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ABSTRACT

The management of pharmaceutical impurities represents a cornerstone of safety and efficacy evaluation in modern generic drug development. As global regulatory
standards continuously evolve, generic pharmaceutical manufacturers are required to establish robust strategies for identifying, quantifying, and controlling
impurities across complex supply chains and production environments. This comprehensive review article evaluates the contemporary regulatory landscape
governing organic, inorganic, mutagenic, and elemental impurities. It provides a detailed comparison of guidance frameworks issued by the International Council
for Harmonisation (ICH), the United States Food and Drug Administration (US FDA), the European Medicines Agency (EMA), and India’s Central Drugs Standard
Control Organization (CDSCO). Particular emphasis is placed on recent crises, such as nitrosamine contaminations, which have rewritten the paradigms of proactive
risk assessment and sophisticated analytical monitoring using state-of-the-art technologies including LC-MS/MS and ICP-MS. By analyzing the interplay between
advanced analytical methodologies, risk assessment matrices, and lifecycle control mechanisms, this paper outlines actionable pathways for generic manufacturers
to streamline compliance, mitigate regulatory bottlenecks, and guarantee consumer safety globally.
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1. Introduction

The generic pharmaceutical industry plays a transformative role in global public healthcare systems by offering cost-effective alternatives to innovator
reference products. However, maintaining the exact therapeutic equivalence, quality profile, and safety standards remains an absolute mandate for
approvals. Impurities in generic drugs represent any unwanted chemical entity that remains within the active pharmaceutical ingredient (API) or develops
during the formulation lifecycle, storage, or transport. The historical development of pharmaceutical regulations emphasizes that unmonitored impurities
can lead to severe toxicological hazards, sub-therapeutic outcomes, or immunogenic responses in patients. [1], [2], [3]

With the rapid expansion of globalized sourcing networks, raw materials and advanced intermediates move across multiple jurisdictions before final
dosage form manufacturing. This interconnected supply chain expands the risk surface for unexpected contamination events. Regulators worldwide have
tightened the requirements, demanding deeper analytical characterization and structural elucidation of trace impurities, even below standard threshold
values. Understanding the chemical origins, synthesis dynamics, and degradation kinetics of impurities is essential for generic developers seeking to
submit successful Abbreviated New Drug Applications (ANDAS) or equivalent dossiers. [4], [5], [6], [7]

The introduction of international harmonization processes under the ICH banner has laid a profound foundation for common technical documents and
uniform data standards. Nevertheless, regional interpretation differences, distinct enforcement timelines, and locally prevalent environmental
contamination vectors mean that a unified, multi-market regulatory approach is indispensable for global generic pharmaceutical pipelines. [8], [9]


http://www.ijarpr.com/
mailto:shraddhajagtap1283@gmail.com

International Journal of Advance Research Publication and Reviews, Vol 3, Issue 10, pp 222-232, October, 2026 223

2. Overview of Pharmaceutical Impurities

Pharmaceutical impurities are defined as foreign substances that are present in APIs or finished drug products that do not contribute to the intended
therapeutic efficacy. Their presence can be attributed to multiple pathways: starting materials, chemical reagents, side reactions during chemical synthesis,
manufacturing equipment degradation, environmental exposure, and interaction with container closure systems. Developing a comprehensive
understanding of these pathways constitutes the primary phase of an effective control strategy. [10], [11], [12], [13], [14]

In generic drug development, manufacturers often rely on alternative non-infringing synthetic routes to bypass innovator patents. These alternative
synthetic routes frequently introduce novel reaction parameters, unique catalysts, different solvents, and distinct intermediate steps. Consequently, the
resulting impurity profile of a generic API can vary dramatically from that of the reference listed drug (RLD). Identifying these brand-new, non-
characterized chemical entities demands meticulous analytical scrutiny and comparative profiling to ensure they do not introduce unknown toxicological
profiles. [15], [16], [17], [18], [19]

3. Classification of Impurities

According to the foundational ICH guidelines (specifically Q3A and Q3B), impurities are classified based on their nature and origin into three prominent
categories: Organic Impurities, Inorganic (Elemental) Impurities, and Residual Solvents. Each class possesses separate chemical behaviors and requires
distinct threshold limits for identification, reporting, and qualification. [20], [21], [22], [23]

Table 1: Classification of pharmaceutical impurities

Impurity Category Primary Sources Examples / Key Chemical Regulatory Frameworks

Classes

Organic Impurities Starting materials, synthetic Stereoisomeric impurities, ICH Q3A(R2) (APIs), ICH
intermediates, by-products, polymorphic transformation Q3B(R2) (Finished
degradation products, artifacts, dimeric Products)
reagents. degradation compounds.

Inorganic / Elemental Catalysts, structural Heavy metals, platinum- ICH Q3D(R2), USP <232>,

Impurities components of processing group metals (Pd, Pt), USP <233>, EP Chapter
machinery, deliberately processing reagents like 2.4.20
added reagents, Arsenic, Lead, Cadmium.

environmental vectors.

Residual Solvents Solvents used during active Class 1 (Avoid: Benzene), ICH Q3C(R8), USP <467>
crystallization, extraction Class 2 (Limit: Acetonitrile),
steps, washing steps, or Class 3 (Low risk: Ethanol).

coating processes.

Organic impurities can be process-related or degradation-related. Process-related organic impurities are typically stable chemical structures that occur
due to incomplete reactions or unexpected side-channel kinetics. Degradation products, conversely, form continuously over the product shelf life due to
environmental exposures such as heat, humidity, oxygen, or UV light exposure. Residual solvents are categorized into three distinct classes based on their
patient toxicity risk, with Class 1 solvents strictly prohibited due to their known human carcinogenicity. [24], [25], [26], [27]

4. Regulatory Risk Assessment

Regulatory risk assessment is an ongoing, science-based process that generic manufacturers must embed deeply into their product lifecycle. The
systematic evaluation allows developers to predict vulnerability points before validation batches are manufactured. The primary step involves an
exhaustive Quality Risk Management (QRM) framework as outlined by the ICH Q9 guideline. This involves hazard identification, risk analysis, risk
evaluation, and reduction steps. [28], [29], [30], [31], [32]

The application of failure mode and effects analysis (FMEA) to chemical manufacturing processes helps identify high-risk steps where impurities could
form or fail to be cleared. By establishing the 'Purge Factor' for process impurities, manufacturers can mathematically demonstrate that an impurity
introduced or formed in an early synthetic step is consistently destroyed or separated during subsequent crystallization and purification stages, reducing
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the burden of routine end-product release testing. [33], [34], [35], [36], [37]

5. Nitrosamine Impurities

The sudden discovery of N-nitrosodimethylamine (NDMA) and other nitrosamine compounds in widely prescribed generic medications, including
valsartan, ranitidine, and metformin, precipitated a profound paradigm shift in international pharmaceutical regulation. Nitrosamines are classified as
potent genotoxic carcinogens belonging to the 'Cohort of Concern' under ICH M7 guidelines. Their acceptable intake levels are established in nanogram
quantities, significantly lower than traditional thresholds applied to normal organic impurities. [38], [39], [40], [41]

The root causes of nitrosamine formation are highly multifaceted. They can form during chemical synthesis when secondary or tertiary amines react with
nitrites in acidic conditions. Crucially, contaminations can also stem from recycled solvents contaminated by vendor recycling loops, cross-contamination
on shared multi-product manufacturing lines, and interactions between nitrogen-containing active substances and excipients containing trace nitrite
impurities (such as microcrystalline cellulose or magnesium stearate). [42], [43], [44], [45]

6. Elemental Impurities

Elemental impurities present in generic products pose serious chronic toxicological risks to consumers, including neurotoxicity, nephrotoxicity, and
immunotoxicity. The implementation of the ICH Q3D guideline shifted the evaluation of heavy metals from an outdated, non-specific colorimetric
chemical test (the historic heavy metals wet-chemistry test) to an advanced risk-based, element-specific assessment framework based on the actual
Permitted Daily Exposure (PDE) limits of individual elemental elements across different routes of administration. [46], [47], [48], [49]

Generic drug manufacturers must systematically analyze three major sources of elemental contamination: the drug substance manufacturing process
(catalysts like palladium, platinum, or nickel), the manufacturing equipment (leaching of iron, chromium, or nickel from stainless steel vessels), and the
container closure system (leaching of elements from glass vials or rubber stoppers). A formal risk evaluation determines whether components must
undergo routine batch testing based on whether the cumulative elemental levels remain consistently below 30% of the designated PDE threshold. [50],
[51], [52], [53]

7. Genotoxic Impurities

Genotoxic or mutagenic impurities are defined as chemical agents capable of inducing direct DNA damage, potentially leading to chromosomal mutations
and increasing long-term cancer risk. The assessment of these high-risk compounds is strictly standardized globally under the provisions of the ICH M7
guideline. Unlike traditional threshold-based organic impurities, genotoxic impurities are regulated based on a Threshold of Toxicological Concern (TTC)
model, which defines a maximum acceptable daily intake of 1.5 micrograms per day for lifetime exposures. [54], [55], [56], [57]

The ICH M7 workflow requires an initial computational toxicology assessment utilizing two complementary Quantitative Structure-Activity Relationship
(QSAR) models: one expert rule-based model and one statistical-based model. If an impurity exhibits structural alerts for mutagenicity, it must either be
qualified via an in vitro bacterial reverse mutation assay (Ames Test) or controlled through highly rigorous downstream process purge mechanisms or
ultra-sensitive release testing methods. [58], [59], [60], [61]

Table 2: Nitrosamine, elemental & genotoxic impurities — sources, risks, limits

Impurity Type Major Contamination Associated Toxicological Standard Regulatory

Sources Risks Limits

Nitrosamine Impurities Nitrites reacting with Potent mutagenic and Extremely low limits based
secondary/tertiary amines, carcinogenic effects; on Acceptable Intake (Al)
recycled solvent loops, trace classified strictly within the (e.g., NDMA limit is 96
nitrates in excipients. high-priority Cohort of ng/day).

Concern.

Elemental Impurities Mining contamination of Severe systemic toxicity, Route-dependent Permitted
minerals, catalysts utilized neurological damage, Daily Exposure (PDE) (e.g.,
during synthesis, leaching nephrotoxicity, and Oral Lead: 5 pg/day, Cd: 15

from metallic equipment. bioaccumulation profiles. pg/day).
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Major Contamination Associated Toxicological Standard Regulatory
Sources Risks Limits

Impurity Type

Direct modification of
cellular DNA leading to
gene mutations and tumor
formation risks.

Reactive synthesis reagents,
highly active alkylating
agents, structural chemical
degradation pathways.

Controlled using the
Threshold of Toxicological
Concern (TTC) of 1.5
pg/day for chronic
exposures.

Genotoxic Impurities

8. Analytical Methods for Impurity Detection

The structural diversity and low trace concentrations of modern impurities necessitate highly advanced, robust analytical instrument platforms. Traditional
High-Performance Liquid Chromatography combined with Ultraviolet detection (HPLC-UV) remains the foundational workhorse for standard, higher-
level organic impurity isolation and routine stability analysis. However, it lacks the specificity and sensitivity required for mutagenic compounds or
complex element species. [62], [63], [64], [65]

For ultra-trace screening, Liquid Chromatography coupled with tandem Mass Spectrometry (LC-MS/MS) and Gas Chromatography-Mass Spectrometry
(GC-MS/MS) have become absolute regulatory necessities. These techniques provide outstanding detection resolution and sub-parts-per-billion (ppb)
quantification limits, which are mandatory for monitoring nitrosamine and mutagenic impurities. Simultaneously, Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) stands as the gold standard for multi-element analysis due to its unique capability to quantify Class 1, 2A, 2B, and 3 elemental
elements simultaneously in a single analytical injection run. [66], [67], [68]

Table 3: Analytical methods — HPLC, GC, LC-MS/MS, ICP-MS etc.

Analytical Technique

Primary Practical
Application

Core Advantages

Inherent Limitations

HPLC-UV / DAD

GC-FID / GC-MS

LC-MS/MS

ICP-MS

Routine organic impurity
detection, stability batch
monitoring, QC release
testing.

Quantification of volatile
organic impurities and
volatile Class 1/2/3 residual
solvents.

Trace quantification of
mutagenic compounds,
nitrosamines, drug

degradation structures.

Exhaustive multi-element
testing for ICH Q3D and
USP compliance profiles.

9. Global Regulatory Requirements

Cost-effective, highly
robust, widely available in
all production facilities
worldwide.

Excellent resolution for
small, volatile molecules,
reproducible gas phase
kinetics.

Sub-ppb sensitivity levels,
extraordinary specificity,
simultaneous structural mass
determination.

Ultra-trace detection limits
for heavy metals, high linear
dynamic range,
simultaneous screening.

Lacks structural
identification capacity, poor
sensitivity for non-
chromophoric analytes.

Limited strictly to thermally
stable, volatile compounds;
cannot separate large
biomolecules.

Very high initial instrument
capital costs, requires highly
skilled mass spectrometry
operators.

Demands high-purity matrix
digestion, destructive
sample preparation via hot
microwave acid treatment.

Navigating the multi-jurisdictional landscape of impurity management represents one of the major compliance exercises for generic companies. Although
the foundational science of chemistry remains identical across the globe, the administrative timelines, dossier expectations, and regulatory review
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procedures differ extensively between regional regulatory authorities. [69], [70], [71]

* ICH (International Council for Harmonisation): Establishes the harmonized baseline standards across major global regions through specific quality
guidance series (Q3A, Q3B, Q3C, Q3D) and safety series (M7). [72], [73]

» US FDA (United States Food and Drug Administration): Enforces some of the world's most rigorous ANDA review standards. It issues localized
guidance documents, such as specific guidance for nitrosamine monitoring. [74], [75]

* EMA (European Medicines Agency): Utilizes a decentralized or mutual recognition framework across European Union states. It heavily utilizes the
European Pharmacopoeia (Ph. Eur.). [76], [77]

* CDSCO (Central Drugs Standard Control Organization - India): Acts as the central authority for India's massive generic manufacturing sector,
continuously aligning standards with international ICH thresholds. [78], [79]

Table 4: ICH vs US FDA vs EMA vs CDSCO impurity requirements

Regulatory Body Core Guidelines Followed Nitrosamine Assessment Key Local Enforcement

Strategy Tool

ICH Q3A-Q3D, M7 guidelines Standardized framework via Consensus guideline updates
form global consensus. M7; focus on acceptable adopted globally by
limits based on toxicological regulatory steering
studies. committees.
US FDA ICH Guidelines + localized Mandates formal 3-step risk ANDA complete response
FDA guidance documents. assessments for all human letters (CRLs), FDA Import
drugs; tight limits on Alerts, and Form 483
NDMA/NDEA. inspection citations.
EMA ICH Guidelines + European Enforces Article 31 review Marketing Authorization
Pharmacopoeia monographs. mandates; strict variations and mandatory
manufacturing root cause GMP non-compliance safety
investigation requirements. recalls.
CDSCO Indian Pharmacopoeia (IP) + Implementing phased risk State Licensing Authority

phased alignment with ICH.

reporting structures; tracking
global recall actions
proactively.

inspections, CDSCO alert
bulletins, and updated
Schedule M mandates.

10. Impurity Control Strategies in Generic Drugs

A lifecycle impurity control strategy represents a holistic, scientifically sound plan designed to ensure that individual impurities do not exceed approved
thresholds. The foundation relies upon the concept of Quality by Design (QbD). Rather than relying entirely on testing quality into the final batch, QbD
principles require generic developers to fully understand how variations in critical process parameters (CPPs)—such as temperature, mixing speed, pH,
and reaction duration—impact the formation of critical quality attributes (CQAs), including the chemical impurity profile. [80], [81], [82]

Advanced engineering controls involve the selection of premium-grade reaction solvents, strict physical qualification of excipient vendors to minimize
trace nitrates, and optimized multi-stage crystallization procedures to purge unwanted isomers. Additionally, the final container closure selection must
be carefully evaluated to prevent the migration of volatile or semi-volatile compounds from plastics, ink labels, or rubber linings into liquid or solid-state
drug matrices over time. [83], [84], [85]
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Table 5: Risk assessment — detection -> control strategy

Lifecycle Stage

Risk Assessment Activity

Detection & Evaluation
Methodology

Long-term Control
Strategy

Early Process R&D

Scale-up & Validation

Commercial Supply

Synthetic route mapping;
identification of potential
reactive by-products.

FMEA tracking of critical
process parameters (CPPs)
impacting impurity kinetics.

Post-marketing stability
evaluations; monitoring
vendor lot-to-lot variability.

QSAR software screening
for mutagenicity; initial
HPLC-UV profiling of pilot
batches.

Forced degradation studies;
spike recovery testing across
diverse process validation
runs.

Routine QC release testing
using validated HPLC/LC-
MS; annual product quality
reviews (APQR).

Selection of alternative
synthesis routes; raw
material screening criteria
specification.

Establishment of Proven
Acceptable Ranges (PARs)
and intermediate in-process
control tests.

Continuous process
verification, comprehensive
vendor audits, and periodic
re-validation runs.

11. Regulatory Challenges & Future Perspectives

The forward-looking management of pharmaceutical impurities presents continuous technical and operational challenges for generic drug manufacturers.
The relentless evolution of analytical sensitivity creates what is commonly known as the ‘analytical trap': as instruments become capable of detecting
impurities at parts-per-trillion levels, regulators naturally demand structural identification and toxicological justification for these newly visible peaks,
placing an escalating cost and timeline burden on generic drug developers. [86], [87], [88]

Looking forward, the global pharmaceutical landscape will increasingly embrace complex generic formulations, such as liposomes, polymeric micelles,
and inhalation suspensions. These sophisticated modalities feature intricate physical and chemical structures, making the separation and tracking of
impurities extremely challenging. Furthermore, the integration of real-time continuous manufacturing lines will require the implementation of advanced
Process Analytical Technology (PAT) tools, such as inline Near-Infrared (NIR) or Raman spectroscopy, to continuously track impurity generation without
halting production streams. [89], [90], [91]

To survive in this challenging environment, international industry groups are advocating for greater data sharing and the mutual recognition of regulatory
audits. Establishing true global convergence on impurity identification and acceptable qualification thresholds will ultimately accelerate patient access to

affordable, ultra-safe generic pharmaceuticals worldwide. [92], [93]

12. Conclusion

The management and control of pharmaceutical impurities represent a dynamic, scientifically rigorous challenge that spans the entire lifecycle of generic
drug development. The global regulatory landscape is characterized by increasing convergence through ICH channels, yet it simultaneously presents
distinct regional enforcement challenges that generic developers must navigate with precision. The historical lessons learned from the nitrosamine crises
have firmly established that reactive, end-product testing is no longer sufficient to guarantee safety. Instead, manufacturers must adopt proactive, risk-
based paradigms rooted in Quality by Design principles, comprehensive raw material screening, and state-of-the-art computational toxicology workflows.
Implementing ultra-sensitive analytical configurations like LC-MS/MS and ICP-MS is critical for achieving compliance with stringent global thresholds.
By establishing holistic lifecycle control strategies that integrate process purge mechanisms, strict vendor validation, and continuous process verification,
the generic pharmaceutical industry can continue to deliver affordable, high-quality, and completely safe therapeutic alternatives to public healthcare
systems around the globe.
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