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ABSTRACT: Genotoxic impurities (GIs) in pharmaceuticals pose a significant risk due to
their potential to induce DNA damage, mutations, and carcinogenesis even at trace levels.
Regulatory frameworks, including ICH M7 (R1), FDA, and EMA guidelines, have established
stringent impurity assessment and control strategies based on the Threshold of Toxicological
Concern (TTC) approach. This review explores the sources of GIs, including synthetic process-
related byproducts, degradation products, excipient interactions, and environmental
contaminants. The mechanisms of genotoxicity, encompassing DNA alkylation, chromosomal
aberrations, and oxidative stress, are discussed alongside structural alerts for impurity risk
prediction. Advanced analytical techniques such as LC-MS/MS, GC-MS, NMR, and in silico
modeling (DEREK, TOPKAT, MCASE) facilitate impurity detection and risk assessment.
Control strategies, including process optimization, solvent selection, purification techniques,
and green chemistry approaches, are key to mitigating impurity formation. Future directions
emphasize harmonization of global regulatory limits, Al-driven predictive toxicology, and
next-generation analytical methodologies for improved impurity management. This review
provides a comprehensive scientific framework for genotoxic impurity risk assessment,
control, and regulatory compliance, ensuring drug safety and quality.

KEYWORDS: Genotoxic impurities, Threshold of Toxicological Concern, impurity profiling,
analytical techniques, green chemistry.

INTRODUCTION:

Significance of Genotoxic Impurities in Pharmaceuticals.

Genotoxic impurities (GIs) are trace-level chemical contaminants present in pharmaceutical
products that have the potential to interact with DNA, leading to mutations, chromosomal
damage, and carcinogenesis. Unlike general impurities that may impact drug stability or
pharmacokinetics, GIs directly threaten patient safety due to their ability to cause irreversible
genetic alterations. Even at low concentrations, these impurities can significantly elevate the
risk of long-term toxicological effects. Thus, stringent regulatory control and advanced
analytical techniques are required to ensure adequate identification, quantification, and
elimination [1].

Historical Context and Impact of Genotoxic Impurities on Drug Safety

Historically, the pharmaceutical industry has encountered several incidents emphasizing the
critical need for impurity profiling and genotoxicity assessments. The thalidomide tragedy in
the 1960s was a pivotal moment that led to increased scrutiny of drug safety, despite its
teratogenic effects being unrelated to GIs. However, more direct examples include:

Diethylene Glycol Contamination (1937 & 1969): The presence of diethylene glycol as a
solvent in pharmaceutical formulations led to mass poisonings in the United States and South
Africa, causing acute renal toxicity and death.

Ethyl Methanesulfonate (EMS) in Nelfinavir (2007): The detection of EMS, a known
genotoxin, in an antiretroviral drug resulted in immediate market recalls and highlighted the
need for stringent impurity qualification.
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Nitrosamine Contamination in Sartans (2018-2020): The presence of N-nitrosodimethylamine
(NDMA) and N-nitrosodiethylamine (NDEA) in valsartan, ranitidine, and metformin prompted
widespread regulatory action, demonstrating the necessity of robust impurity control strategies.
These cases underscore the necessity of continuous monitoring and stringent regulatory
compliance to mitigate genotoxic risks in pharmaceutical manufacturing [2].

Regulatory Importance and Evolving Landscape

Regulatory agencies worldwide have established guidelines to manage genotoxic impurities,
with the International Council for Harmonisation (ICH) M7 (R1) being a cornerstone for global
impurity risk assessment. Key regulatory milestones include:

ICH M7 (R1) Guidelines: These guidelines introduced a Threshold of Toxicological Concern
(TTC) approach, setting permissible exposure limits for GIs based on lifetime carcinogenic
risk.

US FDA Guidance: Focuses on impurity control strategies and risk-based regulatory
frameworks.

European Medicines Agency (EMA): EMA enforces stringent limits for mutagenic impurities
and mandates genotoxicity testing for new drug applications.

These evolving frameworks underscore the industry's shift towards data-driven risk assessment

models, integrating in silico predictions, Ames tests, and advanced chromatographic techniques
or impurity qualification [3].

Shared International-
European Standards

ICH = @% EMA

Shared Transatlantic
International- Regulatory
US Standards Agreement

FDA

Figure 1: Global Alignment on Genotoxic impurity control
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Mechanisms of Genotoxicity and Structural Alerts

Genotoxicity is classified based on the nature of DNA damage and the mechanisms through
which chemical entities interact with genetic material. The primary modes of genotoxic action

include:

1. Mutagenicity: Direct modification of DNA bases leading to point mutations

2. Clastogenicity: Induction of chromosomal aberrations, including deletions,
translocations, and breaks.

3. Aneugenicity: Disruption of mitotic spindle function, leading to abnormal chromosome
segregation and aneuploidy.

Many genotoxic impurities are identified based on structural alerts (SAs)—chemical moieties
that are highly likely to induce DNA damage. These alerts do not guarantee genotoxicity, but
they necessitate further testing and risk assessment.

GTls can initiate or
promote cancer
development.

GTls cause Y
mutations in germ %
cells, affecting " A

future generations.

GTls interfere with
normal development,
causing birth
defects.

Developmental
Toxicity

Figure 2: Risks of Genotoxic impurities
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Table 1 Common Structural Alerts for Genotoxicity

Structural Class Example Compounds Genotoxic Mechanism
Epoxides Ethylene oxide DNA alkylation, mutagenicity
Aromatic Amines 2-Naphthylamine Bioactivation to reactive metabolites
Alkylating Agents | Methyl methanesulfonate Direct covalent DNA modification
Hydrazines Hydrazine sulfate Oxidative stress, DNA strand breaks
Aldehydes Formaldehyde, Acrolein Protein-DNA crosslinking
Nitrosamines NDMA, NDEA DNA alkylation and base modifications

These alerts are commonly screened using in silico models (e.g., DEREK, TOPKAT, Toxtree),
Ames mutagenicity tests, and in vitro genotoxicity assays to assess their biological impact [4].

Role of Analytical Methods and Risk Assessment

Given the minute concentrations at which GIs must be controlled (often in the parts-per-billion
range), highly sensitive and specific analytical techniques are required. The pharmaceutical
industry employs a combination of:

Chromatographic Techniques: High-performance liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS), and liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

Spectroscopic Methods: Nuclear magnetic resonance (NMR), UV-Vis spectroscopy, and
infrared (IR) spectroscopy.

Bioassays: Ames test, micronucleus assay, and comet assay for DNA damage detection.
These methodologies enable quantification, qualification, and mitigation of genotoxic
impurities, forming the backbone of regulatory compliance and risk management strategies [4].

SOURCES OF GENOTOXIC IMPURITIES

Genotoxic impurities (GIs) can originate from various sources throughout the pharmaceutical
lifecycle, including synthesis, degradation, excipient interactions, and external contamination.
Understanding these sources is critical for implementing effective risk mitigation strategies and
ensuring compliance with regulatory guidelines such as ICH M7 (R1). This section explores
the major contributors to genotoxic impurities and their impact on drug safety.

Synthetic Process-Related Impurities

The synthesis of active pharmaceutical ingredients (APIs) involves multiple chemical
reactions, often using reagents, catalysts, and solvents that can contribute to impurity
formation. These impurities may be introduced at different synthesis stages, either as residual

reactants, unintended byproducts, or carryover contaminants.

Carryover of Reagents, Intermediates, and Byproducts:
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Many genotoxic impurities originate from unreacted starting materials, process intermediates,
or unwanted byproducts formed during the reaction. These impurities may be present in trace
amounts and require advanced purification techniques for removal.

Table 2: Potential genotoxic mechanisms of various compounds

Potential Genotoxic
Category Example Compounds Mechanism
Alkylating agents Methyl methanesplfonate, ethyl DNA alkylathn leading to
bromide mutations
Aromatic amines 2-Naphthylamine, benzidine Metabolic activation to
electrophiles
Halogenated Bromoethane, DNA crosslinking and strand
compounds chloroacetaldehyde breaks
Sulfonate esters Methane; ulfpmc acid Direct DNA modification
derivatives
Aerldlqes and Ethylene oxide, aziridine Covalent DNA blpdlng and
epoxides mutagenicity

These compounds exhibit high electrophilicity, increasing their reactivity with nucleophilic
sites in DNA, proteins, and cellular macromolecules.

Residual Solvents and Catalysts:

Solvents and catalysts used in chemical synthesis can introduce genotoxic risks if not
effectively removed during purification. Some residual solvents, particularly halogenated
hydrocarbons and nitro-containing compounds, have been identified as genotoxic and
carcinogenic.

Table 3. Genotoxic risks of solvents and catalysts used in chemical synthesis

Class of Residual

: Examples Genotoxic Potential
Impurity
Halogenated solvents | Dichloromethane, chloroform Clastogenic, DNA damage
Nitro solvents Nitrobenzene, nitromethane Ames-positive mutagens

DNA strand breaks, ROS-

H tal catalyst Palladium, plati , ' .
eavy metal catalysts alladium, platinum, arsenic induced damage

Hydrogen peroxide, benzoyl

peroxide Oxidative stress, DNA damage

Peroxides

Solvent residue control is crucial, especially for Class 1 solvents (ICH Q3C guideline), which
have the highest toxicity potential.

Degradation Products
Pharmaceutical degradation can occur due to thermal stress, oxidation, hydrolysis, photolysis,

and interactions with excipients or packaging materials. Some degradation products have been
identified as genotoxic and carcinogenic, necessitating stability testing and impurity profiling.
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Stability-Related Impurities Formed During Storage:
Certain APIs and excipients degrade over time, forming reactive degradation products.

Table 4. APIs-related impurities formed during storage

Genotoxic Concerns

API Class Common Degradation Products
B-lactam antibiotics Penicilloic acid, cephalexin DNA alkylation,
lactone mutagenicity
NSAIDs Quinone-imine derivatives Oxidative DNA damage
Sulfonylureas Sulfoxides, sulfones Ames test-positive mutagens

Steroidal drugs

Epoxide and ketone derivatives

Covalent DNA modification

Storage conditions such as humidity, temperature, and exposure to light significantly influence

impurity formation.

Environmental and Packaging Interactions:

Interactions with packaging materials (e.g., plasticizers, adhesives, stabilizers) can introduce
genotoxic contaminants into the formulation. Some polymeric materials degrade over time,
releasing bisphenols, phthalates, and aldehydes, which exhibit DNA-damaging properties.

Table 5. Genotoxic impact of packaging components

Packaging Component

Potential Contaminants

Genotoxic Impact

Plastic containers

Bisphenol A, phthalates

Endocrine disruption, DNA damage

Rubber closures

N-nitrosamines

DNA alkylation, carcinogenicity

Glass vials

Heavy metal leachates

Oxidative stress, genotoxicity

Excipients and Formulation-Related Impurities

Though typically considered inert, excipients can undergo degradation, oxidation, or
unintended chemical interactions, leading to genotoxic impurities in the final formulation.

Table 6. Potential genotoxic impurities of excipients

Excipient Class

Impurities

Potential Genotoxic

Risk Factor

Polysorbates (Tween-80, PEGs)

Peroxides, aldehydes

Oxidative stress

Parabens (preservatives)

Reactive acyl groups

Lactose (as diluent) Maillard reaction products Mutagenicity
Cellulose derivatives Ethylene oxide residues DNA alkylation
Chromosomal

damage




UNDER PEER REVI EW

External Contaminants

External contaminants, particularly environmental pollutants, residual reagents, and cross-
contaminants, pose a serious challenge in pharmaceutical impurity control.

Nitrosamine Impurities:

Nitrosamines, a class of potent mutagens and carcinogens, can form via secondary amines
reacting with nitrosating agents in drug synthesis or storage.

Table 7. Risks of the nitrosamine compound

Source in

Carcinogenic Risk
Pharmaceuticals &

Nitrosamine Compound

Solvent impurities,

NDMA (N-Nitrosodimethylamine) degradation of ranitidine Hepatocarcinogenic
. . . API synthesis, rubb )
NDEA (N-Nitrosodiethylamine) SYRTIESES, THbber DNA alkylation
stoppers
. PP D Mut ic, Ames-
NPIP (N-Nitrosopiperidine) Piperidine-based drugs whagenie, Ames

positive

Regulatory agencies mandate stringent control over nitrosamine levels, with acceptable daily
intake limits set as low as 0.03 pg/day for high-risk compounds (ICH M?7).

Heavy Metal Impurities:

Heavy metals, including arsenic, cadmium, and lead, can enter pharmaceutical products via
raw materials, water sources, or manufacturing equipment.

Table 8. Genotoxicity of heavy metals

Heavy Source in Pharmaceuticals Genotoxic Mechanism
Metal
Arsenic Contaminated water, excipients Oxidative stress, DNA breaks
) Industrial catalysts, soil Epigenetic modification,
Cadmium } y pg ) .
contamination carcinogenic
Lead Glass leachates, stabilizers Chromosomal aberrations

Genotoxic impurities arise from multiple sources, including chemical synthesis, degradation
pathways, excipient interactions, and environmental contamination. Understanding these
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sources enables targeted risk mitigation strategies, ensuring regulatory compliance and patient
safety[5-9].

MECHANISMS OF GENOTOXICITY

Genotoxic impurities (GIs) exhibit their toxicological effects by directly or indirectly
interacting with DNA, leading to mutations, chromosomal aberrations, or genomic instability.
These alterations can initiate carcinogenesis, compromise cellular function, or cause heritable
genetic changes. Understanding the mechanistic pathways of genotoxicity is crucial for risk
assessment, regulatory compliance, and developing safer pharmaceutical products.

DNA Damage and Mutations
DNA damage can occur through various mechanisms, including direct covalent modification,
oxidative stress, and DNA replication errors or repair. The major types of genotoxic events are:

Point Mutations:

Point mutations arise when genotoxic agents alter individual nucleotide bases, leading to
substitutions, deletions, or insertions. Point mutation can disrupt gene expression, alter protein
function, or induce oncogenic transformation.

Table 9. Point mutations and genotoxicity

Example of . .
. . Biological
Type of Mutation Description Genotoxic
Consequences
Agents
Replacement of Alkylating Codon changes,
Base Substitution one nucleotide with | agents (e.g., protein
another EMS) dysfunction
Altered reading
Insertion/deleti Acridi fi
Frame Shift Mutation nsertion/ e‘e ion crldlges, rame,
of nucleotides aflatoxins premature
termination
Loss of Formaldehyde, ..
. e . . c . ) Abasic sites,
Depurination/Depyrimidination | purine/pyrimidine nitrogen ..
replication arrest
bases mustard

Point mutations in critical genes, such as tumor suppressors (TP53, BRCAI1) or proto-
oncogenes (RAS, MYC), can significantly contribute to carcinogenesis.
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Chromosomal Aberrations:
Chromosomal aberrations involve large-scale structural alterations that can result in genetic
instability, aneuploidy, or apoptosis. These changes can be visualized through cytogenetic

assays like the micronucleus test, chromosomal aberration assay, and comet assay.

Table 10. Chromosomal aberrations and genotoxicity

Type of .. Example of Genotoxic | Impact on Genomic
Description o
Aberration Agents Stability
Loss of .. L Loss of gene
. Ionizing radiation, )
Deletions chromosomal function, cancer
benzopyrene . o
segments predisposition
Exchange of ) o
) Alkylating agents (e.g., | Oncogene activation,
Translocations segments between ) .
cyclophosphamide) leukemia
chromosomes
Dicentric Formation of two | DNA crosslinking agents | Mitotic errors, cell
Chromosomes centromeres (e.g., mitomycin C) death
. . Altered gene dosage,
. Gain or loss of entire .. 8 8
Aneuploidy Heavy metals, colchicine developmental
chromosomes defects

Chromosomal aberrations have been implicated in conditions such as chronic myeloid

leukemia (BCR-ABL translocation) and Down syndrome (trisomy 21).

Structural Alerts for Genotoxicity

Certain chemical moieties are recognized as high-risk structural alerts (SAs) due to their ability
to interact with DNA or its associated proteins. These alerts serve as predictive markers for
genotoxic potential, guiding risk assessment in early drug development.

Electrophilic Groups and DNA Reactivity:

Electrophilic compounds react with nucleophilic sites on DNA (e.g., guanine N7, cytosine N3),
forming covalent adducts. This can cause DNA mispairing, strand breaks, or replication errors.

Table 11. Electrophilic groups and DNA reactivity

Structural Representative Genotoxic Example Drugs with
Alert Class Compounds Mechanism Risk
Alkylating Ethyl methanesulfonate DNA alkylation, Cyclophosphamide,
Agents (EMS), nitrogen mustard crosslinking Busulfan
Aromatic 2-Naphthylamine, Bioactivation to Chloroquine,
Amines benzidine electrophiles Dapsone
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Structural Representative Genotoxic Example Drugs with
Alert Class Compounds Mechanism Risk
) Ethylene oxide, styrene Covalent DNA Carbamazepine
Epoxides ) e . .
oxide binding epoxide (metabolite)
DNA alkylation, O6-
Nitrosamines NDMA, NDEA methylguanine Ranitidine, Valsartan
adducts
) ) DNA interst Mit i
Aziridines Aziridine, mitomycin C 1n.ers. rand ! 0rpycm <
crosslinking Thiotepa

Regulatory agencies mandate extensive testing for these structural alerts to ensure they remain
below permissible thresholds.

In Silico and Predictive Modelling of Genotoxic Potential

Advancements in computational toxicology allow for early prediction of genotoxic risks using
in silico models. These tools analyze molecular structures and compare them to existing
genotoxic databases, reducing reliance on animal testing.

Computational Approaches for Genotoxicity Prediction:

Table 12. Computational approaches for genotoxicity prediction

. L. Examples of
Method Description
Tools
L .. . . . DEREK,
Quantitative Structure-Activity | Predicts genotoxic potential based
Relationship (QSAR) on chemical structure TOPKAT,
P ! MCASE
. Simulates interaction of chemicals
Molecular Docking . . AutoDock, MOE
with DNA/proteins
Uses Al t lyze | D h
Machine Learning Models ses 0 ana yze.: arge datasets eepChem,
for genotoxic trends TensorFlow Al
Infers toxicity based
Read-Across Methods Hrers ox'1c1'y asecon OECD Toolbox
structurally similar compounds

These computational tools allow for rapid screening of drug candidates before proceeding
to in vitro or in vivo studies.

Genotoxicity mechanisms encompass DNA damage, mutagenesis, and chromosomal
instability, driven by reactive chemical moieties. Structural alerts such as alkylating agents,
nitrosamines, and aromatic amines play a pivotal role in risk assessment. Integrating in silico
models has revolutionized genotoxicity prediction, aiding pharmaceutical industries in early-
stage impurity profiling and regulatory compliance [10], [11], [12], [13].
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REGULATORY GUIDELINES AND RISK ASSESSMENT

Genotoxic impurities (GIs) present a significant challenge in pharmaceutical development due
to their potential to cause mutations and carcinogenic effects even at trace levels. Regulatory
agencies have established stringent guidelines to identify, assess, and control GIs, ensuring
drug safety and compliance. The International Council for Harmonisation (ICH) M7 (R1)
guideline is the primary regulatory framework for evaluating mutagenic impurities,
incorporating risk assessment and impurity control strategies.

Chemical
Structure
Alerting

Identify structural Review scientific Analyze synthetic Conduct tests to
alerts associated literature for known routes for potential assess mutagenic
with genotoxicity GTls GTls potential

Figure 3. Genotoxic Impurity Identification Process

ICH M7 (R1) Guidelines and the Threshold of Toxicological Concern (TTC) Approach
ICH M7 (R1) Overview:

The ICH M7 (R1) guideline, titled "Assessment and Control of DNA Reactive (Mutagenic)
Impurities in Pharmaceuticals to Limit Potential Carcinogenic Risk," provides a risk-based

approach to impurity classification, assessment, and control. The key principles of ICH M7
(R1) include:

e Identify genotoxic impurities using in silico, in vitro, and in vivo assays.

e Use the Threshold of Toxicological Concern (TTC) for acceptable exposure limits.

e Impurity classification system based on mutagenicity data.

e Control strategies based on the likelihood of patient exposure.

Threshold of Toxicological Concern (TTC) Approach:

The TTC concept is a risk-based strategy that establishes exposure limits for genotoxic
impurities to ensure that potential carcinogenic risks remain below a 1 in 100,000 lifetime
cancer risk.
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Table 13. Threshold of Toxicological Concern

E Durati Acceptable Daily Intake Application

xposure Duration

P (ng/day)
Lifetime (>10 years) 1.5 pg/day Standard pharmaceuticals

Oncology drugs, chronic
hort-t 1-1 1
Short-term (1-10 years) 0 pg/day conditions
Intermediate exposure (<1 20 pg/day Acute treatm(?nt, limited
year) duration

Single-dose exposure 120 pg/day Rare, emergency use

The TTC approach ensures that impurities with unknown carcinogenic potential remain at
doses unlikely to pose significant risk.

Regulatory Perspectives from the US FDA, EMA, and Other Global Agencies

US FDA Guidelines:

The FDA mandates a risk-based assessment for genotoxic impurities, aligning with ICH M7
while incorporating additional requirements such as:

o Evaluation of impurities at all stages of drug development.
e Requirement for Ames testing or equivalent mutagenicity assessments.

o Use of analytical techniques to ensure impurities remain below acceptable limits.
European Medicines Agency (EMA) Guidelines:
The EMA follows ICH M7 principles but places additional emphasis on:

» Genotoxicity risk assessment for excipients and degradation products.
o Stricter limits for nitrosamines and alkyl sulfonates.

e In-depth impurity profiling before drug approval.

Other Regulatory Agencies:
Table 14. Regulatory Agencies

Re%ulstory Key Guidelines Genotoxic Impurity Control Measures
ody
Japan PMDA ICH M7, JP' Requires in silico assessrr}ent and Ames test
Pharmacopoeia confirmation
: Chi ) : .
China NMPA HHese . Mandates stringent control of nitrosamines
Pharmacopoeia
WHO WHO Technical Emphasizes risk assessment for global drug
Report supply

Risk Assessment Strategies and Classification of Genotoxic Impurities
The ICH M7 guideline categorizes impurities into five classes based on their mutagenic and
carcinogenic potential.
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Table 15. Classification of Genotoxic Impurities
Class Description Regulatory Action
Class 1 Known mutagenic carcinogens Strict elimination required
Class 2 Mutagenic but unknown carcinogenicity Control to TTC limits
Structural alert t, but id f . .- .
Class 3 ructurat aferts preseit, but no evidence o Requires additional testing

mutagenicity
Class 4 Structural alerts similar to API but proven non- No additional control
ass ) .
genotoxic required
.. Standard impurity limits
Class 5 No structural alerts or genotoxicity concerns purity

apply

Acceptable Limits and Control Strategies
Control strategies for genotoxic impurities are based on their classification, synthetic process
risk, and degradation pathways [14], [15], [16].

Table 16. Control strategies for genotoxic impurities

Control Strategy Application Example Techniques
Process L . . Alternative synthetic routes,
o Reducing impurity formation )
optimization reagent selection
Analytical Ensuring levels remain within
oo . LC-MS, GC-MS, NMR
monitoring limits
Puriﬁ(.:ation Removing impuritie's before final Crystallization, filtration
techniques formulation
Regulatory Ensuring alignment with ICH Risk assessment reports, TTC
compliance M7 application

ANALYTICAL TECHNIQUES FOR DETECTION AND QUANTIFICATION

Accurate detection of genotoxic impurities requires highly sensitive analytical techniques due
to their low permissible limits.

Chromatographic Methods

High-Performance Liquid Chromatography (HPLC)
o Used for quantitative impurity profiling.
e Ideal for polar, non-volatile impurities.

Liquid Chromatography-Mass Spectrometry (LC-MS/MS)

o High sensitivity for low-level impurity detection.
o Detects specific fragmentation patterns of genotoxic compounds.
Gas Chromatography-Mass Spectrometry (GC-MS)
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o Suitable for volatile and semi-volatile impurities.
o Detects residual solvents and nitrosamines.

Table 17. Chromatographic methods for detection and quantification

Technique Application Detection Limit
HPLC General impurity profiling 1-10 ppm

LC-MS/MS Trace impurity detection ppb level
GC-MS Volatile impurity analysis 0.1-1 ppm

Spectroscopic Approaches

Nuclear Magnetic Resonance (NMR) Spectroscopy
e Provides structural elucidation of unknown impurities.

UV-Visible Spectroscopy (UV-Vis)
e Detects chromophoric genotoxic impurities.

Infrared (IR) Spectroscopy
o Identifies functional groups in impurities [17], [18], [19].

Table 18. Spectroscopic approaches for detection and quantification

Spectroscopic Method Application
NMR Spectroscopy Structural identification of impurities
UV-Vis Spectroscopy Detection of aromatic nitrosamines
IR Spectroscopy Functional group analysis in unknown compounds

Genotoxicity Assays [19], [20]

Table 19. Genotoxicity assays

o Genotoxicity
Assay Description Endpoint
Ames Test Bacterial mutation assay Point mutations
Micronucleus Assay Identifies chromosomal Clastogenicity
damage
Chromosomal Aberration Test Detects s}‘ﬂlrfgtg;al DNA DNA breakage

In Silico Tools for Predictive Toxicology

In silico tools help predict genotoxic potential based on chemical structure [21].

Table 20. In Silico tools for predictive toxicology
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Tool Application
DEREK Nexus Identifies structural alerts
TOPKAT QSAR-based mutagenicity predictions
MCASE DNA -reactive compound screening

Regulatory frameworks such as ICH M7 (R1), FDA, and EMA guidelines have established
strict risk assessment strategies for genotoxic impurities. Advances in analytical techniques—
including HPLC, LC-MS/MS, GC-MS, and in silico predictive models—play a crucial role in
impurity detection and regulatory compliance.

CONTROL STRATEGIES FOR GENOTOXIC IMPURITIES

Controlling genotoxic impurities (GIs) in pharmaceuticals is essential to ensure patient safety
and regulatory compliance. The most effective control strategies involve process optimization,
synthetic route modification, solvent and reagent selection, advanced purification techniques,
and green chemistry approaches. These strategies help minimize impurity formation, reduce
risks, and enhance impurity removal during drug synthesis and formulation.

Process Optimization
Purification Techniques
Control Limits
Analytical Testing

Supplier Controls

Figure 4. GTI Control Strategies Funnel

Process Optimization and Synthetic Route Modification

Process optimization involves designing synthetic pathways that inherently minimize or

eliminate the formation of genotoxic impurities. Key approaches include:

e Modifying reaction conditions (e.g., pH, temperature, reaction time) to prevent side
reactions leading to impurity formation.

o Alternative synthetic routes shall be used to avoid intermediates with known genotoxic
potential.
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o Employing protective groups to reduce the reactivity of functional moieties that contribute

to impurity formation.

Table 21. Control strategies for genotoxic impurities

Optimization

Impact on Genotoxic

Example Applications
Strategy pic App Impurity Control
Alternative synthetic | Avoiding nitrosamine formation Eliminates genotoxic
pathways in Sartan drugs precursors

Catalyst selection

Switching from Pd/C to Ru-based
catalysts

Reduces residual heavy metal

contamination

Reaction condition
modification

Lowering the reaction

temperature for alkylation steps

Minimizes formation of

alkylating impurities

Selection of Alternative Solvents and Reagents

Solvents and reagents play a critical role in impurity generation, particularly in pharmaceutical
synthesis. Certain halogenated solvents, nitrosating agents, and alkylating reagents are known
to introduce genotoxic risks.

e Replacing hazardous solvents (e.g., dichloromethane, nitromethane) with safer alternatives
(e.g., ethanol, ethyl acetate).

o Using non-mutagenic bases and acids (e.g., phosphate buffers instead of nitrites).

o Employing safer reagents that do not form electrophilic intermediates.

Table 22. Safer alternative solvents and reagents

Traditional Solvent/Reagent

Genotoxic Concern

Safer Alternative

Dichloromethane (DCM) Clastogenic potential Ethyl acetate
Nitromethane Potential nitrosamine formation Acetonitrile

Dimethyl sulfate (DMS) DNA alkylation risk Tosyl chloride
Sodium nitrite Nitrosating agent Phosphate buffer

Pharmaceutical manufacturers can significantly reduce the risk of genotoxic impurity
formation by selecting safer solvents and reagents.

Purification and Removal Techniques
Even with optimized synthesis, trace levels of genotoxic impurities may still be present.
Purification techniques play a crucial role in impurity removal:

o Filtration and Adsorption: Removes particulate and residual impurities using activated

carbon or adsorbent resins.

e Crystallization: Purifies the final product by selectively excluding impurities from the

crystalline lattice.

o Distillation: Eliminates volatile impurities such as nitrosamines.
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e Chromatographic Techniques: High-performance liquid chromatography (HPLC) or
preparative chromatography isolates pure drug substances

Table 23. Purification techniques in impurity removal

Purification Technique Target Impurities Effectiveness
Crystallization Small organic impurities High
Filtration (adsorbents) Nitrosamines, peroxides Moderate-High
Distillation Volatile genotoxic solvents High
HPLC purification Process-related and degradation impurities Very High

The combination of these methods ensures impurity levels remain within regulatory limits
while maintaining drug quality.

Application of Green Chemistry for Safer Synthesis
Green chemistry principles are increasingly being applied to minimize impurity formation and
promote sustainable pharmaceutical manufacturing.

e Atom Economy: Maximizing the use of raw materials in the final product to reduce
byproducts.

o Biocatalysis: Using enzymatic reactions to replace chemical processes that generate toxic
impurities.
o Solvent-Free Reactions: Eliminating hazardous solvents to prevent impurity formation.

e Flow Chemistry: Enhancing reaction control and reducing impurity accumulation.

Green Chemistry

Example Benefit
Approach P
) Direct amidation of Eliminates solvent-derived
Solvent-free synthesis . . "
carboxylic acids impurities

Enzyme-mediated ketone

Biocatalysis i
Y reduction

Avoids toxic metal catalysts

Continuous flow

F1 hemist
oW chetistty hydrogenation

Reduces impurity accumulation

Table 24: Green Chemistry Approach
Green chemistry approaches enhance drug safety, reduce environmental impact, and improve
process efficiency [22], [23], [24], [25], [26], [27].
CHALLENGES AND FUTURE PERSPECTIVES

Limitations of Current Analytical Methods
e Low detection limits required: Many GIs must be quantified at ppb (parts per billion) levels,

which can be challenging for standard analytical techniques.
e Matrix effects: Drug formulations can interfere with impurity detection.

e Complex degradation pathways: Some impurities form over time, requiring long-term
stability studies.
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Table 25. Analytical challenge, impact, and potential solution

Analytical Challenge Impact Potential Solution
Low impurity levels Difficult quantification | High-sensitivity LC-MS/MS
. i . Sampl -treatment
Matrix interference False positives/negatives ample pre-treatmen
methods
. g Missed impurity ) .
Degradation product variability . Forced degradation studies
detection

Difficulties in Impurity Qualification and Classification

e Structural alerts may not always translate into genotoxicity (false positives).

e Lack of robust in vivo data for many potential impurities.

e Difficulty in setting universal impurity limits due to interspecies variation in
carcinogenicity.

Regulatory Gaps and the Need for Harmonization

¢ Inconsistent global impurity limits: Some countries impose stricter limits than others.

¢ Evolving scientific knowledge requires constant updates to guidelines.

e Need for a universal database for genotoxic impurities to streamline risk assessment.

Advances in AI and Machine Learning for Impurity Prediction

e Predictive toxicology models (Al-based QSAR, deep learning) improve impurity risk
assessment.

e Al-driven chromatographic method development enhances impurity detection.

e Machine learning algorithms identify trends in impurity formation, reducing experimental

workload.
Table 26. Al and Machine learning for impurity prediction
Al-Based Application Function Example Tools
. Predicts genotoxic DEREK Nexus,
SAR Model .
Q odeling potential TOPKAT
. Anal i it
Deep Learning Halyzes THpUily TensorFlow Al
patterns

Automated Chromatography Enhances impurity AI-LC Method

Optimization separation Development

Al and machine learning offer a promising future for genotoxic impurity prediction and control.
CONCLUSION
Genotoxic impurities (GIs) pose a significant threat to pharmaceutical safety due to their

potential to induce DNA damage, mutations, and carcinogenic effects, even at trace levels.
Their presence in drug formulations necessitates stringent regulatory oversight and robust



UNDER PEER REVI EW

analytical methodologies to ensure patient safety. Regulatory bodies such as the International
Council for Harmonisation (ICH M7 R1), the U.S. Food and Drug Administration (FDA), and
the European Medicines Agency (EMA) have established comprehensive guidelines that
provide a risk-based framework for impurity identification, classification, and control. These
regulations enforce strict thresholds based on the Threshold of Toxicological Concern (TTC)
concept, ensuring that exposure levels remain below carcinogenic risk thresholds.

Advanced analytical techniques have significantly improved impurity detection, quantification,
and risk assessment. High-resolution methods such as liquid chromatography-mass
spectrometry (LC-MS/MS) and gas chromatography-mass spectrometry (GC-MS) enable
precise detection of impurities at parts-per-billion (ppb) levels. At the same time, in silico
predictive models (e.g., DEREK, TOPKAT, MCASE) provide early-stage impurity risk
assessment, reducing reliance on extensive laboratory testing. Moreover, a multi-tiered control
strategy—encompassing process optimization, synthetic route modification, selective solvent
and reagent usage, purification techniques, and the adoption of green chemistry principles—
has proven instrumental in minimizing genotoxic impurities in pharmaceutical manufacturing.
The integration of these approaches ensures not only regulatory compliance but also enhances
drug purity, efficacy, and long-term patient safety.

As the pharmaceutical industry evolves, several key areas demand further advancements to
enhance impurity control. One of the most pressing needs is harmonizing global regulatory
limits, ensuring uniform impurity control strategies across different jurisdictions. Establishing
standardized impurity databases and universally accepted TTC thresholds would streamline
risk assessment and improve regulatory compliance worldwide.

Integrating artificial intelligence (Al) and machine learning in predictive toxicology is poised
to revolutionize impurity assessment. Al-driven models can rapidly analyze chemical
structures, identify structural alerts for genotoxicity, and predict potential toxicological
outcomes in real-time. This will enable early impurity detection and facilitate proactive
mitigation strategies during drug development.

Simultaneously, next-generation analytical techniques are expected to push the boundaries of
sensitivity and specificity. Innovations such as ultra-high-resolution mass spectrometry
(HRMS), nuclear magnetic resonance (NMR) advancements, and microfluidic-based
chromatographic methods will offer unparalleled precision in impurity profiling. The
refinement of these technologies will allow for better impurity characterization, even at ultra-
trace levels, thereby strengthening pharmaceutical quality assurance.

Moreover, adopting green chemistry principles is gaining momentum as an effective strategy
for sustainable pharmaceutical manufacturing. The transition towards solvent-free synthesis,
biocatalysis, continuous flow chemistry, and atom-economy-driven synthetic pathways will
significantly reduce impurity formation while minimizing environmental impact. The industry
can achieve impurity reduction and sustainable development goals by integrating eco-friendly
synthesis methods into routine drug manufacturing.

Ultimately, the continuous evolution of regulatory frameworks, analytical advancements, Al-
driven impurity profiling, and sustainable chemistry approaches will further enhance the
pharmaceutical sector's ability to detect, control, and mitigate genotoxic impurities. As research
in this domain progresses, interdisciplinary collaboration among regulators, pharmaceutical
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scientists, analytical chemists, and computational toxicologists will ensure that impurity
control measures remain at the forefront of drug safety and innovation.
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