic methods are a must for routine impurity analysis and tend to be
validated in line with ICH guidelines for specificity, linearity, precision, and detection limits.
Their efficacy for separation and quantitation of impurities has established them as the first

choice for pharmaceutical quality control and regulatory affairs.”’!

5.2. Spectroscopic Methods (UV, IR, NMR):
Spectroscopic methods are vital tools for impurity profiling, especially structural elucidation,

identification, and quantitation.”¥

UV: Ultraviolet-Visible (UV-Vis) Spectroscopy is a widely applied, quick screening
technique that detects the absorbance of UV or visible radiation by compounds. Though
lacking in specificity, UV spectroscopy is useful for compounds containing chromophores

and is routinely used in combination with chromatographic techniques for quantitation.>!

Technique Examples of Use Common Problems | Troubleshooting

Detection of chromophoric Use derivative spectroscopy;
UV-Vis Spectroscopy | impurities (e.g., aromatic combine with HPLC; apply
degradation products) baseline correction

Use longer path length
cuvettes; derivatization of
analytes; couple with HPLC

Overlapping spectra,
low specificity

Screening of chromophoric | Low sensitivity for
impurities in antibiotics trace impurities

IR: IR Spectroscopy determines functional groups by recognizing molecular vibrations. It is
especially valuable to identify polymorphic forms and residual solvents or water in solid-state

formulations.®°!

FTIR: FTIR spectroscopy increases sensitivity and resolution, making it applicable to the

determination of trace-level impurities.””]
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Technique Examples of Use Common Problems Troubleshooting

IR/FTIR Identification of residual Weak signals in mixtures, Use ATR-FTIR; improve sample
. . . preparation; subtract background

Spectroscopy | solvents, polymorphic forms | interference from excipients

spectrum

Identification of
polymorphic impurities in
solid dosage forms

Overlapping absorption
bands

Apply ATR-FTIR; use
deconvolution software; confirm

with complementary techniques

NMR: Nuclear Magnetic Resonance (NMR) Spectroscopy is a very useful method for
comprehensive structural elucidation of unknown impurities, particularly organic degradation
products or by-products.”® Proton (*1H) and carbon (*13C) NMR yield lot of information
about molecular skeletons, while 2D-NMR (COSY, HSQC, HMBC) may uncover intricate
structures.”®! Although NMR is less sensitive than mass spectrometry, its non-destructive
character and structural elucidation make it unavoidable in ultimate identification of impurity.
Collectively, these spectroscopic techniques supplement chromatographic analyses and are

indispensable in through impurity analysis in drug development and quality control.’””]

Technique Examples of Use Common Problems | Troubleshooting
Use higher field strength;
Structural elucidation | Low sensitivity, apply 2D-NMR (COSY,
NMR (Nuclear Magnetic | of unknown impurities | overlapping signals, | HSQC, HMBC); increase
Resonance) (e.g., impurities in expensive sample concentration;
steroids, peptides) instrumentation solvent suppression

techniques

Increase sample
concentration; use
cryoprobe; extend
acquisition time

Structural elucidation
of unknown detergent
in Aspirin

Poor signal-to-noise
ratio

5.3. Mass Spectrometry (LC-MS, GC-MS):

Mass spectrometry (MS) is a sensitive and specific analytical tool applied widely for impurity
profiling both for qualitative and quantitative measurement. It gives information on molecular
weight and structure of impurities and is thus highly useful in identifying trace-level or

unknown impurities.!%!

Liquid Chromatography-Mass Spectrometry (LC-MS): integrates the separating
capability of LC with MS's detection precision. LC-MS is used extensively for non-volatile
and thermally unstable compounds, e.g., polar decomposition products or trace process-

related impurities.!'?!]
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Analytical
Technique

Examples of Use

Common Problems

Troubleshooting Strategies

Mass Spectrometry
(LC-MS)

Detection of trace-level
impurities (e.g.,
nitrosamines, genotoxic
impurities)

Ion suppression,
poor reproducibility,
matrix interferences

Optimize ionization mode (ESI/APCI);
clean ion source; use internal standards;
dilute sample to reduce matrix effects

Detection of genotoxic
impurities in oncology
drugs

Ion suppression
from matrix effects

Dilute sample, optimize mobile phase
additives (e.g; formic acid) use SPE for
clean up

GC-MS: Gas Chromatography-Mass Spectrometry (GC-MS)

is best suited for volatile and

semi-volatile impurities, e.g., residual solvents. GC-MS offers high resolution separation and

sound mass spectral identification.

[102]

Analytical Technique

Examples of Use

Common Problems

Troubleshooting Strategies

Mass Spectrometry
(GC-MS)

Detection of trace-level
impurities (e.g.,
nitrosamines, genotoxic
impurities)

Ion suppression,
poor reproducibility,
matrix interferences

Optimize ionization mode
(ESI/APCI); clean ion source;
use internal standards; dilute
sample to reduce matrix effects

Identification of volatile
degradation products in

Thermal degradation

Lower injector temperature, use
derivatization, switch to softer

of analyte

steroids ionization

MS techniques are commonly combined with tandem MS/MS to give even more precise
fragmentation information, essential for determining structural correlations among impurities.
MS-based methods with their very high sensitivity and selectivity are gold standard methods
in impurity profiling and play a pivotal role in regulatory submissions concerning unknown

or genotoxic impurities.['%]

5.4. Hyphenated Techniques (LC-NMR, LC-MS/MS):
Hyphenated analytical methods integrate two or more analytical techniques to take advantage

of their unique strengths, improving impurity detection and structural elucidation.['%4

LC-NMR: Liquid Chromatography-Nuclear Magnetic Resonance (LC-NMR) combines LC's
efficiency of separation with NMR's precise structural information. LC-NMR is especially
convenient for analyzing unknown impurities, particularly when purified in very low
amounts, without complete purification. Its use is limited by poorer sensitivity and expense

but is an invaluable tool in research and early-stage development.!%!
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Technique

Examples of Application

Common
Problems/Limitations

Troubleshooting

LC-NMR (Liquid
Chromatography—
Nuclear Magnetic
Resonance)

Structural elucidation of
unknown impurities
Analysis of metabolites in
drug discovery.
Identification of impurities
without full purification

Low sensitivity (requires
high analyte concentration)
High cost & complex
instrumentation Time-
consuming data acquisition

Use cryogenic NMR probes to
improve sensitivity Optimize
chromatographic conditions for
better separation before NMR
Concentrate sample fractions
using solid-phase extraction

Structural confirmation of
trace unknown impurities in
peptides

Low sensitivity

Increase sample loading, use
cryoprobe, apply hyphenated
LC-MS-NMR approach

LC-MS/MS: Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS), however, is
amongst the most extensively applied and potent hyphenated strategies in pharmaceutical
analysis. It has outstanding sensitivity as well as specificity, which makes it best suited for
trace-level impurity detection, such as mutagenic and genotoxic compounds. MS/MS yields

fragmentation patterns useful in identifying molecular substructures and hence is an

important tool for impurity structure elucidation.

[105]

Technique

Examples of Application

Common
Problems/Limitations

Troubleshooting

Tandem Mass
Spectrometry)

LC-MS/MS (Liquid
Chromatography—

Trace-level detection of
mutagenic/genotoxic
impurities Identification of
degradation products
Pharmacokinetic impurity
studies

Matrix interference
affecting ionization Poor
fragmentation pattern for
some compounds Carry-
over contamination
between runs

Use appropriate ionization
technique (ESI, APCI)
Apply high-resolution MS
for complex mixtures
Perform thorough column

washing and blank runs

Hyphenated methods offer an overall view of the intricate impurity profiles, particularly
when employed as complements to each other. They are a must in regulatory compliance,
especially where there is a need for detailed characterization of impurities. Cost and technical
sophistication notwithstanding, the new tools keep developing and pushing the boundaries of
impurity analysis.! %!

5.5. Other Emerging Techniques (Capillary Electrophoresis, Vibrational Spectroscopy):
New analytical methods are being considered for their novel abilities in impurity profiling,

particularly where conventional methods are not viable.!'?”)

Capillary Electrophoresis: Capillary Electrophoresis (CE) is a potent analytical tool for the
separation of ionic species on the basis of their size and charge under an electric field. It is

capable of high-resolution separation with minimal use of sample and solvent. CE is
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especially useful for the analysis of small, polar, and thermally labile impurities which might

be resistant to conventional chromatography. CE is extensively applied in the analysis of

peptides, amino acids, and chiral impurities.!!%*!

. Examples of Common .
Technique Application Problems/Limitations Troubleshooting
seuion oF . por oy o | U o260 el

) potar, LY migration times P
Capillary labile impurities 2 e buffer modifiers (e.g.,
Electrophoresis Chiral impurity Limited sensitivity surfactants) to improve

: ; compared to LC-MS .

(CE) profiling Peptide & resolution Couple CE

Adsorption of analytes

amino acid impurity on capillary wall

analysis

with MS for higher
sensitivity

Maintain constant

Poor reproducibility of | temperature, use internal
migration time standards, condition
capillary properly

Separation of chiral
impurities in amino
acids

Vibrational spectroscopy: Vibrational spectroscopy, such as Raman and Near-Infrared
(NIR) spectroscopy, offers non-destructive, real-time, and fast monitoring of impurities and
polymorphic forms. Raman spectroscopy is extremely specific to molecular vibrations and is
gaining popularity for detecting contaminants or structural variation in solid-state
pharmaceuticals. NIR spectroscopy can be applied for in-line process monitoring, facilitating

real-time impurity tracking and process control.!%]

Technique Examples of Application g:;g::ﬁlns /Limitations Troubleshooting
Real-time monitoring of Overlapping signals in Apply chemometric models
Vibrational ilnr?usn]gz[selcr‘iiz(r)llft: e complex matrices Elz(c:oAn,VE{;lSti)oin{Jiitz ropriate
Spectrosco olgmo hic impurities Fluorescence excitation wavelen tll)lpto feduce
(II{)aman N%{) 1l.’;ro}éessr'fl)nal ticlzl interference in Raman fluorescence Im rogve samplin
’ 4 Lower sensitivity for : \p ping
technology (PAT) : i techniques (diffuse reflectance for
applications trace-level impurities NIR)
In- line monitoring of Use different excitation
impurity formation during Flourescence wavelength (785nm instead of
. interference . .
manufacturing 532nm) apply baseline correction

6. Method development and validation:
6.1. Strategies for Method Development:
Formulation of the appropriate analytical method for impurity profiling requires a systematic
process that starts with knowing the physicochemical properties of the drug substance and

possible impurities. The selection of the proper analytical technique begins with choosing the
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right chromatography (HPLC, GC, or UPLC) based on its selectivity and sensitivity. The
choice of stationary phase, mobile phase, detection wavelength, and sample preparation
procedures is optimized depending on analyte solubility, polarity, and thermal stability of the

analytes.[!!]

Forced degradation studies are usually conducted to investigate impurity formation under
conditions of stress (acid/base hydrolysis, oxidation, photolysis, thermal degradation). They
assist in the identification of degradation paths and in ascertaining if the method is capable of
separating all the relevant impurities. The method should be stability-indicating, i.e., it should

be able to differentiate the active pharmaceutical ingredient (API) from its degradants.['!!]

A design of experiments (DoE) methodology can be used for robustness testing to confirm

[112

performance under a range of conditions consistently.'?! Key method parameters like flow

rate, temperature, pH, and solvent composition are compared with respect to their effect on

resolution, retention time, and peak symmetry.!13]

Lastly, the procedure is optimized for specificity, sensitivity, and repeatability prior to
validation. A good strategy provides robust impurity detection to address both regulatory

requirements and product safety.['4]

6.2. Validation Parameters (Specificity, Accuracy, Precision, LOD, LOQ):
Validation of an analytical method verifies that the methodology is appropriate for its

purpose, especially quantitating impurities in pharmaceuticals.!!!>]

Specificity: Specificity is the capacity of the method to quantify the response of the analyte
in the presence of its possible impurities, degradants, and matrix without interference. It

assures that peaks of interest are properly resolved.!!®!

Accuracy: Accuracy is a measure of how close the test findings are to the actual value. It is
usually measured by recovery studies with known concentrations of impurities spiked into the

matrix of the drug.['!”!

Precision: Precision, both repeatability and intermediate precision, assesses the
reproducibility of results under the same and different conditions, respectively. It is reported

as relative standard deviation (RSD).!!!8]
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LOD: Limit of Detection (LOD) is the lowest quantity of an impurity that can be detected but

not necessarily quantitated.!!!’]

LOQ: Limit of Quantification (LOQ) is the lowest concentration that can be accurately

quantitated with acceptable accuracy and precision.!'?"!

LOD and LOQ are particularly important for trace-level impurity determination. Both
parameters need to be assessed according to ICH Q2(R1) recommendations. In combination,
these validation parameters establish that the method is consistent, reproducible, and

appropriate for routine application in quality control and regulatory filings.!!?!]

6.3. Robustness and Reproducibility:

Robustness and reproducibility are essential parameters which guarantee the reliability of an
analytical method over time and under different conditions. Robustness is the ability of the
method to withstand minor, intentional differences in analytical parameters such as pH,

mobile phase composition, flow rate, temperature, or column type.['??

It is assessing the robustness of the method and its ability to meet quality expectations under
the regular working conditions. This is usually done using techniques such as Design of
Experiments (DoE), where several variables are challenged at a time to establish their effect
on the important analytical characteristics such as resolution, retention time, and peak area. A
robust method minimizes the possibility of analytical failure and batch rejection during

production and quality control testing.[1?*]

Reproducibility, however, tests the uniformity of results when the procedure is conducted in
various laboratories, analysts, instruments, or days. Reproducibility does this to ensure that
the procedure is producing consistent and comparable results regardless of the environment.
This is very crucial in regulatory settings, where data needs to be uniform in manufacturing

and test sites worldwide.!'?4

Reproducibility is also important for method transfer across labs. Robustness and
reproducibility collectively establish the practicability and reliability of an impurity profiling
procedure throughout the lifetime of a drug, from development to post-marketing

surveillance.!'>!
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6.4. Stability-Indicating Methods:
Stability-indicating procedure (SIM) refers to an analytical process employed for the
detection and determination of the degradation products of a drug product or drug substance

such that the active ingredient maintains its efficacy, safety, and potency throughout its shelf

life.!126]

The development of a SIM begins with forced degradation studies, where the drug is
subjected to stress conditions such as heat, light, moisture, oxidation, and extreme pH. These
studies simulate the conditions the drug may encounter during manufacturing, storage, and

distribution, and help identify all possible degradation pathways.[!?’]

The objective is to create a technique capable of separating and quantifying precisely the
intact drug and the degradation products. The common techniques used are chromatographic
ones such as HPLC or UPLC because they are very resolutive and sensitive. The technique
must be validated to demonstrate specificity, i.e., it must demarcate clearly the API from its

degradation impurities without interference.!'?*!

A qualified SIM is essential for determining shelf life, retest periods, and storage
temperatures. It also facilitates regulatory necessity for batch release and stability studies.
Perhaps most importantly, a good SIM guarantees patient safety by guaranteeing that any
dangerous degradation products are detected and maintained within acceptable ranges

according to ICH guidelines.!!*”]

7. Control strategies for impurities:

7.1.  Quality by Design (QBD) in Impurity Control:

Quality by Design (QBD) is a formal, systematic methodology for pharmaceutical
development that starts with clearly defined objectives and focuses on product and process
understanding and control, rooted in sound science and quality risk management. QBD has an
important role in impurity control by identifying critical quality attributes (CQAs), such as

levels of impurities, and relating them to critical process parameters (CPPs).!13l

With the help of tools such as risk assessment, design of experiments (DoE), and control
strategy development, QbD allows manufacturers to comprehend how formulation and
process parameters affect impurity formation and degradation.['*!] For example, selection of

suitable solvents, reaction conditions, and purification steps can have a major impact on the
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type and amount of impurities formed.['*?! QbD supports on-going improvement and stable
manufacturing processes through the combination of real-time monitoring (PAT tools) and
predictive modelling to maintain impurities within acceptable levels across the product life
cycle.l'33] Regulatory agencies like the FDA and EMA promote QbD to ensure transparency
and adaptability in post-approval changes.!'3* Adoption of QbD in impurity control supports
product safety, reduces variability, and minimizes the chances for batch failure. Eventually, it
changes the paradigm from end-product testing to a pro-active model of quality assurance,

supporting regulatory compliance and ensuring uniform therapeutic efficacy.['**!

7.2. Process Optimization and Purification:
Process optimization and purification are essential elements in the control of impurities in

drug products.[!3¢]

In the synthesis of an active pharmaceutical ingredient (API), several impurities can result
from incomplete reaction, side reaction, degradation, or the use of raw materials and
reagents.!3”] Process optimization consists of adjusting reaction conditions like temperature,
pH, solvent selection, reaction time, and reagent levels to minimize the production of these
impurities.['*® Sophisticated methods such as reaction kinetics modelling, statistical process
control, and Design of Experiments (DoE) are often employed to determine optimum

(1391 Pyrification methods are also critical and most commonly involve

operating conditions.
crystallization, distillation, filtration, and chromatography.['4’! These processes serve to purify
the API from undesired by-products and residual impurities. Impurity cleaning steps should
be effective and validated to maintain consistent removal.l'*!l The application of in-line and
at-line analytical methods allows for real-time monitoring, providing opportunities for

immediate corrective action during manufacturing versus after batch production.['**

Secondly, optimization is in compliance with green chemistry principles by minimizing waste
generation and toxic reagent use.'*! Proper application of process optimization and
purification guarantees high yield and purity of the API, ensuring product quality and

[144

regulatory compliance.['**] This helps to create overall cost savings, sustainability, and patient

safety in pharmaceutical production.!!’]

7.3. Risk Assessment and Impurity Control Plans
Risk assessment is a scientific process of determining, evaluating, and ranking possible risks

due to impurities during pharmaceutical development and manufacturing. It is the foundation
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for a good impurity control plan, as proposed by ICH Q9 (Quality Risk Management).[146]
The process starts with the identification of potential sources of impurities—raw materials,
intermediates, solvents, reagents, and packaging material. The toxicological profile, source,

possible effect, and detectability of each impurity are evaluated to establish its criticality.

Methods like Failure Mode and Effects Analysis (FMEA), Hazard Analysis and Critical
Control Points (HACCP), and Ishikawa diagrams are generally applied in the pharmaceutical

industry to organize the process of risk assessment.[!47]

According to the findings, impurity control plans are created. These cover raw material
specifications, testing of intermediates and finished products, in-process controls, and

(148] Furthermore, risk-mitigation strategies such as using high-

rationale for impurity limits.
grade material sources, introducing redundant purification processes, or utilizing protective
packaging are detailed. Risk-based impurity control maximizes product safety, reduces
regulatory risk, and facilitates ongoing process refinement. It allows companies to allocate
resources optimally without compromising on quality standards. Notably, it also complies
with international regulatory demands for science-based, patient-centric pharmaceutical

quality assurance.!'*’]

7.4. Employment of Control Strategies in Formulation and Packaging
Control during formulation and packaging is critical in reducing impurity formation during

production, storage, and distribution of drugs.!!*"

During formulation, the choice of excipient compatibility, pH, buffer system, and moisture
level should be carefully controlled and selected to avoid chemical degradation and
interaction with the APL!5! For example, some excipients can catalyse hydrolysis or
oxidation, which results in impurity formation. Antioxidants, chelating agents, or proper pH
stabilizers can be used to help prevent such risks.!'>?! In packaging, materials are chosen on
the basis that they will be able to resist environmental stressors like light, oxygen, and
humidity—all of which may cause degradation.['>*) Strategies for this include amber glass or

[154]

opaque packaging, aluminium blisters, and desiccants. Packaging components'

extractables and leachables also need to be evaluated because they can add new impurities.
Control strategies can also involve strict surveillance of conditions of storage and use of

tamper-evident and stability-improving designs.!!>*]
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Collectively, these control strategies maintain the end drug product within predetermined
levels of impurities throughout its shelf life. By incorporating control strategies in
formulation and packaging, pharmaceutical firms can improve product stability, meet
regulatory requirements, and protect patient health against unforeseen toxicological

hazards.[!>%]

8. Case studies and practical examples:

8.1. Impurity Profiling in Generic vs Innovator Products:

Impurity profiling in generic pharmaceutical products is particularly challenging compared
with innovator (brand-name) pharmaceuticals. Innovator firms are privy to proprietary
information, including detailed information regarding process impurities, degradation
products, and analytical method development. Generic firms, however, are required to
develop and validate their own methods for detecting and quantifying impurities, frequently
without complete knowledge of the innovator's synthesis process or formulation approach.
Impurity profiling, therefore, is a key step in determining bioequivalence and proving

safety.[17]

Generic equivalents should be equivalent to the innovator in terms of quality, efficacy, and
safety. To the guidelines of ICH and FDA, impurity levels in the generics should not be
higher than those of the innovator product. Still, because of variations in synthetic paths,
excipients, and manufacturing conditions, generic formulations may be made up of special
impurities. Hence, strong impurity profiling is necessary at the time of Abbreviated New

Drug Application (ANDA) submission.!!%8]

Sophisticated analytical methodologies such as LC-MS/MS and GC-MS are used to detect
and quantify known and unknown impurities. Stability-indicating techniques must ensure no
toxic degradation products are formed over time. Impurity data in generic submissions are
thoroughly reviewed by regulatory authorities, so accurate profiling is a key driver for

approval and market availability. This assures therapeutic equivalence and patient safety.!!>!

8.2. Control of Genotoxic Impurities:
Genotoxic impurities (GTIs) are substances of possible DNA damage, which can cause
mutations, carcinogenesis, and severe health issues at worst. Present even at trace levels in

drug products or active substances, their presence is of great safety concern. For this reason,
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strict regulatory thresholds are mandated worldwide, as specified in ICH M7 guidelines,

which are centered around risk assessment, control, and allowable intake levels of GTIs.[!6%]

Control of genotoxic impurities begins with a thorough understanding of the synthetic
pathway of the active pharmaceutical ingredient (API). Common sources of GTIs include
alkylating agents, halides, and reagents used in intermediate steps. Computational tools such
as (Q)SAR (Quantitative Structure-Activity Relationship) models help predict potential
genotoxicity of impurities. Once identified, these impurities are either avoided through route
redesign or minimized using purification steps like recrystallization, distillation, or

chromatography.!6!]

Sensitive analytical technologies, such as LC-MS/MS and GC-MS, are qualified for the
identification of GTIs in trace amounts (usually parts per billion). Monitoring that is ongoing
throughout scale-up and manufacture guarantees that these impurities stay within allowed
limits. Moreover, a solid control strategy, toxicological evaluation and analytical validation
included, should be provided in regulatory submissions.['®) GTI management is important for

guaranteeing long-term patient safety and regulatory approval.['43]

8.3. Impurity Profiling in Biologicals and Biosimilars:

Impurity profiling of biological drugs, including biosimilars, is a challenging task owing to
the highly complex nature of biologically derived molecules.!'®* Unlike small-molecule
pharmaceuticals, biologicals are manufactured from living cells, which add a variety of
process-related and product-related impurities. These can be host cell proteins (HCPs), DNA
residues, viral contaminants, aggregates, truncated variants, and post-translational

modifications like deamidation or glycation.[!®

For innovator biologics, the originator is well-acquainted with the manufacturing process and
can strictly control impurity profiles.['® Biosimilar developers have to emulate the safety,
purity, and strength of the reference product without knowledge of the original manufacturing

1671 Therefore, robust analytical characterization is required to establish similarity in

process.!
impurity profiles. Methods like capillary electrophoresis, high-resolution mass spectrometry,

ELISA, and bioassays are widely used.!®®]

Regulatory agencies such as the EMA and FDA mandate a "totality of evidence" strategy,

with comparisons of structural, functional, and impurity profiles being assessed.!!s”]
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Differences are permissible but cannot impact the biosimilar's safety or efficacy. Impurity
profiling is therefore central to the development of biosimilars, such that risks of
immunogenicity are minimized and therapeutic consistency is ensured across the product life

cycle. !0

8.4. Stability Studies and Degradation Profiling:

Stability studies and degradation profiling are imperative aspects of pharmaceutical impurity
management, as they evaluate how drug substances and products degrade with time under
differing environmental conditions. Stability studies determine the shelf life, storage
conditions, and packaging needs while maintaining product safety and efficacy throughout its

lifespan.[!"!]

Stability testing usually entails storage of samples under accelerated (e.g., 40°C/75% RH)
and long-term conditions (e.g., 25°C/60% RH) and examining them periodically for physical

appearance changes, potency, and levels of impurities.[']

Degradation profiling, which is carried out using forced degradation studies, subjects the drug
to stress conditions like heat, light, moisture, oxidation, acidic and basic environments. The
goal is to find potential degradants and make certain that the analytical technique is stability-

173} Chromatography methods such

indicating—able to resolve the drug from its degradants.
as HPLC, UPLC, and LC-MS are commonly employed to track degradation. Findings assist
in setting limits for impurities, reformulating, or enhancing packaging designs. Regulatory
requirements (ICH Q1A-Q1E) mandate detailed stability information for product approval.
Finally, stability and degradation profiling protect both product quality and patient safety by

ensuring that degradation products are not above safety limits during the desired shelf life.['*]

9. Future prespectives and challenges:

9.1. Advances in Analytical Technologies:

Recent advances in analytical technologies have significantly enhanced the detection,
identification, and quantification of pharmaceutical impurities, even at trace levels.!'”! High-
resolution mass spectrometry (HRMS), such as Orbitrap and quadrupole time-of-flight (Q-
TOF), offers unparalleled mass accuracy, enabling the identification of unknown impurities

(176

and structural elucidation of complex degradation products.!’® Ultra-performance liquid

chromatography (UPLC) has improved resolution, speed, and sensitivity compared to
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traditional HPLC, making it highly effective for stability-indicating methods and impurity

profiling.['"7]

Hyphenated techniques, such as LC-MS/MS and GC-MS, provide detailed molecular

information, crucial for detecting genotoxic and volatile impurities (7

Capillary
electrophoresis (CE) and nuclear magnetic resonance (NMR) spectroscopy are also being
used for separating and characterizing chiral impurities and complex biological impurities,
respectively. Advancements in miniaturized and automated systems have increased

throughput while reducing solvent consumption and cost.!!”]

Moreover, Process Analytical Technology (PAT) and real-time release testing (RTRT) are
revolutionizing impurity control during manufacturing by enabling on-line and in-line
monitoring 13? These innovations not only improve detection limits and accuracy but also
support Quality by Design (QbD) and continuous manufacturing initiatives 8V As analytical
tools become more integrated and sensitive, they are essential in ensuring the safety, efficacy,

and regulatory compliance of modern pharmaceutical products.!?!

9.2. Computational Prediction of Impurities:

Computational prediction of impurities is emerging as a vital tool in pharmaceutical
development, enabling early identification of potential impurities and guiding process
optimization before laboratory synthesis.['®¥) In silico methods leverage chemical structure,
reaction mechanisms, and degradation pathways to simulate impurity formation.['®* Software
tools such as DEREK Nexus, Leadscope, and TIMES use (Q)SAR (Quantitative Structure-
Activity Relationship) models to predict genotoxicity and mutagenicity of theoretical

impurities, aiding compliance with ICH M7 guidelines.!'%’]

Mechanistic modelling and reaction prediction software can map out possible side reactions

s.11%¢] This predictive approach

and identify reactive intermediates that may generate impuritie
is especially useful during route selection and design of synthetic processes, helping chemists
select conditions that minimize impurity formation.'”! Additionally, degradation prediction
tools simulate how a drug substance may break down under stress, facilitating the design of

stability-indicating methods and formulation strategies.['®"]

By reducing reliance on trial-and-error experimentation, computational models save time and

resources while enhancing impurity risk assessment.!'3! Integration of predictive toxicology
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and cheminformatics helps prioritize impurities that require experimental verification.!"*” As
the field evolves, combining computational prediction with real-world analytical data will
enhance the robustness of impurity profiling and support faster, safer drug development and

regulatory approval.

9.3. Integration of AI/ML in Impurity Detection:

Artificial Intelligence (AI) and Machine Learning (ML) are transforming impurity detection
by enabling smarter, faster, and more predictive analytical workflows. In pharmaceutical
development, these technologies can process vast datasets from chromatography,
spectroscopy, and mass spectrometry to identify patterns, classify impurities, and predict
degradation pathways. Al algorithms, trained on historical impurity profiles, can distinguish

between known and unknown peaks, reducing manual interpretation and false positives.['!]

Machine learning models are being applied to optimize chromatographic methods by
predicting the impact of changes in mobile phase composition, temperature, and flow rate on
impurity resolution. Al can also assist in real-time monitoring of manufacturing processes
through Process Analytical Technology (PAT) frameworks, enabling proactive impurity

control and early detection of deviations.

Despite challenges like data quality and regulatory acceptance, AI/ML integration is poised to
revolutionize impurity profiling. It offers a more efficient, automated, and intelligent
approach to impurity analysis, enhancing quality assurance and speeding up drug

development timelines.!%?!

9.4. Regulatory and Industrial Challenges:

The control and profiling of impurities in pharmaceuticals face several regulatory and
industrial challenges, especially as drug molecules become more complex and global
standards evolve. Regulatory agencies like the FDA, EMA, and ICH have established
comprehensive guidelines (e.g., ICH Q3A/B/D and M7) to ensure patient safety. However,
navigating these regulations can be complex, particularly when dealing with new impurity
classes such as nitrosamines, genotoxins, or biologics-related impurities. Industry must

constantly adapt to these evolving requirements.

A major challenge is the lack of harmonization between regional regulatory bodies, which

may impose different thresholds, reporting limits, or validation standards. This inconsistency
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complicates global drug development and increases the burden of documentation and testing.
For the industry, another critical issue is managing unknown impurities and those that emerge
during scale-up or long-term stability studies. Analytical limitations, especially in detecting

low-level or reactive impurities, pose risks to product quality.!'!!

CONCLUSION

Effective impurity profiling is critical for ensuring the safety, efficacy, and regulatory
compliance of pharmaceutical products. With evolving drug formulations and increasingly
stringent regulatory expectations, robust impurity control strategies must be integrated
throughout the drug development lifecycle. Leveraging modern analytical tools and adopting
risk-based, quality-centric approaches like QbD enhances the capability to detect, quantify,
and control impurities at trace levels. Moreover, the integration of computational models and
emerging AI/ML technologies presents promising opportunities to streamline impurity
assessment and optimize manufacturing processes. As the pharmaceutical landscape becomes
more complex, continuous innovation in impurity profiling methodologies will remain vital

for safeguarding public health and achieving regulatory success.
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