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ABSTRACT

Tobacco addiction and abuse are a global concern as they have socio-economic adverse effects. The addictive nature of tobacco can be chiefly attributed to nicotine, the most consumed psychoactive component of the world. Apart from the health concern, the need for biomarkers to predict nicotine exposure is crucial from a forensic point of view as well. In the medico-legal context, differentiation between nicotine poisoning and addictive intake of nicotine is crucial. Biomarkers based on nicotine metabolism have great forensic value as these can be detected in a variety of biological materials, such as blood, urine, saliva, hair, and nails. Among these indicators, cotinine and trans-3′-hydroxycotinine are the most widely used because of their longer biological half-lives and greater stability than nicotine itself. In addition, tobacco-specific nitrosamines such as NNAL have emerged as highly specific indicators of tobacco exposure. Nicotine biomarker identification has become much more accurate and sensitive due to analytical methods such as gas chromatography–mass spectrometry and liquid chromatography–tandem mass spectrometry. This article summarizes current knowledge regarding nicotine metabolism, major biomarkers of exposure, biological matrices used in forensic analysis, and analytical approaches for biomarker quantification. Furthermore, this work discusses the approach to the forensic interpretation of nicotine biomarker concentrations, potential limitations in medico-legal contexts, and emerging developments in biomarker research related to novel nicotine and its metabolites detection.
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1. Introduction
Globally, tobacco use is a major preventable cause of disease and premature mortality (Le Foll et al. 2022). Tobacco and nicotine exposure is very crucial in forensic investigations  as it includes cases such as  suspected poisoning, accidental ingestion, occupational exposure, exposure to secondhand or passive  smoking, and the use of conventional or emergent nicotine products (Bassett, Osterhoudt, and Brabazon 2014),(Jones et al. 2026). The interpretation has become more challenging due to the growing variety of nicotine administration methods. Tobacco products and alternative nicotine delivery systems such as Electronic Nicotine delivery system (ENDS), Heated Tobacco Products, Smokeless Tobacco etc, have been evolving and causing a serious threat to public health and safety (Drope et al. 2017). As a result, forensic and clinical toxicological analyses often include these compounds for nicotine consumption and exposure study. Nicotine is the major alkaloid of tobacco leaf causing addition. It is one of the most persistent and lethal substance use disorders globally representing a tremendous burden to an individual as well as for the society. Nicotine dependence and tobacco use exert profound, compounding effects that span individual biology, mental well-being, interpersonal stability, and macro-level societal systems. Among various substance abuse dependence potential of nicotine in some metrics exceeds than the cocaine, morphine and alcohol (Henningfield, Cohen, and Slade 1991). Nicotine addiction is a global epidemic as it poses a serious health threat to all the abusers. After inhaling the  nicotine it is absorbed rapidly through the respiratory tract and distributed through the systemic circulation(Münzel et al. 2026),(Sakthisankaran, Sakthipriya, and Swamivelmanickam 2024).Its pharmacological effects are mediated primarily through nicotinic acetylcholine receptors in the central and peripheral nervous systems. When it binds to the neuronal nicotinic acetylcholine receptors, release of neurotransmitters like dopamine, serotonin, nor epinephrine, acetylcholine endorphins etc. gets triggered. The neurotransmitters associated with nicotine use leads to the arousal, mood modulation, performance enhancement, analgesic effects associated with smoking(Benowitz 2008; Sansone et al. 2023; Tiwari et al. 2020).The nicotine addiction is also associated with the withdrawal symptoms and violent behavior.  Nicotine undergoes extensive metabolism, majorly in the liver, and is converted into several metabolites that differ in their persistence, specificity, and suitability for biological monitoring(Benowitz, Hukkanen, and Jacob III 2009).
 Nicotine, also known as 3-(1-methyl-2-pyrrolidinyl) pyridine (C10H14N2, molecular weight 162.23), is a colorless liquid in its pure form, with a boiling point of approximately 246 °C. It is a weak base 3 with a pKa of 8.5 and undergoes oxidation when exposed to light and air, turning brown. It is a stimulant and a weak base and its absorption is Ph dependent gets fast absorbed at alkaline Ph i.e, > 7) (Benowitz, Hukkanen, and Jacob III 2009; Wagner and Comins 2007). Nicotine has rapid systemic absorption across mucosal and pulmonary epithelial membranes, quick distribution to various compartments, and wide hepatic elimination. Nicotine has a 2-hour half-life and is swiftly metabolized. Parent nicotine has a 1-2-hour elimination half-life, so monitoring parent drug levels cannot measure sub-chronic, chronic, or low-dose second-hand exposure. Nicotine quickly crosses the blood-brain barrier and affects the CNS. Nicotine is metabolized by the liver into several metabolites. Most mammals use cotinine as their main nicotine metabolite. Other main metabolites include nicotine-1'-N-oxide, nornicotine, N-methylnicotium, and nicotine glucuronide.   Nicotine is metabolized to cotinine 70–80% in humans. CYP2A6 is a P450 enzyme that forms cotinine.  Cotinine is produced by C-oxidation. Nicotine testing may indicate recent exposure, but its short elimination half-life may restrict its utility when sampling is delayed. Cotinine, its main metabolite, lasts longer in biological fluids and is used in exposure evaluation. Other metabolites, such trans-3′-hydroxycotinine, provide additional nicotine metabolism information(Benowitz, Hukkanen, and Jacob 2009a; Hukkanen, Jacob III, and Benowitz 2005; Yildiz 2004). Tobacco-specific nitrosamine metabolites, especially NNAL, extend biomarker testing beyond nicotine by identifying tobacco-derived toxicants. The investigation determines biomarkers' forensic relevance. Nicotine or cotinine may indicate nicotine exposure, but it does not confirm dependency, source, amount, impairment, or toxicity. Positive NNAL results indicate tobacco-specific nitrosamine exposure, but nicotine intake is not quantified. Criminal investigations, workplace disagreements, child protection cases, suspected poisoning, and postmortems depend on these disparities. Earlier, combustion markers such as exhaled carbon monoxide (CO), carboxyhemoglobin (COHb), or urinary polycyclic aromatic hydrocarbons were used to correlate the nicotine exposure.  In more contemporary toxicological frameworks, this is no longer the case. A person with elevated levels of circulating nicotine and/or metabolites could be using an inhaled synthetic nicotine salt formulation (i.e. nicotine benzoate, nicotine lactate or levulinate), ingesting a pharmaceutical product, or using uncured tobacco(Talhout and Leventhal 2026). Additionally, in more contemporary synthetic nicotine chemistry and pharmaceutics, pulmonary absorption kinetics of nicotine is greatly facilitated and enhanced to the extent it mimics spiking levels and surges of a traditional combustible cigarettete. Hence, in forensic strategies cannot rely on one-dimensional qualitative analysis. They should rely on multi-component quantitative analysis to determine the absolute dose, differentiate intentional consumption from passive exposure to Environmental Tobacco Smoke (ETS) and identify times of consumption, and synthetic or pure pharmaceutical products from a whole tobacco matrix.
Traditionally, bioanalytical research focused on the parent drug. However, in recent years, research has focused on downstream metabolites of the parent drug. This has allowed the definition of windows of chronic exposure, as well as metabolic phenotypes. Tobacco metabolites are unstable and rapidly eliminated. Consequently, self-reported tobacco consumption by forensic, clinical and employment subjects is often unreliable due to recall bias and social desirability distortion. There are many possible reasons for intentionally underreporting tobacco consumption including the wish to be perceived as socially desirable and avoid social disapproval. There are many uses for chemical biomarkers of nicotine and tobacco. These include measuring the actual intake and consumption, passive exposure to ETS, compliance to cessation therapy, post mortem determination of nicotine and tobacco presence, etc. Stable surrogates for the forensic and clinical analysis of tobacco and nicotine metabolites are available (Benowitz et al. 2020; Benowitz, Hukkanen, and Jacob 2009b).
Analytical developments have improved the sensitivity and selectivity of nicotine biomarker measurement. GC–MS and LC–MS/MS are straight forwardly quantitative methods, and high-resolution mass spectrometry allows broadening the horizon for non-target compounds. However, a good forensic interpretation does not rely on analytical sensitivity alone. These are specimen selection, collection/storage, matrix effects, calibration, quality control, validation, and timing of exposure.
This review discusses the biochemistry and forensic potential of biomarkers of nicotine exposure, advantages and disadvantages of the various matrices and analytical techniques, and the importance of challenges in interpreting results in contemporary medico-legal practice.

2. Pharmacokinetics of Nicotine

2.1 Absorption of Nicotine

There are four basic ways nicotine enters the bloodstream. These are the lungs, oral mucosa, skin (transdermal), and gastrointestinal system. Route of delivery, chemical makeup, and pH affect nicotine absorption. Nicotine is absorbed by gum, lozenges, pouches, and less hazardous smoking. Nicotine enters the bloodstream through the oral mucosa. Nicotine absorption is pH-dependent. Alkaline environments absorb it better than acidic ones. Therefore quickly absorbed through oral mucosa, lungs, blood stream, and poorly in stomach . Absorption is mostly done by the lungs. Higher pH means more uncharged nicotine, and vice versa. Since nicotine is a weak base, pulmonary administration increases blood nicotine concentrations and brain delivery faster than ingestion. In acidic environments, a greater proportion becomes protonated (ionised), which reduces passive diffusion across lipid membranes(Baynes and Hodgson 2004; Cone, Fant, and Henningfield 2012). Cigar smoke is pH 8.5. Alveoli have pH 7.4. The pH differential and huge lung surface area allow uncharged nicotine particles to diffuse through alveolar membranes. Absorption is fast because to the large pulmonary surface area, thin alveolar–capillary barrier, and abundant blood supply. Thus, lung absorption is faster and more efficient than oral. Non-smokers can absorb 60–80% of nicotine via ambient smoke. Nicotine enters the brain in 10–20 seconds after inhalation. Tar droplets, or particulates, carry nicotine from burning tobacco and are breathed. Nicotine absorption across cellular membranes is pH-dependent. 
Tar droplets, or particulates, carry nicotine from burning tobacco and are breathed(Pankow 2001). Nicotine absorption across cellular membranes is pH-dependent. In contrast, air-cured tobacco smoke (the main source for most pipes, cigars, and some European cigarettes) is more alkaline (pH > 6.5) and contains a considerable amount of "unionised." It's easily absorbed in the mouth. Recent research reveals that cigarette smoke particulates may have a higher pH than previously thought, allowing more unionised nicotine to be absorbed rapidly in the lungs. Nicotine is rapidly absorbed in the tiny airways and alveoli of the lungs from tobacco smoke. Blood nicotine levels rise rapidly while smoking and peak thereafter. The large surface area of the alveoli and tiny airways and the breakdown of nicotine in lung fluid at pH 7.4 help the lungs absorb nicotine from cigarette smoke quickly. Smokers control nicotine and brain levels with each puff from a sophisticated procedure. The volume of each puff, how deeply it is inhaled, the degree of dilution with ambient air, and the speed and intensity of puffing affect nicotine absorption(DeVito and Krishnan-Sarin 2018; Sobkowiak and Lesicki 2013).
2.2 Distribution of nicotine

Once absorbed, nicotine enters the bloodstream, where it is approximately 69% ionized and 31% unionized at a pH of 7.4, among which less than 5% binds to albumin and numerous serum lipoproteins. At steady state, its volume of distribution averages 2.6 L/Kg, indicating good tissue dispersion. A cigarette delivers nicotine to the brain in 10–20 seconds(Benowitz, Hukkanen, and Jacob 2009a). Nicotine enters the brain quickly, but lung absorption and gradual release must balance it (pulmonary positron emission tomogram data and slow arterial nicotine decline between puffs; Benowitz & Jacob, 1994). After a cigarette puff, peak arterial nicotine concentration may exceed 100 ng ml−1, but is usually between 20-60 ng ml−1. After the initial puff, the average peak arterial nicotine concentration drops to about 7 ng ml−1. Some studies have compared arterial to venous nicotine concentrations up to 10-fold, while the usual ratio is 2.3–2.8. Smoking or intravenous nicotine delivery quickly raises central nervous system nicotine levels, preventing tolerance (Benowitz 2007; Robson 2016). This enhances pharmaceutical effects. According to smoker postmortem samples, the liver, kidney, spleen, and lung have the most nicotine affinity, while adipose tissue has the lowest. Skeletal muscle has similar nicotine and cotinine levels to blood. Nicotine binds well to brain tissues, and smokers have more receptor binding capacity. 
Nicotine affinity is highest in the liver, kidney, spleen, and lungs and lowest in adipose tissue, according to autopsy(Aoki et al. 2020). Average smoker absorbs 1 mg of nicotine in each cigarette. The pulmonary epithelium quickly absorbs nicotine, which enters the arterial circulation and reaches the CNS via the carotid arteries. Nicotine quickly passes the blood-brain barrier, exposing the brain to high nicotine levels briefly. According to study, nicotine enters the brain 10–20 seconds after inhalation (Benowitz, Jacobiii, and Herrera 2006). 


2.3 Metabolism 

The main site of nicotine metabolism is the liver. The primary enzyme involved in the conversion of nicotine to cotinine through production and oxidation of nicotine-Δ1′(5′)-iminium ion is CYP2A6, a cytochrome P450 enzyme. Cotinine is thereafter mostly metabolised by CYP2A6 to trans-3′-hydroxycotinine. Other mechanisms lead to the formation of nicotine-N-oxide, cotinine-N-oxide and other minor metabolites(Murphy 2021).
The most significant metabolic route for nicotine is the conversion to cotinine, accounting for approximately 70% to 80% of total nicotine metabolism. This transformation occurs in two distinct enzymatic stages, primarily within the liver: nicotine metabolism is a highly efficient process centred on the CYP2A6 enzyme (Cytochrome P450) (Hukkanen et al. 2005; Nakajima and Yokoi 2005). While cotinine remains the principal metabolite, the presence of active minor metabolites like nornicotine and the regulatory role of FMO (flavin monooxygenase) and UGT (uridine 5’-diphospho-glucuronosyltransferase) enzymes create a complex pharmacokinetic profile that must be considered while investigating tobacco exposure. In humans, 70–80% of nicotine is metabolised to cotinine. From the family cytochrome (P450) CYP , the  CYP2A6 enzyme plays a significant role in the formation of metabolite cotinine.  Cotine is formed by the C-oxidation pathway, it involves a double-step  oxidation of nicotine at C-5` position by CYP2A6 forming intermediate Δ1′,5′-iminium ion  and 5'-hydroxynicotine in equilibrium. Further the oxidation takes plays with the help of cytoplasmic aldehyde oxidase which quickly converts to an iminium ion to cotinine.  The half life of nicotine approx 2 hours whereas the half life of cotinine is 16-20 hours which makes the cotinine a very potential biomarker in assessing the chronic abusers in forensic investigation. After this in Secondary C- oxidation of cotinine, hydroxylation produces a trans trans-3′-hydroxycotinine (3-HC) which is the major urinary identifying metabolite. This reaction is highly dependent on the enzyme cytochrome P450 enzyme, CYP2A6(Benet et al. 1996; Benowitz, Hukkanen, and Jacob 2009a; Jones et al. 2022). 
Beside this, N-oxidation   is also among primary pathway, in which Nicotine- 1 ’-N-oxide , the main metabolite of n-oxidation pathway is produced. The 4-5% absorbed nicotine is metabolized through this pathway. In this pathway FMO- flavin-containing monooxygenase 3 enzyme plays crucial role is metabolism of nicotine to N-Oxide as one of the metabolite. It occurs by oxidation of pyrrolidine nitrogen atom of nicotine which gets catalyzed by FMO group producing N-oxide. N-oxidation also occurs in secondary etabolism of cotinine producing the cotinine N-oxide metabolite, which is catalyzed by CYP family enzyme.  Research indicates that this pathway is inducible; for example, pregnancy has been shown to increase the rate of N-oxide formation by inducing FMO3 activity. Nornicotine is one of the most abundant "minor" alkaloids and metabolites It is formed through the N-demethylation of nicotine. While produced in smaller quantities than cotinine, nornicotine is of high academic interest because it is pharmacologically active and may contribute to the long-term(Perez-Paramo et al. 2019).
Beside this nicotine is also metabolised by two nonoxidative pathways that is N-Demthylation which is also one of the significant route of metabolism of nicotine. It was introduced due to identification of demethylcotinin in the smoker’s urine samples. In this methylation of the pyridine nitrogen takes places giving the N -methylnicotinium ion. Further these intermediate ions spontaneously get converted to nornicotine (Benowitz et al. 2006).

2.4 Excretion 

The half-life of nicotine is typically between 100 and 150 minutes, which refers to the duration required for the plasma nicotine content to reduce to fifty percent. Nicotine possesses a comparatively brief half-life, resulting in rapid elimination from the system, hence affecting its pharmacological effects and the frequency of consumption necessary to maintain its physiological impact. Approximately 15% of nicotine is excreted unchanged in the urine, highlighting the importance of renal mechanisms in nicotine elimination. 3′-Hydroxycotinine is the primary nicotine byproduct found in the urine of those who smoke. Furthermore, it is eliminated as a glucuronide conjugate(Szumska et al. 2024). 3′-Hydroxycotinine and its glucuronide derivative account for 40–60% of the nicotine concentration in urine. The transformation of cotinine into 3′-hydroxycotinine has remarkable stereo selectivity toward the trans-isomer in humans, with less 5% detected as cis-3′-hydroxycotinine in urine. The conjugates of nicotine and cotinine are N-glucuronides; however, the sole conjugate of 3'-hydroxycotinine identified in urine is the O-glucuronide). Nicotine is eliminated by the kidneys primarily by glomerular filtration and active tubular secretion mechanisms. The expulsion of nicotine is facilitated by the acidity of urine. Acidic urine lowers the proportion of unbound non-ionized nicotine, hence restricting the passive re absorption of nicotine from the renal tubules into the bloodstream and enhancing its elimination rate. The renal clearance rate of nicotine varies from 35 to 90 ml/min, reflecting differences in kidney function and urine pH among individuals(Wang and Su 2024).[image: ]
Figure 1. Overview of the Pharmacokinetic Profile (ADME)
3. Major biomarkers of nicotine and tobacco exposure
For the purpose of providing information about a normal biological process, a disease process, or a response to an exposure or intervention, biomarkers, also known as biological markers, are detectable biological properties. A biomarker is a measurable substance in the body that indicated a biological condition, process or exposure. Biomarker help to understand exposure to environmental substance, like tobacco smoke. Biomarker measured by detecting either its original substance like nicotine or it’s metabolized like cotinine in biological sample-like urine, blood, saliva etc. Things that make an ideal biomarker for environmental Tabacco smoke(ETS)should be highly sensitive, being specific like cotinine to tobacco, have suitable half-life (stay in the body long enough to measure), easily distinguish between a smoker and non-smokers. These markers are beneficial in forensic toxicology for assessing potential nicotine poisoning, distinguishing between recent and prolonged exposure, examining contact with tobacco and nicotine products, and aiding in medical-legal analysis.
3.1 Nicotine
Nicotine being an active compound of tobacco products deliver it to the user,  making is highly useful specific biomarker of tobacco use. It was the first biomarker used for assessing exposure of nicotine smoke. A crucial factor in determining the pharmacologic effects of tobacco products is the amount of nicotine present in the blood (whether it be whole blood, serum, or plasma). In addition to being highly reliant on the dose, the time course of nicotine in the body and the subsequent pharmacologic effects are also highly dependent on the route of administration and the rate of administration. As an illustration, smoking a cigarette causes nicotine to be rapidly distributed into the pulmonary venous circulation. From there, it is instantly delivered to the left ventricle of the heart, as well as into the systemic artery circulation to the brain. Depending on the method in which the cigarettes is smoked, the quantities of nicotine in the bloodstream that are found after smoking a single cigarettes can range anywhere from 5 to 30 ng/ml. It was found that the average rise in nicotine levels was 10.9 ng/ml in a large sample of smokers. Nicotine levels in arterial blood after smoking a cigarette can be extremely high (up to 100 ng/ml), although they are typically between 20 and 60 ng/ml(Hecht et al. n.d.; Schick et al. 2017) . This is because nicotine is a major component of tobacco use.  A single blood sample taken within a minute or two of smoking a cigarette will provide an appropriate estimate of the peak nicotine content for the majority of uses. The levels of nicotine in the blood often reach their highest point toward the end of the cigarette, and then they rapidly decrease into the tissues during the next twenty minutes. According to the average, the initial half-life of nicotine drop occurs approximately eight minutes after the substance has begun to distribute into tissue. Cigarette smokers, cigar smokers, snuff users, and chewing tobacco users all have peak venous blood levels of nicotine  that are comparable to one another; however, the rate of nicotine increase is higher among cigarette smokers.. The clearance rate and the redistribution of nicotine from the various tissues of the body, are the two main factors that determine the elimination half-life of nicotine in the blood. Nicotine having an average half-life of around two hours would be predicted to result in a gradual rise in the levels of nicotine in the blood and tissues over the course of six to eight hours (three to four half-lives) of frequent smoking, as well as the maintenance of significant levels for six to eight hours after quitting smoking. In accordance with these predictions, studies conducted on the blood levels of nicotine in people who smoke cigars on a regular basis. After each cigarette, you will observe the peak levels as well as the trough levels. On the other hand, as the day progresses, the trough levels continue to rise, and the impact of the peak levels becomes less significant. As a result, smoking frequently is a circumstance that involves numerous doses, with nicotine concentrations increasing during the hours that the individual is up and decreasing while they are asleep. Nicotine, on the other hand, has a half-life of two hours, which means that its levels remain at considerable levels throughout the whole day(Costa and Esteves 2018). People who smoke light, intermittent cigarettes have a lower nicotine accumulation in their bodies  over the day, and the fluctuations in their blood nicotine levels and half life of Plasma nicotine t1/2 is often shorter in rodents than it is in humans, with the rat having a t1/2 of 45 minutes and the mouse having a t1/2 of 6–7 minutes(Chellian, Behnood-Rod, and Bruijnzeel 2023; Matta et al. 2007, 2007).

Nicotine serves as the primary compound and is identifiable in blood, plasma, serum, saliva, urine, and various other matrices. However the average half life of nicotine is -2 hours make is less useful in long term exposure of tobacco. The identification of cotinine could be very useful in evaluating recent nicotine exposure, chronic or non-chronic user, particularly if the sample is obtained promptly following the purported exposure.
The principal limitation of nicotine is its relatively short half-life and rapid concentration changes after administration. A negative result does not exclude exposure if sampling was delayed, the dose was low, or the analytical method lacked adequate sensitivity. Conversely, a positive result does not independently establish poisoning because nicotine may be present after ordinary tobacco use or use of nicotine-containing products.
Nicotine is therefore most informative when the sampling time is known and the result is interpreted alongside metabolites, clinical findings, and the circumstances of the case.
3.2 Cotinine
Cotinine is the essential biomarker for nicotine exposure. It has a longer half life and more stable levels as compared to nicotine, allowing assessment of exposure over a longer period of time. Cotinine is the most widely used biomarker of tobacco exposure and the most useful in differentiating tobacco smoker from non-smoker biomarker (Edmiston et al. 2022, 2022). It is the major metabolite of nicotine, which is primarily metabolized in the liver by CYP2A6.
 Cotinine levels can be measured in serum, plasma, saliva, and urine. Serum (or plasma) concentrations are most often used for quantitative determination of exposure, while saliva offers a less-invasive alternative. Urinary levels show higher concentration of the metabolite when compared with blood levels and may therefore be useful for sensitive detection. Serum level of cotinine in habitual smoker typically averages from 100 to 250 ng/mL whereas in non-smokers or second hand smokers it usually ranges 3 to 15 ng/mL(Schick et al. 2017; Yan et al. 2024). Studies combining both chronic and non-chronic exposure find cotinine to be a poor biomarker for chronic exposure. Cotinine exposure can be episodic or chronic. A single concentration cannot reveal dose, timing, and metabolism. Urine results can be confounded by dilution, pH, and renal handling, and creatinine or specific gravity adjustments can be useful in interpretation when applicable in a setting .Cotinine is not entirely source-specific. It may be derived from cigarettes, smokeless tobacco, nicotine electronic cigarettes, nicotine replacement therapy, or environmental tobacco smoke. Therefore, a positive cotinine test only means that the person has been exposed to nicotine. It does not identify the source of exposure nor the fact that the exposure was voluntary.
 Cotinine concentrations decrease in a first-order manner (half-life 16–20 hours) following cessation of nicotine exposure. For example, if the half-life is about 16-20 hours, a serum level of 100 ng/mL at the time of cessation would be approximately 35-44 ng/mL after 24 hours. At 48 hours it would be approximately 13–19 ng/mL, and at 72 hours it would be approximately 4–8 ng/mL. This would be about 1.6–3.6 ng/mL at 96 hours and 0.6–1.6 ng/mL at 120 hours(Hecht et al. n.d.; Schick et al. 2017). These are theoretical estimates derived from the elimination half-life and do not represent population reference values or some average smoking population. It may also vary greatly with high nicotine exposure or different nicotinic metabolism. Cotinine levels in serum or plasma may indicate exposure extent and source. Active tobacco smokers have greater serum or plasma cotinine levels than passive secondhand smokers(Torres et al. 2018). Although the distributions overlap, sampling time and exposure history must be considered when interpreting them. Cotinine concentrations in saliva, urine, and serum/plasma vary due to dilution and urinary pH. Therefore, concentrations should always include the laboratory matrix and procedure. Cotinine can occur after using e-cigarettetes, smokeless tobacco, or nicotine replacement therapies, so assessing it validates nicotine uptake but not exposure.
3.3 NNAL and tobacco-specific nitrosamines
NNAL stands for 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol It is a biomarker of exposure to carcinogenic substances of tobacco-specific nitrosamines found in tobacco. NNAL is a metabolite of the tobacco-specific nitrosamine carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) present in tobacco and tobacco smoke. NNK is absorbed and then metabolized in the body to NNAL, which may be measured in biological fluids, particularly urine. NNAL has a relatively long half-life in the body and also reflects exposures to those portions of NNK, unlike nicotine biomarkers. Thus NNAL is considered to be a good biomarker.
NNAL is specific to tobacco exposure and thus useful for studies that go beyond nicotine intake. Because NNAL persists far longer than nicotine, NNAL may also represent a longer exposure period than measured by nicotine. In humans, the terminal elimination half-life is typically about 10–18 days, but estimates depend on population and level of exposure(Goniewicz et al. 2009; Schick et al. 2017). Urinary NNAL, therefore, can persist for weeks or more after cessation of tobacco exposure. Although this persistence supports the usefulness of NNAL as a marker assessing exposure over a period of time, it limits the usefulness for identifying the specific time of exposure from one measurement. Likewise, higher concentration in urine may indicate heavy or repeated exposure, and downward concentration trend in the absence of exposure may reflect elimination of the analyte from a previous exposure event(Hecht et al. n.d.; Schick et al. 2017). However, concentration alone cannot reliably distinguish between an exposure that occurred a certain day or between chronic and occasional exposures without other sources of information.
NNAL does not directly measure nicotine levels, toxicity, or dependence. NNK and nicotine are linked in various tobacco-use scenarios, but the association varies by product. Pharmaceutical nicotine replacement medicines and some non-tobacco nicotine formulations may have less NNK, making NNAL less informative. Thus, measuring cotinine and NNAL may separate nicotine exposure from tobacco-specific toxicant exposure. This distinction becomes more important as nicotine-delivery products diversify.
3.4 Trans-3′-hydroxycotinine
Trans-3'-hydroxycotinine, the primary metabolite of nicotine, is of particular interest when assessing biomarkers in urine. It is produced primarily from the metabolism of cotinine by the CYP2A6 cytochrome.
Interpretation of cotinine metabolites can provide additional information. The trans-3'-hydroxycotinine/cotinine ratio has been used to estimate relative nicotine metabolic activity(Kandel et al. 2007; Reaño, Barrientos-Regala, and Arimado 2022). This ratio is influenced by genetic, physiological, and environmental factors, and interpretation of this ratio should consider the analytic method used and the population studied.
It is used in tobacco studies and potentially has some utility in some forensics with questions of metabolic variability. However, it is neither a validated measure of amount of use, dependence, or impairment nor an independent measure of them. It should not be confused with categorization of routine exposure by cotinine level.
3.5 Nicotine-N-oxide and other minor metabolites
The picture of metabolism can be expanded to include nicotine-N-oxide and other minor metabolites. Cotinine and the parent compound usually suffice to answer the question being investigated, but these can provide additional information regarding nicotine metabolism.
However, the case for cotinine towers over the case for these metabolites for classification of exposure in routine situations. They are suitable for analysis if reference standards and validated analytical methods are available for their analysis and their metabolic pathways and stability in the selected matrix are understood.
Larger panels of metabolites may be useful in research or in specialized forensic studies, but analyte selection should be based on target analysis rather than the notion that more metabolites are more convincing.
[image: ]
Figure: 2 Metabolism and Biomarkers of Nicotine
4. Biological matrices for forensic analysis
4.1 Blood, serum, and plasma

Blood, serum, and plasma are all of importance in quantitative nicotine analysis. They may be important in cases of suspected acute toxicity, and the time of sampling, along with the clinical presentation and outcome, may be important in this regard.
Blood concentrations of nicotine and cotinine can confirm recent exposure. Blood concentrations, however, vary with time and may redistribute between tissue and circulation. Other complicating factors in interpreting postmortem blood include site of sampling, decomposition, storage, and possible postmortem changes.
When blood results are available in a suspected poisoning case, they need to be interpreted in the light of symptoms, scene of death findings, history of exposure, co-exposures, and any interval between exposure and sample collection. There is no "magical" nicotine level to infer poisoning or a terminal state(Śniadach et al. 2025).
Blood from central and peripheral sites may differ in composition after death. Development of sampling sites and methods documented facilitate interpretation. Multiple matrices should be analyzed in complicated situations.
4.2 Urine
Urine is an excellent matrix for nicotine biomarker determination because urine does not contain cotinine and other metabolites in significant amounts. This is particularly helpful in detecting exposure when the time between exposure and collection is not the optimal window for detecting parent nicotine.
Dilution, kidney function, urine pH, and time of collection all affect urinary results. Mean concentrations may be the most complex to compare between individuals, as dilutions are missing. Creatinine- or specific gravity-corrected concentrations can thus be useful for comparative purposes, depending on the research needs(Colsoul et al. 2022; Szumska et al. 2024).
Urine can be useful for assessing exposure, particularly when a toxic encounter is suspected, but urine is less useful in relating to nicotine concentrations in blood(Kandel et al. 2007). Urinary metabolite levels alone should not be used to determine the presence of acute poisoning.
4.3 Saliva

Saliva is a convenient non-invasive matrix for cotinine measurement and could be useful for screening and for monitoring exposure studies. Salivary cotinine levels are typically consistent with those found in blood, although they will reflect sampling and physiologic variables.
Environmental tobacco smoke or oral nicotine will affect the cotinine (nicotine) levels in saliva. This is of particular concern when samples are collected near the time of smoking, vaping, or oral consumption of nicotine(Rani and Wasnik 2026; Shilnikova et al. 2025). Salivary pH and collection techniques may affect interpretation.
Thus saliva is a useful matrix for many exposure assessments but may not be as useful as appropriately collected blood samples in certain acute toxicological questions.
4.4 Hair
	
Hair can provide a longer window of nicotine exposure than blood or saliva. Nicotine and cotinine can be incorporated into hair by various mechanisms including incorporation during hair growth and external deposition.
Contaminants in particular are the main limitation for interpretation. Hair levels can be affected by exposure to dust or smoke, handling, and contact with contaminated surfaces. Cleaning methods may minimize but not always abrogate external contamination or explain the source of substance.
Segmental analysis is an approximate history only, as the rate of hair growth varies. A positive hair analysis should be interpreted as evidence of exposure rather than a precise record of the dose, frequency, or date of exposure(Gao and Kirschbaum 2023; Yu and Yusof 2025). Hair may be useful in some forensic applications in which a long retrospection is important, but it is not the matrix of choice independent of others for characterizing acute nicotine toxicity.
4.5 Nails

Nails can serve as a useful long-term repository of evidence of exposure in chronic exposure or in the absence of biological samples.
However, nails can be contaminated with the addition of nicotine from environmental exposure, use of cosmetics and nail adornments, or growth rates, and thus decontamination, collection strategy, and sample integrity can be difficult. Additionally, interpretation frameworks and reference data are less standardized than for blood, urine, and saliva for many forensic uses.
Rather, analysis of nails is an adjunct or specialist technique rather than a simple alternative to conventional matrices. Cleaning methods, including fighting contamination, and extraction methods should be developed and validated for the matrix.
5. Analytical methods for nicotine biomarker quantification
5.1 Sample preparation and extraction
Biological specimens contain proteins, salts, lipids, and endogenous compounds that can interfere with measurement. Therefore, sample preparation is critical in nicotine biomarker determination.
Common techniques are protein precipitation, liquid-liquid extraction, and solid-phase extractions. The choice of method will depend on the matrix, the analytes, the detection limits, and the instrumentation for prototyping.
Sample preparation should maximize recovery and minimize matrix interference and analyte loss. Isotopically labeled internal standards are particularly useful because they can correct for variability in extraction and matrix effects (for mass spectrometric methods).
In addition, for nails and hair, the method must also address washing, grinding or homogenization, and extraction efficiency from keratins and external contamination. Unless data support an extrapolation from blood or urine, the method must be validated for each matrix.
5.2 Gas chromatography–mass spectrometry

In forensic toxicology, GC-MS is used for identification and quantification of nicotine and certain metabolites in biological specimens. The technique takes advantage of the separation capability of the gas chromatograph coupled with the mass spectrometer identification to locate target compounds in the biological fluid (blood, urine, tissue extracts). After appropriate extraction and sample preparation, a validated GC-MS method can then be used to quantify nicotine, the major psychoactive alkaloid in tobacco. Cotinine, the major metabolite of nicotine, is more useful as a biomarker as the metabolite remains in the body for a longer period and provides a wider window of detection for determination of exposure. Elsewhere, validated methods allow measurement of other metabolites such as trans-3'-hydroxycotinine(Krokos et al. 2024).
GC–MS analysis is typically preceded by a number of isolation and cleanup steps of the biological samples to enrich the analytes of interest and to suppress the interference from sample components. Extraction methods may be solid-phase or liquid–liquid depending on the analytes and methods. Some of the nicotine and nicotine metabolites may also need chemical derivatisation to improve chromatographic sensitivity or for other means of detection. The compounds are separated on the basis of interaction with the gas chromatographic column and detected on the basis of their mass and characteristic fragment ions(Dural et al. 2023). Identification may take advantage of reference standards and appropriate retention-time and mass-spectral criteria, specifically, and quantification usually is performed using calibration standards and an internal standard.

GC–MS detection of nicotine and cotinine can be useful in forensic investigations, such as establishing the recent nicotine exposure, investigating suspected nicotine poisoning, and establishing the usage of tobacco/nicotine-containing products. However, careful interpretation of biomarker concentrations, exposure history, sampling time, and biological matrix is required to distinguish between chronic and occasional users and secondhand smoke exposure. While nicotine concentrations can decline quickly after exposure, cotinine can often allow for a longer detection window. Therefore, GC–MS results should not be interpreted in isolation as evidence of duration of nicotine use or frequency of use, but rather should be combined and interpreted with other relevant evidence. There are some limitations of GC-MS for nicotine and some metabolites; it is matrix-, compound-, extraction-, and operation-dependent. 
5.3 Liquid chromatography–tandem mass spectrometry

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is a sensitive and selective technique for the determination of nicotine and metabolites in blood and urine samples for forensic toxicology and clinical research. It utilizes the separating power of liquid chromatography (LC) and the ability of tandem mass spectrometry (MS/MS) to identify/quantify molecules. It allows for the simultaneous quantization of nicotine, cotinine, trans-3′-hydroxycotinine and other metabolites in blood, plasma, urine and, where validated, in saliva or tissue.
LC–MS/MS involves injection of the prepared sample of biological material into a liquid chromatography where it is separated, under the influence of candidate interaction with the matrix of the system (stationary phase) as modified by the fluid (mobile phase). Separated analytes are then introduced to the mass spectrometer, usually by using electrospray ionization to convert compounds into charged species. In tandem mass spectrometry, a precursor ion is fragmented into characteristic product ions(Hopkins et al. 2025). It is more analytically selective as the analyst targets specific precursor ion–product ion transitions, often with multiple-reaction monitoring (MRM), and allows for their proper quantification. LCMSMS is a commonly utilised technique for testing quantitative biomarker panels and is generally sensitive and able to test more than one compound(Van der Velpen et al. 2025).
5.4 High-resolution mass spectrometry
High-resolution mass spectrometry can provide more accurate-mass measurements and extend screening to known compounds and potentially to unanticipated compounds. It may be useful to screen for new nicotine products, obscure metabolites, or suspected exposure to other compounds not routinely targeted.
Suspect screening or untargeted results should be carefully confirmed. Accurate mass is not always sufficient to uniquely identify a chemical and may require reference standards, retention behavior, diagnostic fragmentation, and orthogonal confirmation(Jin et al. 2022).

6.  Interpretation of Nicotine Biomarker Concentrations in Forensic Science

In forensic toxicology, nicotine biomarkers are essential for evaluating nicotine exposure by enabling the assessment of the exposure, its extent, and timing in relation to a biological sample. Quantifications of nicotine and its metabolites, particularly cotinine and trans-3'-hydroxycotinine, can be useful for passive smoking and tobacco use cases and for suspected chronic use or nicotine poisoning in health-related cases. Concentrations of the biomarkers (Schick et al. 2017)
Nicotine metabolites are often employed as indicators to identify active and environmental tobacco use. Because it has a longer elimination half-life and may be detected longer after exposure than nicotine, cotinine is usually employed for this. Active smokers have higher cotinine levels than non-smokers exposed to ambient tobacco smoke. Extreme exposure to ambient tobacco smoke or nicotine-containing electronic cigarettes may overlap these categories. Serum (or plasma) cotinine cut-points used to identify active smokers from nonsmokers vary by demographic, exposure pattern, and study methodology. In studies of the minority of the U.S. population, serum cotinine is set at 3 ng/mL, although alternative levels may be utilised. • Urine. Because the kidneys eliminate cotinine and other nicotine metabolites, urine cotinine levels are higher than blood. A serum cut-off may not apply to urine or saliva. The matrix and population should be considered when interpreting concentration for forensic purposes. Cotinine alone cannot identify nicotine exposure from cigarette smoking, electronic cigarettes, tobacco heating products, or nicotine replacement therapy. Identifying the tobacco source may also require considering other analytes including anabasine and anatabine, although product consumption, composition, and analysis restrictions must be considered.
6.2. Estimation of the Timing and Extent of Nicotine Exposure
Nicotine and its metabolites estimate nicotine exposure timing and level. Nicotine is particularly useful for detecting recent exposure due to its short elimination half-life (1–2 hours in humans). The usual half-life of cotinine is 16–20 hours, and it can be identified days after nicotine consumption, depending on the individual, metabolism, specimen, and sensitivity. Thus, nicotine and cotinine together may imply recent exposure, while cotinine with non-quantifiable nicotine may indicate historical exposure. Because nicotine content varies with frequency and amount, this profile cannot indicate a specific ingestion time. Nicotine and cotinine can be tested over time with repeated use(Edmiston et al. 2022; Hecht et al. n.d.). A high cotinine concentration does not indicate the number of cigarettes smoked or the length of smoking history. Thus, forensic interpretation should distinguish between exposure and exposure timelines. Repeating measurements, exposure histories, and metabolite analyses may improve exposure assessments, but any proposed schedule should be accompanied by scientific uncertainty.

6.3. Differentiation between Chronic and Non-Chronic Nicotine Exposure

Thus, forensic toxicologists distinguish chronic from occasional or recent nicotine use. Blood, serum, plasma, saliva, and urine concentrations normally suggest recent exposure, not chronic nicotine use. Because tobacco usage produces cotinine, regular smokers can maintain cotinine levels. After recent tobacco use, cotinine concentrations can be detected or temporarily raised in non-chronic users. There is no cotinine concentration difference between chronic and nonchronic users. To determine exposure over weeks to months, nicotine and cotinine can be tested in growing hair. Segmental hair analysis can help evaluate relative changes over time, however hair growth, cosmetic procedures, external contamination, hair pigmentation, and analyte incorporation make interpretation difficult(Śniadach et al. 2025). Nail analysis can indicate longer-term exposure, however timing and quantitative interpretation are limited. Forensic investigations will benefit from evaluating short- and long-term matrices such blood, urine, hair, and nails to determine exposure chronicity. Recording exposure history and repeating sample helps distinguish chronic from intermittent exposure. Most crucially, such data should be described as evidence of a specific exposure pattern, not long term addiction, which biomarker concentrations cannot prove.
6.4. Interpretation of Nicotine Biomarkers in Suspected Poisoning

Laboratory study of nicotine biomarkers can help with suspected nicotine poisoning or ingestion, occupational exposure, and deaths involving nicotine-containing liquids or other concentrated products. These scenarios involve testing peripheral blood, urine, gastrointestinal contents, liver, kidney, or other specimens for nicotine and cotinine. Nicotine in biological samples shows exposure but may help determine severity and importance. Note that nicotine concentrations and clinical toxicity depend on amount absorbed, route of administration, interval between exposure and sampling, metabolism, treatment, and survival interval. Aggressive inhalation or swallowing can cause quick absorption, but topical exposure may be slower and affected by formulation and skin contact. Post-mortem delay, specimen collecting site, preservation, and probable post-mortem alterations affect nicotine amounts in fatal instances. Nicotine levels in life may differ from post-mortem specimens, and concentration alone should not suggest fatal dose. Thus, autopsy report, medical record, collateral evidence, and other analysis results should be interpreted in light of a more comprehensive forensic study. 
6.5. Medico-Legal Significance and Evidentiary Limitations

In forensic contexts, nicotine biomarkers can provide an empirical foundation for claims regarding tobacco consumption, secondary or tertiary exposure, or potential nicotine toxicity. These could be beneficial in occupational exposure, safeguarding children, insurance disputes, alleged poisoning, and post-mortem toxicological analysis. Nonetheless, the robustness of evidence for any biomarker remains contingent upon the inquiry posed and the recognized constraints in analytical data. Nevertheless, a positive cotinine result indicates a high likelihood of nicotine exposure within a given detection timeframe (depending on the analyte and biological factors), but it does not provide information regarding the source, quantity, timing, or level of nicotine dependence. In a similar vein, a negative outcome does not inherently rule out previous exposure, since the analyte might have been eliminated, may not exist in a detectable concentration, or the suitable specimen might not have been chosen considering the duration of exposure. The analysis of results thus considers the knowledge of the chain of custody, the sample's integrity, the laboratory's validation, the reference ranges, and the uncertainty associated with the analytical measurement. Furthermore, epidemiological cut-offs are not to be construed as indicators of toxicity or as definitive evidence of tobacco misuse. The forensic specialist must distinctly differentiate between what the analytical findings indicate, what they might plausibly imply, and what they cannot substantiate. Such forthright interpretation enhances the scientific validity of the results and mitigates the dangers of extending the interpretations beyond the evidence.
6.6 Postmortem interpretation

Postmortem nicotine analysis can be especially difficult. Autopsy findings in nicotine poisoning can be nonspecific and include findings associated with the respiratory, cardiovascular, gastrointestinal, and central nervous systems. Findings may vary with dose and route of exposure, survival time, and circumstances of death. Concentrations can be affected by post-mortem interval, source of specimen, state of decomposition, conditions of storage, and nature of the reported exposure. Partitioning of nicotine into tissue and blood makes intra-specimen comparisons difficult.
Systemic exposure to nicotine and cotinine is often estimated from peripheral blood, particularly from blood at femoral sites. Urine may be helpful to detect cotinine and other nicotine metabolites, which will indicate nicotine exposure. If recent oral ingestion is suspected (e.g., tobacco material, nicotine-containing liquids), gastric contents can be tested. Liver and kidney tissues may be sampled for toxicology, depending on the analytical method and circumstances of the case. Vitreous humour as a specimen should also be considered, although the use of nicotine concentrations in vitreous humour for analytical interpretation is less clearly defined by blood or urine analyses. Retain any potential product, container, or residues suspected to contain nicotine for possible analysis for nicotine content and concentration, too. The presence of high concentrations of nicotine and/or cotinine in these body fluids, together with pathological and circumstantial evidence, should suggest the possibility of fatal nicotine poisoning. In suspected fatal nicotine poisonings, the presence of nicotine and/or cotinine must be analysed in biological specimens to confirm the exposure and the cause of death.

Table: 01 Summary of Biomarker interpretation in determining exposure 

	Biomarker
	Half Life
	Interpretation
	Advantages 
	Limitations

	Nicotine 
	1-2 hours
	Shows recent nicotine exposure 
	Directly measurement of Parent compound 
	Short half life; rapid changes in concentration

	Cotinine
	16-20 hours
	Shows exposure over a long interval 
	Most reliable; widely studies, suitable for blood ,urine, saliva
	Fails to identify product or poisoning evidence

	Trans-3′-hydroxycotinine
	4-8 hours
	Nicotine metabolism and exposure
	Useful for metabolic profiling and ratio
	Get affected by CYP2A6 enzyme and individual variability 

	NNAL
	8-10 days
	indicate heavy or repeated exposure
	Tobacco-specific toxicant marker; prolonged persistence
	Not a direct measure of nicotine intake

	Combined biomarker panel
	Variable 
	Complementary evidence of exposure and metabolism
	May improve interpretation when timing and product are uncertain
	Requires validated methods and cautious integration of results



7 Psychological and Behavioral Aspects of Nicotine Abuse in Forensic Toxicology
Behavioral and psychological changes are essential to nicotine forensic investigations. Nicotine can affect mood, attention, behavior reinforcement, reward processing, appetite, and tolerance, potentially causing dependency. Withdrawal can include irritation, anxiety, restlessness, poor focus, sleep difficulties, low mood, and activity modulation. These symptoms are vague and varied, thus they do not prove nicotine exposure or addiction. Forensic toxicology benefits from proven analytical data (e.g., nicotine and cotinine levels), history of usage, time since last exposure, clinical observations, and validated psychological assessments. Integrated approach distinguishes exposure, reliance, and functional impairment. This reduces the likelihood of misattributing behavioral changes to nicotine in individuals who may be impacted by other medical, psychological, environmental, or pharmacological factors.

7.1 Changes in mood and emotional regulation
Nicotine modulates dopamine and noradrenalin systems, affecting mood temporarily. Some users report enhanced alertness, enjoyment, relaxation, or mood after using the medication. These effects reinforce and may encourage use. 

However, relaxation must be interpreted. Smoking or vaping can reduce nicotine withdrawal irritation, stress, and discomfort. Nicotine may soothe the person and temporarily relieve withdrawal symptoms(Grabowska, Ziemichód, and Biała 2023). 

Repeated nicotine usage can cause mood shifts between exposures. When nicotine levels drop, addicts may feel cranky, irritated, restless, or melancholy. Nicotine re-use temporarily relieves these symptoms, prolonging the cycle of use and abstinence.

7.2 Changes in attention, concentration and cognitive performance
Nicotine affects brain systems that control attention, learning, and information. Acute nicotine treatment can improve attention and cognitive performance in some experiments. These effects depend on user, task, nicotine tolerance, and use patterns. Thus, persistent nicotine use does not always degrade cognitive performance or improve it.

In dependent people, withdrawal can affect focus, distractibility, and feeling "not quite up to snuff." These impacts can impair reading, studying, work, and focused attention and decision-making(Cone et al. 2012; Tiwari et al. 2020).

7.3 Anxiety, restlessness and stress-related behavior

The relationship between nicotine and anxiety is complex. Nicotine can produce physiological arousal, including increased heart rate and activation of stress-related responses. Some individuals experience heightened tension or nervousness after consumption, while others report temporary relief from stress. Repeated exposure, withdrawal and pre-existing anxiety can all influence the observed response.

In dependent users, withdrawal-related anxiety and restlessness may emerge when nicotine consumption is delayed or stopped. The individual may experience an internal sense of uneasiness and a strong desire to resume consumption. Environmental cues, such as seeing another person smoke or entering a familiar smoking location, may intensify craving(Foulds et al. 2022).

7.4 Craving, compulsive behavior and loss of control
Craving is an important behavioral symptom of nicotine addiction, and it can be defined as strong urges or desires to use nicotine. Repeated smoking is associated with particular situations, feelings, occasions, or settings and external cues such as objects or people associated with nicotine use. Sometimes this learned association is strong enough to prompt a craving to indulge, even when you aren't consciously thinking about smoking.

Triggers can be waking up, having tea or coffee, completing a meal, stopping work, feeling stress, or smoking cues or socialising with other smokers. For some, such cues are deeply tied to the ordinary.

Changes in motivation, reward processing and everyday activities
Nicotine engages the reward systems of the brain (dopamine pathway: gratification and motivation). Nicotine can be assimilated into an individual's lifestyle, and consistent use of nicotine can evolve into a regular aspect of existence. Previously autonomous actions are now connected to the intake of nicotine.

As an illustration, smoking or vaping may be correlated with resting or doing a demanding project, or may be tied to socialising or stress reduction. For the addicted smoker, the necessity for nicotine may rival
8. Limitations and sources of uncertainty
8.1 Biological variability
Nicotine is metabolized differently in people. Genetic differences in activity of CYP2A6, liver status, age, concurrent medications, sex, and pregnancy influence the ratios of nicotine and its metabolites. These factors prevent the use of a single biomarker measurement to derive any information about dose or frequency of exposure.
8.2 Sampling time and specimen stability
Nicotine/metabolite ratios change with the time between exposure and collection. With delayed collection, nicotine may be less useful, but cotinine may persist. Stability also can be influenced by specimen temperature, storage, pH, and handling. 
Data on stability should be obtained on the analyte and matrix, and laboratories should document collection and storage conditions. Time since exposure and method sensitivity should be taken into consideration when interpreting a non detect for an analyte.
8.3 External contamination
Hair and nails can become contaminated by nicotine containing products and environmental tobacco smoke, and it could happen that handling contaminated materials leads to an associated contamination of hair and nails. Washing and decontamination procedures can reduce this problem, but there can be no guarantee that the external contamination can be fully separated from agents incorporated within the body.
Hence, a keratin matrix result should be viewed with more caution than a properly collected blood or urine result if the issue is one of systemic exposure.
8.4 Analytical and interpretive uncertainty

The legal question may remain unanswered even after obtaining an analytically sound result. The conclusion may be limited by the uncertainty of the analysis, of calibration, of matrix effects, of the utility or appropriateness of a reference range, and of the applicability of published cut-offs. 
Forensic reports should distinguish the analytical from the biological and from the legal conclusion. This avoids the bio-markers of exposure being mischaracterized as evidence direct of dependence, impairment, poisoning, or intent
been exposed.
9. Conclusion
The interpretation of nicotine biomarker concentrations should be made considering nicotine pharmacokinetics, inter-individual differences in metabolism, the biological matrix, the performance of the analytical method, and the circumstances of the investigation. The use of biomarkers for tobacco and nicotine exposure is an essential forensic toxicological indication; however, the use of these biomarkers must be tempered by the necessity of distinguishing between exposure markers and markers of potential toxicological and behavioral effects. Nicotine itself is optimal for evaluating recent use; cotinine (also a metabolite) is the most common biomarker available for use in evaluating recent prior use; and hair and/or nail analysis is used to confirm longer-term use. The presence of nicotine itself is a good indicator of recent exposure; cotinine, on the other hand, is much more persistent and is frequently used as a biomarker for the purpose of bio monitoring. To research nicotine metabolism, trans-3'-hydroxycotinine is helpful, while NNAL is a marker for exposure to tobacco-specific nitrosamines. Both of these compounds are commonly used. Although they are all additive, these biomarkers cannot be substituted for one another. However, no single biomarker or concentration can definitively establish all aspects of nicotine use, including source, timing, chronicity, and contribution to toxicity. Although each biomarker has strengths, the use of multiple biomarkers, appropriate specimen types and analytical methods, and interpretation when combined with other independent evidence can strengthen forensic conclusions. An integrated approach is needed to distinguish evidence of nicotine exposure from stronger statements of chronic use, nicotine dependence, poisoning, or medico legal liability
Declaration of AI Use



This manuscript was prepared through the intellectual contributions of the author(s) to the study design, data analysis, interpretation of results, and scholarly content. Grammarly and ChatGPT were used solely to assist with grammatical refinement and reference formatting during manuscript revision. The author(s) accept full responsibility for the accuracy, integrity, and final content of the manuscript.



References:
Aoki, Yayoi, Tomoya Ikeda, Naoto Tani, Alissa Shida, Shigeki Oritani, and Takaki Ishikawa. 2020. “Evaluation of the Distribution of Nicotine Intravenous Injection: An Adult Autopsy Case Report with a Review of Literature.” International Journal of Legal Medicine 134(1):243–49. doi:10.1007/s00414-019-02035-y.
Bassett, Robert A., Kevin Osterhoudt, and Tecla Brabazon. 2014. “Nicotine Poisoning in an Infant.” New England Journal of Medicine 370(23):2249–50.
Baynes, Ronald E., and Ernest Hodgson. 2004. “Absorption and Distribution of Toxicants.” Pp. 75–110 in A Textbook of Modern Toxicology, edited by E. Hodgson. Wiley.
Benet, Leslie Z., D. Kroetz, L. Sheiner, J. Hardman, and L. Limbird. 1996. “Pharmacokinetics: The Dynamics of Drug Absorption, Distribution, Metabolism, and Elimination.” Goodman and Gilman’s the Pharmacological Basis of Therapeutics 3(e27):7.
Benowitz, N., P. Jacobiii, and B. Herrera. 2006. “Nicotine Intake and Dose Response When Smoking Reduced–Nicotine Content Cigarettes.” Clinical Pharmacology & Therapeutics 80(6):703–14. doi:10.1016/j.clpt.2006.09.007.
Benowitz, Neal L. 2007. “Pharmacokinetic Considerations in Understanding Nicotine Dependence.” Pp. 186–209 in Ciba Foundation Symposium 152 ‐ The Biology of Nicotine Dependence, Novartis Foundation Symposia, edited by G. Bock and J. Marsh. Wiley.
Benowitz, Neal L. 2008. “Neurobiology of Nicotine Addiction: Implications for Smoking Cessation Treatment.” The American Journal of Medicine 121(4):S3–10.
Benowitz, Neal L., John T. Bernert, Jonathan Foulds, Stephen S. Hecht, Peyton Jacob III, Martin J. Jarvis, Anne Joseph, Cheryl Oncken, and Megan E. Piper. 2020. “Biochemical Verification of Tobacco Use and Abstinence: 2019 Update.” Nicotine and Tobacco Research 22(7):1086–97.
Benowitz, Neal L., Janne Hukkanen, and Peyton Jacob III. 2009. “Nicotine Chemistry, Metabolism, Kinetics and Biomarkers.” Nicotine Psychopharmacology 29–60.
Benowitz, Neal L., Janne Hukkanen, and Peyton Jacob. 2009a. “Nicotine Chemistry, Metabolism, Kinetics and Biomarkers.” Pp. 29–60 in Nicotine Psychopharmacology. Vol. 192, Handbook of Experimental Pharmacology, edited by J. E. Henningfield, E. D. London, and S. Pogun. Berlin, Heidelberg: Springer Berlin Heidelberg.
Benowitz, Neal L., Janne Hukkanen, and Peyton Jacob. 2009b. “Nicotine Chemistry, Metabolism, Kinetics and Biomarkers.” Pp. 29–60 in Nicotine Psychopharmacology. Vol. 192, Handbook of Experimental Pharmacology, edited by J. E. Henningfield, E. D. London, and S. Pogun. Berlin, Heidelberg: Springer Berlin Heidelberg.
Chellian, Ranjithkumar, Azin Behnood-Rod, and Adriaan W. Bruijnzeel. 2023. “Development of Dependence in Smokers and Rodents with Voluntary Nicotine Intake: Similarities and Differences.” Nicotine and Tobacco Research 25(7):1229–40.
Colsoul, Marie-Lise, Nicolas Goderniaux, Dominique Vanpee, and Laurence Galanti. 2022. “Development of an Ultra-High Performance Liquid Chromatography Method for the Simultaneous Mass Detection of Tobacco Biomarkers in Urine.” Journal of Chromatography B 1210:123476.
Cone, Edward J., Reginald V. Fant, and Jack E. Henningfield. 2012. “Nicotine and Tobacco.” Pp. 587–623 in Handbook of Drug Interactions, edited by A. Mozayani and L. Raymon. Totowa, NJ: Humana Press.
Costa, Miguel, and Manuel Esteves. 2018. “Cigarette Smoking and Sleep Disturbance.” Addictive Disorders & Their Treatment 17(1):40–48.
DeVito, Elise E., and Suchitra Krishnan-Sarin. 2018. “E-Cigarettes: Impact of E-Liquid Components and Device Characteristics on Nicotine Exposure.” Current Neuropharmacology 16(4):438–59. doi:10.2174/1570159X15666171016164430.
Drope, Jeffrey, Zachary Cahn, Rosemary Kennedy, Alex C. Liber, Michal Stoklosa, Rosemarie Henson, Clifford E. Douglas, and Jacqui Drope. 2017. “Key Issues Surrounding the Health Impacts of Electronic Nicotine Delivery Systems (ENDS) and Other Sources of Nicotine.” CA: A Cancer Journal for Clinicians 67(6):449–71.
Dural, Emrah, Hatice Kozluca, Betül Kaya, Görkem Mergen, and Tülin Söylemezoğlu. 2023. “INVESTIGATION OF THE RELATIONSHIP BETWEEN NICOTINE AND COTININE CONCENTRATIONS IN HUMAN BIOLOGICAL SAMPLES BY A GC-MS METHOD.” Revue Roumaine de Chimie 68(7–8). https://revroum.lew.ro/wp-content/uploads/2023/7/Art%2005.pdf.
Edmiston, Jeffery S., Katy M. Webb, Jingzhu Wang, Douglas Oliveri, Qiwei Liang, and Mohamadi Sarkar. 2022. “Biomarkers of Exposure and Biomarkers of Potential Harm in Adult Smokers Who Switch to E-Vapor Products Relative to Cigarette Smoking in a 24-Week, Randomized, Clinical Trial.” Nicotine and Tobacco Research 24(7):1047–54.
Foulds, Jonathan, Susan Veldheer, Gladys Pachas, Shari Hrabovsky, Ahmad Hameed, Sophia I. Allen, Corinne Cather, Nour Azzouz, Jessica Yingst, and Erin Hammett. 2022. “The Effects of Reduced Nicotine Content Cigarettes on Biomarkers of Nicotine and Toxicant Exposure, Smoking Behavior and Psychiatric Symptoms in Smokers with Mood or Anxiety Disorders: A Double-Blind Randomized Trial.” PLoS One 17(11):e0275522.
Gao, Wei, and Clemens Kirschbaum. 2023. “Determination of Nicotine and Cotinine in Human Hair Using Online Solid Phase Extraction Coupled with Liquid Chromatography-Tandem Mass Spectrometry and Their Relation to Hair Cortisol and Cortisone.” Psychoneuroendocrinology 157:106347.
Goniewicz, Maciej L., Christopher M. Havel, Margaret Wilson Peng, Peyton Jacob III, Delia Dempsey, Lisa Yu, Wioleta Zielinska-Danch, Bartosz Koszowski, Jan Czogala, and Andrzej Sobczak. 2009. “Elimination Kinetics of the Tobacco-Specific Biomarker and Lung Carcinogen 4-(Methylnitrosamino)-1-(3-Pyridyl)-1-Butanol.” Cancer Epidemiology, Biomarkers & Prevention 18(12):3421–25.
Grabowska, Karolina, Wojciech Ziemichód, and Grażyna Biała. 2023. “Recent Studies on the Development of Nicotine Abuse and Behavioral Changes Induced by Chronic Stress Depending on Gender.” Brain Sciences 13(1):121.
Hecht, Stephen S., John C. Gomez, Jessica R. Martin, Clementina Mesaros, San ay Srivastava, Gideon St Helen, Robert Tarran, Pawel K. Lorkiewicz, Ian Blair, and Heather L. Kimmel. n.d. “Biomarkers of Exposure to New and Emerging Tobacco Delivery Products.” https://www.researchgate.net/profile/Benjamin-Blount-2/publication/317034092_Biomarkers_of_Exposure_to_New_and_Emerging_Tobacco_and_Nicotine_Delivery_Products/links/608319eb907dcf667bbd92e2/Biomarkers-of-Exposure-to-New-and-Emerging-Tobacco-and-Nicotine-Delivery-Products.pdf.
Henningfield, Jack E., Caroline Cohen, and John D. Slade. 1991. “Is Nicotine More Addictive than Cocaine?” British Journal of Addiction 86(5):565–69.
Hopkins, Danielle L., Madeline L. Weaver, Connie Sosnoff, Rayaj Ahamed, Lanqing Wang, and Tiffany H. Seyler. 2025. “A New Automated Method for the Analysis of Cotinine and Trans-3′-Hydroxycotinine in Serum by LC–MS/MS.” Journal of Analytical Toxicology 49(9):664–72.
Hukkanen, Janne, Pleyton Jacob III, and Neal L. Benowitz. 2005. “Metabolism and Disposition Kinetics of Nicotine.” Pharmacological Reviews 57(1):79–115.
Jin, Siyao, Wenyuan Pang, Libo Zhao, Zhigang Zhao, and Shenghui Mei. 2022. “Review of HPLC–MS Methods for the Analysis of Nicotine and Its Active Metabolite Cotinine in Various Biological Matrices.” Biomedical Chromatography 36(6):e5351. doi:10.1002/bmc.5351.
Jones, Stephanie K., Bethany J. Wolf, Brett Froeliger, Kristin Wallace, Matthew J. Carpenter, and Anthony J. Alberg. 2022. “Nicotine Metabolism Predicted by CYP2A6 Genotypes in Relation to Smoking Cessation: A Systematic Review.” Nicotine and Tobacco Research 24(5):633–42.
Jones, Tanique Z., Christopher J. Trejo, Somayeh Mohammadi, and Hamidreza Sharifan. 2026. “Developing and Demonstrating a Lab Method for Quantifying Hair Exposure to Environmental Tobacco Smoke with a Forensic Perspective.” Journal of Chemical Education 103(1):479–87.
Kandel, Denise B., Mei-Chen Hu, Christine Schaffran, J. Richard Udry, and Neal L. Benowitz. 2007. “Urine Nicotine Metabolites and Smoking Behavior in a Multiracial/Multiethnic National Sample of Young Adults.” American Journal of Epidemiology 165(8):901–10.
Krokos, Adamantios, Amvrosios Orfanidis, Orthodoxia Mastrogianni, Foteini Mitsa, Maria Avgeri, Maria Eboriadou, Georgios Theodoridis, and Nikolaos Raikos. 2024. “Gas Chromatography–Mass Spectrometry Determination of Nicotine and Cotinine in Urine: A Study of the Effect of Passive Smoking.” Rapid Communications in Mass Spectrometry 38(18):e9864. doi:10.1002/rcm.9864.
Le Foll, Bernard, Megan E. Piper, Christie D. Fowler, Serena Tonstad, Laura Bierut, Lin Lu, Prabhat Jha, and Wayne D. Hall. 2022. “Tobacco and Nicotine Use.” Nature Reviews Disease Primers 8(1):19.
Matta, Shannon G., David J. Balfour, Neal L. Benowitz, R. Thomas Boyd, Jerry J. Buccafusco, Anthony R. Caggiula, Caroline R. Craig, Allan C. Collins, M. Imad Damaj, and Eric C. Donny. 2007. “Guidelines on Nicotine Dose Selection for in Vivo Research.” Psychopharmacology 190(3):269–319.
Münzel, Thomas, Filippo Crea, Sanjay Rajagopalan, and Thomas F. Lüscher. 2026. “Nicotine as a Cardiovascular Drug: Haemodynamic Stress, Oxidative Injury, and the Regulatory Failure to Protect the Heart.” European Heart Journal Open 6(3):oeag065.
Murphy, Sharon E. 2021. “Biochemistry of Nicotine Metabolism and Its Relevance to Lung Cancer.” Journal of Biological Chemistry 296. https://www.jbc.org/article/S0021-9258(21)00511-1/fulltext.
Nakajima, Miki, and Tsuyoshi Yokoi. 2005. “Interindividual Variability in Nicotine Metabolism: C-Oxidation and Glucuronidation.” Drug Metabolism and Pharmacokinetics 20(4):227–35.
Pankow, James F. 2001. “A Consideration of the Role of Gas/Particle Partitioning in the Deposition of Nicotine and Other Tobacco Smoke Compounds in the Respiratory Tract.” Chemical Research in Toxicology 14(11):1465–81. doi:10.1021/tx0100901.
Perez-Paramo, Yadira X., Gang Chen, Joseph H. Ashmore, Christy J. W. Watson, Shamema Nasrin, Jennifer Adams-Haduch, Renwei Wang, Yu-Tang Gao, Woon-Puay Koh, Jian-Min Yuan, and Philip Lazarus. 2019. “Nicotine- N ′-Oxidation by Flavin Monooxygenase Enzymes.” Cancer Epidemiology, Biomarkers & Prevention 28(2):311–20. doi:10.1158/1055-9965.EPI-18-0669.
Rani, Neha, and Milind Wasnik. 2026. “Non-Invasive Approaches for Cotinine Detection: Enhancing Accessibility in Tobacco Use Monitoring.” Addiction & Health 18:1736.
Reaño, Joan Dymphna P., Marie Barrientos-Regala, and Reginald P. Arimado. 2022. “A Systematic Review and Meta-Analysis on Human Biomarkers of Exposure from Heated Tobacco Products Compared to Conventional Cigarettes among Adult Smokers.” Jour Clin Med Res 3(2):1–17.
Robson, Noorzurani. 2016. “Nicotine: The Pharmacokinetics of Nicotine and Cotinine.” The SAGE Handbook of Drug & Alcohol Studies: Biological Approaches 78.
Sakthisankaran, Shanmugam M., Devaraj Sakthipriya, and Mahalingam Swamivelmanickam. 2024. “Health Risks Associated with Tobacco Consumption in Humans: An Overview.” Journal of Drug Delivery & Therapeutics 14(5):163.
Sansone, Luigi, Francesca Milani, Riccardo Fabrizi, Manuel Belli, Mario Cristina, Vincenzo Zagà, Antonio De Iure, Luca Cicconi, Stefano Bonassi, and Patrizia Russo. 2023. “Nicotine: From Discovery to Biological Effects.” International Journal of Molecular Sciences 24(19):14570.
Schick, Suzaynn F., Benjamin C. Blount, Peyton Jacob, Najat A. Saliba, John T. Bernert, Ahmad El Hellani, Peter Jatlow, R. Steven Pappas, Lanqing Wang, Jonathan Foulds, Arunava Ghosh, Stephen S. Hecht, John C. Gomez, Jessica R. Martin, Clementina Mesaros, Sanjay Srivastava, Gideon St. Helen, Robert Tarran, Pawel K. Lorkiewicz, Ian A. Blair, Heather L. Kimmel, Claire M. Doerschuk, Neal L. Benowitz, and Aruni Bhatnagar. 2017. “Biomarkers of Exposure to New and Emerging Tobacco Delivery Products.” American Journal of Physiology-Lung Cellular and Molecular Physiology 313(3):L425–52. doi:10.1152/ajplung.00343.2016.
Shilnikova, N., F. Momoli, N. Karyakina, and D. Krewski. 2025. “Review of Non–Invasive Biomarkers as a Tool for Exposure Characterization in Human Health Risk Assessments.” Journal of Toxicology and Environmental Health, Part B 28(2):122–50. doi:10.1080/10937404.2024.2428206.
Śniadach, Justyna, Aleksandra Kicman, Anna Michalska-Falkowska, Kamila Jończyk, and Napoleon Waszkiewicz. 2025. “Changes in Concentration of Selected Biomarkers of Exposure in Users of Classic Cigarettes, E-Cigarettes, and Heated Tobacco Products—a Narrative Review.” International Journal of Molecular Sciences 26(5):1796.
Sobkowiak, Robert, and Andrzej Lesicki. 2013. “Absorption, Metabolism and Excretion of Nicotine in Humans.” Postepy Biochemii. https://www.academia.edu/download/47821838/Absorption_metabolism_and_excretion_of_n20160805-27785-e3mmar.pdf.
Szumska, Magdalena, Paweł Mroczek, Krystyna Tyrpień-Golder, Beata Pastuszka, and Beata Janoszka. 2024. “Determination of Cotinine, 3′-Hydroxycotinine and Nicotine 1′-Oxide in Urine of Passive and Active Young Smokers by LC-Orbitrap-MS/MS Technique.” Molecules 29(15):3643.
Talhout, Reinskje, and Adam M. Leventhal. 2026. “Coolants, Organic Acids, Flavourings and Other Additives That Facilitate Inhalation of Tobacco and Nicotine Products: Implications for Regulation.” Tobacco Control 35(1):110–16.
Tiwari, Raj Kumar, Vikas Sharma, Ravindra Kumar Pandey, and Shiv Shankar Shukla. 2020. “Nicotine Addiction: Neurobiology and Mechanism.” Journal of Pharmacopuncture 23(1):1.
Torres, Sònia, Carla Merino, Beatrix Paton, Xavier Correig, and Noelia Ramírez. 2018. “Biomarkers of Exposure to Secondhand and Thirdhand Tobacco Smoke: Recent Advances and Future Perspectives.” International Journal of Environmental Research and Public Health 15(12):2693.
Van der Velpen, Vera, Evangelia Liakoni, Mats B. Hirt, Celina M. Vonwyl, Samuel E. Christen, Urs Duthaler, Peyton Jacob, and Manuel Haschke. 2025. “A Validated Single-Step Saliva and Serum Sample Extraction LC-MS/MS Method for the Analysis of Nicotine, Cotinine and 3’-Hydroxycotinine for Clinical Vaping Studies.” Journal of Pharmaceutical and Biomedical Analysis 258:116703.
Wagner, Florence F., and Daniel L. Comins. 2007. “Recent Advances in the Synthesis of Nicotine and Its Derivatives.” Tetrahedron 63(34):8065–82.
Wang, Xiaona, and Shanshan Su. 2024. “The Hidden Impact: The Rate of Nicotine Metabolism and Kidney Health.” Frontiers in Endocrinology 15:1424068.
Yan, Yong Yang, Fen Ye, Mu-Hsing Ho, Karly Cheuk Yin Yeung, and Jung Jae Lee. 2024. “Biomarkers of Waterpipe Tobacco Smoke Exposure: A Systematic Review and Meta-Analysis.” Nicotine and Tobacco Research 26(6):655–62.
Yildiz, Deniz. 2004. “Nicotine, Its Metabolism and an Overview of Its Biological Effects.” Toxicon 43(6):619–32.
Yu, Yong Gong, and Muhammad Jefri Mohd Yusof. 2025. “Detection of Nicotine and Cotinine in Keratinized Samples: A Review.” Malays. J. Anal. Sci 29:1349.









image1.tiff
A- ABSORPTION

Inhalation(Rapid)
' within 1020 reach to the
brain via lungs

Mucosal and dermal

M Slower absorption through
~ oralmucosa (chewing

tobacco, ) or skin (patch)

D-DISTRIBUTION

Rapidly Enters the blood
stream crossing the blood
brain barrier(BBB)

Highly distributed to the
brain, heart, and other
tissues.

M-METABOLISM

—

Primary site: Liver Via
CYP2A6 enzyme

Transform: ~ 70% -80% of nicotine gets
metabolized into cotinine
Other Minor Metabolites
Nicotine N- Oxide , nicotine
glucuronide

E- EXCRETION

Kidney- Filtered and
excreted via Urine

Halflife —
Nicotine- 2 hours
Cotinine -16-20 hours





image2.tiff
[ COTININE
| | T280%
Primary Biomarker
= ) | HalfLife 1620 hours

Gy
A
| |
Wt
Primary Biomarker

HalfLife 2 hour




