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Abstract

Nicotine, the primary addictive compound in tobacco and e-cigarette smoke, triggers a cycle of dependence and repeated
use. Overconsumption of nicotine can be fatal when ingested at levels exceeding the median lethal dose (LDso) of 6.5-13
mg/kg. Cotinine, the main metabolite of nicotine after consumption, is widely distributed throughout the body. Nicotine has
a half-life of 6 to 8 hours, whereas cotinine has a half-life of 16 to 18 hours. The detection of nicotine and cotinine is widely
employed in clinical toxicology, forensic toxicology, workplace testing, and related fields. Due to their rapid absorption
rates, nicotine and cotinine are frequently analyzed in biological matrices such as blood, urine, and saliva. Nevertheless,
their relatively short half-lives have shifted attention to keratinized matrices, including hair and nails, which offer superior
utility for long-term monitoring. Drugs and xenobiotics are incorporated into keratinized tissues via systemic circulation
during their growth phase, where they remain sequestered, providing a stable medium for retrospective analysis. This review
examines contemporary methodologies for the detection and quantification of nicotine and cotinine in keratinized samples,
emphasizing their potential in longitudinal toxicological assessments.
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Introduction tobacco, serves as the primary metabolite of nicotine

Nicotine ((S)-3-(1-methyl-2-pyrrolidyl)pyridine) is a
naturally occurring addictive compound found in
tobacco leaves, first used as a botanical insecticide in
1763 [1]. It is the primary alkaloid in tobacco,
constituting approximately 95% of the total alkaloid
content [2]. While nicotine drives the sustained and
prolonged use of tobacco, it is not directly
responsible for the harmful health effects associated
with tobacco use [3]. Its addictive properties stem
from the activation of nicotinic acetylcholine
receptors (nAChRs), which induce rewarding and
reinforcing effects, such as pleasure, arousal, and
mood modulation [4]. These effects are mediated by
dopamine release in the brain, a key component in
the signaling of pleasure [5]. Addiction develops
through neuroadaptation, requiring progressively
higher doses of nicotine to achieve the same
neurochemical effects. Over time, as tolerance
builds, nicotine becomes essential to maintain normal
brain function [4]. Cotinine, a minor alkaloid in

in humans [6].

Smoking a cigarette results in the absorption of
approximately 2 mg of nicotine, increasing the mean
arterial plasma concentration to about 0.03 mg/L [7].
According to estimates in the literature, the lower
fatal dose of nicotine ranges from 0.5 to 1 g, which
corresponds to an oral lethal dose (LD50) of 6.5-13
mg/kg [8]. The evaluation of tobacco smoke
exposure relies on biomarkers with several key
attributes, including an appropriate half-life, high
specificity, a clear dose-response relationship,
suitability for detection in biospecimens, and
quantifiable levels across a wide concentration range
using current analytical techniques [9]. Additionally,
an ideal biomarker should remain unaffected by the
presence of other compounds during analysis and
should not be influenced by environmental sources
unrelated to tobacco smoke or e-cigarette vapors
[10]. Identifying a suitable biomarker for tobacco is
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critical, as accurate and precise exposure
measurements are essential for confirming the use of
nicotine-containing products and evaluating potential
biological effects in long-term epidemiological
studies [11].

Various biomarkers have been identified for
assessing exposure to cigarettes or nicotine-
containing products, including nicotine, cotinine,
tobacco-specific nitrosamines (TSNAs), carbon
monoxide, carboxyhemoglobin, carbonyl
compounds, heavy metals, and thiocyanate ions [12].
These biomarkers have been successfully detected in
biological matrices such as urine, blood, saliva,
exhaled air, and respiratory fluids. Among them,
nicotine, cotinine, and TSNAs are particularly
specific to the use of nicotine-delivery products,
likely due to their minimal influence from dietary
and environmental exposures [9].

The detection of nicotine and cotinine is widely
applied across various fields, including long-term
monitoring of drug or medication consumption in
clinical toxicology, determining causes of death or
constructing deceased profiles in forensic toxicology,
and supporting law enforcement investigations when
other evidence is lacking [13]. Current assessments
primarily focus on biospecimens such as urine,
saliva, and blood due to the extensive distribution of
nicotine and cotinine following inhalation. Their
rapid circulation facilitates detection, with high
concentrations present in body fluids [2].
Consequently, methods for analyzing nicotine and
cotinine in these samples are well-established and
reliable.

However, collecting biological fluids presents
challenges, including the invasive nature of blood
sampling, difficulties in handling and storage, and
potential non-cooperation from individuals [14-16].
These limitations have prompted the exploration of
alternative samples, such as keratinized matrices
(nails and hair). The keratin composition of human
nails allows for the incorporation and accumulation
of xenobiotics through their porous surfaces [17].
Additionally, keratinized samples are easy to collect,
resistant to degradation, and provide a practical
solution for long-term monitoring [13]. Despite
extensive research on nicotine and cotinine
determination in biological fluids, studies focusing
on keratinized samples remain relatively limited.

The literature was systematically searched across
various platforms, including PubMed and Scopus, to
identify studies containing relevant data. This review
marks 26 years of progress in researching the
detection of nicotine and cotinine in keratinized
samples, spanning from 1997 to 2023. Previous

reviews have highlighted key areas of focus,
including the accuracy and feasibility of keratinized
samples [18], recent advancements in detecting
nicotine and cotinine across various sample types
[19], and the use of keratinized specimens as
biomarkers for exposure to tobacco smoke and drugs
of abuse [20, 21].

This review provides a comprehensive summary of
established methods for detecting nicotine and
cotinine in keratinized specimens, offering an
overview of this emerging field of research.
Additionally, it examines sample treatment
procedures, detailing  their advantages and
disadvantages to facilitate comparative analysis.

Pharmacokinetic of nicotine

Understanding the pharmacodynamics of nicotine is
crucial for the detection of nicotine and cotinine, as it
is influenced by several factors. Upon inhaling
tobacco smoke, nicotine is distilled and carried as
fine particles into the lungs. These particles are then
rapidly absorbed into the pulmonary venous
circulation and subsequently distributed into the
arterial circulation as blood flows. At this stage,
nicotine levels spike quickly in the blood, peaking at
the completion of smoking [5, 2, 9]. Once nicotine
enters the bloodstream, it is extensively distributed
throughout the body, with a high affinity for organs
such as the lungs, liver, kidneys, and spleen, and a
lower affinity for adipose tissue. Additionally,
nicotine readily crosses the blood-brain barrier,
concentrating in the central nervous system, which
limits the time required for tolerance to develop. This
results in a potent pharmacological effect [2].

Nicotine is metabolized into several metabolites,
with the major one being cotinine, which accounts
for approximately 70-80%. The metabolism of
cotinine follows two main pathways: oxidation by
the enzyme CYP2A6, which produces nicotine-
Al'(5")-iminium ion, and further -catalysis by
cytoplasmic aldehyde oxidase to generate the final
product [22]. After metabolism, cotinine circulates
and accumulates in several bodily fluids, such as
saliva and blood, and is excreted in urine [23].
Nicotine has an average half-life of two hours and
persists for 6 to 8 hours after smoking cessation. In
comparison, cotinine has a longer half-life of 16 to
18 hours due to its lower plasma protein binding [9].
This longer half-life makes cotinine a favorable
biomarker in keratinized samples, as its incorporation
takes more time. Drugs in nails are incorporated
through four main mechanisms: (1) external
contamination, (2) drugs in sweat or sebum, and (3)
and (4) through circulation in the blood during nail
growth, both horizontally and vertically [24, 25].
However, the exact incorporation mechanisms of
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endogenous substances, xenobiotics, and metabolites
have yet to be fully understood.

Generally, only a portion of nicotine in an electronic
cigarette liquid is aerosolized upon inhalation, hence
the nicotine concentration in aerosol is critical to
nicotine pharmacokinetic [26]. The pharmacokinetics
of nicotine in E-cigarette (e-cig) have been a key area
of research to elucidate the differences with tobacco
cigarettes. Three key elements were studied by
groups of researchers such as time to maximum
blood concentration (Tmax), particular maximum
blood concentration (Cmax), and overall blood
nicotine exposure. Helen et al. [27] found that the
Cmax of plasma occurred between 2 to 5 minutes after
puffing and had lower levels than tobacco smoking,
suggesting that not all nicotine inhaled is absorbed
through the lungs. Additionally, the nicotine delivery
levels by e-cigarettes are reported to have similar or
higher systemic retention compared to tobacco
cigarettes [27]. In addition, a similar finding was
documented where a single use of e-cigarettes has a
lower nicotine intake and systemic exposure when
compared to tobacco cigarettes [28]. Moreover,
Goniewicz et al. [29] found that nicotine
concentration in vapour produced by e-cig is
relatively lower than in conventional cigarettes.
Furthermore, e-cigs users were found to have lower
Cmax and plasma nicotine concentration than tobacco
users, while nicotine was delivered at the fastest rate
in usual cigarette users [30].

Additionally, Hajek et al. [31] studied the effect of e-
liquid nicotine concentrations on nicotine delivery,
where the effect was found to be negligible. It was
also reported that the nicotine delivery of e-cigarettes
is not as efficient as conventional cigarettes, with
similar Tmax, lower Crax, and plasma concentrations.
These findings suggest that nicotine delivery from e-
cigarettes is comparatively lower than that of tobacco
cigarettes. However, the development of e-cigarettes
is still advancing, and high-power settings employed
in recent devices have shown to improve nicotine
delivery [32]. These controversial results suggest that
further investigation is required to fully elucidate the
relationship between nicotine delivery from e-
cigarettes under different puffing topography.

Due to the complexity of smoking, the levels of
nicotine are often varied among smokers since
smokers can manipulate the inhaled dose of nicotine.
This can be affected by inhalation depth, puff
volume, dilution extent, intensity and puffing rate
[2]. In addition, nicotine metabolism can be affected
by genetic variation, race, gender, oestrogen-
containing hormones, and diseases [8].

To explain further, there are several main factors

affecting nicotine metabolism into cotinine and
absorption into nails which includes: (1)
physiological effect, (2) medications, (3) smoking
habits, and (4) racial and ethnic differences [33]. The
first point, physiological influences include diet, age,
gender, pregnancy, and diseases. Diet may affect the
metabolism rate of nicotine to cotinine due to hepatic
flow, where a 30% increase in liver blood flow may
enhance the clearance of nicotine at approximately
40% after a meal [2]. Moreover, the consumption of
menthol can induce CYP2A6 inhibition which
inhibits the metabolism of nicotine to cotinine [34].

In addition to diet, nicotine metabolism is influenced
by age. A study conducted by Kumboyono et al. [35]
found that older male smokers have higher cotinine
levels compared to younger smokers. This might be
explained by the reduced clearance of nicotine in the
elderly compared to adults [36]. However, the elderly
have been reported to have lower nicotine
metabolism due to reduced hepatic flow [2]. On the
other hand, gender also plays a role in nicotine
metabolism. A study conducted by Pérez-Martin et
al. [37] reported that females have a faster metabolic
rate of nicotine than males, which can be influenced
by the action of sex hormones on CYP2A6.

In terms of pregnancy, pregnant smokers have
significantly lower cotinine levels due to a 140%
increase in cotinine clearance as hepatic flow
increases [38]. This was demonstrated by Selby et al.
[39], where pregnant smokers reported relatively
lower serum nicotine levels compared to population-
based values. Lastly, kidney failure has been reported
to reduce the renal clearance of nicotine and cotinine,
while also affecting the metabolic clearance of
nicotine [40]. Additionally, the uptake of several
drugs for treatment may result in CYP2A6 induction
and inhibition, which further affects cotinine
clearance. It has been documented that the use of oral
contraceptives in women leads to higher clearance of
nicotine and cotinine [41]. Methoxsalen, a
medication used in photochemotherapy for psoriasis,
has been reported to inhibit the metabolism of
nicotine by inhibiting CYP2A6. This drug also
reduces the first-pass metabolism of orally taken
nicotine and decreases the clearance of nicotine
administered subcutaneously [42, 43].

Interestingly, smoking habits have been found to
reduce the clearance of cotinine. Tobacco smokers
have slower nicotine clearance compared to non-
smokers, while nicotine clearance was reported to
increase by 14% after four days of smoking cessation
in smokers [44, 45]. Lastly, nicotine metabolism is
also affected by racial and ethnic differences. Studies
have shown that whites have a faster rate of
metabolism compared to both Black and Asian
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individuals [46], which is further supported by
findings that Blacks report lower rates of nicotine
clearance than Whites [47].

Detection of nicotine and cotinine

The widespread use of tobacco smoke and e-
cigarettes has highlighted the need for toxicant
monitoring, both among users and non-users,
particularly for policy-making and decision-making
purposes [48]. The detection of nicotine and cotinine
in smokers has been studied for years using various
keratinized samples, such as hair and nails. These
concentrations are often compared with those of non-
smokers to establish a cut-off point or to understand
the relationship between the two for more accurate
identification. This section provides a comprehensive
summary of the detection of these biomarkers in
smokers, e-cigarette users, passive smokers, and non-
smokers using keratinized samples.

Nicotine and cotinine in hair

Various studies have focused on detecting nicotine
and cotinine in hair. Kim et al. [49] developed a
simplified method for analyzing nicotine metabolites,
including trans-3'-hydroxycotinine (3-HCOT) and
cotinine, in nail and hair samples using a streamlined
solid-phase microextraction (QUEChERS) technique,
with detection performed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). The sample
preparation process was optimized by evaluating the
efficiency of decontaminating solvents, extraction
solutions, and different packing materials for
QuEChERS. The mean cotinine concentrations
obtained for hair and nails were 7.6 pg/mg (10.2—
1157.2 pg/mg) and 13.7 pg/mg (10.0-21.4 pg/mg),
respectively. Based on these results, cotinine was
determined to be a more suitable indicator for
indirect nicotine exposure in keratinized samples, as
it was more frequently detected. The authors also
compared their method with previous ones,
demonstrating that the current approach had higher
recovery rates and lower relative standard deviation,
making it more suitable for clinical use.

Additionally, Cashman and Nutt [50] developed a
procedure for detecting nicotine and cotinine in hair
using gas chromatography-tandem mass
spectrometry (GC-MS/MS). Their findings revealed
that concentrations of both compounds were
approximately 37% higher in conventional tobacco
smokers compared to e-cigarette users. Furthermore,
the hair of e-cigarette users showed higher levels of
cotinine than nicotine, which is believed to be due to
the fact that nicotine is more readily absorbed,
leading to increased cotinine levels as a metabolite.

A study assessing active and passive tobacco smoke
exposure by measuring cotinine and nicotine levels

in hair samples using LC-MS/MS was conducted,
and the results were compared with self-reported data
[51]. The developed method successfully
distinguished between passive and active smokers,
with both compounds detected at significantly higher
levels in active smokers than in passive smokers. The
mean nicotine concentration in passive smokers was
1.88 + 1.85 ng/mg, compared to 43.12 + 34.81 ng/mg
in active smokers. Cotinine concentrations were
0.022 + 0.028 ng/mg in passive smokers and 0.655 +
0.616 ng/mg in active smokers. Additionally, nicotine
and cotinine were detected in participants who
reported no exposure to tobacco smoke, suggesting
that self-reports can only serve as supportive
documentation for long-term tobacco exposure.

A correlation study between hair nicotine levels and
reported tobacco smoke exposure was conducted by
Pattemore et al. [52], analyzing hair samples from
children at different time points—birth, and at ages 3,
6, and 15 months—using HPLC. Parents were asked
to complete a 15-month questionnaire detailing
demographic information, tobacco smoke exposure
after birth, smoking status during pregnancy, and
other related factors. The study revealed a clear
difference in the mean nicotine levels in the hair of
children exposed to tobacco smoke compared to
those not exposed, with levels reported at 1.32 ng/mg
and 0.28 ng/mg, respectively. Furthermore, hair
nicotine levels at 15 months were positively
correlated with the estimated daily number of
cigarettes smoked during pregnancy, as well as the
combined total of cigarettes smoked per day by both
parents. This suggests that the smoking history of a
mother can be predicted by detecting nicotine levels
in her child’s hair. Additionally, the study found that
an increase in hair nicotine levels at 15 months was
associated with the presence of additional smokers in
the household.

A pilot study conducted by Tzatzarakis et al. [53]
aimed to assess the usefulness and validity of hair
samples for detecting cotinine and nicotine as
biomarkers of exposure to second-hand smoke (SHS)
in both infants and adults. The study analyzed 66 hair
samples using high-performance liquid
chromatography (HPLC), including samples from
infants, non-smoking adults, and active smokers. For
the infants, it was found that those with both parents
who smoke had higher hair nicotine levels compared
to those with either one parent who smokes or no
exposure to SHS, with mean concentrations of 11.98,
5.52, and 0.72 ng/mg, respectively. In adults,
smokers showed significantly higher concentrations
of hair nicotine and cotinine compared to non-
smokers, with mean values of nicotine at 27.97
ng/mg versus 1.49 ng/mg, and cotinine at 1.16 ng/mg
versus 0.13 ng/mg. Among smokers, a dose-response

4



Malays. J. Anal. Sci. Volume 29 Number 2 (2025): 1349

relationship was observed between the number of
daily cigarettes smoked and hair nicotine and
cotinine levels. The study established a significant
difference between smokers and non-smokers,
demonstrating that hair nicotine and cotinine are
reliable indicators for distinguishing between these
groups.

An earlier study conducted by Groner et al. [54]
aimed to determine whether a correlation existed
between children's exposure to second-hand smoke
(SHS) and nicotine levels in hair, using HPLC. A
total of 115 hair samples were analyzed, including 61
from youth and 54 from toddlers. The results
revealed that hair nicotine levels were higher in
toddlers compared to older children, with mean
concentrations of 1.90 ng/mg versus 0.48 ng/mg,
respectively. The underlying mechanisms for this
difference remain unknown.

A headspace-solid phase microextraction (HS-
SPME) method followed by GC-MS analysis was
optimized for determining nicotine levels in hair
samples from non-smokers [55]. After validating the
method, 100 hair specimens from children aged 5 to
12 were collected to assess environmental tobacco
smoke (ETS) exposure. Nicotine was successfully
detected in all samples, with significantly higher
concentrations in the exposed group compared to the
non-exposed group, yielding mean nicotine
concentrations of 2.57 ng/mg and 0.76 ng/mg,
respectively. Additionally, the study concluded that
hair cotinine is less suitable as an indicator for low
ETS exposure due to many samples falling below the
detection limit of 0.02 ng/mg for the proposed
method.

A similar study earlier optimized GC-MS extraction
for detecting nicotine in hair samples from both
children and adults with SHS exposure [56]. Nicotine
was successfully identified in all samples, with low
mean concentrations of 0.42 ng/mg in adults and
0.88 ng/mg in children. This study suggests that hair
samples are a feasible biomarker for evaluating SHS
exposure.

A previous study conducted in Malaysia used GC-
MS to determine nicotine levels in hair among
university students, who were categorized into four
groups: active smokers, non-smokers, passive
smokers, and ex-smokers [57]. The results showed
that nicotine was detected in all hair samples, with
the highest levels found in active smokers, followed
by ex-smokers, passive smokers, and non-smokers,
with mean concentrations of 26.25, 4.59, 2.94, and
1.02 ng/mg, respectively. Significant differences in
nicotine levels were observed between the groups.

Additionally, environmental tobacco smoke was

assessed by developing a simplified detection
method using a molecularly imprinted polymer
(MIP) as the selective sorbent for solid-phase
extraction (SPE), followed by HPLC analysis of
nicotine levels in hair samples from non-smokers and
smokers [58]. The results revealed a wide range of
nicotine concentrations in hair, with levels of 5.1—
69.5 ng/mg in smokers and 0.5-9.3 ng/mg in non-
smokers. A positive association was observed
between ETS exposure levels and nicotine
concentrations in hair. However, the study faced a
limitation in differentiating between non-smokers
and passive smokers due to the overlapping range of
nicotine concentrations.

A simultaneous procedure for determining nicotine
and cotinine in hair was developed using HPLC with
various extraction methods, differing from those used
in recent studies [59]. The findings revealed that the
mean concentrations of nicotine and cotinine were
significantly higher in smokers, with levels of 39.0
ng/mg and 2.5 ng/mg, respectively. In contrast,
cotinine was not detected in any non-smokers (1.9
ng/mg in smokers). Additionally, no correlation was
found between nicotine and cotinine concentrations,
which may be attributed to individual variability in
nicotine metabolism and the differing metabolic rates
of cotinine. Therefore, it is suggested to measure
both nicotine and cotinine to more accurately assess
tobacco smoke exposure.

Nicotine and cotinine in nails

Detection of nicotine and cotinine remains limited
due to a lack of understanding of the mechanisms
behind drug incorporation. A study conducted by
Mari et al. [60] investigated the effectiveness of
using newborn nails to monitor in utero drug
exposure, including methadone, cocaine,
benzoylecgonine, nicotine, morphine, and cotinine.
Fingernails and toenails were collected from
newborns within their first three months of life, and
mothers completed a questionnaire regarding their
smoking status or exposure to second-hand smoke
(SHS). The results revealed that approximately 52%
of the samples tested positive for nicotine and
cotinine, indicating exposure to tobacco smoke.
Among the samples that tested positive for both
compounds, only 12.1% of mothers admitted
smoking during pregnancy. However, positive
detections of either nicotine or cotinine were also

found in samples from non-smoking babies,
suggesting passive nicotine inhalation during
pregnancy.

Meanwhile, Al-Delaimy et al. [61] explored the
feasibility of using toenail nicotine levels as a novel
indicator of tobacco exposure by comparing these
levels with self-reported tobacco exposure in a large
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cohort study. A total of 2,485 samples were analyzed
using LC-MS after extraction. The study found that
active smokers had the highest nicotine
concentrations in their toenails, followed by non-
smokers with second-hand smoke (SHS) exposure,
and non-smokers without SHS exposure, with mean
concentrations of 1.77, 0.14, and 0.10 ng/mg,
respectively. A significant difference was observed
between these groups, though there was considerable
overlap in nicotine levels based on reported smoking
status. Overall, the results suggest that toenail
nicotine levels can effectively measure tobacco
smoke exposure and provide additional information
not captured by self-reported data.

A study focused on the detection of nicotine and
cotinine in toenails using GC-MS, and 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol(NNAL)
using LC-MS/MS. The newly developed method
successfully detected nicotine and cotinine at low
detection limits of 0.01 and 0.012 ng/mg,
respectively. Additionally, a correlation was found
between the concentrations of cotinine and NNAL in
smokers’ toenails, demonstrating that both are robust
biomarkers for assessing long-term tobacco exposure
[62].

The use of toenails as a biomarker for tobacco smoke
exposure has been explored in earlier studies. One
such study involved 106 participants who were
categorized into four groups: (1) never smokers or
past smokers with no exposure to environmental
tobacco smoke (ETS); (2) passive smokers; (3) active
smokers without ETS exposure; and (4) active
smokers with ETS exposure. The findings revealed a
significant difference in toenail nicotine levels
between passive smokers and non-exposed
individuals, with mean concentrations of 0.28 ng/mg
and 0.08 ng/mg, respectively, among non-active

smokers. In the active smoker group, a clear
correlation was observed between the number of
cigarettes smoked daily and nicotine levels, with
higher nicotine concentrations associated with
increased cigarette consumption. Additionally,
similar nicotine levels were found among active and
passive smokers. The results also demonstrated a
correlation between toenail nicotine levels and
cigarette smoke exposure, indicating that toenails are
a valid biomarker for assessing both active and
passive tobacco smoke exposure [20].

Sample preparation of keratinised sample for
nicotine and cotinine detection

Different methods of sample preparation for
keratinized samples in extracting nicotine and
cotinine have been developed and validated. These
methods have been proven robust by the authors for
instrumental analysis, mainly chromatographic
techniques. This section outlines the sample
pretreatment steps prior to analysis from various
studies. Table 1 shows the different methods of
extraction and determination of these two biomarkers
in the mentioned studies. To summarize, samples
were decontaminated, digested, and extracted under
basic conditions using NaOH to enhance the
extraction of cotinine. This approach relies on the
principle that the pKa value of cotinine is 4.8,
making it a strong basic drug [63]. Therefore, in a
high pH environment, cotinine exists in its basic
(unionized) form, which can be readily extracted by
organic solvents, and vice versa [64]. After extracting
the analyte of interest, sample cleaning and
preconcentration are performed using solid-phase
extraction, nitrogen blowing to reconstitute the
sample in a suitable solvent, and direct instrument
solid-phase microextraction to enhance recovery,
sensitivity, and specificity.

Table 1. Summary of past studies on determination of nicotine and cotinine in keratinized samples

Author (s) Sample treatment Instrumentation Advantages and
Disadvantages

Kimetal. Samples were treated with 0.1% LC-MS/MS Advantage:

[49] sodium dodecyl sulfate (SDS) aqueous e Sample cleaning and
solution, then digested with 1 M NaOH concentrated with
at room temperature (20-25°C). QuEChERS provide
Samples were then passed through better resolution and
QuEChERS (a solid phase recovery.
microextraction technique) consisting
800mg of magnesium sulfate, 200mg of Disadvantage:

sodium chloride, and 150mg of PSA.

e High cost of QUEChERS
e Lengthy sample
preparation
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Cashman  20-25 mg of hair samples were washed GC-MS/MS Advantage:
and Nutt thrice with 3 mL of DCM by vortex. e Sample cleaning and
[50] Samples were digested with 3 ml of concentrated with
0.5N NaOH for 4 hours at room Extrelut-3 glass column
temperature.  The  solution  was provide better resolution
transferred to an Extrelut-3 glass and recovery.
column, which was preconditioned with Disadvantage:
10 ml of DCM and left dry overnight. e High cost of Extrelut-3
After passing through the extractant, 8 glass column
ml of  dichloromethane-isopropyl e Lengthy sample
alcohol (9:1) was used to elute the preparation
analytes. The DCM washes and the
eluents from solid-phase extractions
columns, added with 500 pL of
methanolic HCl (25 mM), were
evaporated to dryness, dissolved in 100
pL of HPLC buffer and analysed.
Inukai et Hair samples undergone three rounds of  In-tube SPME  Advantage:
al. [51] sonication in 1 mL DCM for 3 minutes LC-MS/MS e Simple sample
each and air dried. Around 1-2 mg of preparation
sample was added with 1mL of distilled Disadvantage:
water and internal standard, followed e  High cost of in-tube
by extraction at 80°C for 30 minutes. SPME LC-MS/MS
The sample was then cool, centrifuged,
and transferred for analysis.
Pattemore = 2—4 mg of samples was washed without HPLC with Advantage:
etal. [52]  agitation for 90 min in 2 ml of DCM at  electrochemical e  Straightforward sample
room temperature (21°C). DCM was detection pretreatment.
then aspirated off and dried under
501°C. Samples were then subjected for
overnight digestion overnight in 2 ml of
IN NaOH at 50°C. Nicotine was
extracted in 4mL of diethyl ether by
vortexing 40-60 s. The ether was then
transferred out and added with 100 pL
of 0.1% HCI in methanol, dried and
redissolved with mobile phase.
Tzatzaraki Hair samples were cleaned twice with LC-MS Advantage:
setal. water, hexane and DCM and dried at e Good sensitivity of
[53] 50°C. Digestion occurs for 90 min at LCMS
60°C with 2 ml 1M NaOH. Samples Disadvantage:

were extracted mechanically twice with
3 ml of DCM for 15 minutes. Then, 50
ml of 1M of HCI was added to adjust
pH to 2, then dry with nitrogen at 30°C,
dissolved in 100 pL methanol.

e Lengthy sample
preparation and generate
waste
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Groner et
al. [54]

2-4 mg of samples was washed without
agitation for 90 min in 2 ml of DCM at
room temperature (21°C). DCM was
then aspirated off and dried under 50°C.
Samples were then digested overnight
in 2 ml of IN NaOH at 50°C. Nicotine
was extracted in 4mL of diethyl ether
by vortexing 40-60 s. The ether was
then transferred out and added with 100
pL of 0.1% HCI in methanol, dried and
redissolved with mobile phase.

Lukrica et
al. [55]

Around 2 cm long of hair sample was
decontaminated with 2 mL of DCM for
2 min at ambient temperature and air
dried. Then, 25 mg of the sample was
taken, added with 25 mL of the IS
solution of diphenylamine, 0.5 g of
NaCl and 1 mL of IM NaOH. The
samples were heated at 80°C for 60
minutes then extracted with a PA fibre
at 80°C for 15 minutes. The SPME
fibre was inserted into the injection for
analysis.

Kim et al.
[56]

30 mg of samples were washed using 3
mL of DCM by sonication and dried.1.5
mL of 1 M NaOH and 70 ng of internal
standard (Nicotine-d3) were added and
incubated at 50°C for 24 hours. After
incubation, 3.5 mL of diethyl ether was
added and shaken for 60 minutes, and
finally centrifuged. The organic phase
in was then transferred and added with
17.5 pL octanol. The samples were then
extracted again with diethyl ether. The
organic  layer = from  combined
extractions was thermally evaporated.
Finally, 52.5 pL of methanol was added
to the remaining solution of octanol and
nicotine, bringing the volume to 70 pL.

Man et al.
[57]

Samples were washed twice using
DCM with 15 minutes of sonication
and dried overnight at 30°C. After
washing, samples were mixed with 100
pL of 1M NaOH, 50 uL of internal
standard and left overnight for digestion
at room temperature. Then, 1 mL of
distilled water was added, briefly mixed
and centrifuged. The clear supernatant
was recovered and extracted using 0.4
mL solvent mixture
(methanol:chloroform  (1:3)).  The
extract was centrifuged and dried over
anhydrous sodium sulphate and inject
for analysis.

HPLC with Advantage:
electrochemical e  Straightforward sample
detection pretreatment.
GC-MS Advantage:

e Usage of SPME fibre
preconcentrate the
analyte

Disadvantage:
e High cost of SPME fibre
GC-MS Advantage:

e  Great sensitivity of

GCMS
Disadvantage:

o Lengthy sample

preparation
GC-MS Advantage:

e High sensitivity of

GCMS
Disadvantage:

e  Usage of toxic solvent
such as chloroform
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Marietal. A 10 mg nail sample was washed with GC-MS Advantage:

[57] 1 ml of methanol. Nalorphine was e Sampleis
added as an internal standard, then preconcentrated with
incubated overnight with 0.IN HCI, solid phase extraction
solid phase extracted (Bond Elut Disadvantage:

Certify LRC cartridges) using the e Required a lot of specific
manufacturer’s method  proposed, chemicals to perform
derivatized with 50 ml of BSTFA with

1% TMCS and analysed.

Al- 2-4 mg of samples are washed without HPLC with Advantage:

Delaimy agitation for 90 min in 2 ml of DCM at  electrochemical  Straightforward sample

and Willett room temperature (21°C). DCM was detection pretreatment.

[61] then aspirated off and dried under 50°C.

Samples were then digested overnight
in 2 ml of 1N NaOH at 50°C. Nicotine
was extracted in 4mL of diethyl ether
by vortexing 40-60 s. The ether was
then transferred out and added with 100
pL of 0.1% HCI in methanol, dried and
redissolved with mobile phase.

Yang et al. Hair samples of 20mg were washed HPLC-PDA Advantage:

[58] thrice with 3.0 ml of DCM by vortex e  Good recovery with
and dried. Then, the samples were HPLC-PDA
subjected for digestion with 500 pL of Disadvantage:

IM NaOH for 14 hours at 50°C and e Lengthy sample
then centrifuged. The clear supernatant preparation
was diluted with a buffer of ammonium

acetate + ammonia at pH 10.0. Next, a

1.0 ml aliquot was passed through the

nicotine MISPE.

Stepanov ~ Around 20-30 mg of toenails were GC-MS Advantage:

etal. [62] washed with 2 mL DCM under room e  Better sensitivity of
temperature at 90-120 minutes without GCMS
agitation and dried under 50°C. Then, Disadvantage:
0.5mL of 1M NaOH was added for ° Lengthy sample
digestion at 50°C overnight. After that, preparation

the sample was added with an internal
standard, 1 mL of DCM, and 0.5 mL of
25% potassium carbonate for liquid-
liquid extraction. The organic phase
was transferred and mixed with 200 pL
of MeOH and dried to a volume of 100
pL for analysis.
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Chetiyanu  Hair samples of 10 mg were washed LC-ESI-MS Advantage:
kornkul et  three times without agitation for 10 e  Great sensitivity of LC-
al. [59] minutes in 3 mL of DCM, dried, ESI-MS

sonicated for 2 h with 400 pL of 2.5 M Disadvantage:

NaOH, mixed with internal standard e Lengthy sample

and extracted twice with 400 pL of preparation

DCM. The combined organic phase was

mixed with 500 puL of 25 mM HCI in

methanol, evaporated to dryness

completely, redissolved in the mobile

phase for analysis.
Al- 2-4 mg of samples was washed without HPLC with Advantage:
Delaimy et agitation for 90 min in 2 ml of DCM at  electrochemical  Straightforward sample
al. [20] room temperature (21°C). DCM was detection pretreatment

then aspirated off and dried under 50°C.

Samples were then digested overnight

in 2 ml of 1N NaOH at 50°C. Nicotine

was extracted in 4mL of diethyl ether

by vortexing 40-60 s. The ether was

then transferred out and added with 100

uL of 0.1% HCI in methanol, dried and

redissolved with mobile phase.

monitoring of tobacco exposure, addressing these

Conclusion limitations and establishing standardized methods is

Various sample preparation methods and detection
techniques have been explored to evaluate nicotine
and cotinine concentrations in keratinized samples.
These studies demonstrate the feasibility of using
hair and nails as biospecimens for long-term drug
monitoring. However, establishing a cutoff point and
considering factors such as vaping status and second-
hand smoke exposure are essential when interpreting
the results. Several limitations have been identified
in the literature. First, there is often a lack of
comprehensive information on smoking status and
behavior, which complicates the interpretation of
metabolic accumulation levels. Second, significant
variation in nicotine and cotinine concentrations is
observed both between and within studies. This
variability can be attributed to factors such as
exposure history, environmental ventilation, duration
of exposure, and individual inhalation capacity.

Additionally, identifying these biomarkers in
keratinized samples remains challenging, as research
into drug incorporation into nails is still ongoing, and
various factors could contribute to the mechanism.
Currently, no single analysis method provides a
definitive measurement of nicotine and cotinine
concentrations without comprehensive information.
Hence, it is crucial to study the correlation between
analyte concentrations in the matrix and the exposure
period. Finally, despite extensive research, the
correlations between different analysis methods have
not been fully elucidated. Overall, while keratinized
samples offer promising avenues for long-term

crucial for accurate assessment.
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