DOI: 10.21088/jfct.2454.9363.11225.3 Journal of Forensic Chemistry and Toxicology
Volume 11 Number 2, July-December 2025

REVIEW ARTICLE

Hair Analysis for Pesticide Biomonitoring: Advances in Exposure
Assessment and Forensic Applications

Anumita Mazumdar’, Riya Reji*, Aiswarya Jose?, Shristi Aich*

How TO CITE THIS ARTICLE:

Anumita Mazumdar, Riya Reji, Aiswarya Jose, et al. Hair Analysis for Pesticide Biomonitoring: Advances in
Exposure Assessment and Forensic Applications. ] Forensic Chemistry Toxicol. 2025; 11(2): 97-108.

ABSTRACT

Aim: Pesticide exposure poses significant public health risks due to environmental
persistence, toxicity, and increasing cases of self-harm through pesticide ingestion.
This review evaluates hair as a non-invasive matrix for pesticide biomonitoring,
focusing on commonly detected pesticides, extraction and analytical techniques,
and recent advancements for improved sensitivity and accuracy.

Methods: A systematic review was conducted on pesticide detection in hair,
analyzing extraction and analytical techniques such as Gas Chromatography-
Mass Spectrometry (GC-MS) and Liquid Chromatography-Mass Spectrometry
(LC-MS). Methods were compared based on sensitivity, recovery, and precision
to determine their suitability for exposure assessment and forensic investigations.

Conclusion: Hair serves as a valuable, non-invasive matrix for pesticide
biomonitoring, aiding both environmental exposure studies and forensic toxicology.
Continuous advancements in eco-friendly extraction methods and high-sensitivity
detection techniques will further refine its applicability. Standardized protocols are
essential for ensuring data comparability and enhancing the reliability of pesticide
exposure assessments, particularly in cases of intentional poisoning,.
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INTRODUCTION

Pesticides can potentially damage the
ecosystem severely, particularly biodiversity.
Pesticides are often applied in farming fields
and seep into nearby water bodies, polluting
rivers, lakes, and oceans. These runoffs
can potentially disturb aquatic ecosystems,
leading to such effects as algal blooms that
reduce oxygen levels, killing fish and harming
aquatic organisms.! In addition, the upper
levels of trophism, e.g., birds and mammals
that are supported by aquatic organisms for
food, are threatened by the bioaccumulation of
pesticides in the food chain.?

Based on the target species, pesticides are
classified as insecticides, herbicides, fungicides,
rodenticides, and fumigants. Insecticides
such as carbamates and organophosphates
inhibit  acetylcholinesterase, leading to
neurotoxicity.” Paraquat is a herbicide that
causes oxidative stress and pulmonary
damage. Dithiocarbamates are some of
the fungicides that can cause disruption of
endocrine function.* Rodenticides, including
anticoagulants,  interfere =~ with  blood
coagulation and lead to bleeding. Methyl
bromide and other fumigantshaveneurological
effects. Long-term exposure to pesticides is
linked to reproductive toxicity, neurological
diseases, and carcinogenicity. To achieve
risk assessment and regulatory measures
to decrease health and environmental risks
while sustaining agricultural effectiveness, it
is essential to understand their toxicological
profiles.®

Understanding the Risks of Long-Term
Pesticide Exposure

Globally, pesticides are used extensively
in public health to avert disease and in
agriculture to protect crops. They have a
broad spectrum of chemicals, mainly of the
herbicide (e.g., acid herbicides), fungicide
(e.g., azoles), insecticide (e.g., organochlorines
(OCs), organophosphates (OPs), carbamates
(CAs), pyrethroids (PYRs), and neonicotinoids
(NEOs) categories.*

The Food and Agriculture Organisation
of the United Nations Pesticides Use Report
(2024) highlights a significant rise in global
pesticide consumption, with agricultural
use reaching 3.70 million tonnes in 2022-,a
4% increase from 2021 and a 13% rise over
the past decade. While Asia led pesticide

exports (3.5 Mt, valued at USD 21.7 billion),
the Americas saw a 10% rise in usage, and
Africa remained heavily reliant on imports.
Conversely, Europe recorded a 5% decline
since 1990, reflecting stricter regulations.
Notably, biopesticides constituted 44% of
total insecticide use in Oceania, underscoring
a shift towards sustainable alternatives.
These statistics emphasize the growing global
dependency on pesticides, raising concerns
about environmental and health impacts.®

Pesticide consumption in India has been
a critical factor in agricultural sustainability,
impacting crop yield, pest management,
and environmental health. According to the
Government of India’s Ministry of Agriculture
and Farmers Welfare, Directorate of Plant
Protection, Quarantine and Storage (2024),
there are significant regional disparities in
the use of chemical and bio-pesticides across
various states from 2018 to 2023. States like
Maharashtra and Uttar Pradesh exhibit high
dependency on chemical pesticides, whereas
others show a gradual shift towards bio-
pesticides. Analyzing these trends is essential
for assessing the long-term effects of pesticide
application on agriculture, ecological balance,
and human health.”

Pesticide Poisoning as an Alarming Mode of
Self-Harm

According to the National Crime Records
Bureau (NCRB) Accidental Deaths and Suicides
in India (ADSI) Report (2022), poisoning
remains one of the leading methods of suicide
in India, with a significant number of cases
attributed to the consumption of insecticides.
The data indicate that males account for a
higher proportion of suicides by poisoning
compared to females, reflecting potential
socio-economic and psychological stressors.
The overall trend suggests a gradual increase
in such cases over the years, highlighting the
urgent need for strict pesticide regulations,
mental health interventions, and suicide
prevention strategies. Addressing the easy
availability of toxic substances and promoting
awareness about their risks are crucial steps in
mitigating this issue.®

Significance of Analysing Pesticides from
Hair Samples
The most common fluids for biomonitoring

exposure to contaminants are plasma and
urine, which have been employed so far. These
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fluids, however, only provide short-term data
and can show a high level of variability in terms
of pesticide levels, especially for nonpersistent
chemicals. As a substitute for relying solely on
these fluids, hair analysis has been proposed
because it can provide information on chronic
exposure averaged over several months. Short
detection time windows and drastic variation
in urinary chemical concentration result from
the rapid excretion of most compounds out of
urine between successive episodes of exposure.
New approaches involving alternative
matrices, such as hair, have been suggested
to bypass the limitations of conventional
biological matrices.®

Mechanisms of Pesticide Deposition in Hair

The entire length of the hair extends from the
bulb rooted in the follicle through the shaft and
ends at the tip. Three layers comprise the shaft:
the medulla, cortex, and cuticle. Besides being
somewhat resistant to chemical breakdown,
cuticle can preserve its structural features for
a more extended period. Beneath the cuticle’s
protective layer lies the second layer, known as
the cortex. This part of the cortex mainly holds
importance in the forensic field in relation to
embedding pigment granules responsible for
its distinct coloration.™

By blood flow, sebum, and environmental
deposition, pesticides and metabolites reach
hair. Hair sample is less labor-intensive,
painless, and non-invasive compared to
tissue biopsies or blood sampling. Since it
is less affected by changes in metabolism,
degradation, and environmental factors, it is
more consistent than blood or urine. !

Distinguishing Chronic vs. Acute Exposure

It serves as a valuable forensic tool in
determining whether pesticide poisoning
was a result of long-term exposure or acute
ingestion, helping to establish intent in suicide
cases. The presence of pesticides along the
entire hair length suggests chronic exposure,
indicating occupational or environmental
contact over time. In contrast, if pesticides are
detected only near the root, it points to recent
ingestion, supporting the case of deliberate
self-poisoning.'o!

Determining the Poisoning Timeline

Since hair grows at an average rate of ~1 cm
per month, forensic scientists can analyze the
exposure history over time. This timeline helps

distinguish between chronic poisoning (due
to repeated exposure) and a single fatal dose
(indicative of suicide or homicide.'*

Inforensicand toxicological studies, washing
steps are often included to differentiate external
contamination from ingested or systemic
exposure, ensuring that detected pesticides are
truly incorporated into the hair rather than just
surface contaminants. The decontamination
procedure depends on the specific analyte
and should not alter the hair matrix. In the
study “Hair decontamination procedure prior
to multi-class pesticide analysis,” researchers
developed a washing protocol to effectively
remove external pesticide contamination
from hair samples. The procedure involves
sequential washing with sodium dodecyl
sulfate (SDS) and methanol, which was found
to efficiently eliminate surface residues without
affecting pesticides incorporated within the hair
shaft. This approach ensures that subsequent
analyses reflect systemic exposure rather than
external contamination.'?

Techniques for Pesticide Extraction From
Hair Samples

Several innovative techniques have emerged as
alternatives to traditional pesticide extraction
methods, offering improved efficiency,
sensitivity, and environmental sustainability.
While several extraction techniques have
been employed for hair analysis, they
are predominantly used in cosmetic and
pharmaceutical studies rather than pesticide
residue analysis. Emerging green technologies
like Deep Eutectic Solvents (DES) have shown
promise in drug extraction, highlighting a
vast potential for future studies in pesticide
detection from hair samples. These include
Matrix Solid Phase Dispersion (MSPD),
Dispersive  Liquid-Liquid Microextraction
(DLLME), Ultrasound-Assisted Extraction
(UAE), Supercritical Fluid Extraction (SFE),
Microwave-Assisted Extraction (MAE), and
Deep Eutectic Solvents (DES). The advantages
and disadvantages have been mentioned in the
Table. However, they have not been utilised
for the extraction of hair samples. The most
widely used analytical techniques for pesticide
extraction include Liquid-Liquid Extraction
(LLE), Solid-Phase Microextraction (SPME),
and QuEChERS. Each method offers distinct
advantages and limitations, making them
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suitable for different applications."
Liquid-Liquid Extraction (LLE)

A separation technique where analytes are
transferred between two immiscible liquid
phases, typically an aqueous phase and an
organic solvent. Vigorous mixing allows
analytes to migrate into the organic phase,
which is then collected for analysis. While
simple and versatile, LLE is time-consuming
and requires large solvent volumes."

Solid-Phase Microextraction (SPME)

Utilizes a fused silica or metal fiber coated with
a stationary phase to extract analytes from
gaseous, liquid, or headspace samples. SPME
combined with GC-MS/MSis a highly sensitive
method for analyzing multi-class pesticides in
human hair.® Recent advancements involve
nanostructured sorbents such as graphene
oxide, carbon nanotubes, and metal oxide
nanopArticle, improving extraction efficiency.
Additionally, magnetic solid-phase extraction
(MSPE) eliminates the need for centrifugation
and filtration by allowing phase separation
using an external magnetic field. However,
SPME fibers are costly, degrade with use, and
show variability in analyte enrichment due to
differences in coating thickness."

Quenchers vs. QUEChERS: Quenchers refer
to molecules or nanomaterials that absorb and
dissipate fluorescence signals, often used in
biosensors and molecular assays. In contrast,
QuEChERS (Quick, Easy, Cheap, Effective,
Rugged, and Safe) is a widely used pesticide
extraction technique designed for food and
environmental samples. The QuEChERS
method replaces traditional complex extraction
techniques by using acetonitrile instead of
acetone, improving phase separation and
efficiency after salt addition. It effectively
removes polar pigments, fatty acids, organic
compounds, and sugars, enhancing analytical
accuracy.'” Recentadvancementsin QuEChERS
techniques include Nano-Quenchers, where
Gold NanopArticle (AuNPs) and Graphene
Oxide (GO) improve biosensor sensitivity due
to their large surface area and high energy
transfer efficiency, enabling label-free detection
of DNA, RNA, and pesticide residues.'
Molecular quenchers such as Black Hole
Quenchers (BHQs) and Iowa Black Quenchers
(IBQs) absorb fluorescence without generating
background signals, making them ideal for
qPCR-based genetic analysis."” Additionally,

Multiplex Quenching has enabled high-
throughput detection, allowing multi-color
quenchers to interact with various fluorophores
for simultaneous target identification, with
applications in disease diagnosis, food safety
testing, and environmental monitoring'®

Analytical Techniques

The most commonly used techniques for
pesticide detection in hair, based on our review,
include GC-MS, LC-MS/MS, HRMS, SERS,
SPME-GC-MS, and FTIR, as listed in Table 1.
These methods have been widely employed
due to their sensitivity, specificity, and
ability to detect both volatile and non-volatile
pesticides. However, method development
may vary depending on the pesticide class and
the physicochemical properties of individual
pesticides, requiring different extraction and
detection strategies. The validation of these
methods is typically conducted based on seven
key factors: precision, accuracy, sensitivity,
specificity, limit of detection (LOD), limit of
quantification (LOQ), and reproducibility. >

Summary of Analytical Techniques for
Hair-Based Pesticide Detection across Seven
Studies

In our review, we have compared seven
studies that have employed these techniques,
evaluating their analytical performance
based on LOQ, precision, and accuracy. This
comparative analysis provides insights into
the effectiveness of different methods and
highlights the need for further optimizationand
standardization in pesticide residue analysis
from hair samples. MS/MS and GC-MS,
with solid-phase microextraction (SPME) and
QuEChERS being the most common extraction
methods. Human hair was the primary sample
type, with only one study analyzing bat hair,
highlighting the limited research on pesticide
exposure in animals despite their susceptibility
to adverse health effects. LOD and LOQ values
varied significantly, with lower limits observed
in studies using UPLC-MS/MS, demonstrating
its superior sensitivity. The Box chart in Figure
3 explains the distribution of key analytical
parameters for pesticide detection in hair.
Limit of Detection LOD, LOQ show low values
but have high outliers (~250 and ~500 pg/mg),
indicating sensitivity issues in some methods.
Recovery is high (~120%) with minimal
variability, while Precision (%RSD) ranges
from 14-18%, with some variability (~22%).
Overall, the data suggests strong recovery and
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precision but highlights sensitivity challenges,
emphasizing the need for optimized detection
techniques.®*%

The increasing application of advanced
microextraction methods and high-resolution
mass spectrometry demonstrates growing
efforts to enhance sensitivity, reduce sample
preparation complexity, and improve pesticide
biomonitoring in forensic and environmental
toxicology.

DISCUSSION

Hairanalysis can help fill gapsin the monitoring
frameworks that exist today. Research on hair
analysis for pesticide monitoring has gained
momentum. It makes retrospective exposure
assessment possible, which is a critical
component of researching long-term illnesses,
including cancer, neurological diseases, and
developmental disabilities that are often
linked to pesticide exposure. In addition, hair
analysis may provide insight into differences
in exposure among different populations,
especially vulnerable groups such as children
and farmworkers. Although these procedures
offer advantages, issues regarding the
standardization of analytical procedures, data
interpretation, and distinguishing between
endogenous pesticide residues and external
contamination exist. To establish hair analysis
as a reliable tool, these constraints must be
resolved with advanced analytical techniques,
such as LC-MS, and standardised methods
need to be developed.”

Most analytical and extraction techniques
have been utilized for hair samples; however,
their application to pesticide extraction
remains limited. Despite advancements in
nanotechnology for pesticide analysis, research
on the application of novel nanopArticle in
hair analysis remains limited. Few studies
have comprehensively reported key analytical
parameters such as sensitivity, detection limits
(LOD/LOQ), and accuracy, raising concerns
about reliability. Ethical considerations
surroundingthecollectionof humanandanimal
hair samples further restrict large-scale studies.
While researchers are increasingly exploring
greener, less invasive techniques, challenges
in standardization and external contamination
persist. The future scope remains promising,
with the need for more robust investigations
into nano-based analytical enhancements
to improve precision and applicability in
pesticide exposure assessment.?

CONCLUSION

Exposure to pesticides remains a significant
concern, particularly for farmers and
agricultural workers who face chronic exposure
through inhalation, dermal absorption, and
ingestion. Additionally, the rising trend of
pesticide ingestion for self-harm has become
a public health issue, necessitating improved
monitoring methods. Hair, beinganon-invasive
and long-term biomarker, remains a promising
tool for exposure assessment. Beyond routine
monitoring, hair analysis can also aid forensic
investigations, as pesticide residues in hair
persist even after death, helping determine the
cause of death in cases of poisoning while also
slowing decomposition, preserving critical
evidence. Despite its potential, further research
is needed to enhance analytical precision using
advanced technologies, and further expanding
research on animal hair analysis could provide
valuable insights into environmental pesticide
exposure and its impact on ecosystems.

Challenges of Hair Analysis for Pesticide
Exposure

Biological Variability

Hair analysis reflects long-term rather than
short-term exposure. Individual differences in
hair growth, influenced by factors like genetics
and health, make it difficult to establish precise
exposure timelines. Pesticide absorption varies
by chemical properties and exposure route,
affecting consistency.’

Sample Contamination

Hair can absorb external contaminants from
the environment or surfaces, requiring careful
cleaning before analysis. While washing
reduces contamination, complete removal can
be challenging.?!

Standardization Issues

Detection sensitivity varies among pesticides,
with some being harder to measure due to
low incorporation or chemical instability. Hair
analysis provides exposure insights but does
not always quantify exact levels.”

Ethical Concerns

Hair collection raises privacy considerations,
especially regarding consent. Cultural factors
may also influence acceptance in some regions.?
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Table 1: Comparison of various extraction techniques

Technique

Description

Advantages

QuEChERS (Quick, Easy,
Cheap, Effective, Rugged, and
Safe)

Solid Phase Microextraction
(SPME)

Matrix Solid Phase Dispersion
(MSPD)

Dispersive Liquid-Liquid
Microextraction (DLLME)

Ultrasound-Assisted Extraction
(UAE)

Supercritical Fluid Extraction
(SFE)

Microwave-Assisted Extraction
(MAE)

Deep Eutectic Solvents (DES)

A solvent-based extraction
method for multi-residue
pesticide analysis

Uses a coated fiber to extract
pesticides directly from the
sample

Combines sample
homogenization, extraction,
and cleanup in one step

Uses a small volume of
extractant to isolate pesticides
from aqueous samples

Uses ultrasonic waves to
enhance pesticide extraction
efficiency

Uses supercritical CO, to
extract pesticides from samples

Uses microwave energy to
improve pesticide extraction
efficiency

Uses green solvents for
pesticide extraction with high
efficiency

High recovery, reduced
solvent usage, minimal
sample handling

Solvent-free, rapid, highly
sensitive

Reduces solvent use and
processing time

High enrichment factor,
rapid, low detection limits

Faster extraction,
improved recovery,
reduced solvent use

Non-toxic, highly selective
for non-polar pesticides

Faster, improved recovery
rates

Environmentally friendly,
tunable properties

Disadvantages Citations
May require further 24
purification steps
Fiber lifetime is short and 14
needs replacement
Requires optimization for 14
different matrices
Limited to hydrophobic 13
analytes
Requires careful 26
optimization of parameters
Expensive instrumentation 28
Requires specialized 29
equipment
Requires further validation 27

for widespread application

Table 2: Different analytical techniques used for hair pesticide long-term monitoring, along with their advantages and

disadvantages
Technique Description Qualitative/ Advantages Disadvantages Citations
Quantitative

Gas Chromatography- Separates and identifies Quantitative High sensitivity, Requires extensive 13
Mass Spectrometry pesticide residues in hair based reliable identification of =~ sample preparation,
(GC-MS) on mass spectra, commonly organophosphates and expensive

used for volatile pesticides pyrethroids instrumentation
Liquid Detects non-volatile and polar Quantitative High specificity, Requires careful 9,13
Chromatography-Mass  pesticides in hair with high suitable for multi- sample preparation
Spectrometry (LC-MS/ accuracy residue pesticide and matrix effect
MS) analysis control
High-Resolution Mass Provides precise mass Quantitative Extremely accurate and Expensive 30
Spectrometry (HRMS) identification of pesticide specific for long-term instrumentation

residues in hair, used for pesticide monitoring and requires high
retrospective exposure technical expertise
assessment
Surface-Enhanced Uses nanopArticle to enhance Qualitative Minimal sample Requires optimization 31
Raman Spectroscopy Raman signals for pesticide preparation, rapid and  for different pesticide
(SERS) detection in hair. non-destructive classes
*Technique has no direct link
for hair samples but can be
explored for the same.
Solid Phase Uses a coated fiber to extract Quantitative Solvent-free, enhances Limited fiber 32
Microextraction pesticides from hair before GC- extraction efficiency,  lifespan and variable
(SPME) coupled with MS analysis suitable for volatile extraction efficiency
GC-MS pesticides
Fourier Transform Identifies functional groups of Qualitative Non-destructive, rapid ~ Requires a reference 33
Infrared Spectroscopy  pesticide residues in hair based analysis, requires spectral library
(FTIR) on infrared absorption patterns minimal sample for accurate
interpretation

UPLC-MS/MS (Ultra- Used for high-resolution Quantitative High sensitivity and Expensive 34

Performance Liquid
Chromatography

- Tandem Mass
Spectrometry)

and trace-level pesticide
detection in hair. Often used in
biomonitoring studies.

fast analysis, Suitable
for detecting multiple
pesticides at low
concentrations

instrumentation and
Requires expertise in
sample preparation
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Comparative Analysis of Chemical vs. Bio-Pesticide Consumption (2018-2033)
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Figure 1: The figure presents the average quantity (in metric tons) of chemical and bio-pesticides used across different
Indian states between 2018 and 2023. The red line represents chemical pesticide usage, while the green line represents
bio-pesticide usage (Source: Ministry of Agriculture and Farmers Welfare, Government of India. Pesticide consumption
data: PPQS, 2024. Available from: https:/ /ppgs.gov.in)
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Figure 2: The graph illustrates the trend in suicides due to insecticide consumption from 2018 to 2022, categorized by
gender (Source: National Crime Records Bureau. ADSI Report 2022. Available from: https:/ /ncrb.gov.in/en/accidental-
deaths-suicides-india)
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Figure 3: Boxplot Representation of LOQ, LOD, Recovery, and Precision Distributions

All LOD/LOQ values were reported in ng/g hair
(equivalent to pg/mg), the standard unit for solid
biological matrices like hair. No conversions from
solution-based concentrations (e.g., ng/mL or pg/L)
were included unless they could be directly traced to hair

mass.
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Abbreviations:

1. GC-MS - Gas Chromatography-Mass
Spectrometry

2. LC-MS - [Liquid Chromatography-Mass
Spectrometry

3. LC-MS/MS - Liquid Chromatography-
Tandem Mass Spectrometry

4. HRMS - High-Resolution Mass Spectrometry

5. SERS -Surface-Enhanced Raman Spectroscopy

6. SPME - Solid-Phase Microextraction

7. FTIR - Fourier Transform Infrared
Spectroscopy

8.

9.
10.

11.
12.
13.
14.
15.
16.

17.
18.
19.

20.
21.
22,

UPLC-MS/MS - Ultra-Performance Liquid
Chromatography-Tandem Mass Spectrometry

LLE - Liquid-Liquid Extraction
DLLME -
Microextraction
UAE - Ultrasound-Assisted Extraction
SFE - Supercritical Fluid Extraction
MAE - Microwave-Assisted Extraction
DES - Deep Eutectic Solvents

MSPD - Matrix Solid Phase Dispersion

QuEChERS - Quick, Easy, Cheap, Effective,
Rugged, and Safe

LOD - Limit of Detection

LOQ - Limit of Quantification
%RSD -
Deviation

Dispersive Liquid-Liquid

Percentage Relative Standard
OPs - Organophosphates
OCs - Organochlorines

CAs - Carbamates
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23.
24.
25.
26.
27.
28.
29.
30.

Journal of Forensic Chemistry and Toxicology

PYRs - Pyrethroids

NEOs - Neonicotinoids

SDS - Sodium Dodecyl Sulfate
AuNPs - Gold NanopArticle
GO - Graphene Oxide

BHQs - Black Hole Quenchers
IBQs - ITowa Black Quenchers

qPCR -
Reaction

Quantitative Polymerase Chain
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