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Abstract

Occupational exposure to hazardous chemicals remains a major public health challenge, particularly in developing countries
where regulatory enforcement and surveillance systems are limited. This review synthesizes recent advances in the application of
biomarkers for assessing occupational chemical exposure and related health effects. Relevant literature published between 2015
and 2025 was identified through searches of major scientific databases, including PubMed and Google Scholar, using keywords
related to occupational exposure, biomarkers, biomonitoring, omics, and digital health. Studies addressing biomarkers of exposure,
effect, and susceptibility in occupational settings were reviewed and synthesized. Biomarkers of exposure, effect, and susceptibility
provide direct and sensitive measures that link external exposure with internal dose and biological responses. Evidence shows strong
associations between benzene exposure and hematotoxicity, organophosphate pesticides and neurotoxicity, heavy metals and renal
impairment, as well as organic solvents and hepatic injury. Importantly, the usefulness of biomarkers depends on their biological
half-life and the exposure window they represent, ranging from recent exposure to cumulative long-term exposure. Validation
criteria such as sensitivity, specificity, reproducibility, and clinical relevance are essential to ensure analytical reliability and health
risk interpretation. Emerging technologies, including omics-based molecular markers, non-invasive matrices, multi-matrix
monitoring, and biosensor—-driven point-of-care testing, are revolutionizing biomonitoring practices. These innovations, together
with the integration of genetic and environmental data, are shaping a new era of Precision Occupational Health, enabling early
intervention and individualized prevention. Furthermore, advances in wearable sensors and digital health platforms support near
real-time occupational health surveillance and more proactive risk management. In conclusion, the integration of validated
biomarkers into occupational health surveillance systems provides a powerful strategy to enhance chemical risk management,

safeguard workers’ health, and inform policy decisions globally.
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Introduction

Chemical exposure remains one of the most important occupational health challenges worldwide. Workers in
manufacturing, agriculture, mining, transportation, healthcare, and service industries are routinely exposed to a
wide range of hazardous substances, including solvents, pesticides, heavy metals, volatile organic compounds,
and emerging industrial chemicals. Despite advances in occupational safety regulations and preventive measures,
hazardous chemical exposure continues to contribute substantially to occupational diseases, disability, and

premature mortality, particularly in low- and middle-income countries where exposure assessment and health
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surveillance systems remain limited (World Health Organization [WHO], 2021 a; Murray et al., 2020.
Furthermore, increasing industrial complexity, mixed chemical exposures, and individual variability in
susceptibility have created additional challenges for accurately evaluating occupational health risks and
implementing effective prevention strategies (Longo et al., 2021).

Accurate assessment of occupational chemical exposure is essential for effective risk management and worker
protection. Traditional environmental monitoring provides valuable information regarding external exposure
levels; however, environmental measurements alone may not adequately reflect the internal dose absorbed by
workers or the biological responses occurring within the body (Viegas et al., 2020). Biomarkers have therefore
emerged as valuable tools for linking external exposure, internal dose, early biological effects, and individual
susceptibility (Longo et al., 2021 ). Recent advances in biomonitoring, molecular toxicology, omics
technologies, and emerging analytical approaches have expanded biomarkers’ potential applications in
occupational health surveillance and risk assessment (Capone et al., 2024; Longo et al., 2021 ). Consequently,
an updated synthesis of current evidence is needed to support the selection, validation, interpretation, and practical
application of biomarkers for occupational chemical exposure assessment and worker health protection.

The International Labour Organization (2021) and the World Health Organization (WHO) report that
occupational diseases associated with chemical exposures, such as respiratory disorders, cancers induced by
mutagens, benzene-related aplastic anemia, and hepato-nephrotoxicity from heavy metals continue to increase
despite more stringent legal and safety measures (International Labour Organization, 2021; WHO, 2021a).
Complex factors, including suboptimal work environments, simultaneous exposure to multiple agents, and
inter-individual differences in susceptibility, make risk assessment and prevention particularly challenging.

Thailand uses a wide array of chemicals, including solvents, heavy metals, pesticides, plastics, and volatile
organic compounds (VOCs) across multiple sectors. Exposure is not confined to formal industry; it extends to
agriculture, construction, services, and large segments of the informal workforce (Hughes et al., 2021;
Sapbamrer & Hongsibsong, 2014). Consequently, chemical exposure has become a persistent public health
burden, contributing to chronic illness, loss of work capacity, and rising healthcare costs.

Health effects from occupational chemical exposure span a continuum from subclinical cellular changes to
chronic disease and cancer. For example, exposure to organophosphate pesticides inhibits cholinesterase activity,
affecting the nervous system and potentially impairing cognition (Furlong et al., 2006). Accumulated lead in
blood and bone is linked to renal and neurological dysfunction (Lanphear et al., 2018). Exposure to organic
solvents has been associated with elevated liver enzymes and hepatic dysfunction among occupationally exposed
workers (Umicevic et al., 2022; Polyong & Thetkatuek, 2024 ). Global Burden of Disease (GBD) estimates
indicate that toxic occupational exposures contribute significantly to premature mortality and productivity loss,
especially in low- and middle-income countries, underscoring the need for precise tools to measure and evaluate
health impacts (GBD, 2020).

Biomarkers have been increasingly applied since the 1990s, but evidence from 2015-2025 has advanced
substantially in sensitivity, specificity, and real-world limitations for risk assessment. Standard biomarkers such
as urinary 1-hydroxypyrene for polycyclic aromatic hydrocarbons (PAHs) and urinary dialkyl phosphates for
organophosphates have been repeatedly validated (Barr et al., 2004; Dalmolin et al., 2020). In parallel,
emerging molecular biomarkers, e.g., DNA adducts and proteins indicative of oxidative stress, can detect

preclinical changes (Brandt-Rauf et al., 2002). Interpretation, however, remains complex: results may be
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influenced by ubiquitous environmental factors (diet, tobacco smoke), genetic variability, and inter-laboratory
analytical differences (Angerer et al., 2018). These gaps motivate an updated synthesis to strengthen assessment
and interpretation for health surveillance and to guide preventive research. Despite these advances, the growing
diversity of biomarkers, emerging omics technologies, and digital health applications has created challenges in
selecting, validating, and interpreting biomarkers for occupational chemical exposure assessment (Capone et al.,
2024) . Although occupational biomonitoring has advanced substantially, evidence remains fragmented across
chemical groups, biomarker categories, and emerging technologies. A comprehensive review is therefore needed
to integrate current knowledge, identify research gaps, and provide practical guidance for occupational health
professionals, researchers, and policymakers. Accordingly, this review aims to comprehensively synthesize recent
advances in biomarkers for occupational chemical exposure and their application in risk assessment, health
surveillance, and worker protection. The review examines biomarkers of exposure, effect, and susceptibility,
discusses validation criteria and practical applications, and highlights emerging technologies, including omics-

based approaches, digital health tools, and Precision Occupational Health.
Content

This narrative review used a structured literature search approach. Relevant articles published between 2015
and 2025 were identified through PubMed and Google Scholar databases using combinations of keywords
including “occupational exposure”, “biomonitoring”, “biomarkers”, “chemical exposure”, “occupational
health”, “omics”, and “digital health”. Priority was given to peer-reviewed articles, international guidelines,
and consensus documents related to occupational biomonitoring and exposure assessment. Additional references
were identified through manual screening of reference lists. The retrieved literature was critically reviewed and
synthesized according to major themes, including biomarkers of exposure, effect, and susceptibility, validation
criteria, occupational risk assessment, health effects, emerging technologies, and future directions.

Biomarkers

The concept of biomarkers has become increasingly important in occupational toxicology because it reduces
the limitations of relying solely on environmental monitoring. A biomarker is defined as a measurable biological
change resulting from exposure to a chemical substance. These indicators may include parent compounds or
metabolites detected in biological matrices such as blood, urine, hair, nails, or saliva, as well as biochemical or
physiological changes that reflect damage to specific organs or body systems (Angerer et al., 2018; WHO,
2017).

Biomarkers serve as a direct link between exposure and health effects and can quantify both the internal dose
and the body’s biological response (dose—response relationship). These functions are essential for risk
assessment, occupational health surveillance, and the development of effective control measures (Sexton et al.,
2004). In occupational toxicology (Fig. 1), biomarkers are generally classified into three main categories:

1. Biomarkers of Exposure

These biomarkers indicate the absorption of chemicals or their metabolites into the body and provide
quantitative evidence of actual exposure. For example, blood lead level (BLL) is used to assess lead exposure

among battery industry workers (Lanphear et al., 2018); urinary trans, trans-muconic acid (t, t-MA) serves
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as a marker for benzene exposure (Polyong & Thetkathuek, 2024 ); and urinary dialkyl phosphate metabolites
(DAPs) are widely used as standard biomarkers for exposure to organophosphate pesticides (Barr et al., 2004).
2. Biomarkers of Effect
These biomarkers reflect biochemical or physiological changes that indicate tissue or organ damage. For
instance, elevated liver enzymes such as AST, ALT, or GGT can signal hepatic injury among workers exposed
to solvents (Umicevic et al., 2022; Polyong & Thetkathuek, 2024). The micronucleus test or chromosomal
aberration assays are used to identify genotoxic effects and cancer risk among workers exposed to benzene or
heavy metals (Bonassi et al., 2011). In addition, inhibition of cholinesterase activity is a well-established
biomarker for monitoring neurotoxicity caused by exposure to organophosphate pesticides (Furlong et al., 2006).
3. Biomarkers of Susceptibility
These biomarkers indicate individual differences in genetic or physiological characteristics that influence
vulnerability to chemical toxicity. Variations in cytochrome P450 (CYP) genes, such as CYP2E1 and CYP2D6,
affect the metabolism of several toxicants, including VOCs and benzene (Bolt & Thier, 2006 ). Polymorphisms
in the GSTM1 and GSTT1 genes are associated with reduced detoxification capacity for polycyclic aromatic
hydrocarbons (PAHs), increasing cancer susceptibility (Garcia-Closas et al., 2005). Likewise, variations in
the paraoxonase 1 (PON1) enzyme influence individual sensitivity to organophosphate toxicity (Furlong et al.,
2006). Recent genetic evidence also supports the association between PON1 polymorphisms and

organophosphate sensitivity (Costa et al., 2013).

Biomarkers in Occupatlonal Toxicology
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Figure 1 The concept of biomarkers in occupational toxicology

Traditional Monitoring and Biomonitoring

Occupational exposure assessment has traditionally relied on environmental monitoring, which measures the
concentration of hazardous substances in workplace environments such as air, surfaces, or workplace materials.
Environmental monitoring is essential for identifying sources of exposure and evaluating compliance with
occupational exposure limits (OELs) (ACGIH, 2025). However, environmental measurements alone may not

adequately reflect the actual internal dose absorbed by workers because individual factors such as inhalation rate,
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dermal absorption, metabolism, and personal protective equipment use can substantially influence exposure levels
(Viegas et al., 2020,.

Biomonitoring complements environmental monitoring by measuring chemicals, metabolites, or biological
responses directly in biological matrices such as blood, urine, saliva, hair, or exhaled breath. This approach
provides a more accurate assessment of internal exposure and biological uptake. The selection of biological
matrices and sampling time is critical because biomarker concentrations may vary according to the toxicokinetic
properties and biological half-life of each chemical. An important consideration in biomonitoring is the exposure
window represented by each biomarker. Biomarkers with short biological half-lives, such as urinary metabolites
of solvents and pesticides, generally reflect recent exposure occurring within hours or a few days. In contrast,
biomarkers such as blood lead levels, urinary cadmium, and certain DNA adducts may reflect cumulative or
long-term exposure over weeks, months, or even years. Understanding the exposure window is essential for
selecting appropriate biomarkers, determining optimal sampling times, and accurately interpreting biomonitoring
results in occupational health practice. For example, post-shift urine samples are commonly used for assessing
recent exposure to benzene and organic solvents, whereas blood lead levels may reflect cumulative exposure over
longer periods.

To facilitate interpretation, biomonitoring results are often compared with established biological reference
values. The American Conference of Governmental Industrial Hygienists (ACGIH, 2025) has developed
Biological Exposure Indices (BEIs), which provide guidance values for evaluating occupational exposure based
on biomarker concentrations. Similarly, Occupational Biomonitoring Levels (OBLs) proposed by international
organizations and occupational health programs support the interpretation of biomonitoring results and risk
management decisions. The integration of environmental monitoring, biomonitoring, and biological reference
values offers a comprehensive framework for occupational exposure assessment and worker health protection.
The comparison of traditional environmental monitoring and biomonitoring in occupational exposure assessment

is shown in Table 1.

Table 1 Comparison of traditional environmental monitoring and biomonitoring in occupational exposure assessment

Aspect Environmental Monitoring Biomonitoring
Purpose Measure external exposure Measure internal dose
Sample Air, surface, workplace materials Blood, urine, saliva, hair
Exposure Information Environmental concentration Absorbed dose
Sampling Timing During work activities Pre-shift / Post-shift
Reference Values OELs, TLVs BEIs, OBLs
Advantages Identifies exposure sources Reflects actual uptake
Limitations Does not account for individual variability  Influenced by metabolism and biological variability

Note: OELs, Occupational Exposure Limits; TLVs, Threshold Limit Values; BEIs, Biological Exposure Indices; OBLs,

Occupational Biomonitoring Levels.

Criteria for the Validation of Biomarkers
The selection and validation of biomarkers are critical steps in accurately assessing chemical exposure and
associated health effects. To ensure analytical precision and reliability, a comprehensive evaluation is required.

According to recent guidance from the World Health Organization (WHO, 2017) and international expert
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consensus (Apel et al., 2020; Ougier et al., 2021), a suitable biomarker should meet several key criteria as
follows:
1. Sensitivity and Specificity

An effective biomarker should be capable of detecting biological changes even at low exposure levels and
should specifically reflect the effects of the target substance without interference from environmental or behavioral
factors. For instance, urinary dialkyl phosphate metabolites (DAPs) are widely used to assess exposure to
organophosphate pesticides and have been validated for both sensitivity and specificity across diverse populations
(Dalmolin et al., 2020).

2. Quantitative Relationship with Exposure (Dose—Response Relationship)

A fundamental criterion for biomarker selection is a clear quantitative relationship between biomarker
levels and exposure intensity or duration, ensuring consistent interpretation. For example, blood lead levels
(BLL) demonstrate a strong dose—response relationship with neurological and renal dysfunction, even at low
exposure levels (Lanphear et al., 2018).

3. Technical Stability and Reliability

A reliable biomarker should yield consistent and reproducible results across laboratories using standardized
analytical methods such as gas or liquid chromatography coupled with mass spectrometry (GC-MS or
LC-MS/MS). The OECD and European research agencies emphasize that establishing internationally accredited
laboratory standards is essential to minimize analytical variability (Apel et al., 2020). Therefore, laboratory
quality should always be reported—for example, a laboratory certified under ISO 15189:2012 and approved by
the Thailand Ministry of Public Health (MOPH) (Polyong & Thetkathuek, 2022).

4. Practical Feasibility

In addition to scientific accuracy, the feasibility of biomarker application must be considered—particularly
in large-scale occupational surveillance. Biomarkers requiring simple and noninvasive sample collection, such
as urine or blood, are preferable to those involving invasive procedures like cerebrospinal fluid sampling. This
practicality facilitates implementation in field-based health surveillance programs (Hughes et al., 2021). For
instance, Thailand’s Department of Disease Control recommends an initial screening of pesticide-exposed
workers through structured interviews, followed by blood testing for neurochemical indicators—an approach that
balances scientific validity with real-world feasibility.

5. Multi-Level Validation

Biomarker validation should cover multiple dimensions to ensure scientific rigor and generalizability: (i)
Analytical validation: Assessment of accuracy, precision, sensitivity, and specificity of analytical methods,
including reproducibility and inter-laboratory comparisons. (ii) Clinical validation: Verification that biomarker
levels correlate with relevant health outcomes—for example, cholinesterase enzyme inhibition as an indicator of
organophosphate neurotoxicity. (iii) Population validation: Evaluation of biomarker consistency across
populations with varying genetic, environmental, and occupational backgrounds, which is especially important
in developing countries. Comprehensive validation across these three levels enables biomarkers to serve as reliable
evidence for occupational health surveillance, policymaking, and preventive interventions (Ougier et al., 2021;

Meslin et al., 2022).
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Practical Considerations for the Application of Biomarkers
Although biomarkers are powerful tools for occupational health surveillance, their application in practice
requires careful consideration of multiple factors to ensure accurate results and to avoid misinterpretation. The
following recommendations should be taken into account when implementing biomarker-based monitoring in the
workplace:
1. Use of Combined Biomarkers
Relying on a single biomarker is often insufficient because some indicators may have high sensitivity but
low specificity (e.g., trans, trans—-muconic acid [t, t-MA] for benzene), whereas others exhibit high specificity
but low sensitivity (e.g., S-phenylmercapturic acid [S-PMA]). Therefore, combining multiple biomarkers—such
as S-PMA with t, t-MA, dialkyl phosphate metabolites (DAPs) with acetylcholinesterase (AChE)/
butyrylcholinesterase (BChE), or 1-hydroxypyrene (1-OHP) with hydroxylated PAHs (OH-PAHs)—enhances
accuracy and confidence in interpretation (Herndndez et al., 2019).
2. Multi-Matrix Monitoring
In certain occupations, exposure occurs via multiple routes, including inhalation, dermal absorption, and
ingestion. Collecting data from several matrices—such as air, skin, and urine—provides a more comprehensive
exposure profile. This approach has proven particularly useful in professions with complex exposure pathways,
such as firefighting and spray painting (WHO, 2021).
3. Early-Effect Biomarkers
Novel biomarkers such as kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin
(NGAL), micronuclei frequency, and DNA adducts can reveal early-stage organ or genetic damage before
clinical symptoms appear. Employing these early —effect biomarkers supports proactive prevention and can reduce
the long-term burden of occupational diseases (National Research Council, 1989).
4. Field Feasibility and Ethical Considerations
The practicality of biomarker use in occupational settings depends on factors such as sample accessibility,
worker acceptability, cost, and laboratory capability. Noninvasive biological matrices such as urine or exhaled
breath condensate should be prioritized to improve worker participation and minimize ethical barriers. Selection
of methods should also align with each country’s available resources and laboratory infrastructure (Organization
for Economic Co-operation and Development, 2017).
5. Contextual Interpretation
Biomarker levels may be influenced by individual factors such as diet, smoking, medication, or lifestyle.
Results should therefore be interpreted cautiously, considering these confounding variables. Biomarkers should
not be used as a basis for employment decisions or discrimination but rather as preventive tools for improving
occupational environments and worker safety (Cavallo et al., 2018).
6. Digital Health and Point-of-Care Technologies
Recent advances in biosensor-based point-of-care (POC) devices and digital health platforms have
enabled near real-time biomonitoring in occupational settings. Wearable biosensors integrated with wireless
communication systems have demonstrated considerable potential for continuous physiological and biochemical
monitoring, enabling personalized exposure assessment and early detection of adverse health effects. These
technologies facilitate real-time data collection and remote health surveillance, supporting the emerging paradigm

of Precision Occupational Health. However, successful implementation requires rigorous calibration and
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analytical validation against reference laboratory methods such as GC-MS or LC-MS/MS to ensure
measurement accuracy, reproducibility, and reliability. Challenges remain regarding device standardization, data
interoperability, cybersecurity, and infrastructure readiness, particularly in low- and middle-income countries.
Despite these limitations, the integration of wearable sensors, cloud-based data management systems, and
artificial intelligence may substantially enhance future occupational health surveillance and Precision
Occupational Health programs (Zhang et al., 2024).

Biomarkers and Risk Assessment

Risk assessment is a fundamental process in managing occupational chemical hazards. It generally follows a
four-step framework: (1) Hazard Identification, (2) Dose—Response Assessment, (3) Exposure Assessment,
and (4) Risk Characterization (National Research Council, 1983; WHO, 2021b).

At each stage, biomarkers can significantly enhance the precision of evaluation—by providing direct evidence
of exposure, biological effects, and individual susceptibility.

1. Hazard Identification

Hazard identification aims to determine whether a chemical substance can cause adverse health effects,
drawing on toxicological, epidemiological, and mechanistic data. In this context, biomarkers of effect—such as
the micronucleus assay, DNA adducts, or oxidative stress markers—play a crucial role in confirming biological
damage in humans. For example, a study of hexavalent chromium (Cr(VI)) exposure demonstrated that workers
with elevated chromium levels in blood and urine exhibited significantly higher micronucleus frequencies in
respiratory epithelial cells, suggesting early carcinogenic mechanisms (Saber et al., 2025).

2. Dose—Response Assessment

This step analyzes the quantitative relationship between the dose of exposure and the biological response.
Biomarkers of exposure provide critical data for this evaluation. For instance, urinary S-phenylmercapturic acid
(S-PMA) levels have been correlated with decreased white blood cell counts among benzene-exposed workers
(Lv et al., 2014). Such evidence not only demonstrates a measurable dose—response relationship but also
supports the establishment of biological exposure indices (BEIs) used in occupational exposure control.

3. Exposure Assessment

Traditional exposure assessment typically relies on environmental measurements—such as airborne
concentration—which may not capture inter-individual variability in absorption and metabolism. Biomarkers
address this limitation by reflecting the internal dose more accurately. Examples include urinary dialkyl phosphate
metabolites (DAPs) to assess exposure to organophosphate pesticides among children from an agricultural
community (Herndndez et al., 2019), and urinary 3-phenoxybenzoic acid (3-PBA) as a marker of pyrethroid
exposure (Lehmler et al., 2022).

Noninvasive biological matrices—such as urine, saliva, and exhaled breath—offer practical and ethically
acceptable alternatives for field applications, enhancing participation and the feasibility of population-level
surveillance.

4. Risk Characterization

Risk characterization integrates all preceding data to estimate the likelihood and severity of potential
adverse health effects. Biomarkers strengthen this stage by providing empirical evidence of subclinical or early-
stage biological effects. For example, elevated levels of kidney injury molecule-1 (KIM-1) and neutrophil

gelatinase-associated lipocalin (NGAL) have been observed in workers exposed to lead and cadmium, indicating
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renal risk even when conventional kidney function parameters (e.g., creatinine clearance) remain normal (Jin
et al., 2017). Recent evidence suggests that biomonitoring can strengthen risk characterization by integrating
information on external exposure, internal dose, and biological responses. Biomarkers provide additional evidence
for evaluating exposure—response relationships and may help reduce uncertainties associated with environmental
monitoring alone. Furthermore, biomonitoring data can support the identification of potentially vulnerable worker
populations and contribute to more informed occupational risk management and prevention strategies (Longo
et al., 2021).
Health Effects of Occupational Chemical Exposure
Occupational exposure to chemical substances can affect multiple organ systems, with severity depending on
the type of chemical, exposure dose, duration, and individual susceptibility. Evidence accumulated over the past
decade has elucidated both toxicological mechanisms and health outcomes, many of which have been
characterized through the use of biomarkers. The major affected systems are summarized below.
1. Hematopoietic System
Benzene is a prototypical hematotoxic and carcinogenic agent that affects bone marrow and blood cell
formation. Chronic exposure is associated with hematological abnormalities and leukemia. Biomarkers such as
S-phenylmercapturic acid (S-PMA) and trans, trans-muconic acid (t, t~-MA) are widely used to assess benzene
exposure and hematological parameters (Polyong & Thetkatuek, 2022b). Ling et al. (2024) Liang et al.
demonstrated a significant association between urinary S-PMA concentrations and reduced leukocyte counts in
workers exposed to benzene. The findings indicated that elevated S-PMA levels were linked to an increased risk
of leukopenia, highlighting the value of S-PMA as a biologically relevant indicator of internal benzene dose and
early hematotoxic effects in occupational settings.
2. Respiratory System
Workers in metal industries and welding operations are often exposed to hexavalent chromium (Cr(VI))
and nickel, both of which are linked to an increased risk of lung cancer. The SAM-Krom cohort (Saber et al.,
2025) found that electroplating workers with elevated chromium levels in erythrocytes and urine exhibited higher
frequencies of micronuclei in respiratory epithelial cells—evidence of DNA damage and early carcinogenic
mechanisms. Similarly, spray painters and foam manufacturing workers exposed to isocyanates are at risk of
developing occupational asthma, related to both inhalation and dermal absorption. Bello et al. (2020) reported
that urinary hexamethylene diamine (HDA) levels correlated with environmental exposure and demonstrated that
dermal contact was a major but underrecognized route of absorption. Integrating biomarker monitoring with
pulmonary function testing provides a more accurate assessment of respiratory risk.
3. Nervous System
Organophosphate (OP) pesticides are classical neurotoxic agents that inhibit acetylcholinesterase (AChE)
in erythrocytes and butyrylcholinesterase (BChE) in plasma. Decreased enzyme activity is associated with
neurological symptoms such as headache, dizziness, and memory impairment. Zifiiga- Venegas et al. (2025)
confirmed that urinary dialkyl phosphate metabolites (DAPs), combined with AChE/BChE measurements,
correlated with neurobehavioral symptoms among Chilean farmers. In addition, exposure to organic solvents such
as toluene and styrene has been linked to chronic neurobehavioral effects, including sleep disturbance and
impaired concentration. Urinary metabolites such as hippuric acid (from toluene) have been applied as exposure

biomarkers alongside neurological symptom questionnaires (Polyong & Thetkatuek, 2022a).
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4. Hepatic and Renal Systems
The liver and kidneys are key target organs for heavy metals and organic solvents. Chronic exposure to
lead and cadmium can impair renal function. Jin et al. (2017) reported that urinary Kidney Injury Molecule-1
(KIM-1) levels were elevated in lead—-exposed workers, indicating its potential utility as an early biomarker of
renal tubular injury before the onset of clinically apparent kidney dysfunction. For hepatic toxicity, exposure to
organic solvents such as trichloroethylene (TCE) has been associated with elevated liver enzymes (ALT, AST,
GGT) and oxidative stress biomarkers. In Thailand, Polyong and Thetkatuek (2024 ) found that gasoline station
attendants with higher toluene exposure showed significantly increased liver enzyme levels, indicating hepatic
stress.
5. Reproductive and Developmental Systems
Exposure to certain chemicals has been associated with reproductive and hormonal alterations. Male
workers exposed to pyrethroid pesticides exhibited elevated urinary 3-phenoxybenzoic acid (3-PBA) levels,
which correlated with disrupted sex hormone profiles and reduced sperm counts. A systematic review by Lehmler
et al. (2022) confirmed this association across multiple populations, especially among agricultural workers.
Similarly, exposure to cadmium and lead has been linked to menstrual disturbances, ovulatory dysfunction, and
increased miscarriage risk, with biomarker levels of these metals showing correlations with reproductive hormone
alterations and inflammatory markers.
6. Carcinogenic Effects
Several occupational chemicals are classified as Group 1 human carcinogens by the International Agency
for Research on Cancer (IARC), including benzene, hexavalent chromium, nitrosamines, and asbestos. Relevant
biomarkers of carcinogenesis include DNA adducts, micronuclei, and mutations in DNA repair genes, which can
predict cancer risk before clinical symptoms manifest. Recent mechanistic studies on benzene toxicokinetics have
demonstrated associations with hematologic and lymphoid malignancies (Polyong et al., 2024), underscoring
the potential of biomarker-based approaches for early cancer risk prediction and preventive screening in
occupational settings.
No single biomarker is universally applicable for all occupational chemical exposures. The suitability of
a biomarker depends on its sensitivity, specificity, biological half-life, susceptibility to confounding factors, and
feasibility of implementation in occupational health surveillance programs (Aylward et al., 2014; Viegas et al.,
2020). Comparative evaluation is therefore essential for selecting appropriate monitoring strategies and
interpreting biomonitoring results. Table 2 summarizes commonly used biomarkers for major occupational
chemical groups, including their biological matrices, recommended sampling times, detection windows, potential

confounding factors, and available biological guidance values.

Table 2 Comparative summary of common biomarkers for major occupational chemical exposures

Chemical Group Biomarker Matrix Sampling Detection Confounders Reference
Time Window Value
Benzene S-PMA Urine End of shift 24-48 h Smoking BEI
Benzene t,t-MA Urine End of shift 24 h Sorbic acid BEI
intake
Lead Blood lead level Blood Any time Weeks—months  Age, bone BEI
turnover

10
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Table 2 (Cont.)

Chemical Group Biomarker Matrix Sampling Detection Confounders Reference
Time Window Value

Cadmium Urinary Urine End of shift Months—years Smoking HBM-GV
Cadmium

Organophosphate DAPs Urine Post-shift 24-48 h Diet OBL

pesticides

Isocyanates Diamine Urine End of shift 24 h Dermal Guidance value
metabolites exposure

PAHs 1- Urine End of shift 24-48 h Smoking, BEI
Hydroxypyrene grilled food

Note: S-PMA, S-phenylmercapturic acid; t, t-MA, trans, trans-muconic acid; DAPs, dialkyl phosphate metabolites; PAHs,
polycyclic aromatic hydrocarbons; BEI, Biological Exposure Index; OBL, Occupational Biomonitoring Level; HBM -GV, Human

Biomonitoring Guidance Value.

Emerging Technologies for Future Biomarker Development
Continuous advancements in analytical and biomedical technologies have been instrumental in overcoming
key limitations of conventional biomarker applications such as low sensitivity, limited specificity, and
susceptibility to confounding factors. Recent research trends have introduced several high-potential approaches
that promise to revolutionize biomonitoring and occupational health surveillance.
1. Omics-Based Biomarkers
The integration of genomics, transcriptomics, proteomics, and metabolomics has enabled the discovery
of novel biomarkers reflecting molecular-level alterations caused by chemical exposures. For instance,
microRNA profiles have been associated with heavy metal exposure, and metabolomic signatures have been
linked to oxidative stress from polycyclic aromatic hydrocarbons (PAHs), offering high specificity and early
detection before clinical manifestation (Brandt-Rauf et al., 2002). In Thailand, recent proteomic research among
gasoline station attendants (B-GSA) revealed four serum proteins: HBS1-like protein, non-structural
maintenance of chromosomes element 1 homolog, proprotein convertase subtilisin/kexin type 4, and zinc finger
protein 658 that were significantly elevated compared to a control group. These proteins were associated with
apoptosis, cancer-related pathways, p53 signaling, and TNF signaling, suggesting their potential as molecular
biomarkers for benzene-induced toxicity (Polyong et al., 2024).
2. Non-Invasive Biomarkers
To improve worker acceptance and sample collection feasibility, non-invasive biomarker approaches have
gained attention. Examples include exhaled breath condensate (EBC) for detecting hexavalent chromium (Leese
et al., 2023) and salivary biomarkers for assessing pesticide or solvent exposure ( Wren et al., 2024) . These
matrices provide a convenient and ethically acceptable means of biological monitoring, particularly for field
studies and large-scale population screening.
3. Multi-Matrix Monitoring
Multi-matrix monitoring combines biological and environmental samples, such as urine, skin wipes, and
workplace air, to provide a more comprehensive assessment of occupational exposure. This integrated approach
is particularly useful in complex occupational settings where workers may be exposed through multiple routes

(Viegas et al., 2020).
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4. Digital Health and Point-of-Care Testing

Review article

Innovations in biosensors and real-time portable devices are transforming biomonitoring into a field—
deployable activity. Portable devices that can detect oxidative stress markers in urine or pesticide residues in
saliva enable real-time surveillance at workplaces. These point-of-care (POC) tools can significantly enhance
early detection and timely interventions in occupational settings (Apel et al., 2020).

5. Precision Occupational Health

The future direction of occupational health is moving toward Precision Occupational Health, an extension
of precision medicine that integrates biomarker data with genetic, behavioral, and environmental information to
design individualized prevention strategies. For example, combining CYP450 genotyping with benzene exposure
biomarkers may help identify genetically susceptible workers who require enhanced protective measures
(Lewon-Mrozek et al., 2024).

As shown in Table 3, traditional biomarkers remain the most practical approach for routine occupational
health surveillance because of their relatively low cost and established validation. In contrast, omics-based
biomarkers offer greater sensitivity for detecting early molecular changes but require advanced analytical
infrastructure and specialized expertise. Digital health technologies provide opportunities for real -time monitoring
and rapid intervention; however, challenges related to standardization, validation, and data management remain

important considerations for widespread implementation.

Table 3 Comparison of traditional biomarkers, omics-based biomarkers, and digital health approaches in occupational health

surveillance

Aspect Traditional Biomarkers Omics-Based Biomarkers Digital Health

Approaches

Real-time exposure and

Primary Purpose

Exposure and effect

Molecular pathway

monitoring identification and early health monitoring
biological changes
Sensitivity Moderate High Moderate—High
Specificity Moderate—High High Variable

Detection Stage

Established exposure or

effect

Preclinical molecular

alterations

Immediate or near real-

time monitoring

Laboratory Requirement

Standard laboratory

Advanced laboratory and

bioinformatics support

Portable devices and

digital platforms

Technical Expertise

Moderate

High

Moderate

Cost Low—Moderate High Moderate—High
Feasibility for Routine High Limited Emerging
Surveillance

Real-Time Monitoring No No Yes

Suitability in Resource-Limited High Low Moderate

Settings

Sources: Adapted from Viegas et al. (2020), Longo et al. (2021), Capone et al. (2024), and Zhang et al. (2024).

Ethical and Legal Considerations in Biomonitoring and Genetic Data

Biomonitoring programs should be implemented with informed consent, ensuring that workers understand the

purpose of testing, the nature of the collected data, and the potential implications of the results. Protection of
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privacy, confidentiality, and personal data is essential, particularly when genetic or molecular information is
collected, as unauthorized disclosure may result in stigma, discrimination, or adverse employment consequences.
Clear and transparent communication of biomonitoring results should be understandably provided to workers,
together with appropriate occupational health guidance and follow-up actions. Furthermore, biomonitoring and
genetic information should not be used to unfairly restrict employment opportunities, influence hiring decisions,
or discriminate against workers based on biological susceptibility or genetic characteristics. These considerations
are particularly important as Precision Occupational Health and omics-based approaches become increasingly
integrated into workplace health surveillance systems. International guidance emphasizes that biomonitoring
programs should primarily support worker protection, disease prevention, and risk reduction while respecting
ethical principles, human rights, data protection requirements, and applicable legal frameworks (Viegas et al.,
2020). Therefore, responsible governance, transparency, and stakeholder engagement are essential to ensure the
ethical implementation of biomonitoring and genetic data in occupational health practice.

Comparison of traditional biomarkers, omics-based biomarkers, and digital health approaches reveals
important differences in practical application. Traditional biomarkers are generally well validated, relatively
inexpensive, and suitable for routine occupational health surveillance; however, they may have limited sensitivity
for detecting early biological changes. Omics-based biomarkers offer greater sensitivity and the ability to identify
molecular alterations before clinical manifestations occur, but they require advanced laboratory infrastructure,
specialized expertise, and substantially higher costs. Digital health technologies, including wearable biosensors
and point-of-care devices, provide opportunities for real-time monitoring and rapid decision-making, although
challenges related to validation, standardization, and data management remain. Therefore, the selection of
biomonitoring approaches should consider the intended purpose, available resources, analytical requirements, and

feasibility of implementation in occupational settings.
Conclusion and Suggestions

Biomarkers play a crucial role in bridging environmental and occupational exposure with measurable health
outcomes. The growing body of evidence underscores their importance in improving the precision of chemical
risk assessment, facilitating early detection of organ-specific toxicity, and identifying vulnerable populations.
However, current applications are limited by variability in specificity, analytical complexity, and accessibility in
low-resource settings. Future directions emphasize integration of omics-based technologies, non-invasive
sampling, and multi-matrix monitoring to enhance sensitivity and real-time applicability. Advances in digital
health and point-of-care testing will transform biomonitoring into a proactive, field-deployable tool for
occupational surveillance. The emerging concept of Precision Occupational Health—which combines biomarkers
with genetic, behavioral, and environmental data—marks a paradigm shift toward individualized prevention and
policy formulation. In this context, biomarkers are not merely diagnostic tools but essential instruments for
achieving equitable and sustainable protection of workers’ health in the evolving industrial landscape.

The findings of this review may also support the development of occupational health policies, biological
monitoring guidelines, and evidence-based regulatory frameworks at national and international levels.
Government agencies, occupational health authorities, labor protection organizations, and industry stakeholders

may utilize validated biomarker information to strengthen occupational health surveillance systems, improve
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exposure control programs, establish biological guidance values, and prioritize preventive interventions for
high-risk worker populations. Wider implementation of biomonitoring strategies may contribute to more effective
occupational disease prevention, enhanced regulatory decision-making, and sustainable protection of workers’
health in rapidly evolving industrial environments.

Suggestions: This review highlights the need to integrate validated biomarkers into occupational health
surveillance beyond conventional environmental monitoring. The combined application of biomarkers of
exposure, effect, and susceptibility is recommended to improve the assessment of internal dose, early biological
effects, and individual variability. Biomarker selection should emphasize clear dose—response relationships and
standardized analytical quality. The incorporation of early-effect biomarkers can facilitate timely intervention
before clinical disease onset. Non-invasive sampling and point-of-care technologies should be promoted to
enhance feasibility in field and resource-limited settings. Future research should advance omics-based and digital
health approaches to support Precision Occupational Health. Biomarker data must be interpreted ethically and
used as preventive tools to inform risk management and policy development, rather than for discriminatory
purposes. Future collaborative efforts among researchers, occupational health practitioners, policymakers, and
regulatory agencies are essential to facilitate the translation of biomarker research into workplace health protection

programs and national occupational health policies.
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