Biomarkers of Nicotine Exposure: Forensic Toxicological Significance, Analytical Methods, and Interpretative Challenges
Abstract
Nicotine exposure may arise from combustible tobacco, smokeless tobacco, electronic nicotine delivery systems, heated tobacco products, nicotine replacement medicines, occupational contact, environmental contamination, or accidental and intentional ingestion. A forensic measurement must therefore address a specific question rather than simply establish whether a nicotine-related compound is present. This narrative review examines nicotine pharmacokinetics, major biomarkers, biological specimens, analytical methods, and the evidentiary boundaries of interpretation. Parent nicotine is most informative about relatively recent exposure but is rapidly redistributed and eliminated. Cotinine offers a longer detection interval, whereas trans-3′-hydroxycotinine and the nicotine metabolite ratio inform metabolic activity. Urinary total nicotine equivalents can characterise nicotine intake more comprehensively in research settings. The tobacco-specific nitrosamine metabolite NNAL provides evidence of exposure to the tobacco-derived precursor NNK over a comparatively prolonged period, although it does not measure nicotine dose or establish a precise exposure date. Blood, urine, saliva, hair, and nails differ in sampling practicality, analyte concentration, temporal resolution, and susceptibility to contamination. Contemporary gas chromatography–mass spectrometry and liquid chromatography–tandem mass spectrometry permit sensitive measurement when extraction, calibration, identity criteria, and matrix-specific validation are adequate. The review emphasises that biomarker concentrations cannot independently determine product identity, intent, dependence, impairment, fatal dose, or cause of death. Robust interpretation requires a documented specimen, appropriate analytical quality assurance, an explicit account of competing explanations, and integration with independent clinical and circumstantial evidence. The clinical and forensic utility of multi-analyte strategies is greatest when each component addresses a distinct and supportable inferential question.
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1. Introduction
Tobacco and nicotine use remain important public-health and toxicological concerns, yet a positive laboratory result may have very different meanings in a cessation study, a suspected ingestion, an occupational exposure investigation, or a postmortem examination. Nicotine is a pharmacologically active alkaloid that acts primarily through nicotinic acetylcholine receptors. Its repeated administration can support dependence; however, nicotine exposure, nicotine dependence, and tobacco-related disease are neither synonymous concepts nor interchangeable analytical end points. The adverse consequences of combustible tobacco additionally reflect exposure to combustion products and numerous tobacco-derived toxicants. Contemporary nicotine-delivery products complicate biomarker interpretation because substantial nicotine exposure can occur without combustion or direct use of cured tobacco (Le Foll et al., 2022; Sansone et al., 2023; Schick et al., 2017).
Forensic toxicology commonly begins with a deceptively straightforward question: Was the person exposed to nicotine? A laboratory can sometimes answer that question with considerable confidence, subject to the assay, specimen and detection threshold. It is much more difficult to infer the amount administered, the route, the precise time of use, whether exposure was voluntary, or whether a measured concentration contributed causally to a clinical outcome. For example, cotinine may remain detectable after nicotine itself is no longer quantifiable, and an isolated urine result cannot be treated as a blood concentration at the moment of an event. Conversely, A negative finding may reflect the delay in sampling, assay sensitivity, or a matrix that is poorly matched to the suspected exposure (Benowitz et al., 2020; Hukkanen et al., 2005).
The changing product landscape makes source attribution particularly consequential. Cigarettes, cigars, waterpipes, and smokeless products may yield nicotine metabolites alongside markers linked to cured tobacco or combustion. Electronic cigarettes and pharmaceutical nicotine may generate cotinine without a commensurate burden of tobacco-specific nitrosamines. Heated tobacco and dual-product use create additional overlap, while ingredients that alter aerosol irritation or nicotine protonation can modify patterns of exposure without necessarily identifying the product from a single biomarker. Product history, analytical targets, and concurrent use therefore need to be evaluated together, rather than assumed from one concentration (DeVito & Krishnan-Sarin, 2018; Talhout & Leventhal, 2026; Yan et al., 2024).
The importance of biological matrices is equally practical. Venous blood may be valuable close to an acute exposure, urine may sensitively reveal metabolites several days later, and hair or nails may provide a broad retrospective window. These advantages come with different limitations: urine is affected by dilution, saliva by collection conditions, and keratinised matrices by external deposition and variable incorporation. In fatal investigations, postmortem interval, collection site, specimen preservation, and tissue distribution further complicate the relationship between an analytical value and the concentration that existed during life. Interpreting results without these distinctions risks converting evidence of exposure into an unsupported account of events (Aoki et al., 2020; Gao & Kirschbaum, 2023; Shilnikova et al., 2025).
Although individual nicotine biomarkers and analytical methods have been extensively investigated, the available evidence spans different pharmacokinetic, specimen-specific and forensic contexts. This creates a need for an integrated appraisal that distinguishes conclusions supported by biomarker measurements from those requiring independent clinical and circumstantial corroboration.
This review brings together pharmacokinetic principles, biological-marker selection, analytical performance, and forensic reasoning within one interpretative framework. Its central objective is to identify what each marker can reliably demonstrate, what additional information it may supply under specified conditions, and which conclusions require independent corroboration. Particular attention is given to quantitative examples, specimen-dependent differences, the distinction between measurement uncertainty and biological variation, and the limits of reconstructing dose or causation. The emphasis is on defensible case interpretation rather than the indiscriminate accumulation of analytical targets.
1.1. Scope and evidence basis
This is a critical narrative review of published human pharmacokinetic investigations, biomedical and analytical studies, toxicological case reports, expert guidance, and relevant reviews. The literature considered includes foundational studies of nicotine disposition and tobacco biomarkers, subsequent investigations of nicotine products and noninvasive sampling, and more recent evaluations of mass-spectrometric methods. Topic-focused searches of PubMed and journal-publisher platforms used combinations of the concepts nicotine, cotinine, hydroxycotinine, NNAL, metabolism, exposure biomarker, biological matrix, forensic toxicology, chromatography, mass spectrometry, and postmortem interpretation. Sources were evaluated for direct relevance to the mechanism, population, specimen, or analytical question being discussed.
Because the synthesis was not designed as a systematic review, there was no prospectively registered protocol, exhaustive eligibility algorithm, pooled effect estimate, or formal study-level risk-of-bias scoring. Quantitative values are therefore presented as study-dependent observations or well-established approximations, not as pooled reference intervals. Where the literature reports different elimination estimates or different analytical definitions, those differences are treated as potentially informative rather than mechanically averaged. The purpose is to interpret the available evidence consistently while acknowledging the limitations of narrative selection and heterogeneous study designs (Benowitz et al., 2020; Schick et al., 2017).
2. Pharmacokinetics of Nicotine
2.1. Chemical properties and absorption
Nicotine is a small, lipophilic, weakly basic molecule with the molecular formula C₁₀H₁₄N₂ and an approximate molecular mass of 162.23 g/mol. The balance between protonated and unprotonated species depends on the pH of the formulation and receiving environment. A larger unprotonated fraction generally favours passive movement across lipid-rich membranes, although actual absorption also reflects the surface area, local blood flow, dose, and formulation. Published discussions of nicotine acid–base chemistry and smoke partitioning caution against applying one isolated pKa-based percentage to all products or biological compartments (Benowitz et al., 2009; Pankow, 2001).
Inhaled nicotine can reach the pulmonary circulation rapidly because the respiratory surface is extensive and perfused. After absorption, nicotine enters arterial blood and reaches the brain on a time scale of seconds; however, venous concentrations measured later need not reproduce the brief arterial peak. Puff volume, inhalation depth, frequency, aerosol concentration, and product design affect delivered dose. The distinction between rapid arterial delivery and subsequent tissue distribution is important when comparing cigarette-smoking experiments with clinical blood specimens collected minutes or hours after an alleged exposure (Benowitz et al., 2009; Hukkanen et al., 2005).
Nicotine may also be absorbed across the oral and nasal mucosa, gastrointestinal tract, and skin. Buccal products and oral pouches may yield slower concentration-time profiles than inhaled nicotine, although the difference depends on formulation and behaviour. Transdermal therapeutic systems generally deliver nicotine more gradually. Swallowed nicotine is subject to absorption and presystemic metabolism; therefore, the amount ingested is not equivalent to the concentration appearing in systemic blood. These route-dependent distinctions preclude deriving a unique route of administration from a single cotinine result. They also explain why exposure circumstances must accompany laboratory data when comparing inhalation, ingestion, and dermal-contact cases (Benowitz et al., 2009; DeVito & Krishnan-Sarin, 2018).
For novel electronic products, device characteristics and e-liquid ingredients introduce further complexity. Power, aerosol generation, nicotine concentration, user topography, and chemical formulation can alter nicotine delivery. Organic acids may promote salt formulations that reduce perceived harshness, but their presence does not create a new metabolite uniquely diagnostic of an e-cigarette. When two products deliver bioavailable nicotine, both can increase nicotine and cotinine in blood or saliva. Assigning exposure to a specific product therefore requires product records, other relevant chemical markers, and an appraisal of potential dual use (DeVito & Krishnan-Sarin, 2018; Talhout & Leventhal, 2026).
2.2. Distribution and elimination phases
Following systemic entry, nicotine distributes into well-perfused tissues and the central nervous system. The concentration observed in a specimen represents the combined effects of input, distribution, metabolism, and elimination at the sampling time. Arterial and venous concentrations may differ substantially during and soon after inhalation; therefore, a result should identify specimen type, collection time, and whether samples were obtained during active administration or after the exposure ended. Direct comparison of peak arterial data with a later venous forensic sample can otherwise produce misleading conclusions about the alleged dose (Benowitz et al., 2009; Hukkanen et al., 2005).
Nicotine is cleared sufficiently quickly that its terminal elimination half-life in adults is commonly approximated at about two hours, although the apparent time course depends on administration and sampling conditions. During repeated dosing, concentration profiles reflect overlapping absorption and elimination of successive doses; during abstinence, the parent compound may decline below the measurement threshold while metabolites remain. A short half-life is thus useful for identifying recent exposure but limits the sensitivity of delayed sampling. It should not be interpreted as a guarantee that nicotine is absent after a fixed number of hours, because starting concentration, metabolic clearance, and assay sensitivity vary (Benowitz et al., 2009; Benowitz et al., 2020).
Tissue distribution is especially relevant to postmortem work. Differences between central and peripheral blood, the timing of collection, tissue binding, contamination of specimen containers, and changes after death may obscure a direct relation between a measured concentration and a premortem state. A published case of fatal intravenous exposure illustrates the need to examine the anatomical distribution of nicotine alongside autopsy findings and circumstances, rather than infer the mechanism of death from one sample. Published case concentrations should be compared only when specimen site, matrix, analytical approach, and exposure circumstances are meaningfully comparable (Aoki et al., 2020).
2.3. Metabolism and interindividual variation
Hepatic oxidation is the predominant route of nicotine biotransformation. Cytochrome P450 2A6 (CYP2A6) is a major contributor to the initial C-oxidation process that forms an iminium intermediate; subsequent oxidation by aldehyde oxidase produces cotinine. Cotinine can undergo further CYP2A6-mediated hydroxylation to trans-3′-hydroxycotinine (3HC). Additional routes include nicotine N-oxidation, glucuronidation, and N-demethylation. These are chemically distinct processes: the formation of nornicotine by removal of a methyl group should not be conflated with production of a separately methylated nicotine metabolite (Hukkanen et al., 2005; Murphy, 2021).
The frequently cited estimate that approximately 70%–80% of a nicotine dose proceeds through the cotinine pathway is best understood as an approximate metabolic pathway contribution in studied human populations, not a measurement of urinary cotinine as a fraction of the administered dose. Only part of the cotinine formed is recovered unchanged; much is converted into 3HC and conjugated products. Similarly, the abundance of one urinary metabolite reflects both metabolic formation and renal elimination. Percentages drawn from different stages, collection intervals, or metabolite panels should not be summed unless the studies use the same denominator and mass-balance definition (Benowitz et al., 2009; Hukkanen et al., 2005).
Several enzymes contribute to pathways outside cotinine formation. Flavin-containing monooxygenases participate in nicotine N-oxidation, while uridine diphosphate glucuronosyltransferases catalyse conjugation of nicotine and relevant metabolites. Substrate specificity, genetic differences, and physiological conditions can alter the relative distribution of metabolites. Importantly, metabolite pathways are not simply interchangeable labels for the same reaction, and an analytically abundant metabolite need not correspond to a greater biological effect. Modern biochemical reviews provide a basis for interpreting pathway-specific findings without assigning an unjustified clinical implication to minor metabolites (Hukkanen et al., 2005; Murphy, 2021).
Interindividual variation is substantial. CYP2A6 genotype and activity, liver function, age, pregnancy-related physiology, hormonal factors, and concomitant medications may change metabolic rates and biomarker ratios. An equal nicotine dose therefore need not produce equal cotinine concentrations across individuals. Differences can also occur within an individual when sampling conditions or product-use behaviour change. A systematic review of genotype-predicted nicotine metabolism illustrates that metabolic phenotype is relevant to tobacco-use research, but a genotype or metabolite ratio does not directly demonstrate dependence, impairment, or a particular exposure history (Benowitz et al., 2020; Jones et al., 2022).
The nicotine metabolite ratio, typically defined as trans-3′-hydroxycotinine divided by cotinine in an appropriately specified specimen, is often used as an indicator of CYP2A6-related metabolic activity. Its usefulness depends on analyte measurement, steady-state assumptions, pharmacokinetic timing, and the population considered. A ratio near a particular value cannot, by itself, convert a forensic result into a verified dose, a route of administration, or a time since last use. The ratio may add explanatory context when a cotinine value appears discordant with the reported history, but the degree of certainty must remain proportionate to the sampling design (Benowitz et al., 2009; Jones et al., 2022).
2.4. Renal elimination and the value of multiple metabolites
Urinary excretion is a major route for nicotine-derived compounds. The concentration of unchanged nicotine in urine is sensitive to urinary pH because the ionisation state affects tubular reabsorption, whereas the disposition of cotinine and other metabolites has its own kinetics. Urine dilution, collection interval, kidney function, and whether conjugated forms are included can greatly change the reported concentration. Consequently, a urinary amount should not be treated as a direct substitute for a plasma value, and two studies may report different 'cotinine' results because one measures the free compound and another measures free plus glucuronidated cotinine (Benowitz et al., 2009; Benowitz et al., 2020).
Three relevant species—nicotine, cotinine, and trans-3′-hydroxycotinine—provide distinct information about elapsed time and metabolic processing. Their concentrations are affected by the sequence of reactions, tissue distribution, and excretion. Some studies quantify total nicotine equivalents (TNE), a composite of nicotine and a defined set of its metabolites, to reduce the impact of individual pathway differences on estimates of nicotine intake. TNE is particularly valuable in exposure research when the full panel is available and validated, but the analytes and conjugate definitions must be specified. A study reporting three components and another reporting a more extensive panel should not be assumed equivalent without methodological justification (Benowitz et al., 2020).
Figure 1 summarises the linked phases of absorption, distribution, metabolism, and excretion. It highlights why the time at which a biological sample is obtained, and the metabolite measured, are central to forensic interpretation. The schematic deliberately presents processes rather than deterministic concentrations because route, dose, metabolism, and specimen type differ between cases (Benowitz et al., 2009; Hukkanen et al., 2005).
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Figure 1. Absorption, distribution, metabolism, and excretion of nicotine. Original conceptual diagram based on Benowitz et al. (2009) and Hukkanen et al. (2005).
3. Biomarkers of Nicotine and Tobacco Exposure
3.1. Parent nicotine: evidence of comparatively recent exposure
Parent nicotine may be measured in blood, plasma, serum, urine, saliva, and appropriately validated tissue or keratinised matrices. Its value is strongest when collection follows a suspected exposure reasonably promptly and the interpretation incorporates how rapidly concentrations change. Detection establishes that nicotine or nicotine-containing material entered, contacted, or potentially contaminated the tested specimen; distinguishing systemic uptake from specimen contamination requires collection details and corroborating markers. A measurable nicotine concentration is not intrinsically evidence of poisoning, and a low or negative result after a long delay does not exclude significant exposure earlier in the course of an incident (Benowitz et al., 2009; Benowitz et al., 2020).
In controlled smoking experiments, nicotine concentrations depend strongly on venous versus arterial sampling and the elapsed time after inhalation. These differences explain why published ranges are not universal diagnostic thresholds for recent cigarette smoking. When concentrations are reported without their matrix, exposure protocol, and collection interval, they may appear more comparable than they really are. The same analytical concentration may be consistent with different product types or dosing histories. Accordingly, nicotine is a useful analyte for acute-case reconstruction only when an exposure timeline and valid specimen are available; it should not be used to calculate an absolute administered dose by simple back-extrapolation (Hukkanen et al., 2005; Schick et al., 2017).
Environmental nicotine introduces another complication. Nicotine can contaminate collection materials and laboratory environments, and its presence on external hair surfaces may derive partly from smoke or direct contact rather than internal incorporation. Quality control needs to encompass blank collection devices, preparation procedures, and relevant environmental contamination sources. Recent clinical method-development research specifically identifies environmental nicotine carryover as a practical analytical issue and proposes chromatographic measures to reduce it. The analytical laboratory should distinguish a genuine biological finding from carryover, background, or handling contamination before a result is used for a consequential forensic inference (van der Velpen et al., 2025).
3.2. Cotinine: longer-window biomonitoring
Cotinine is the principal proximate metabolite of nicotine and one of the most extensively used biomarkers of exposure. Its usual half-life is commonly summarised as approximately 16–20 hours, although individual values can extend well outside that interval, including an approximately 8- to 30-hour range in contemporary biomonitoring guidance. This longer persistence improves the probability of detection after a sampling delay and reduces the short-term fluctuation seen with parent nicotine. Cotinine is therefore a practical choice for identifying nicotine uptake in research, clinical monitoring, and many toxicological investigations (Benowitz et al., 2020; Hukkanen et al., 2005).
Cotinine may be measured as free cotinine or total cotinine, depending on whether conjugated forms are included, and the distinction is particularly important in urine. Average serum cotinine concentrations can differ markedly among daily smokers, individuals exposed to secondhand smoke, intermittent users, and persons using alternative nicotine products. Nevertheless, these groups have overlapping distributions, and their boundaries are affected by sample timing, metabolism, analytical sensitivity, and population composition. A cut-point derived to classify self-reported smoking status in an epidemiological sample is not a validated threshold for poisoning, intent, or the source of exposure in an individual forensic case (Benowitz et al., 2020; Torres et al., 2018).
A useful calculation illustrates both the potential and limitation of cotinine kinetics. If an illustrative serum concentration is 100 ng/mL at the end of exposure and the half-life is assumed to be 16–20 hours, a one-compartment first-order model yields approximately 35–44 ng/mL after 24 hours and 13–19 ng/mL after 48 hours. These are mathematical projections, not population reference ranges. Real concentrations may deviate because elimination is variable, absorption may continue after the designated starting time, multiple earlier doses may contribute, and the initial concentration may not be known. Without independent information, the model cannot reliably establish an exact cessation time from one observation (Benowitz et al., 2020).
Cotinine also has limited source specificity. Combustible cigarettes, smokeless tobacco, e-cigarettes, heated products, nicotine replacement therapies, and some occupational or environmental exposures may all yield cotinine. Interpretation therefore begins with the narrower conclusion of nicotine uptake. When product identity is central to the legal question, anabasine, anatabine, NNAL, or combustion-related biomarkers may offer additional evidence, but none of these becomes infallible simply because it is measured alongside cotinine. Their presence and absence must be considered in relation to product composition, assay limits, and possible dual use (Benowitz et al., 2020; Schick et al., 2017).
3.3. Trans-3′-hydroxycotinine and the nicotine metabolite ratio
Trans-3′-hydroxycotinine (3HC) results from further metabolism of cotinine, principally through CYP2A6-related oxidation. It is readily found in urine after nicotine exposure and may also be measured in blood or saliva using appropriate methods. Human kinetic research has described a plasma elimination half-life averaging about 6.6 hours, with observed interindividual values approximately 4.6–8.3 hours under the reported experimental conditions. The shorter apparent half-life relative to cotinine is one reason that the 3HC-to-cotinine relation is sensitive to timing and phenotype (Benowitz et al., 2009; Szumska et al., 2024).
The nicotine metabolite ratio can provide information about the relative speed of cotinine conversion. Its research value is especially apparent when metabolic variability might explain apparent discordance between nicotine intake and a cotinine-only result. However, an increased ratio should not be interpreted as greater nicotine dependence or as evidence that a particular nicotine product was used. In a case involving a suspected recent ingestion, for example, a ratio measured soon after exposure may be difficult to compare with published steady-state ratios from established smokers. The investigator must also establish whether conjugated or unconjugated forms were measured and whether the assay is validated for the matrix in question (Jones et al., 2022; Murphy, 2021).
Measurement of 3HC can strengthen assessment of nicotine metabolism without providing a uniquely forensic signal. A laboratory should avoid assigning fixed categories such as rapid or slow metaboliser from a ratio if the relevant population reference data, sampling conditions, and assay validation are unavailable. Similarly, serial changes in the ratio should not be equated to a precise number of cigarettes or a verified change in exposure behaviour. Combining nicotine, cotinine, and 3HC is generally more interpretable when used to test a specific biological explanation than when used to assign multiple independent legal conclusions from the same sample (Benowitz et al., 2020; Hukkanen et al., 2005).
3.4. NNAL and tobacco-specific nitrosamine exposure
The compound 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol, conventionally abbreviated NNAL, is a metabolite of the tobacco-specific nitrosamine NNK. Unlike cotinine, NNAL is intended to reflect exposure to a tobacco-derived nitrosamine rather than nicotine intake itself. It may be detected after exposure to cured tobacco products or secondhand tobacco smoke, and urine is a widely used specimen. Its interpretative advantage is greatest where the forensic question asks whether a positive nicotine or cotinine finding may plausibly be associated with tobacco exposure rather than pharmaceutical or non-tobacco nicotine sources (Benowitz et al., 2020; Goniewicz et al., 2009).
NNAL has prolonged elimination. Reported terminal half-life estimates depend on sampling interval, study design, and whether the analyte is characterised as free or total NNAL; biomarker guidance describes approximate values spanning 10–40 days, with extended detection possible for weeks after cessation. An isolated positive value thus supports exposure within a broad prior window but cannot determine which particular day or use episode generated the result. A falling series of NNAL values may be compatible with elimination after exposure stops, yet repeated or intermittent contact and differences in urinary concentration can produce alternative patterns. The analyst should explain these possibilities rather than assign a precise time of exposure from one concentration (Benowitz et al., 2020; Goniewicz et al., 2009).
For urinary NNAL, methods may quantify free NNAL alone or total NNAL following deconjugation of glucuronidated metabolites. These definitions change reported concentration and must not be silently merged in a reference comparison. The unit of reporting is equally consequential because some studies express concentrations as pg/mL or as creatinine-normalised values. NNAL does not measure nicotine dose, and a high NNAL value is not a direct indicator of acute nicotine toxicity. It reflects exposure to NNK under the limitations of biomarker kinetics, not the clinical effect of nicotine at the time of sampling (Benowitz et al., 2020; Schick et al., 2017).
Exposure classification becomes particularly challenging with novel nicotine products. Pharmaceutical nicotine generally does not produce the same NNAL pattern as cured tobacco, but trace tobacco-related contaminants, concurrent smoking, and heated-product use can complicate a rigid binary interpretation. A non-detectable NNAL concentration also does not prove that a person has never used tobacco, especially when the duration since exposure, assay sensitivity, and specimen quality are uncertain. A combined profile of cotinine and NNAL is more meaningful when accompanied by a product history and an explicit statement about what the two analytes measure (Schick et al., 2017; Śniadach et al., 2025).
3.5. Minor alkaloids, total nicotine equivalents, and complementary markers
Anabasine and anatabine are minor tobacco alkaloids that can help assess use of tobacco-derived products in some settings where nicotine replacement therapy is a possible alternative explanation for cotinine positivity. Their usefulness is conditional: some e-liquids derived from tobacco nicotine may contain low levels of minor alkaloids, and the absence of a marker depends on assay sensitivity and time since exposure. Nicotelline and other product-associated analytes have also been investigated as complementary markers. The choice of an additional marker should follow the specific attribution question and the composition of the products under consideration, rather than rely on a general claim of specificity (Benowitz et al., 2020; Schick et al., 2017).
Total nicotine equivalents (TNE) refer to a defined sum of nicotine and selected metabolites expressed in chemically appropriate common units. A complete or reduced TNE panel may be useful for estimating overall nicotine intake because combining metabolites mitigates some interindividual pathway variation that complicates cotinine-only estimates. The number of measured species, inclusion of conjugates, analytical recovery, and unit conversion must be disclosed for a reproducible result. TNE is not a replacement for a poisoning threshold and does not remove the need to distinguish one high-dose exposure from multiple smaller doses distributed over time (Benowitz et al., 2020; Murphy, 2021).
Biomarkers associated with combustion, including exhaled carbon monoxide or blood carboxyhemoglobin, address a different aspect of exposure. They can complement nicotine-based measures when a question concerns smoke inhalation, but their specificity is limited by other carbon monoxide sources and their shorter detection windows. Likewise, tobacco-related aromatic compounds and other exposure markers may assist in specialised studies but require independent validation and contextual interpretation. A defensible multi-analyte strategy combines different kinds of evidence rather than treating correlated metabolites as independent confirmations of the same proposition (Schick et al., 2017; Torres et al., 2018).
Figure 2 depicts the principal metabolic relationships relevant to biomarker selection. The diagram differentiates the nicotine-to-cotinine pathway from N-oxidation, N-demethylation, and conjugation, and it avoids assigning urinary recovery percentages to individual arrows because the reported fractions vary by study population and measurement definition. Each product is presented as an analytically distinct species rather than a direct proxy for toxic effect (Hukkanen et al., 2005; Murphy, 2021).
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Figure 2. Principal pathways of nicotine biotransformation and metabolite formation. Original conceptual diagram based on Hukkanen et al. (2005) and Murphy (2021).
4. Biological Matrices for Forensic Analysis
4.1. Blood, serum, and plasma
Blood specimens can contribute directly to the investigation of recent or clinically significant nicotine exposure, especially when collection time and clinical status are documented. Plasma and serum are also established matrices for cotinine and 3HC. Whole-blood, serum, and plasma concentrations should not automatically be considered interchangeable, because specimen processing, partitioning, and assay validation may differ. A clinically collected specimen obtained before treatment can help link a laboratory observation to the patient's condition, but delayed sampling may be more informative about metabolites than about the parent nicotine concentration at the symptomatic peak (Benowitz et al., 2009; Hopkins et al., 2025).
Blood findings in suspected poisoning should be considered alongside vital signs, neurological and gastrointestinal manifestations, treatment records, co-exposures, and the interval between exposure and sampling. This combined interpretation matters because nicotine concentrations vary rapidly and because nonspecific symptoms may have competing causes. In postmortem contexts, sampling site, preservation, container selection, and chain of custody require explicit documentation. Published case reports illustrate that tissue distributions may be informative but are not universal reference distributions applicable to every death investigation (Aoki et al., 2020; Bassett et al., 2014).
4.2. Urine
Urine is a frequently used and often analytically sensitive matrix because cotinine, trans-3′-hydroxycotinine, and additional nicotine metabolites are commonly present after exposure. It is therefore scientifically incorrect to describe urine as lacking significant concentrations of cotinine or other metabolites. Urine may remain informative after parent nicotine in blood has declined, and its noninvasive collection is advantageous in clinical and population studies. Contemporary urine studies using GC–MS or LC–Orbitrap–MS/MS demonstrate the practicality of measuring nicotine-related compounds in active and passive exposure settings (Krokos et al., 2024; Szumska et al., 2024).
Interpretation must distinguish a spot concentration from a timed excretion measurement. Fluid intake, kidney function, urinary pH, and sampling time contribute to between-sample variability. Creatinine or specific-gravity adjustment may be appropriate in some comparative settings, but the correction procedure and its limitations need to be reported. High urinary concentrations cannot be translated into contemporaneous blood concentrations with a universal conversion factor. Similarly, a urine-only finding cannot establish the pharmacological severity of an acute exposure without independent evidence (Benowitz et al., 2020; Hukkanen et al., 2005).
Analytical definitions are essential for urinary biomonitoring. A result may represent free cotinine, total cotinine after hydrolysis, free NNAL, or total NNAL. Hydrolysis conditions, the completeness of conjugate cleavage, and the stability of liberated analytes influence what is measured. Laboratories should therefore report the chemical form, calibration matrix, units, assay limits, and any normalisation approach. Without these details, apparently conflicting findings across studies may reflect laboratory method differences rather than biologically important exposure variation (Benowitz et al., 2020; Schick et al., 2017).
4.3. Saliva
Saliva permits comparatively simple noninvasive collection and is particularly useful for repeated sampling when venipuncture is impractical. Salivary cotinine is generally correlated with circulating cotinine, but salivary flow, collection device, oral contamination, and the time since oral nicotine use can influence measurements. Parent nicotine in saliva may be affected by recent contact with smoking, vaping, pouches, or oral nicotine products. Consequently, a saliva result should not be interpreted solely as a passive reflection of venous blood without considering local exposure and specimen handling (Benowitz et al., 2020; Rani & Wasnik, 2026).
Analytical methods validated for serum cannot automatically be transferred to saliva. Extraction procedures, recovery, endogenous constituents, and matrix effects must be evaluated in the actual specimen type. A 2025 LC–MS/MS study demonstrates a validated approach to measuring nicotine, cotinine, and 3HC in saliva and serum, supporting the potential for paired measurements when the necessary validation has been performed. Saliva is especially useful for exposure monitoring and serial profiles, although it may not resolve an acute toxicological question that requires appropriately timed blood evidence (van der Velpen et al., 2025).
4.4. Hair
Hair may contain nicotine and cotinine incorporated during growth as well as compounds deposited externally from smoke or contact. It can therefore provide a broader retrospective indication of exposure than blood or saliva, but the presence of a compound along a hair shaft is not an exact calendar of use. Hair growth varies, chemical treatment can affect analyte concentrations, and washing protocols do not always distinguish external deposition from systemic incorporation. These limitations are particularly important when the proposed inference concerns frequency or duration of nicotine use rather than the broader possibility of exposure (Gao & Kirschbaum, 2023; Shilnikova et al., 2025).
A validated LC–MS/MS analysis of human hair reported quantification limits of 1 pg/mg for nicotine and 0.1 pg/mg for cotinine, demonstrating that low concentrations can be measured in an appropriately developed method. These values refer specifically to the study's hair assay and are not thresholds separating exposure categories across all laboratories. In a forensic setting, segment length, anatomical sampling location, cosmetic history, decontamination, extraction efficiency, and the possible presence of environmental tobacco smoke should be recorded. Interpretation may be strengthened by comparison with contemporaneous fluid specimens where available (Gao & Kirschbaum, 2023).
4.5. Nails
Nails are another keratinised matrix capable of reflecting exposure over an extended period, and their collection may be feasible when other specimens are unavailable. However, nail growth and incorporation kinetics differ from hair, while external contamination from tobacco residues, occupational handling, cosmetics, or environmental surfaces complicates the separation of systemic exposure from deposition. There is less standardisation of nicotine-related nail interpretation than of serum, urine, or saliva, and a positive nail result should not be converted into a specific dosing schedule without suitable supporting studies (Shilnikova et al., 2025).
Decontamination and analytical extraction are central concerns for nail analysis. The laboratory should document the sampled nails, washing procedure, amount of material processed, internal standards, limits of reporting, and controls for carryover. A specimen with visibly altered or coated nails requires an especially careful account of treatment and possible interference. Nail testing is best described as complementary evidence of an exposure history rather than a substitute for time-resolved toxicological measurements or a validated basis for judging impairment and poisoning (Gao & Kirschbaum, 2023; Shilnikova et al., 2025).
5. Analytical Methods for Nicotine Biomarker Quantification
5.1. Analytical purpose and specimen preparation
An analytical workflow should begin with the forensic question, intended analytes, and the specimen available, not with the presumed superiority of a particular instrument. Low-level secondhand-smoke monitoring requires different sensitivity and quality-control priorities from a suspected concentrated-product ingestion or a postmortem investigation. The laboratory should establish whether the relevant evidence is qualitative detection, numerical concentration, metabolite ratio, or a multi-marker classification, and whether the sample volume and preservation conditions permit that measurement. All subsequent stages, including extraction, calibration, internal-standard choice, and reporting thresholds, must be appropriate for that purpose (Benowitz et al., 2020; Schick et al., 2017).
Common specimen preparation approaches include protein precipitation, supported-liquid extraction, liquid–liquid extraction, and solid-phase extraction. Each approach presents a trade-off between cleanup, recovery, cost, sample volume, and throughput. Proteins, phospholipids, salts, and other endogenous substances can suppress or enhance signal in mass spectrometry, even when chromatographic separation seems satisfactory. Isotopically labelled internal standards help compensate for sample handling and ionisation variability but do not eliminate all interference. Extraction should therefore be validated in the specific matrix and concentration range rather than transferred without evidence from a published method developed for a different specimen (Hopkins et al., 2025; van der Velpen et al., 2025).
Pre-analytical contamination deserves particular attention when nicotine is a common environmental constituent. Collection personnel, sample containers, work surfaces, mobile phases, and carryover from a previous high-concentration sample may produce misleading low-level detections. Measures such as blanks, calibration checks, controlled collection areas, sample randomisation, suitable chromatographic separation, and carryover assessments help establish analytical credibility. The laboratory should document acceptance criteria and investigate unexpected positive results before drawing a forensic inference. This concern is not hypothetical: a validated clinical LC–MS/MS study explicitly incorporated a delay column to separate environmental mobile-phase nicotine from the analyte of interest (van der Velpen et al., 2025).
Matrix-specific protocols are particularly important for hair and nail specimens. Washing may remove part of the externally deposited material, but incomplete removal and loss of internally incorporated analyte must be evaluated rather than assumed away. Grinding, extraction time, solvents, calibration preparation, and normalisation to sample mass can materially affect recovery. A study of nicotine and cotinine in hair employed online solid-phase extraction and LC–MS/MS after an extended extraction step, underscoring how method development for keratinised samples differs from routine fluid analysis. Comparisons between laboratories should acknowledge these procedural differences before interpreting numerical variation as a difference in exposure (Gao & Kirschbaum, 2023).
5.2. Gas chromatography–mass spectrometry
Gas chromatography coupled with mass spectrometry (GC–MS) remains relevant for targeted measurement of nicotine and selected metabolites. An appropriately prepared extract is separated chromatographically, and analyte identity is assessed using retention behaviour and characteristic mass-spectral information. Depending on compound properties and method design, derivatisation may be needed to obtain useful chromatographic performance, but it is not a universal requirement for all nicotine-related GC–MS assays. Calibration with an internal standard and confirmation of selectivity are particularly important when multiple compounds may have similar retention or fragment-ion patterns (Krokos et al., 2024).
A directly relevant 2024 urine GC–MS method quantified nicotine and cotinine without a derivatisation step. The investigators reported a limit of detection of 0.2 ng/mL and a limit of quantification of 0.5 ng/mL for both compounds, with a validated calibration range of 0.5–50 ng/mL. These figures illustrate the potential performance of that particular assay; they are not generic instrument specifications and should not be applied automatically to all matrices or laboratories. The method also evaluated accuracy, precision, interfering substances, carryover, and storage stability, providing a more informative basis for selection than sensitivity alone (Krokos et al., 2024).
GC–MS can be appropriate when the laboratory already has validated procedures, trained personnel, and a clearly defined target panel. However, selected-ion monitoring does not remove the need for suitable identification criteria, internal quality controls, and a defensible analytical range. An apparently negative result near the assay limit may not mean absence of exposure, especially after delayed sampling or in a low-level environmental investigation. Conversely, a high concentration beyond the calibration range may require validated dilution and repeat analysis before it can be reported quantitatively. The method selected should be described by its validated capability rather than by an unsupported claim that it is inherently more reliable than alternative technologies (Benowitz et al., 2020; Krokos et al., 2024).
5.3. Liquid chromatography–tandem mass spectrometry
Liquid chromatography–tandem mass spectrometry (LC–MS/MS) is widely used for targeted multi-analyte determination because it can measure chemically related compounds in complex biological matrices with high sensitivity. Analytes are separated by liquid chromatography, ionised, and monitored through defined precursor/product-ion transitions. Multiple-reaction monitoring supports selective quantification, while labelled internal standards and calibration materials help control variability. Nonetheless, identifying a transition is not equivalent to independently confirming an exposure history; adequate retention-time agreement, qualifier information, blanks, and quality-control procedures remain essential (Hopkins et al., 2025; van der Velpen et al., 2025).
Recent serum analyses demonstrate different valid performance targets. A 2025 automated LC–MS/MS method for serum cotinine and 3HC reported estimated detection limits of 0.010 ng/mL and 0.004 ng/mL, respectively, with precision below 10% and reported accuracy within ±15%. Such sensitivity can be useful when monitoring low environmental exposure. In contrast, a different validated serum-and-saliva method prioritised simultaneous measurement of nicotine, cotinine, and 3HC with a practical six-minute analysis; its lower quantification limits differed by analyte and specimen. These studies are not competing estimates of a universal instrument limit; they show the importance of assay purpose and validation context (Hopkins et al., 2025; van der Velpen et al., 2025).
The van der Velpen et al. (2025) method reported serum lower limits of quantification of 0.5 ng/mL for nicotine, 0.25 ng/mL for cotinine, and 0.5 ng/mL for 3HC. Its corresponding saliva limits were 3, 1, and 2 ng/mL. A separate serum LC–MS/MS method described by Ye et al. (2025) attained a limit of quantification of 0.025 ng/mL for both cotinine and 3HC. These values underline that the same analyte can have markedly different validated reporting limits across methods. They should not be compared as a ranking of overall evidentiary quality without considering validation range, specimen type, intended population, and reporting requirements (van der Velpen et al., 2025; Ye et al., 2025).
For urinary multi-metabolite analyses, LC–MS/MS or high-resolution mass spectrometry can be combined with carefully chosen hydrolysis and extraction procedures. Szumska et al. (2024), for example, analysed cotinine, 3HC, and nicotine 1′-oxide in urine using an LC–Orbitrap-based approach. The work is relevant because it demonstrates how a broader biomarker profile can be evaluated in active and passive exposure groups. However, the interpretative gain from additional metabolites is conditional on an explicit inferential purpose; more analytes do not automatically make it possible to deduce the exact exposure source or dose (Benowitz et al., 2020; Szumska et al., 2024).
5.4. High-resolution mass spectrometry and targeted confirmation
High-resolution mass spectrometry (HRMS) offers accurate-mass information that can support investigation of known targets and exploratory screening for unexpected compounds. Its broader screening capability is useful when the suspected product composition is unknown or when a biological specimen may contain substances outside a routine toxicology panel. However, accurate mass alone may not uniquely identify an isomer or exclude all matrix interference. A putative discovery should be investigated with retention behaviour, characteristic fragments, suitable standards, and, where necessary, an independent confirmatory method. This distinction is especially important before an untargeted feature is given an evidentiary meaning (Schick et al., 2017; Szumska et al., 2024).
Targeted methods remain preferable when the legal issue requires a specific concentration with known measurement uncertainty and a defensible reporting limit. Exploratory findings may guide further testing, but the confidence of an identification should be stated explicitly. Laboratories should avoid reporting a tentative structural assignment as a confirmed metabolite, and should distinguish screening results from validated quantitative findings. When a novel nicotine formulation is involved, the analytical plan may need to include direct examination of the suspected product alongside biological testing, allowing potential sources and impurities to be evaluated rather than inferred solely from metabolic biomarkers (Schick et al., 2017; Talhout & Leventhal, 2026).
5.5. Validation, quantitative comparability, and reporting
A useful analytical report describes the matrix, sample preparation, analytes and chemical forms measured, calibration range, lower reporting threshold, relevant blanks, internal standards, identification criteria, quality-control performance, and any dilution or reanalysis. Validation should address selectivity, precision, bias, recovery, matrix effects, carryover, stability, and the intended analytical range. A high correlation coefficient for a calibration curve, while useful, is insufficient by itself to establish the reliability of low-level findings. The evidentiary value of a result depends on the entire chain from collection through identification and reporting (Hopkins et al., 2025; Krokos et al., 2024; Ye et al., 2025).
Comparisons of published analytical limits require explicit distinctions between limits of detection and limits of quantification. The limit of detection describes the analytical threshold for detecting a signal under stated criteria; the limit of quantification concerns the lowest concentration that meets the method's quantitative performance rules. Neither term is interchangeable with a biological cutoff between smoker and nonsmoker, and neither establishes a toxic concentration. For a very low result, the laboratory should communicate whether the analyte was identified but not reliably quantified, or was below the validated detection threshold. Such distinctions prevent overinterpretation of the numerical precision implied by a printed value (Benowitz et al., 2020; Hopkins et al., 2025).
A compact comparison of representative published methods further illustrates the need for matrix-aware interpretation. The values in Table 1 are extracted from individual validation reports and refer to different specimens and analytical questions. They demonstrate available analytical capability but should not be read as a head-to-head performance trial or as universally applicable laboratory specifications (Gao & Kirschbaum, 2023; Hopkins et al., 2025; Krokos et al., 2024; van der Velpen et al., 2025; Ye et al., 2025).
Table 1
Representative published methods for nicotine and metabolite quantification
	Matrix
	Method
	Targets
	Reported analytical limit
	Source

	Urine
	GC–MS
	Nicotine, cotinine
	LOD 0.2 ng/mL; LOQ 0.5 ng/mL for each
	Krokos et al. (2024)

	Serum
	Automated LC–MS/MS
	Cotinine, 3HC
	Estimated LOD: 0.010 and 0.004 ng/mL
	Hopkins et al. (2025)

	Serum; saliva
	LC–MS/MS
	Nicotine, cotinine, 3HC
	Serum LOQ: 0.5/0.25/0.5 ng/mL; saliva: 3/1/2 ng/mL
	van der Velpen et al. (2025)

	Serum
	LC–MS/MS
	Cotinine, 3HC
	LOQ 0.025 ng/mL for both
	Ye et al. (2025)

	Hair
	Online SPE–LC–MS/MS
	Nicotine, cotinine
	LOQ 1 pg/mg and 0.1 pg/mg, respectively
	Gao & Kirschbaum (2023)



6. Interpretation of Nicotine Biomarker Concentrations in Forensic Science
6.1. Exposure classification and product-source attribution
A defensible interpretation begins by identifying the narrow proposition supported by the measurement. A confirmed positive cotinine result, for example, establishes nicotine uptake within the sensitivity and detection window of the method, but does not establish that the person smoked a cigarette. A positive NNAL finding provides additional evidence of exposure to the tobacco-specific precursor NNK, not a measurement of absorbed nicotine or clinical toxicity. A result for carbon monoxide may be consistent with combustion exposure but has other possible sources. Each conclusion must remain linked to the analyte's biological origin and the extent to which the particular test has been validated (Benowitz et al., 2020; Schick et al., 2017).
Nicotine delivery products overlap in their biomarker profiles. Cigarettes and waterpipes may produce nicotine metabolites and combustion markers; smokeless tobacco may produce nicotine metabolites and tobacco-specific markers without combustion exposure; e-cigarettes and nicotine replacement therapy may yield nicotine metabolites without an equivalent NNK profile. Dual use can combine these patterns, and exposure to environmental tobacco smoke can result in low concentrations of several tobacco-related biomarkers. Classification therefore benefits from a history that records product names, timing, reported frequency, and possible passive exposure. Laboratory evidence should test those explanations rather than replace them (Śniadach et al., 2025; Yan et al., 2024).
Published cotinine cutoffs serve particular study purposes. For example, a population-based threshold selected to separate self-reported smokers from nonsmokers is affected by the demographic group, background smoke exposure, testing matrix, and analysis method. Such cutoffs are not validated measures of how much tobacco a person has consumed, nor do they indicate poisoning or impaired judgement. A forensic report should state when a screening threshold has been borrowed from an epidemiological context and should avoid presenting the resulting category as an independently verified legal fact (Benowitz et al., 2020; Torres et al., 2018).
6.2. Estimating the timing and extent of exposure
The relative persistence of parent nicotine, cotinine, 3HC, and NNAL provides qualitative information about exposure windows. Detectable nicotine with metabolites may be compatible with recent exposure, whereas measurable cotinine in the absence of parent nicotine can reflect a longer interval after use, a relatively small recent input, or a difference in assay sensitivity. NNAL may persist long after nicotine and cotinine have declined. These patterns can generate hypotheses about timing, but a single profile cannot uniquely identify the date, duration, or dose of exposure. Product history, serial samples, and plausible pharmacokinetic alternatives remain central to interpretation (Benowitz et al., 2020; Goniewicz et al., 2009).
A simple first-order model can demonstrate why a time estimate is uncertain. With a starting concentration C₀, the predicted concentration after elapsed time t is C(t) = C₀ exp(−kt), where k = ln(2)/t½ and t½ denotes the assumed half-life. The equation is not an independently validated forensic dating tool. It requires knowledge of the starting value and a justified elimination model, and it assumes no additional input during the interval. Cotinine half-life variability alone may produce substantially different predictions at the same elapsed time. For this reason, back-extrapolated values should be clearly framed as conditional calculations rather than as demonstrated intake times (Benowitz et al., 2020; Hukkanen et al., 2005).
Intensity of exposure is similarly difficult to derive from one specimen. Cotinine concentration can reflect accumulated intake as well as metabolism and sampling delay. TNE may estimate average nicotine intake more comprehensively in research conditions, but it still does not establish whether a person received one large administration or repeated lower administrations over the observed interval. In an acute poisoning allegation, scene evidence and product analysis may reveal more about the putative dose than an isolated delayed metabolite measurement. Analytical findings are most informative when linked to an independently documented chronology (Aoki et al., 2020; Benowitz et al., 2020).
6.3. Chronic and intermittent nicotine exposure
Repeated use can produce sustained concentrations of nicotine metabolites, but the distributions of chronic and intermittent users overlap. Some individuals use nicotine infrequently yet show measurable cotinine after a recent exposure, whereas persons with regular use may have comparatively low concentrations because of abstinence, rapid clearance, or delayed sampling. There is therefore no single cotinine concentration that definitively separates chronic from occasional exposure across all populations. A more useful evaluation combines a well-documented history with serial fluid measurements or longer-window matrices when available (Benowitz et al., 2020; Gao & Kirschbaum, 2023).
Hair and nails can contribute to a broader temporal account, but they cannot independently confirm a precise duration of use. Hair segment analysis may show relative concentration patterns along a shaft, although growth-rate variability, cosmetic treatments, and external deposition limit calendar accuracy. Nails introduce similar issues with additional uncertainty about growth kinetics and sample contamination. Evidence of prolonged contact with nicotine-containing material should not be equated automatically with chronic systemic dosing. When such findings affect a consequential decision, the uncertainty about internal incorporation and external contamination must be made explicit (Gao & Kirschbaum, 2023; Shilnikova et al., 2025).
6.4. Suspected poisoning and acute toxicity
Suspected nicotine poisoning requires an integrated toxicological evaluation. Nicotine may produce gastrointestinal, autonomic, cardiovascular, and neurological manifestations, but the clinical picture depends on dose, formulation, route, timing, treatment, and individual susceptibility. An accidental ingestion involving a concentrated nicotine liquid can present differently from inhalation or dermal exposure, and delayed collection may yield a more prominent metabolite signal than parent nicotine. Published paediatric poisoning reports demonstrate why the product concentration, estimated exposure circumstances, and clinical progression are essential to understanding the significance of laboratory findings (Bassett et al., 2014).
The presence of nicotine in blood or urine cannot by itself establish that symptoms were caused by nicotine. Alternative diagnoses, co-exposures, and treatment effects need consideration. Likewise, concentration comparisons with published cases are vulnerable to differences in specimen timing, assay methods, survival interval, and treatment. Although high concentrations may heighten concern, the available evidence does not support applying one universal threshold as a stand-alone decision limit for fatal or nonfatal poisoning. Toxicological conclusions should specify how the measurement contributes to, but does not substitute for, the total clinical assessment (Aoki et al., 2020; Hukkanen et al., 2005).
6.5. Postmortem analysis and causation
Postmortem investigations add uncertainty because measured concentrations can reflect both premortem exposure and processes occurring during and after death. Peripheral and central blood sampling sites may yield different results; decomposition, storage duration, redistribution, and possible contamination can alter interpretative confidence. Gastric contents and product remnants may be particularly relevant when ingestion is suspected, while selected tissues can provide additional distribution information. The analysis should identify each specimen unambiguously and distinguish exposure evidence from an inference about physiological toxicity at the time of death (Aoki et al., 2020).
A causal conclusion regarding fatal nicotine poisoning must integrate medical history, scene findings, autopsy observations, exposure pathway, toxicological results, and plausible alternatives. High nicotine or cotinine concentrations do not independently establish manner or cause of death. Conversely, a low concentration collected after a prolonged survival interval may not exclude an earlier serious exposure. The degree to which a case resembles a published fatality should be evaluated in light of route, timing, sample site, and laboratory method rather than by direct numerical comparison alone. Forensic reports should separate what was chemically measured from what is inferred after weighing all available evidence (Aoki et al., 2020; Bassett et al., 2014).
6.6. Medico-legal significance and evidentiary boundaries
Nicotine biomarker findings may arise in workplace investigations, accidental exposure cases, assessment of environmental smoke contact, insurance disputes, custody-related questions, and postmortem toxicology. The relevance of the same result differs among these contexts. A positive test can be probative of exposure while remaining non-specific for voluntary use, deception, dependence, intoxication, or legal responsibility. Scientific reporting is most useful when it addresses the question asked, the limits of the test, the possible competing explanations, and the extent of corroboration available. An analyst should resist converting a population-level classification threshold into a categorical conclusion about one individual (Benowitz et al., 2020; Schick et al., 2017).
Chain of custody, specimen integrity, and reproducibility are essential elements of evidentiary quality. The report should contain the sample identity, collection conditions, storage history, analytical method, measured analytes, units, and reporting thresholds. When uncertainty is relevant to a disputed interpretation, it should be discussed in understandable terms rather than hidden behind a highly precise concentration value. Distinguishing a detected compound from a causally explanatory compound reduces the risk of unsupported testimony. A laboratory may demonstrate excellent analytical performance and still be unable to answer an interpretative question that the biomarker itself does not resolve (Benowitz et al., 2020; Hopkins et al., 2025).
Table 2 summarises the complementary strengths and limitations of the main biomarkers. The concentration ranges and half-lives are indicative rather than categorical; each analyte has different source specificity and detection characteristics. The table is intended to guide specimen and marker selection, not to establish toxic concentrations or universally valid diagnostic cutoffs (Benowitz et al., 2009, 2020; Goniewicz et al., 2009; Szumska et al., 2024).
Table 2
Comparative interpretation of principal nicotine exposure biomarkers
	Biomarker
	Indicative half-life
	What it can support
	Principal advantage
	Principal limitation

	Nicotine
	~2 hours
	Recent nicotine exposure
	Rapid parent-drug signal when sampling is timely
	Source, dose, toxicity and precise timing cannot be inferred

	Cotinine
	Often 16–20 hours; variable (~8–30 h)
	Nicotine uptake over a broader interval
	Well-established in blood, urine and saliva
	Not source-specific; population cutoffs do not define poisoning

	trans-3′-Hydroxycotinine
	Mean ~6.6 hours in a human plasma kinetic study
	Metabolite exposure; CYP2A6-related ratio
	Adds metabolic context
	Time, phenotype, matrix and assay affect interpretation

	NNAL
	Approximately 10–40 days, context-dependent
	Tobacco-specific NNK exposure
	Potentially long urinary detection interval
	Does not measure nicotine intake or exposure date

	Total nicotine equivalents
	Composite; no single half-life
	Combined nicotine-metabolite excretion
	Can improve intake characterization in research
	Panel definitions and calibration must be specified



7. Psychological and Behavioural Aspects of Nicotine Exposure
7.1. Distinguishing pharmacological action from behavioural diagnosis
Nicotine engages nicotinic acetylcholine receptors involved in attention, autonomic regulation, and reward-related signaling. Repeated use can contribute to dependence and withdrawal, but behavioural responses differ according to dose, tolerance, developmental and clinical context, and concurrent substance exposure. A biochemical assay does not diagnose nicotine use disorder. Evidence of nicotine or cotinine in a specimen demonstrates chemical exposure under the limitations of that assay, whereas a behavioural diagnosis requires an appropriate clinical assessment and history. This distinction is important when laboratory results are considered in legal or occupational settings (Le Foll et al., 2022; Sansone et al., 2023).
7.2. Mood, attention, anxiety, and withdrawal
Acute nicotine administration may produce transient changes in alertness or subjective state, while withdrawal in dependent individuals may include irritability, restlessness, concentration difficulties, altered sleep, and craving. The direction and size of these effects vary across individuals and study conditions. Reported relaxation after smoking may partly reflect relief from emerging withdrawal symptoms rather than an independent anxiolytic effect. None of these observations permits reliable reconstruction of an individual's behaviour from a cotinine concentration. A report should avoid attributing aggression, impaired decisions, or another specific action to nicotine exposure without case-specific supporting evidence (Le Foll et al., 2022; Sansone et al., 2023).
Anxiety, stress, and cognitive performance are also influenced by baseline conditions, sleep, concurrent medication, environmental context, and prior nicotine use. An individual with a measurable metabolite may have no contemporaneous withdrawal symptoms, whereas a person experiencing withdrawal may have variable measurable concentrations. A pharmacological mechanism may explain why a symptom is plausible but does not verify that it occurred in a particular case. Where such questions matter, structured clinical or psychological assessment and independent observations are more informative than an attempt to infer functional impairment from one biochemical result (Le Foll et al., 2022).
7.3. Craving, reward, and limitations of inference
Repeated nicotine exposure can reinforce learned associations between product use and environmental cues, including routine activities or social situations. These associations may contribute to craving and maintenance of use, but they cannot be directly assessed from nicotine, 3HC, NNAL, or cotinine concentration alone. Biomarkers do not establish motives, voluntary use, loss of control, or the credibility of an individual's account. A forensic assessment should separate measured exposure from these psychological constructs and identify what additional observations would be required for any stronger inference (Benowitz et al., 2020; Le Foll et al., 2022).
8. Sources of Uncertainty and Evidence Integration
8.1. Biological and population variability
Several biological factors restrict the generalisability of a reference concentration. Individuals vary in CYP2A6-mediated metabolism, hormonal and physiological status, renal elimination, nicotine administration patterns, and the frequency of exposure. Published values may also reflect age and population differences that are not necessarily transferable to the person under investigation. These factors contribute to overlap between users and nonusers or between product categories. A reference interval should therefore be treated as contextual information whose applicability depends on study design, specimen, analyte form, and sampling interval (Benowitz et al., 2020; Hukkanen et al., 2005).
8.2. Pre-analytical and analytical uncertainty
The reliability of a measurement can be compromised before a specimen reaches the instrument. Delays in collection, unsuitable containers, repeated thawing, exposure to heat or light, improper storage, and external contamination can affect analyte integrity or recovery. Analytical uncertainty then arises from extraction, matrix effects, calibration, interference, instrument carryover, and performance near reporting limits. These sources are distinguishable from biological variability: the former concern how accurately the laboratory measured the specimen, while the latter concerns what the resulting concentration can reasonably mean (Hopkins et al., 2025; van der Velpen et al., 2025).
8.3. An integrated interpretative framework
A clear report can organise its reasoning into three linked questions. First, what did the laboratory establish analytically: identity, quantity, matrix, chemical form, and measurement confidence? Second, what biological interpretation is consistent with that finding: recent nicotine uptake, longer-window exposure, metabolic activity, or exposure to a tobacco-related toxicant? Third, what forensic proposition remains unresolved: the precise product, date, dose, intent, dependence, poisoning, impairment, or cause of death? Each transition requires evidence beyond the preceding level. Separating these questions helps prevent a technically correct laboratory result from being assigned more explanatory power than it possesses (Benowitz et al., 2020; Schick et al., 2017).
For example, a urine specimen may contain cotinine but no detectable NNAL. An analytically sound result supports nicotine exposure and the absence of detectable NNAL in that specimen under the method's reporting rules. It may be consistent with exposure to a non-tobacco nicotine product, but it does not conclusively exclude all tobacco use. Conversely, a combined positive cotinine and NNAL result supports nicotine exposure and exposure to a tobacco-related nitrosamine, but cannot establish combustion, intentional use, or a particular date of exposure. Articulating these distinctions is more scientifically defensible than assigning a categorical product identity from a simplified biomarker pattern (Benowitz et al., 2020; Schick et al., 2017).
A similar approach applies to cases involving suspected nicotine poisoning. A measured blood nicotine concentration may be interpreted as evidence of systemic nicotine at collection, but its clinical significance requires information on symptoms, sampling time, treatment, and other substances. In a fatal case, the same concentration must additionally be considered in relation to anatomical sampling site and postmortem factors. When key information is missing, the appropriate conclusion is limited rather than speculative. Scientific restraint is not a weakness of biomarker testing; it is an essential feature of reliable forensic inference (Aoki et al., 2020; Bassett et al., 2014).
8.4. Research priorities
Future work would benefit from matrix-specific reference distributions that distinguish free and total analytes, more transparent reporting of sampling times, and systematic evaluation of newer nicotine products with potential dual use. Clinical and forensic laboratories also need transferable validation and proficiency-testing practices for low-concentration specimens and unconventional matrices. Greater consistency in reporting analytical limits and specimen preservation would improve comparisons across studies. Prospective investigations integrating multiple analytes with documented product exposure may help assess which combinations add genuine information beyond cotinine alone (Hopkins et al., 2025; Śniadach et al., 2025).
A further priority is to define the evidentiary value of keratinised matrices under realistic contamination conditions. Experimental studies that compare direct environmental deposition, hair treatment, and systemic incorporation may help determine which interpretations are robust to external exposures. Similarly, repeated serum, urine, and saliva sampling following documented product use can clarify the conditions under which biomarker ratios are informative. Such work is more useful for forensic practice when it explicitly reports uncertainty and tests alternative explanations than when it seeks a universal concentration cutoff for heterogeneous circumstances (Gao & Kirschbaum, 2023; Jones et al., 2026; Shilnikova et al., 2025).
9. Conclusion
Nicotine biomarkers provide powerful evidence of exposure when their biochemical origin, temporal behaviour, specimen characteristics, and analytical limitations are understood. Parent nicotine is particularly relevant to comparatively recent systemic exposure; cotinine extends the detection interval; trans-3′-hydroxycotinine and its ratio to cotinine inform metabolic variability; and total nicotine equivalents can improve characterisation of nicotine intake in suitable research designs. NNAL adds information about tobacco-specific nitrosamine exposure over a longer interval but does not independently quantify nicotine uptake or establish an exact exposure date. These markers are complementary rather than interchangeable (Benowitz et al., 2020; Goniewicz et al., 2009; Murphy, 2021).
The evidentiary strength of a result depends on the question addressed and on laboratory performance, specimen collection, timing, potential contamination, and independent context. Neither a positive biomarker nor an apparently high concentration alone demonstrates addiction, intentional use, impairment, or fatal poisoning. Blood, urine, saliva, hair, and nails can provide different forms of exposure evidence, but each imposes limits on reconstruction of dose and chronology. Integrated, matrix-specific interpretation with transparent uncertainty provides the most defensible foundation for clinical and medico-legal applications of nicotine biomonitoring (Aoki et al., 2020; Benowitz et al., 2020; Schick et al., 2017).
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