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ABSTRACT

Impurity profiling has emerged as a cornerstone in pharmaceutical quality
control, playing a critical role in ensuring the safety, efficacy, and
regulatory compliance of drug products. This review examines the evolving
landscape of impurity profiling, focusing on the types of impurities
encountered, including organic, inorganic, residual solvents, genotoxic
impurities, and nitrosamines, as well as the regulatory frameworks that
govern their identification, quantification, and control. The paper
examines key international guidelines such as ICH Q3A-Q3D and M7,
along with region-specific regulations, outlining acceptable limits and
qualification thresholds. Advanced analytical techniques, including high-
resolution mass spectrometry (HRMS), 2D NMR, UPLC, and capillary
electrophoresis, are discussed for their contributions to accurate impurity
detection. Emerging tools like in silico toxicology, cheminformatics, and
AI/ML models offer predictive capabilities and enhance risk assessment.
Challenges such as analytical sensitivity, lack of reference standards, and
data interpretation complexities are also addressed. The review extends to
modern manufacturing paradigms, including green and continuous
manufacturing, and the specific considerations for biopharmaceuticals,
gene therapies, and cell-based products. With personalized medicine on the
rise, the need for adaptable and patient-specific impurity profiling
strategies becomes increasingly urgent. The integration of digital
technologies, real-time monitoring, and global regulatory harmonization is
emphasized as the future direction for streamlined and robust impurity
control systems. This comprehensive overview aims to bridge scientific
innovation with regulatory expectations, fostering a proactive approach to
impurity management in an era of pharmaceutical advancement.
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1. INTRODUCTION:
Impurity profiling involves the identification,
structural elucidation, and quantification of

impurities present in pharmaceutical substances and
products. These impurities can arise from various
sources, including raw materials, synthesis by-
products, degradation during storage, and
interactions with excipients®. They are broadly
classified into organic impurities, inorganic

[by-nc/4.0/)

residues, and residual solvents, and may include

genotoxic or mutagenic contaminants2. Regulatory
agencies such as the ICH, USFDA, and EMA have
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laid down stringent guidelines regarding acceptable
impurity levels to safeguard patient health3.

The significance of impurity profiling lies in its
direct impact on drug quality, safety, and efficacy. A
well-characterized impurity profile ensures that
harmful substances are either absent or present
within safe limits*. It also supports the development
of robust. Moreover, impurity profiling aids in
identifying degradation pathways and optimizing
storage conditions®. As drugs become more complex
and regulatory scrutiny increases, impurity profiling
has evolved into a critical component of
pharmaceutical quality control and regulatory
submissions®. Proper impurity management not only
ensures patient safety but also protects
manufacturers from costly recalls, reputational
damage, and regulatory penalties’, thus underlining
its central role in pharmaceutical development and
lifecycle management®.

2. Historical Background and Evolution of
Impurity Analysis:

The concept of impurity analysis has evolved
significantly over time, driven by technological
advancements and increasing regulatory awareness®.
In the early days of pharmaceutical development,
impurity control was rudimentary, limited to simple
visual and chemical tests'®. As synthetic chemistry
advanced and drug molecules became more
complex, the need for rigorous impurity detection
grew!!. The thalidomide disaster in the 1960s
marked a critical turning point, emphasizing the
need for thorough impurity and toxicity evaluation
during drug development?®2,

The formation of the International Council for
Harmonisation (ICH) in the 1990s brought about
standardized guidelines such as ICH Q3A-Q3D,
which outlined thresholds and strategies for impurity
identification,  qualification, and  control®3,
Simultaneously, analytical chemistry saw a
transformation with the introduction of high-
performance liquid chromatography (HPLC), gas
chromatography (GC), mass spectrometry (MS),
and nuclear magnetic resonance (NMR), enabling
more sensitive and accurate impurity detection*.

Over time, impurity analysis has expanded to
include genotoxic impurities, elemental impurities,
and nitrosamines, prompted by emerging safety
concerns. Regulatory bodies now mandate
comprehensive impurity profiling throughout the
drug lifecycle!®. Today, impurity analysis is an
interdisciplinary  effort combining analytical
science, toxicology, and regulatory strategy,
continuously evolving to meet the challenges posed
by modern pharmaceutical innovation?®.

3. Relevance in Drug Safety, Efficacy, and
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Regulatory Approval:

Impurities, even at trace levels, can significantly
impact the safety, efficacy, and regulatory approval
of pharmaceutical products'’. Some impurities may
exhibit toxic, genotoxic, or carcinogenic properties,
which can lead to adverse health effects in patients®é.
Regulatory authorities require that all significant
impurities be identified and qualified for safety
before a drug can be approved®®. This requirement is
particularly critical for genotoxic impurities (GTIs),
such as nitrosamines, which have triggered global
recalls due to their high risk even at parts-per-billion
concentrations?.

Impurity profiling is integral to ensuring drug safety
by enabling the detection and control of such
harmful contaminants?:. It also contributes to
maintaining efficacy by ensuring the stability and
potency of the active pharmaceutical ingredient
(API) are not compromised by degradation products
or interactions with other components?2. Moreover,
regulators scrutinize impurity profiles to assess the
robustness and consistency of manufacturing
processes’.

From a regulatory perspective, impurity data must
be submitted as part of Investigational New Drug
(IND), New Drug Application (NDA), and
Abbreviated New Drug Application (ANDA)
filings?®. Guidelines such as ICH Q3A-Q3D and M7
provide a framework for establishing impurity limits
and safety thresholds. Thus, impurity profiling is a
non-negotiable aspect of drug approval, central to
safeguarding public health and maintaining
regulatory compliance’.

4. Scope and Objectives of the Review:

This review aims to explore the emerging trends and
challenges in impurity profiling, focusing on both
regulatory expectations and analytical
advancements?*, The pharmaceutical industry is
undergoing rapid transformation, and impurity
profiling practices must evolve accordingly®. With
the introduction of complex molecules, biologics,
and continuous manufacturing technologies,
identifying and managing impurities has become
increasingly sophisticated and essential®®.

The scope of this review includes a detailed
discussion on the classification of pharmaceutical
impurities, current global regulatory guidelines
(such as those from ICH, USFDA, EMA), and the
challenges posed by newly emerging contaminants,
including nitrosamines and genotoxic impurities®®.
The review also emphasizes cutting-edge analytical
techniques such as LC-MS, GC-MS, high-resolution
mass spectrometry (HRMS), and in silico
approaches used for impurity prediction and
identification?®.
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The primary objectives are: To review existing and
evolving regulatory frameworks related to impurity
profiling. To discuss novel analytical methods and
their relevance in detecting low-level impurities?.
To identify key analytical and regulatory challenges
encountered by the pharmaceutical industry. To
highlight case studies that illustrate the practical
implications of impurity-related issues®. To propose
future directions, including the role of green
chemistry, artificial intelligence, and harmonized
global standards. Ultimately, this review aims to
provide actionable insights that bridge scientific
innovation with regulatory compliance in impurity
profiling®.

Classification of Impurities:
1. Organic impurities
degradation products)
Inorganic impurities (residual metals, reagents)
Residual solvents (Class I, 11, I11)

Genotoxic and mutagenic impurities (GTIs)
Nitrosamines and other newly recognized
impurities®

(process-related,

akrwn

1. Organic Impurities (Process-Related and
Degradation Products):

Organic impurities are primarily derived from the
manufacturing process or from the degradation of
drug substances over time. Process-related
impurities include starting materials, intermediates,
by-products, and reagents used during synthesis(29).
These substances may persist in trace amounts in the
final product if not adequately removed.
Degradation products, on the other hand, arise due
to chemical instability of the drug substance under
conditions such as heat, light, moisture, or
oxidation(30). Identifying and quantifying these
impurities is critical because they can influence the
drug’s safety and efficacy(21). Regulatory agencies
such as the ICH (International Council for
Harmonisation) provide guidelines on acceptable
levels of such impurities, often based on
toxicological risk assessment(19). Analytical
techniques like HPLC, LC-MS, and GC are
routinely employed for detection and quantification.
Proper process optimization, stress testing, and
stability studies are crucial in minimizing organic
impurities(30). Understanding the structure and
mechanism of formation of these impurities allows
manufacturers to refine synthetic pathways and
improve the overall quality of the pharmaceutical
product(31). Therefore, a comprehensive impurity
profiling strategy must be in place to ensure that all
organic impurities remain within acceptable limits
throughout the product’s lifecycle(32).

2. Inorganic Impurities (Residual
Reagents):

Inorganic impurities include materials such as

Metals,
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residual catalysts (e.g., palladium, platinum),
reagents, salts, filter aids, and other inorganic
substances that may remain after the synthesis or
formulation process(33). These impurities often
originate from the manufacturing environment,
equipment, or raw materials. Their presence, even in
trace amounts, can adversely affect drug safety and
efficacy, particularly due to their potential
toxicity(34). The ICH Q3D guideline outlines limits
for elemental impurities in drug products,
categorized based on their toxicological impact and
route of administration(35). Techniques like ICP-
MS  (Inductively Coupled Plasma  Mass
Spectrometry) and AAS (Atomic Absorption
Spectroscopy) are commonly used for their
detection due to their high sensitivity(36). Strict
adherence to Good Manufacturing Practices (GMP)
and proper validation of cleaning processes help
control the levels of inorganic impurities(37).
Additionally, risk-based assessments are performed
to determine the likelihood of metal contamination
and ensure compliance  with  regulatory
thresholds(38). Unlike organic impurities, inorganic
substances generally do not degrade over
documentation, analytical monitoring, and the use of
high-purity reagents and materials are essential to
minimize their occurrence and ensure product
quality(39).

3. Residual Solvents (Class 1, II, III):

Residual solvents are organic volatile chemicals
used or produced during the manufacture of drug
substances, excipients, or final products(40). These
solvents are not intended to be part of the final
formulation and should be removed as thoroughly as
possible. The ICH Q3C guideline classifies residual
solvents into three classes based on their toxicity.
Class I solvents (e.g., benzene, carbon tetrachloride)
are known carcinogens and should be avoided or
limited to extremely low levels. Class II solvents
(e.g., methanol, acetonitrile) are less toxic but still
pose health risks and require stringent limits. Class
IIT solvents (e.g., ethanol, acetone) have low toxic
potential and are permitted at relatively higher
concentrations(41). The choice of solvent and its
permissible limit depend on the manufacturing
process and the route of drug administration(42).
Analytical methods like Gas Chromatography (GC),
particularly with headspace sampling, are widely
employed for residual solvent analysis due to their
high sensitivity and specificity(43). Effective
control strategies, including the selection of
alternative solvents and the optimization of drying
procedures, are essential to ensure that residual
solvent levels comply with regulatory standards.
Monitoring and controlling residual solvents are
critical not only for patient safety but also for
ensuring compliance with global pharmaceutical
regulations(44).
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4. Genotoxic and Mutagenic Impurities (GTIs):
Genotoxic and mutagenic impurities (GTIs) are
substances that can damage DNA, potentially
leading to mutations and cancer. These impurities
may arise from synthetic starting materials,
intermediates, or degradation products(2, 18). Due
to their high-risk nature, GTIs are regulated under
the principle of the Threshold of Toxicological
Concern (TTC), with limits often set as low as 1.5
pg/day for lifetime exposure(45). The ICH M7
guideline provides a framework for assessing and
controlling GTIs, recommending a risk-based
approach that includes structural alerts, Ames
testing, and in silico prediction tools(46). The
detection and quantification of GTIs require highly
sensitive analytical techniques such as LC-MS/MS
or GC-MS. Unlike standard impurities, GTIs require
a more rigorous safety assessment and justification
for their presence, even at trace levels(27).
Mitigation strategies include changes in synthetic
routes, impurity scavenging, and purification steps.
Moreover, GTIs must be monitored throughout the
product’s shelf life to ensure that no new genotoxic
degradants form(47). A comprehensive risk
management strategy, including toxicological
evaluation and analytical monitoring, is essential to
minimize patient exposure to these potentially
harmful impurities(20).

5. Nitrosamines and Other Newly Recognized
Impurities:

Nitrosamines have recently emerged as a major
concern in the pharmaceutical industry due to their
classification as probable human carcinogens(48).
These compounds can form unintentionally during
drug synthesis or storage, particularly in the
presence of nitrites and amines under acidic
conditions(49). The detection of nitrosamines in
widely used medications like ranitidine and sartans
has led to global recalls and heightened regulatory
scrutiny(50). Regulatory agencies, including the
FDA and EMA, have issued specific guidelines and
acceptable intake limits (typically in nanogram
ranges) for various nitrosamine species. Their
analysis often requires ultra-sensitive methods such
as LC-MS/MS or GC-MS with selective ion
monitoring(27). Manufacturers are now expected to
perform comprehensive risk assessments across all
products, including evaluation of raw materials,
reagents, and storage conditions(51). Additionally,
other newly recognized impurities such as
isocyanates, alkyl sulfonates, and reactive
intermediates, are gaining attention due to improved
detection technologies and evolving regulatory
expectations(52). Addressing these impurities
requires proactive surveillance, investment in
advanced analytical methods, and robust control
strategies(53). As our understanding of toxicology
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evolves, the list of critical impurities will likely

expand, emphasizing the importance of a dynamic

and forward-looking impurity profiling
approach(54).

Regulatory Framework

1. ICH Guidelines (ICH Q3A, Q3B, Q3C, Q3D,

M7)

The International Council for Harmonisation (ICH)

has developed several critical guidelines to

standardize impurity control in pharmaceuticals.

These guidelines ensure product quality and patient

safety across the global market(55).

e ICH Q3A deals with impurities in new drug
substances and outlines thresholds for
reporting, identification, and qualification of
organic impurities(56).

e ICH Q3B addresses impurities in new drug
products, emphasizing the need to evaluate
degradation products and their impact on drug
stability(13).

e ICH Q3C focuses on residual solvents,
classifying them into three toxicity-based
categories (Class I, I, III), with limits based on
daily exposure(57).

e ICH Q3D introduces a risk-based approach for
controlling elemental impurities (e.g., heavy
metals) and sets permissible daily exposure
(PDE) limits using toxicological data(35).

e ICH M7provides a framework for assessing and
controlling DNA-reactive (mutagenic)
impurities, including genotoxic impurities
(GTIs) and nitrosamines. It integrates structure—
activity relationship (SAR) tools, TTC
principles, and analytical strategies(58).

These guidelines are pivotal in risk assessment and
regulatory compliance. They harmonize impurity
profiling practices globally, streamline approval
processes, and reduce redundant testing(7). Their
implementation ensures a proactive, scientifically
justified approach to impurity management,
particularly as new challenges and technologies
emerge(59).

2. Regional Regulations
CDSCO, PMDA)

While ICH guidelines provide a global framework,
regional regulatory authorities such as the US FDA
(United States), EMA (Europe), CDSCO (India),
and PMDA (Japan) interpret and enforce them with
localized expectations and additional
requirements(60).

(US FDA, EMA,

The USFDA follows ICH guidelines but often issues
supplementary guidance and warning letters that
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reflect its specific expectations. It emphasizes risk-
based assessments, control strategies, and validated
analytical methods for impurity detection.
Nitrosamine control has been a major focus
recently(3).

The European Medicines Agency (EMA) closely
adheres to ICH standards but may require additional
data on elemental impurities or degradation
pathways under their Quality Risk Management
(QRM) framework(61).

India’s  Central Drugs Standard  Control
Organization (CDSCO) aligns with ICH, especially
for new drug approvals, but still faces
implementation gaps(62). It is increasingly
harmonizing with global standards, especially after
several global nitrosamine-related recalls(63).

Japan’s PMDA also enforces ICH guidelines but
with rigorous documentation and review procedures.
They may expect higher precision in impurity
identification and require in-depth justifications for
control strategies(64).

Understanding regional regulatory nuances is
essential for global drug development(65).
Differences in interpretation, timelines, and
expectations can pose challenges, necessitating
careful planning, thorough documentation, and
region-specific regulatory strategies to ensure timely
approvals(66).
3. Acceptable Limits and Qualification
Thresholds

Acceptable limits and qualification thresholds for
impurities are established to ensure product safety
without unnecessarily burdening manufacturers
with excessive testing(19). These thresholds are
primarily defined in ICH Q3A, Q3B, Q3C, Q3D,
and M7, and are based on the maximum daily dose
of the drug and the toxicological profile of each
impurity(67).

For organic impurities, identification and
qualification thresholds typically range from 0.05%
to 0.15%, depending on the drug’s maximum daily
dose(68). For example, in a drug with a daily dose
under 2 g, any impurity above 0.1% must be
identified, and any above 0.15% must be qualified
for safety(69).

For residual solvents, ICH Q3C assigns limits in
ppm based on their toxicity class and permitted daily
exposure (PDE)(70).

Elemental impurities under ICH Q3D are regulated
based on PDE values expressed in pg/day, and limits
differ depending on the route of administration (oral,
parenteral, inhalation)(71).
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Genotoxic impurities, per ICH M7, must be
controlled below the Threshold of Toxicological
Concern (TTC) — usually 1.5 pg/day for chronic
exposure(72).

Exceeding these thresholds necessitates a thorough
toxicological  evaluation and  justification.
Establishing and adhering to these limits ensures
that impurity levels are safe for patients while
allowing efficient drug development(73).

4. Challenges in Harmonization

Harmonization of impurity regulations across global
regulatory authorities remains a complex challenge
despite efforts by ICH(74). Different regions
interpret and implement guidelines variably, leading
to inconsistencies in impurity acceptance criteria
and documentation requirements(19).

One key challenge is the variation in expectations
for impurity thresholds and safety data(17). While
ICH provides standard limits, some agencies (e.g.,
EMA or PMDA) may request additional justification
or lower limits based on national policies or public
health concerns(75). Similarly, regional regulators
may demand different analytical approaches or
revalidation of methods already accepted elsewhere,
the variation in expectations for impurity thresholds
and safety data(76).

Another challenge lies in the implementation gaps in
emerging markets. Countries like India and China
are still aligning their regulatory systems with ICH,
and enforcement can vary significantly(77). These
disparities can create delays, increased costs, and
repeated  testing  during  global  product
registration(78).

Data transparency and access to reference databases
also hinder harmonization, particularly for
genotoxicity  predictions  or  toxicological
assessments(79). Additionally, rapidly evolving
impurity concerns — such as nitrosamines — may
be handled differently across agencies, complicating
compliance efforts(80).

Achieving true harmonization requires consistent
interpretation, mutual recognition of data, training of
regulatory personnel, and updated collaborative
frameworks(81). Until then, manufacturers must
navigate regulatory landscapes carefully, balancing
global compliance with regional customization(82).

Emerging Analytical Techniques:

1. High-Resolution Mass Spectrometry (HRMS)
High-Resolution Mass Spectrometry (HRMS) has
revolutionized impurity profiling by enabling the
detection, identification, and structural elucidation
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of unknown impurities at trace levels(83). Unlike
traditional mass spectrometry, HRMS offers
exceptional mass accuracy and resolution, allowing
for the determination of exact molecular formulas.
This is especially valuable for identifying low-

abundance  degradation products, genotoxic
impurities, and nitrosamines(84).
HRMS is often integrated with liquid

chromatography (LC-HRMS), enhancing separation
and facilitating detailed impurity analysis in
complex matrices(85). The high sensitivity of
HRMS allows analysts to work with minimal sample
quantities while still achieving reliable results. This
is critical during early drug development when
impurity profiles are not fully known(86).

Furthermore, HRMS supports both targeted and
untargeted analysis, making it ideal for forced
degradation studies, stability testing, and risk
assessment of new impurities(87). It also provides
structural information via fragmentation patterns
(MS/MS), which aids in elucidating unknown
compounds without the need for reference
standards(88).

Despite its high cost and need for technical
expertise, HRMS is becoming a gold standard in
pharmaceutical impurity profiling(86). Its use is
increasingly =~ recommended by  regulatory
authorities, particularly  for  investigating
nitrosamines and genotoxic impurities where ultra-
trace detection and exact mass determination are
critical(89).

2.2D NMR and Hyphenated Techniques
Two-dimensional nuclear magnetic resonance (2D
NMR) spectroscopy and hyphenated techniques like
LC-MS, LC-NMR, and GC-MS are increasingly
used for advanced impurity profiling due to their
complementary strengths in structural elucidation
and separation(90).

2D NMR provides detailed information about
molecular structure, connectivity, and
stereochemistry. Techniques such as COSY, HSQC,
and HMBC allow chemists to map proton and
carbon environments, aiding in the accurate
identification =~ of  complex or  unknown
impurities(91). NMR is especially useful when mass
spectrometry results are ambiguous or when
distinguishing positional isomers and chiral
impurities(92).

Hyphenated techniques combine chromatographic
separation with spectroscopic detection, increasing
analytical power. For example, LC-MS integrates
liquid chromatography's resolving ability with mass
spectrometry's detection sensitivity, making it ideal
for  profiling  unknown and trace-level
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impurities(93). Similarly, LC-NMR allows real-time
structural analysis post-separation without needing
to isolate the impurity(94).

These methods are invaluable in early development,
forced degradation studies, and regulatory
submissions where full impurity characterization is
required. Although sophisticated and resource-
intensive, they enhance confidence in impurity
identification and comply with stringent regulatory
expectations(95). The integration of hyphenated
techniques represents a shift toward comprehensive
and conclusive impurity profiling in modern
pharmaceutical analysis(90).

3. Ultra-Performance Liquid Chromatography
(UPLC)

Ultra-Performance Liquid Chromatography (UPLC)
represents a significant advancement over
traditional HPLC by utilizing smaller particle size
columns (sub-2 um) and higher operating pressures,
resulting in improved resolution, speed, and
sensitivity(96). This makes UPLC particularly
suitable for impurity profiling, where separating
closely eluting impurities or degradation products is
critical(97).

UPLC offers faster analysis times without
compromising resolution, enabling high-throughput
testing — a major advantage during method

development, stability studies, and routine quality
control(98). It is highly effective for quantifying
impurities at trace levels and is compliant with ICH
requirements for specificity, precision, and
sensitivity(99).

In the context of complex drug products or
formulations with multiple impurities, UPLC
provides sharper peaks and better peak capacity,
facilitating more accurate quantification and
identification(100). It can be seamlessly coupled
with detectors like UV, PDA (photodiode array), or
MS, further expanding its capabilities(101).

Its robustness, scalability, and reproducibility have
made UPLC a standard tool in modern analytical
laboratories(102). Although it requires specialized
instrumentation and optimized methods, the benefits
of shorter run times, higher efficiency, and lower
solvent consumption contribute to improved
laboratory productivity and greener analytical
practices(103).

4. Capillary Electrophoresis (CE)

Capillary Electrophoresis (CE) is an emerging
analytical technique gaining prominence in impurity
profiling due to its high separation efficiency, low
sample and reagent requirements, and ability to
resolve a wide range of analytes, especially charged
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and polar impurities. CE separates compounds based
on their charge-to-size ratio under the influence of
an electric field in narrow capillaries filled with an
electrolyte(104).

CE is particularly effective for analyzing small ions,
inorganic impurities, and polar degradation products
that are often difficult to separate using traditional
chromatographic methods(105). Its adaptability
allows for various modes, including capillary zone
electrophoresis (CZE), micellar electrokinetic
chromatography (MEKC), and capillary isoelectric
focusing (CIEF), each suited for different impurity
types(106).

The technique is highly sensitive and ideal for trace-
level detection, with minimal matrix interference.

CE is also wuseful in the analysis of
biopharmaceuticals, where it helps detect size and
charge variants or monitor purity and
heterogeneity(107).

Despite its advantages, CE faces limitations such as
lower robustness and limited detection options
compared to LC-based methods. However, coupling
CE with MS (CE-MS) significantly enhances its
capabilities, making it a versatile tool in impurity
profiling(108). Its cost-effectiveness and eco-
friendly nature further support its adoption in
regulatory-compliant laboratories(109).

5. Real-Time and In-Line Monitoring (PAT/QbD
Tools)

Real-time and in-line monitoring of impurities using
Process Analytical Technology (PAT) and Quality
by Design (QbD) approaches represents a
transformative shift in pharmaceutical
manufacturing(110). These tools enable continuous
monitoring and control of critical quality attributes,
including impurity levels, during production rather
than relying solely on end-product testing(111).

PAT involves integrating analytical sensors and
models into the manufacturing process to gather
real-time data on parameters like pH, temperature,
concentration, and impurity levels. Techniques such
as near-infrared (NIR), Raman spectroscopy, and in-
line UV-vis spectrophotometry are commonly
used(112). These technologies allow for immediate
detection and correction of process deviations,
thereby improving product quality and reducing
batch failures(113).

QbD encourages a thorough understanding of the
manufacturing process and its impact on impurity
formation(114). By identifying critical process
parameters and designing experiments (DoE),
manufacturers can establish a design space where
impurity levels remain within acceptable
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The use of PAT/QbD not only enhances regulatory
compliance but also aligns with FDA and EMA's
vision of a science-based, risk-managed approach to
drug development. Although implementing such
systems requires investment in infrastructure and
expertise, the long-term benefits, including
consistency, efficiency, and regulatory approval, are
substantial(116).

Genotoxic Impurity Profiling

1. Strategies for Identification and Quantification
The identification and quantification of genotoxic
impurities (GTIs) require a risk-based, science-
driven approach due to their potential to cause DNA
mutations, which may lead to cancer. The first step
involves a comprehensive knowledge of the
synthetic route, including reagents, intermediates,
and degradation products that may give rise to
GTIs(117). Structural alerts based on toxicophores
(functional groups known to interact with DNA) are
assessed using in silico tools such as (Q)SAR
models and expert reviews to flag potential
genotoxicity(118).

Once identified or suspected, GTIs must be
quantified using highly sensitive and specific
analytical techniques, as they are often present at
trace levels (parts per billion)(119). Typical
strategies involve orthogonal analytical approaches
to confirm impurity identity and presence, with
techniques like LC-MS/MS, GC-MS, or HRMS
playing a vital role(26).

Preventative strategies include selecting alternative
synthetic routes, optimizing reaction conditions, or
introducing purification steps to remove GTIs.
Throughout development, a control strategy is
established to ensure GTIs remain below acceptable
limits(120). These strategies are aligned with ICH
M7 guidelines, which emphasize the importance of
control, documentation, and justification for
impurity presence, ensuring that patient safety is not
compromised(121).

2. Threshold of Toxicological Concern (TTC)
The Threshold of Toxicological Concern (TTC) is a
pivotal concept in genotoxic impurity control,
introduced to establish exposure limits for DNA-
reactive impurities in pharmaceuticals when limited
toxicological data are available(122). According to
ICH M7, the TTC for genotoxic impurities is set at
1.5 ng/day, which is considered a conservative and
protective threshold for chronic exposure over a
lifetime(72).

This value is based on an extensive analysis of
carcinogenic potency data and reflects a level below



Journal of Molecular Science

which the risk of cancer is negligible (typically 1 in
100,000 lifetime risk)(123). The TTC allows
regulators and manufacturers to apply a uniform
safety threshold without requiring detailed
carcinogenicity studies for every impurity,
facilitating efficient risk assessment during drug
development(124).

If a GTI is identified or suspected, it must either be
controlled below the TTC or evaluated using
compound-specific data, such as benchmark dose
modelling or long-term toxicity studies, to justify a
higher permissible limit(47). For short-term
exposures (e.g., <1 month), higher TTC values (up
to 120 pg/day) may be acceptable(125).

The TTC concept supports rational and
proportionate  decision-making, enabling safe
impurity control while minimizing unnecessary
animal testing and accelerating the drug approval
process. It is a cornerstone of modern impurity risk
assessment frameworks(126).

3. Analytical Methods and Validation

The analysis of genotoxic impurities (GTIs)
demands highly sensitive and selective analytical
methods due to their trace-level presence and
significant safety implications(119). Analytical
techniques such as Liquid Chromatography—Mass
Spectrometry (LC-MS/MS), Gas Chromatography—
Mass Spectrometry (GC-MS), and High-Resolution
Mass Spectrometry (HRMS)are widely employed
for detecting GTIs, with detection limits often in the
parts-per-billion (ppb) range(26).

Developing methods for GTI analysis follows a risk-
based approach, where the chemical nature,
volatility, and polarity of the impurity determine the
most suitable technique(127). Sample preparation
plays a key role, often involving derivatization,
solid-phase extraction, or headspace sampling to
enhance sensitivity and matrix compatibility(128).

Method validation must comply with ICH guidelines
(such as ICH Q2(R2)), ensuring parameters like
specificity, linearity, accuracy, precision, limit of
detection (LOD), and limit of quantification (LOQ)
are met(129). Given the low acceptable limits (e.g.,
1.5 pg/day), LOQs must be low enough to
consistently detect GTIs below the TTC(125).

In recent years, regulatory scrutiny of GTI methods
has increased, especially for nitrosamines. As such,
validated methods must demonstrate robustness and
reproducibility across different batches and
formulations(27). Ensuring method suitability for
regulatory submission is essential for successful
impurity control and product approval(20).

4. Case Studies
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Case studies provide valuable insights into the
practical application of genotoxic impurity profiling
in pharmaceutical development. One prominent
example is the discovery of nitrosamine impurities,
such as N-nitrosodimethylamine (NDMA), in sartan
drugs, which triggered global recalls and heightened
regulatory scrutiny(130). Investigations revealed
that specific manufacturing conditions—such as the
use of sodium nitrite under acidic conditions—could
generate nitrosamines as by-products, highlighting
the need for vigilant impurity risk assessment(131).

In response, companies implemented retrospective
impurity profiling, adjusted synthetic routes, and
adopted advanced analytical methods like LC-
HRMS to detect nitrosamines at parts-per-trillion
levels(132). Regulatory agencies mandated control
strategies and batch testing, underscoring the
importance of robust impurity control systems(7).

Another case involves alkyl sulfonates, known
GTIs, that may form during sulfonation
reactions(133). In one instance, a pharmaceutical
company revised its synthetic pathway and added
purification steps after detecting
methylmethanesulfonate (MMS) at levels exceeding
the TTC(134).

These case studies illustrate real-world challenges in
identifying, controlling, and validating GTIs(135).
They demonstrate the critical role of ICH M7
compliance in silico tools, sensitive analytical
techniques, and cross-functional collaboration in
ensuring product safety. Lessons learned from such
cases continue to shape regulatory expectations and
industry practices(136).

Impurity Profiling in Biopharmaceuticals and
Advanced Therapies

Biologics: Proteins, Peptides, and Monoclonal
Antibodies

Impurity profiling in biologics—such as therapeutic
proteins, peptides, and monoclonal antibodies—is a
critical component of product quality and safety
assessment(137). These biologics are typically
produced through recombinant DNA technology in
living host cells (e.g., CHO cells, E. coli), which
inherently introduces process-related and product-
related impurities(138). Product-related impurities
include truncated forms, aggregates, misfolded
species, and degraded products. Process-related
impurities arise from host cells and manufacturing
steps, such as residual host cell proteins (HCPs),
DNA, media components, and purification
reagents(139). Accurate characterization of these
impurities is vital, as even low levels can provoke
immune responses or reduce efficacy(140).
Advanced analytical tools, including high-resolution
mass spectrometry, capillary electrophoresis, and
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ELISA, are employed to detect and quantify these
impurities  with  precision(141).  Regulatory
authorities mandate stringent impurity thresholds
and comprehensive risk assessments. As biologics
are often structurally complex and sensitive to
manufacturing variations, impurity profiling must be
performed throughout the product lifecycle,
including during scale-up and post-approval
changes(7). Continuous development of orthogonal
and sensitive methods is essential to ensure
consistency, safety, and therapeutic equivalence,
particularly with the growing presence of
biosimilars(142). Overall, impurity profiling in
biologics is indispensable for ensuring patient safety
and regulatory compliance(143).

Impurities in Gene Therapy and Cell-Based
Products

Gene therapies and cell-based treatments introduce
unique impurity challenges due to their complex and
living nature. These therapies often involve viral
vectors (e.g., AAV, lentivirus) or modified cells (e.g.,
CAR-T cells), each bringing distinct
impurities(144). In gene therapy, impurities include
residual plasmid DNA, host cell proteins, helper
virus sequences, and incomplete or empty viral
capsids. These can impact efficacy and pose
immunogenic or oncogenic risks(145). In cell-based
therapies, impurities stem from culture media
components, feeder cells, cytokines, residual
process reagents (e.g., transduction agents), and
dead or undesired cells(146). Unlike traditional
pharmaceuticals, these products exhibit high
variability, and impurity levels may shift during
manufacturing or storage. Rigorous impurity
profiling is essential to define acceptable limits,
ensure reproducibility, and mitigate safety
concerns(147). Analytical techniques such as gPCR
(for DNA), ELISA (for proteins), and flow
cytometry (for cellular impurities) are widely used.
Regulatory agencies require extensive
characterization of starting materials, process steps,
and final products(148). The dynamic and evolving
landscape of advanced therapies demands flexible,
robust impurity detection strategies(149). Moreover,
with personalized medicine becoming more
prevalent, establishing impurity profiles for patient-
specific products is an emerging challenge(150).
Accurate impurity profiling supports not only
product approval but also public confidence in these
novel therapies(151).

Host Cell Protein (HCP) and DNA Contaminants
Host cell proteins (HCPs) and residual DNA are
critical process-related impurities in biologics and
advanced therapies. HCPs are endogenous proteins
from the expression host (e.g., CHO, E. coli) that
may co-purify with the desired product(152). They
can affect product stability, cause immunogenic
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reactions, or interfere with therapeutic efficacy.
Residual DNA, derived from the host genome, may
raise concerns about oncogenicity or horizontal gene
transfer(153). Regulatory guidelines, such as those
from ICH and FDA, set strict limits for both:
typically, residual DNA should not exceed 10
ng/dose, and HCPs must be minimized to levels that
pose no risk(154). Detection and quantification
require highly sensitive and specific assays. ELISA
remains the gold standard for HCP detection, though
mass spectrometry is increasingly used for
comprehensive profiling(155). qPCR is commonly
employed for residual DNA quantification due to its
high sensitivity. The challenge lies in the
heterogeneity of HCPs and the potential for
immunogenic proteins to be present even at trace
levels(156). Effective upstream and downstream
processing, along with robust in-process controls,
are necessary to manage these contaminants(157).
Continuous monitoring and validation ensure that
therapeutic products meet safety standards and
maintain batch-to-batch consistency, essential for
regulatory compliance and patient safety(143).
Impurities in Green and Continuous
Manufacturing

New Synthetic Routes and Impurity Control
Traditional batch synthesis often involves multiple
steps with intermediate isolation, increasing the risk
of cumulative impurities(158). New synthetic
pathways, particularly those involving catalytic
processes, biocatalysis, or flow chemistry, may
reduce step count and solvent use, but they also
necessitate a revised understanding of impurity
formation(159). For example, impurities may arise
from catalyst degradation, alternative reaction
pathways, or unintended interactions with green
solvents or reagents(160). Advanced tools like LC-
MS/MS, NMR, and high-resolution
chromatography are essential for detecting and
profiling these unknown impurities early in route
development(83). Risk-based impurity control
strategies, aligned with ICH QIl1 and Q3A/B
guidelines, are critical for defining specifications
and ensuring product safety. Synthetic innovation
must be balanced with rigorous impurity profiling
throughout process development(121). Regulatory
expectations emphasize that even for novel
processes, comprehensive knowledge of impurity
formation and fate is essential(161). Ultimately,
designing efficient synthetic routes with in-built
impurity control can reduce manufacturing costs,
environmental impact, and regulatory hurdles,
making this a vital component of modern
pharmaceutical development(162).

Role of Green Chemistry
Impurities
Green chemistry principles aim to design chemical

in Minimizing
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processes and products that reduce or eliminate the
generation of hazardous substances, including
impurities(163). By replacing toxic reagents and
solvents with safer, more selective alternatives,
green chemistry inherently minimizes impurity
formation at the source(164). Atom economy,
energy efficiency, and the use of renewable
feedstocks help streamline reactions and reduce
byproduct generation(165). For example, employing
biocatalysts or organocatalysts instead of heavy
metals can limit metal impurities and offer milder
reaction  conditions that prevent thermal
degradation(166). Additionally, green solvents like
ethanol or supercritical CO: contribute to cleaner
reactions and fewer side products compared to
traditional organic solvents(167). The integration of
green chemistry into pharmaceutical manufacturing
not only enhances sustainability but also simplifies
downstream purification and regulatory compliance
by reducing impurity load(168). Analytical tools
such as real-time reaction monitoring, PAT (Process
Analytical Technology), and QbD (Quality by
Design) approaches help implement green chemistry
principles effectively(169). Moreover, embracing

green  methodologies aligns with  global
sustainability goals and the increasing regulatory
push  toward  environmentally  responsible

manufacturing(170). Overall, green chemistry not
only benefits the environment but also plays a
proactive role in minimizing impurities, ensuring

safer and more efficient pharmaceutical
production(171).

Continuous Manufacturing: Challenges and
Monitoring

Continuous manufacturing (CM) is transforming
pharmaceutical production by replacing traditional
batch methods with streamlined, real-time
processing(172). While CM offers advantages such
as increased efficiency, reduced footprint, and
consistent product quality, it also presents unique
challenges in impurity monitoring and control(90).
One key issue is the potential for impurity
accumulation  during  prolonged  operation,
particularly if there are undetected deviations in raw
material quality or process parameters(173).
Additionally, integrating multiple unit operations in
a seamless, uninterrupted flow  requires
sophisticated control systems and real-time analytics
to promptly identify and mitigate impurity
formation(174). Techniques such as near-infrared
(NIR) spectroscopy, Raman spectroscopy, and
online chromatography are employed as part of
Process Analytical Technology (PAT) frameworks to
continuously monitor critical quality attributes
(CQAs), including impurities(175). Establishing
steady-state conditions and ensuring robustness
against disturbances are essential to prevent
impurity spikes. Regulatory agencies support CM,

Journal of Molecular Science

Volume 36 Issue 1, Year of Publication 2026, Page 91-109

100

DolI-10.004687/1000-9035.2026.013

but they require thorough validation of impurity
control strategies, including residence time
distribution and risk assessment(176). Unlike batch
processes, where impurity evaluation occurs post-
production, CM necessitates proactive, in-line
impurity monitoring(177). Despite these challenges,
CM holds great promise for improving
pharmaceutical quality and reducing costs when
coupled with smart, real-time impurity control
strategies(178).

Computational and Predictive Tools

In Silico Toxicology

In silico toxicology refers to the wuse of
computational models to predict the toxicological
behaviour of pharmaceutical impurities based on
their molecular structure and physicochemical
properties(179). These models play a crucial role in
early impurity assessment, especially when
experimental toxicity data is limited or
unavailable(180). Tools such as QSAR (Quantitative
Structure—Activity Relationship), DEREK Nexus,
and Toxtree use databases of known toxic
compounds and structural alerts to evaluate the
likelihood of mutagenicity, carcinogenicity, and
other toxic effects. The ICH M7 guideline
encourages the use of in silico toxicology for
assessing genotoxic impurities during drug
development. These tools allow for rapid screening
and prioritization of impurities, helping developers
focus  experimental testing on  high-risk
compounds(181). In silico methods also align with
ethical goals by reducing animal testing and
supporting the 3Rs principles. However, their
predictions depend heavily on the quality and
coverage of training data, and expert interpretation
is necessary to address uncertainties(182). In silico
toxicology is most effective when integrated with
experimental studies and risk assessment
frameworks(183). Overall, it serves as a valuable
predictive approach to identify and manage toxicity
risks, ensuring safety and compliance while
expediting pharmaceutical development(7).

Cheminformatics for Impurity Prediction

Cheminformatics utilizes computational tools and
databases to analyze chemical structures, reactions,
and properties, offering significant value in
predicting impurities during drug
development(184). It enables scientists to model and
simulate synthetic reactions and degradation
pathways to forecast possible impurity profiles
before conducting lab-scale experiments(185). This
predictive capability helps identify structurally
related impurities, potential degradants, and by-
products that could arise under specific
conditions(90). Software platforms like Meteor
Nexus, Zeneth, and CASE Ultra employ rule-based
and knowledge-based algorithms to predict
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transformation products based on chemical
reactivity and historical data(186). Cheminformatics
tools assist in visualizing chemical space, clustering
similar impurity structures, and flagging compounds
with  toxicophores. They support regulatory
submissions by providing scientific justifications for
impurity identification and control(187). The
integration of cheminformatics with quality by
design  (QbD) principles enhances process
understanding and mitigates impurity risk.
Furthermore, cheminformatics accelerates impurity
profiling in stability studies and forced degradation
tests by guiding analytical method
development(188). As digital chemistry continues to
evolve, cheminformatics is becoming increasingly
essential for building robust impurity control
strategies, optimizing synthetic routes, and reducing
the likelihood of unforeseen toxic impurities. Its
application ensures more efficient, cost-effective,
and compliant drug development processes(189).

AI/ML in Impurity Data Analysis and Risk
Assessment

Artificial Intelligence (Al) and Machine Learning
(ML) are transforming impurity profiling by
providing advanced analytical capabilities that
surpass traditional statistical methods. These
technologies can process large, complex datasets
generated from manufacturing processes, analytical
methods, and historical quality records to uncover
hidden patterns, correlations, and trends associated
with impurity formation(190). Al algorithms can
predict impurity levels based on variations in
process parameters, enabling early intervention and
process optimization. ML models, such as decision
trees, support vector machines, and neural networks,
are used for classification, clustering, and regression
tasks related to impurity data(191). For instance, ML
can identify spectral anomalies in chromatographic
or spectroscopic data that signal unknown
impurities. Al tools also support risk assessment by
quantifying the probability and severity of impurity-
related failures. Platforms like TensorFlow, KNIME,
and MATLAB facilitate the development of
customized models tailored to specific production
processes. In regulatory contexts, Al enhances the
robustness of control strategies by providing data-
driven evidence for impurity specifications and
justifications(192). However, model interpretability,
validation, and data quality remain critical
challenges for regulatory acceptance. As Al and ML
continue to mature, their integration into real-time
monitoring systems and decision-support tools will
revolutionize impurity control, ensuring higher
product  quality, safety, and regulatory
compliance(190).

Challenges and Limitations
Analytical Sensitivity and Specificity
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One of the foremost challenges in impurity profiling
is achieving adequate analytical sensitivity and
specificity. Sensitivity refers to the ability to detect
trace levels of impurities, while specificity denotes
the capacity to distinguish impurities from the active
pharmaceutical ingredient (API) and other matrix
components(24). Many impurities, particularly
genotoxic or process-related ones, exist at parts-per-
million (ppm) or parts-per-billion (ppb) levels,
necessitating highly sensitive instruments like high-
resolution mass spectrometry (HRMS), ultra-high-
performance liquid chromatography (UHPLC), or
tandem MS techniques. However, achieving both
high sensitivity and specificity simultaneously is
often difficult, especially in complex formulations.
Co-elution of impurities or matrix interference can
lead to false positives or masked analytes(193).
Specificity issues are more pronounced in biologics
and advanced therapies due to the complexity and
similarity of molecular structures. Method
development must be rigorous, and often orthogonal
methods are required to confirm findings(143).
Additionally, the performance of these techniques
may degrade over time or vary between instruments,
affecting  reproducibility. ~ These limitations
necessitate robust validation protocols and
continuous monitoring(76). Ultimately, limitations
in analytical sensitivity and specificity can
compromise impurity identification and
quantification, potentially affecting product safety
and regulatory compliance(21).

Sample Preparation Issues

Sample preparation is a crucial step in impurity
profiling, as it directly impacts the accuracy,
reproducibility, and sensitivity of analytical results.
However, it remains a significant challenge due to
the diverse chemical nature of impurities and the
complexity of pharmaceutical matrices(24).
Improper or inconsistent sample preparation can
lead to degradation of analytes, loss of trace
impurities, or introduction of artifacts. For example,
volatile impurities may be lost during evaporation or
extraction, while insoluble materials can lead to
inconsistent sampling(194). Matrix effects can also
suppress or enhance impurity signals, especially in
biological products where proteins, lipids, and
excipients complicate analysis. Sample clean-up
techniques like solid-phase extraction (SPE), liquid-
liquid extraction (LLE), or protein precipitation
must be carefully optimized for recovery and
reproducibility(195). The need to process multiple
samples quickly in high-throughput environments
further adds to the complexity. In addition, manual
preparation introduces variability and increases the
risk of human error(196). Automation can mitigate
some of these issues, but requires significant
investment and method revalidation. Inadequate
sample preparation not only affects impurity
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detection but also undermines method validation and
regulatory acceptance. Therefore, meticulous
planning, standardization, and validation of sample
preparation protocols are essential for reliable
impurity profiling(24).

Lack of Standards and Reference Materials

The lack of well-characterized impurity standards
and certified reference materials poses a substantial
limitation in impurity profiling. Accurate
identification and quantification of impurities rely
heavily on the availability of authentic standard(4).
However, for many process-related or degradation
impurities—especially new or unexpected ones—
standards may not exist or are challenging to
synthesize and purify. Without these materials,
establishing method linearity, sensitivity, and
accuracy becomes difficult(97). This is particularly
problematic for structurally complex impurities or
those found in trace amounts. The absence of
standards also hinders the confirmation of impurity
identity, forcing reliance on indirect techniques like
mass spectral fragmentation or retention time
comparison(90). Moreover, regulatory submissions
require robust validation data, which is challenging
to produce without reference compounds. In
biologics and gene therapies, the challenge is even
more pronounced due to the complexity of potential
impurities, including host cell proteins and nucleic
acid fragments, for which reference materials are
scarce or poorly defined(152). Collaborative efforts
among industry, academia, and regulatory agencies
are underway to expand the library of reference
materials, but gaps remain. Until then, the lack of
standards continues to impede method validation,
compromise data reliability, and delay regulatory
approvals.

Data Interpretation Complexities

Data interpretation in impurity profiling is
inherently complex, especially when dealing with
high-resolution and multi-dimensional
datasets(197). Analytical techniques such as LC-
MS/MS, NMR, and capillary -electrophoresis
generate large volumes of data that require expert
analysis to differentiate true impurities from
background noise, artifacts, or excipients(147).
Challenges include deconvolution of overlapping
peaks, assignment of fragment ions, and
identification of unknowns without reference
spectra. Additionally, the presence of multiple
isomers or structurally similar compounds
complicates spectral interpretation and impurity
attribution(90). In biologics, post-translational
modifications and product heterogeneity add further
layers of complexity. Automated software tools can
assist in processing data, but they often require
manual validation and may misinterpret critical
signals(198). Furthermore, integrating data from
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orthogonal techniques for comprehensive impurity
profiling demands multidisciplinary expertise in
analytical ~ chemistry,  bioinformatics,  and
cheminformatics. Misinterpretation of data can lead
to incorrect impurity classification, affecting safety
assessments and regulatory compliance. Ensuring
consistency across laboratories and analysts is

another major hurdle, particularly in global
development programs(7). To address these
challenges, robust training, standardized data

analysis protocols, and validated software tools are
essential. Ultimately, the complexity of data
interpretation remains a bottleneck that limits the
speed and accuracy of impurity assessment in
modern pharmaceutical development(199).

Future Perspectives

Integration of Digital Tools and Automation

The future of impurity profiling lies in the seamless
integration of digital tools and automation across the
analytical workflow(90). Digital transformation in
pharmaceutical quality control includes the use of
laboratory  information —management systems
(LIMS), electronic lab notebooks (ELNs), and real-
time data analytics, enhancing traceability,
consistency, and decision-making(200). Automation
minimizes manual errors and increases throughput
by standardizing sample preparation, data
acquisition, and analysis. Coupling these tools with
advanced  analytics—such as  Al-powered
algorithms—enables rapid identification of impurity
trends and real-time release testing(192). Digital
twins and predictive modeling further support
process control by simulating impurity formation
under various conditions. These innovations
contribute to Quality by Design (QbD) and Process
Analytical Technology (PAT) frameworks, ensuring
robust impurity control throughout the product
lifecycle. As regulatory bodies begin to recognize
the value of digital systems, there is a shift toward
data-centric submissions and cloud-based quality
assurance  platforms.  However,  successful
implementation requires investment in
infrastructure, staff training, and validation of digital
tools under Good Manufacturing Practice (GMP)
regulations(111). In the long term, digitalization and
automation promise greater efficiency,
reproducibility, and regulatory = compliance,
positioning pharmaceutical companies to manage
impurity risks more proactively and sustainably(7).

Personalized Impurity Profiling (Patient-Specific
Medications)

As personalized medicine gains momentum,
impurity profiling must also evolve to address
patient-specific therapies such as individualized
gene and cell therapies, customized biologics, and
on-demand compounding(201). These therapies are
tailored to a patient’s genetic or immunological
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profile, leading to highly customized production
processes that inherently vary in scale, materials,
and manufacturing conditions. Such variability
introduces unique impurity profiles not observed in
conventional  large-scale = manufacturing(202).
Impurity risk assessment for patient-specific
products must therefore be more agile, incorporating
rapid analytical methods and predictive tools to
evaluate impurities in real time. Additionally, trace-
level impurities may have a greater clinical impact
in personalized settings, especially when dealing
with immunogenic responses or rare metabolic
pathways. The future will likely involve
microfluidic and portable analytical technologies, as
well as Al-driven modeling, to support near-patient
or decentralized manufacturing. Regulatory
frameworks must also adapt to allow flexible
impurity specifications and streamlined approvals
for individualized treatments(7). Ultimately, the
move toward personalized impurity profiling aims to
ensure safety, efficacy, and quality in a new era of
precision  medicine, where one-size-fits-all
approaches are no longer adequate. This paradigm
shift demands innovation in both analytical science
and regulatory policy to support truly patient-centric
healthcare(203).

Regulatory Science Advancement

Advancing regulatory science is essential for the
future of impurity profiling, especially as novel
therapies, complex biologics, and innovative
manufacturing techniques continue to emerge.
Regulatory science focuses on developing new
tools, standards, and approaches to assess product
safety, quality, and efficacy more effectively. In
impurity profiling, this includes adopting predictive
toxicology, Al-based data analysis, and real-time
monitoring systems into regulatory frameworks.
Agencies such as the FDA, EMA, and PMDA are
increasingly ~ supportive  of  science-driven
approaches, offering guidance on emerging
technologies and encouraging early engagement
through programs like the FDA’s Emerging
Technology Program(28). Regulatory science
advancement also promotes risk-based evaluations,
reducing unnecessary testing for well-characterized
impurities while strengthening oversight of
unknown or high-risk entities(131). There is a
growing focus on lifecycle management, where
continuous monitoring and data analytics inform
real-time  decisions on  impurity  control.
Additionally, regulatory science helps harmonize
expectations across global agencies and provides
clarity on the acceptability of digital and
computational tools(204). Continued investment in
regulatory science—through academic
collaborations, regulatory innovation centers, and
cross-industry initiatives—will be pivotal in
supporting the safe, efficient, and agile development
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Need for Global Harmonization

Global harmonization of impurity profiling
standards is increasingly critical in a pharmaceutical
industry that operates across international borders.
Discrepancies among regulatory authorities—such
as the FDA, EMA, PMDA, and CDSCO—regarding
impurity limits, analytical method requirements, and
documentation can lead to delays, increased
development costs, and redundant testing(126).
Harmonization ensures consistency in impurity
evaluation, risk assessment, and reporting across
regions, facilitating faster global drug approvals and
reducing regulatory burden(7). Efforts by the
International Council for Harmonisation (ICH),
particularly through guidelines like ICH Q3A/B,
Q6A, and M7, have laid a foundational framework.
However, challenges remain, especially for
emerging modalities like gene therapies, biologics,
and continuous manufacturing, where regulatory
consensus is  still  evolving(122).  Future
harmonization should focus on aligning analytical
validation parameters, acceptance criteria for
genotoxic impurities, and expectations for digital
data submissions. Collaborative forums and
international working groups must continue to
bridge gaps and foster mutual recognition of
data(95). Global harmonization also enhances
patient safety by ensuring consistent quality
standards irrespective of geography(205). As
pharmaceutical innovation accelerates, achieving
regulatory convergence is not just beneficial—it is
essential for ensuring timely access to safe, high-
quality medicines worldwide(7).

CONCLUSION:

Impurity profiling is no longer a peripheral aspect of
pharmaceutical development but a central pillar of
quality  assurance, safety, and regulatory
compliance. As the complexity of drug products
increases—with the rise of biologics, personalized
therapies, and continuous manufacturing—the
challenges associated with impurity detection,
characterization, and control have intensified. This
review highlights that a multifaceted approach
combining advanced analytical tools, predictive
computational models, and evolving regulatory
frameworks is essential for effective impurity

management.  Addressing  the gaps in
standardization, analytical sensitivity, and data
interpretation requires continuous innovation,
investment in  infrastructure, and  global
harmonization  of  regulatory  expectations.
Furthermore, = embracing  green  chemistry,

automation, and real-time monitoring can transform
impurity control into a dynamic, sustainable, and
efficient process. As we move into a future defined
by precision medicine and rapid technological
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change, impurity profiling must evolve into a more

personalized,

agile, and digitally integrated

discipline, ensuring that drug products remain not
only effective but also safe for every patient,
everywhere.
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