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Abstract Nails can stably accumulate substances for long

periods of time, thus providing retrospective information

regarding drugs of abuse and pharmaceutical use. Nails

have several advantages over the conventional matrices,

such as blood and urine, including a longer detection

window (months to years), non-invasive sample collection,

and easy storage and transport. These aspects make nails a

very interesting matrix for forensic and clinical toxicology.

Because of the low concentrations of drugs of abuse and

pharmaceuticals present in nails and the complexity of the

keratinized matrix, analytical methods need to be more

sensitive, and sample preparation is crucial. This review

summarizes the literature regarding the detection and

quantification of drugs of abuse and pharmaceuticals in

nails, as well as the employed pre-analytical and analytical

techniques. Additionally, the applications of nail analysis

are reviewed. Finally, an overview of the challenges of nail

analysis is provided, and guidelines for future research are

proposed.
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Introduction

Nails are keratinized matrices capable of storing substances

for long periods of time [1, 2]. Since 1965, nails have been

used to detect arsenic intoxication and exposure to metals

such as cadmium, copper, lead, zinc, iron, and magnesium

[3–7]. Over the years, nail analysis has expanded towards

the detection of drugs of abuse, pharmaceuticals, and their

metabolites. For example, nails have been employed for the

therapeutic drug monitoring of antimycotics and for the

detection of amphetamine-like substances, cocaine, and

opiates [1, 8].

Incorporation of substances into nails mainly occurs

through diffusion from the rich blood supply, which

deposits substances to both the germinal matrix and the

nail bed on the underside of the nail plate, thus allowing

incorporation in both a vertical and horizontal way

during nail formation [9] (see Fig. 1). Other mechanisms

of incorporation that have been proposed are incorpora-

tion through diffusion from biological fluids such as

sweat, sebum, and saliva [10–12], and incorporation

Fig. 1 Structure of the nail: a sagittal section of the fingertip (adapted

from [14])
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through diffusion from the external environment [13].

However, this latter pathway of incorporation is minimal

[13].

Nails grow at a continuous rate. The average growth rate

of fingernails is 3.0 mm per month, while toenails grow at

an average rate of 1.1 mm per month [9, 14, 15]. The

regeneration time (i.e., the time to grow from the germinal

matrix to the nail’s free edge) is 3–5 and 8–16 months for

finger- and toenails, respectively [1, 15, 16].

Compared to blood and urine, nails have a longer win-

dow of detection (months to years) from which information

on xenobiotic exposure or ingestion can be retrieved [1, 2,

17]. Nail collection is non-invasive, easy to perform, does

not require medically trained personnel, and can be

achieved under close supervision to prevent adulteration.

Additionally, nails can be transported and stored at room

temperature. These advantages are similar to hair, another

keratinized matrix that has been used for several years to

assess retrospectively drug and pharmaceutical use [18].

Interestingly, nails provide some additional advantages

over hair. Firstly, when hair is not (sufficiently) available

(e.g., with alopecia, during chemotherapy, or during the

first weeks or months after birth), nail analysis can be an

important tool to gain retrospective information on xeno-

biotic use. Secondly, in contrast to hair, nails do not con-

tain melanin. Since drug incorporation may be influenced

by melanin concentrations [19, 20], hair pigmentation

becomes an important source of bias when interpreting

detected drug concentrations. Thirdly, nails grow slower

than hair, which provides the opportunity to detect smaller

exposure levels and/or to investigate longer periods of

time. Fourthly, while hair is characterized by a cyclic

growth rate with different stages, nails grow at a constant

rate, which facilitates the interpretation of results. Finally,

compared to hair sampling, nail collection is esthetically

more acceptable, easier, and less intrusive. Taken together,

these advantages underline the potential of nails as an

interesting and useful matrix for the retrospective detection

of drug and pharmaceutical use.

Because of the complexity of the keratinized matrix and

the low concentrations that have to be measured (pg/mg to

ng/mg range), an extensive sample preparation procedure

as well as a specific and sensitive analytical technique are

required (see Fig. 2). The sample preparation procedure

comprises the following steps: decontamination, homoge-

nization, extraction, and clean-up. Decontamination

involves the use of small volumes of washing solvents

(e.g., water, acetone, and methanol) for a few minutes at

room temperature. Samples are then dried, weighed, cut

into small pieces, and pulverized. Subsequently, substances

need to be extracted from the nail matrix by either direct

extraction or digestion. Further clean-up, usually through

liquid–liquid extraction (LLE) or solid-phase extraction

(SPE), is necessary to eliminate interferences and con-

centrate the compounds of interest. Most of the analytical

methods for nail analysis are based on gas chromatography

(GC) or liquid chromatography (LC) coupled to mass

spectrometry (MS) or tandem MS (MS–MS) to achieve

sufficient specificity and sensitivity.

The aims of this review are fourfold: (i) to review the

literature regarding drugs of abuse and pharmaceuticals

detected in nails, including the pre-analytical and analytical

techniques used, (ii) to give an overview of the applications in

which nails are used, (iii) to provide a brief comparison

between nail and hair analysis, and (iv) to address the current

issues of nail analysis and challenges for future research.

Literature search

The literature of nail analysis was reviewed up to October

2014. Publications related to the detection and quantifica-

tion of drugs in nails were searched in Pubmed and Web of

Science using combinations of the search terms ‘‘nail’’,

‘‘drug’’, ‘‘abuse’’, ‘‘forensic toxicology’’, ‘‘pharmaceuti-

cal’’,‘‘antimycotic’’, ‘‘doping’’, ‘‘amphetamine’’,

‘‘cocaine’’, ‘‘morphine’’, ‘‘cannabi’’, ‘‘ketamine’’, ‘‘caf-

feine’’, ‘‘nicotine’’, ‘‘steroid’’, and ‘‘ethylglucuronide’’. A

comprehensive database of retrieved articles was built

through direct search and cross-references. Articles were

limited to the English language. Duplicates and articles

judged not pertinent to the topic (e.g., articles on derma-

tology, nail disorders, and the detection of elements) were

excluded.

Fig. 2 Pre-analytical and analytical steps of nail analysis
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Amphetamines

Table 1 provides an overview of the pre-analytical and

analytical techniques used for the detection of pharma-

ceuticals and organic toxic substances in nails. The main

findings of the studies detecting them in nails are sum-

marized in Table 2.

Pre-analytical and analytical techniques

Gas chromatography coupled to mass spectrometry (GC–

MS) operated in electron ionization (EI) mode has been the

preferred technique for the detection of methamphetamine

(mAMP), amphetamine (AMP), 3,4-methylenedioxy-

methamphetamine (MDMA), and 3,4-methylenedioxy-

amphetamine (MDA) in nails [16, 21–25]. Decontamination

consisting of water and methanol washes was found to be

efficient as no substances were detected in a methanol wash

performed after the normal decontamination procedure [23].

Washing has usually been followed by alkaline extraction

and further clean-up with liquid–liquid extraction (LLE) [8,

16, 22–24]. In recent years, a rapid and easy sample prepa-

ration procedure was proposed in which decontamination

was immediately followed by mechanical pulverization of

the nail, methanol extraction, and purification by high speed

centrifugation [25]. Thereby, alkaline extraction, which can

result in the loss of amphetamines by evaporation, was

avoided. Moreover, compared to the extracts achieved by

alkaline hydrolysis and subsequent LLE, the procedure

resulted in cleaner extracts and enhanced detection sensi-

tivity of amphetamines, with low limits of quantification

(LOQs) (e.g., 0.05 ng/mg for MDMA) [25].

Amphetamine detection and quantification in nails

In the earliest study by Suzuki et al. [8], mAMP and its

metabolite AMP were detected in finger- and toenail clip-

pings from nine mAMP users, with values ranging from 0.06

to 17.7 ng/mg for mAMP and from 0.03 to 1.60 ng/mg for

AMP. In three subjects from which both finger- and toenails

were available, higher mAMP and AMP concentrations were

found in toenails than in fingernails [8]. In addition, the

authors scraped off the underside layer of the clippings

(removing approximately 20 % of the nail weight) to evalu-

ate external contamination through sweat, but did not observe

differences between mAMP and AMP concentrations in

scraped and non-scraped clippings [8]. Another study by

Suzuki et al. [21] reported that in nail samples from 20 mAMP

users, mAMP was detected more frequently and at higher

concentrations than its metabolite AMP; mAMP was detec-

ted in 13 out of 20 samples from 0.4 to 642 ng/mg, whereas

AMP was detected in only three out of 20 samples from 0.3 to

23.2 ng/mg [21]. They emphasized the potential of nails for

retrospective detection by demonstrating that substances

could be detected for longer periods in nails (45 days for

mAMP) as compared to saliva (2 days for mAMP) and sweat.

The longer detection window of nails was further confirmed

by a study in which high MDMA concentrations in nails

(60.2 ng/mg) revealed chronic MDMA consumption, which

was not evident from results obtained by blood and urine

analysis (no detection of MDMA) [22]. In nine samples of

multi-drug users, mAMP and AMP were detected in 30 % of

the cases with values ranging from 1.00 to 1.41 ng/mg and

from 0.12 to 2.64 ng/mg, respectively [23]. Fingernails of

seven drug abusers were analyzed for mAMP (six positive

cases; 0.23–2.09 ng/mg), AMP (four positive cases;

\0.063 ng/mg), MDA (one positive case; \0.143 ng/mg),

and MDMA (one positive case; 0.46 ng/mg) [24]. In toenails

of four drug abusers, mAMP and AMP were both detected in

one case (concentrations not provided) [25]. A larger study in

97 female AMP and/or opiate drug users, who were currently

under treatment, reported the duration of detectability and

deposition characteristics of mAMP and AMP in fingernails

[16]; 62 subjects were found positive for mAMP and/or AMP,

with concentrations ranging from 0.46 to 61.5 ng/mg and

from\0.2 to 5.42 ng/mg, respectively. Distribution patterns

from samples of eight subjects collected every 4 weeks over a

period of 12 weeks showed that drugs are not only deposited

at the germinal matrix, but also along the length of the nail

bed. In four out of eight analyzed samples, mAMP was below

the limit of detection (LOD) 8 weeks after the first sample

collection [16].

Discussion

Amphetamines, among the first drugs of abuse investigated in

nails, are detected presumably with higher concentrations in

toenails than in fingernails. This was hypothesized to be due

to a slower growth rate of toenails as compared to fingernails.

However, only a single and relatively small study [8] com-

pared the levels of amphetamines in fingernails with toenails;

thus more research is needed. Studies on amphetamines in

nails have provided evidence that nails have a relatively long

window of detection and could potentially be used to retrieve

information about long-term consumption, even if relatively

low concentrations are detected in nails. Whether a single use

of AMP, mAMP, MDA, and/or MDMA can also be detected

in nails is still unknown.

Cocaine

Pre-analytical and analytical techniques

GC–EI–MS has been used throughout the studies for the

detection of cocaine and its metabolites in nails [10, 13,

14 Forensic Toxicol (2015) 33:12–36
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26–32]. Most often, methanol has been employed as

decontamination solvent. Two methanol washes were suf-

ficient to remove over 98 % of the external contamination,

with the exception of samples with very high cocaine levels

where three methanol washes were needed [28]. Fingernail

washes contained higher cocaine concentrations than the

corresponding toenail washes, thereby indicating a higher

degree of external contamination in fingernails [13, 28].

For both finger- and toenails, the concentrations in the

washes were less than in the nails themself. In contrast,

after a decontamination procedure consisting of washing

with isopropanol for 15 min and phosphate buffer for

30 min, higher concentrations were present in the washes

than in the nail scrapings [10]. Concentrations in the nail

scrapings were 5–40 % of those in the washes, and in many

samples compounds were only detected in the washes and

not in the scrapings. Thus, it is likely that this decontam-

ination procedure not only eliminated external contami-

nation, but also removed cocaine incorporated into the nail

matrix [10]. The possible degradation, mainly by hydro-

lysis, of cocaine analytes during extraction from the nail

matrix was evaluated in several studies. Cocaine hydrolysis

to benzoylecgonine was less than 5 % using Ropero-

Miller’s method as well as using the method presented by

Garside et al. [29], and other degradation was not signifi-

cant. Engelhart et al. [28] reported less than 3 % cocaine

loss through the use of a phosphate buffer at pH 5 at which

no hydrolysis of cocaine to benzoylecgonine occurs.

However, this statement was not confirmed in a compari-

son study performed by Valente-Campos et al. [31]. In that

study, the extraction of cocaine by methanol addition and

heating at 40 �C under reflux for 16 h [33] was compared

to the extraction by ultrasonic bathing with phosphate

buffer for 1 h, followed by soaking for 72 h at room

temperature [28]. As can be expected from the longer

incubation time, hydrolysis occurred during phosphate

buffer extraction, while no benzoylecgonine was detected

after methanol extraction. Further investigation of the

extraction recoveries showed that losses after methanol

extraction were acceptable, as recoveries were above 67 %

for all compounds [31].

Cocaine detection and quantification in nails

Finger- and toenail clippings from a 3-month old infant

who died of sudden infant death syndrome (SIDS) were

combined to collect a sufficient amount of clippings

(10.1 mg) for analysis [27]. Cocaine was detected at a

concentration of about 0.3 ng/mg, while its main metabo-

lite benzoylecgonine could not be detected. This finding

suggests that a higher concentration of the parent com-

pound cocaine as compared to its metabolite benzoylec-

gonine (similar to hair: ratio 3:1–10:1) is deposited in the

nail matrix [27]. The presence of cocaine, benzoylecgon-

ine, norcocaine, and cocaethylene in toenails of 46

cadavers was compared to that in blood, urine, and gastric

fluid [28]. Twenty-three cases were positive for cocaine

and/or benzoylecgonine in toenails with concentrations

ranging from 0.20 to 140 ng/mg and 0.30 to 315 ng/mg,

respectively, whereas norcocaine and cocaethylene were

present in only two cases [28]. Compared to other

metabolites, benzoylecgonine was detected more fre-

quently and at higher concentrations, indicating benzoy-

lecgonine as the primary metabolite that accumulates in

nails [28]. This finding was replicated and supported by

another study [29] on finger- and toenail samples from 18

deceased cocaine users showing higher benzoylecgonine

concentrations compared to the other cocaine metabolites

(norcocaine, norbenzoylecgonine, cocaethylene, anhy-

droecgonine methyl ester, ecgonine methyl ester, and

ecgonine ethyl ester). Cocaine was detected in nails from

14 cases (82 %) (between \0.10 and 16.1 ng/mg), while

conventional toxicological screening of blood and urine

only detected cocaine use in five cases (28 %), thereby

indicating the difference in detection window of the

matrices. Blood and urine reflect recent cocaine use, while

nails indicate past or frequent cocaine exposure [28, 29].

Anhydroecgonine methyl ester, a pyrolysis product of

cocaine that is a proof of cocaine use as crack [34], was

detected in eight nail samples (ranging from \0.10 to

[10 ng/mg) [29], thus providing evidence of different

cocaine administration profiles. This application has also

been documented in a murder trial, where anhydroecgonine

methyl ester was found at concentrations of 0.24 and

0.39 ng/mg in nail clippings of two males suspected of

murder, and resulted in the revealing of past crack con-

sumption [30]. During a controlled dosing study, low-dose

(75 mg/70 kg) and high-dose (150 mg/70 kg) cocaine was

injected on three different days in eight volunteers, and

fingernail scrapings were collected weekly for a period of

10 weeks [10]. Maximum cocaine concentrations of total

drug detected (decontamination washes and nail specimen)

ranged from 0.25 to 1.60 ng/mg (low-dose) and from 0.57

to 2.70 ng/mg (high-dose). Also, a dose–response rela-

tionship was present [10]; however, the authors acknowl-

edged that the results may have been influenced by the

method of nail collection (scraping off the nail surface). In

2002, Engelhart and Jenkins [13] analyzed finger- and

toenail clippings of 15 subjects found positive by toxico-

logical screening in blood or urine; cocaine concentrations

ranged from 6.0 to 414 ng/mg in fingernails and from 1.2

to 19.9 ng/mg in toenails, but no correlation between blood

and nail cocaine concentrations was observed. In the big

toenails of 18 cocaine or heroin abuser cadavers, cocaine

concentrations were reported in seven cases, ranging

between 0.10 and 4.60 ng/mg, though without information
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regarding the amount cocaine used [26]. Valente-Campos

et al. [31] applied their method to nail clippings of eight

cocaine users, detecting cocaine and norcocaine in only

one and two samples, respectively, and benzoylecgonine in

five samples (concentrations not provided); the analyzed

segments of the three negative samples corresponded to

abstinence or drug use less than two times a week. In nails

collected from infants abandoned at birth during the first

3 months of life, cocaine and benzoylecgonine were

observed in six out of 25 cases (0.14–0.25 ng/mg and

0.12–0.20 ng/mg, respectively), showing that nails from

newborns can be of significant importance to determine in

utero drug exposure [32].

Discussion

Similar to amphetamines, cocaine is usually present at higher

concentrations than its metabolite benzoylecgonine in nails

(ratio from 10:1 to 2:1) [29]. In contrast to amphetamines,

cocaine is present in seven- to 20-fold higher concentrations

in finger- compared to toenails [13, 29]. Aside from the dif-

ference in growth velocity between finger- and toenails, this

may be due to the higher probability of external contamina-

tion with cocaine as compared to amphetamine; cocaine is

manipulated and ingested as a powder, while amphetamines

are usually ingested as tablets. As can be retrieved from the

discussion on the pre-analytical techniques, improvements in

decontamination and extraction methods are recommended.

An adequate washing procedure should remove external

contamination, but should not remove (part of) the incorpo-

rated cocaine or metabolites. More controlled studies should

investigate this issue, which is crucial for substances often

consumed as powders, as is the case for cocaine. One proposal

is the use of Raman spectroscopy to visualize the presence of

cocaine hydrochloride upon the human nail [35]. Finally, the

detection of some specific cocaine metabolites can give

additional information about concomitant use and active drug

consumption. In particular, the detection of cocaethylene

may indicate concomitant use of ethanol and cocaine. The

detection of anhydroecgonine methylester in fingernails may

suggest exposure to the smoke of crack cocaine, whereas the

same finding in toenails provides more evidence in favor of

the active consumption of crack. The presence of metabolic

markers, such as norcocaine and norbenzoylecgonine,

strongly supports cocaine ingestion [29].

Opioids

Pre-analytical and analytical techniques

Only three studies focused primarily on the detection of

opiates in nails using LC coupled to an electrochemical

detector (ECD), GC–MS, or LC–MS–MS [36–38]. Other

studies detected opiates together with cocaine, thus using

the same pre-analytical and analytical techniques as

described earlier [10, 13, 26, 28, 31]. Lemos et al. [36, 37]

proposed a decontamination procedure consisting of soni-

cation in sodium dodecyl sulfate (SDS), followed by

sonication in water (three washes) and methanol (three to

four washes). This procedure has proved to remove any

superficial contamination (i.e., radioimmunoassay screen-

ings of the final methanol washes were negative for mor-

phine/methadone). Hydrolysis of 6-monoacetylmorphine

(6-MAM) was less than 10 % following the sample prep-

aration procedure proposed by Ropero-Miller [10]. To

avoid the hydrolysis of 6-MAM to morphine in alkaline

and acidic conditions, Shen et al. [38] proposed an alter-

native extraction method consisting of incubation of the

nail samples in a borate buffer (pH 9.2) for 30 min. In

addition, frozen pulverization was applied to increase the

specific surface area of the samples which influences the

extraction, thereby improving the sensitivity of the detec-

tion method (LOQ = 0.05 ng/mg) [38].

Opioid detection and quantification in nails

Morphine and 6-MAM, two active metabolites of heroin, as

well as codeine and hydrocodone were analyzed in toenails

of 34 cocaine users described earlier by Engelhart et al.

[28]. However, only a few samples tested positive for

opioids. Three cases showed the presence of morphine and

6-MAM (range 0.16–0.72 ng/mg and 0.41–1.70 ng/mg,

respectively), two of which were positive for codeine (1.02

and 3.07 ng/mg) and one for hydrocodone (0.62 ng/mg)

[28]. Codeine was detected in nail scrapings from eight

individuals who received controlled oral doses of codeine

sulfate on three different days. Low-dose codeine sulfate

(60 mg/70 kg) resulted in maximum codeine concentra-

tions of total drug detected (decontamination washes and

nail specimen) from 0.12 to 0.31 ng/mg detected in four

cases, while high doses (120 mg/70 kg) resulted in

maximum codeine concentrations of total drug detected

from 0.12–0.20 ng/mg detected in six cases [10]. This

suggests that although a single use of codeine might not be

detected, regular (chronic) use can be. In 22 out of 26 nail

samples obtained from treatment-seeking heroin users,

morphine was detected at concentrations from 0.14 to

6.90 ng/mg, but with variation in morphine levels among

individuals who declared to have consumed the same

amounts of heroin (based on the amount of money spent for

heroin) [37]. From the four samples where morphine was

not detected, two had very low sample weights (3 and

6.3 mg), which may have contributed to the negative

results found in these samples [37]. Lemos et al. [36]

detected methadone (between 0.51 and 363 ng/mg) in
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fingernail clippings of 27 out of 29 individuals attending a

methadone-maintenance clinic. In both studies, the authors

ascribed the absence of a (meaningful) dose–response

relationship to the relatively small sample sizes (n = 26

and 29, respectively), the heterogeneity of street heroin, the

differences in consumption patterns, the unclear mecha-

nisms of drug incorporation into nails, and the unreliability

of self-reports [36, 37]. Nevertheless, according to Lemos

et al. [36], future studies should investigate the use of nail

analysis for the purpose of monitoring compliance to, e.g.,

methadone-maintenance programs. Finger- and toenails

from 17 postmortem cases were analyzed for a variety of

opioids. Morphine, 6-MAM, and codeine were detected in

most cases: morphine in 15 cases from 0.05 to 408 ng/mg,

6-MAM in 15 cases from 0.04 to 504 ng/mg, and codeine

in nine cases from 0.06 to 8.84 ng/mg. In contrast,

hydromorphone, oxycodone, and hydrocodone could only

be detected in a few subjects: hydromorphone in four cases

from 0.12 to 0.45 ng/mg, oxycodone in one case from 5.05

to 6.88 ng/mg, and hydrocodone in one case (result not

mentioned) [13]. Cingolani et al. [26] showed that morphine

was more concentrated in toenails (mean concentration

1.27 ng/mg) as compared to hair (mean concentration

0.79 ng/mg), but that this was not the case for 6-MAM

(mean concentration 0.46 ng/mg in toenails vs. 0.50 ng/mg

in hair). However, a direct comparison with fingernails is

lacking so far. In nail clippings from 25 newborns aban-

doned after birth, morphine (in four cases; 0.09–0.15 ng/

mg) and methadone (in five cases; 0.12–0.26 ng/mg) were

detected, providing a first indication of in utero opioid

exposure [32]. In the same study, methadone was detected

in two out of 33 nail samples from newborns at similar

concentrations (0.16 and 0.17 ng/mg). In fingernail clip-

pings from 18 subjects whose urine tested positive for

morphine, morphine, 6-MAM, and codeine were positive in

12 cases (ranges 0.58–3.16 ng/mg, 0.10–1.37 ng/mg and

\0.05–0.27 ng/mg, respectively), whereas acetylcodeine

and heroin were only detectable in one and three subjects,

respectively (concentrations \ LOQ) [38].

Discussion

Opioid and cocaine detection are often associated [10, 13,

26, 28, 31], because both alkaloids are often co-consumed

to enhance the effects (i.e., ‘‘speed balling’’). Two studies

which focused exclusively on the detection of opioids in

nails from documented opioid abusers indicate that nail

analysis can be used to detect and quantify opioids, and to

determine treatment compliance [36, 37]. In addition, these

studies tried to establish a dose–response relationship by

comparing the concentrations in nails to the dose of heroin

[37] and the prescribed dose of methadone [36]. However,

more research by means of dose-controlled studies is

needed to establish dose–response relationships and to

know whether nail analysis can provide cumulative drug

use information.

Cannabinoids

Pre-analytical and analytical techniques

Detection of D9-tetrahydrocannabinol (THC) and its

metabolite 11-nor-9-carboxy-D9-tetrahydrocannabinol

(THC-COOH) has been performed using GC–EI–MS as

well as using GC–MS–MS operated in negative ion

chemical ionization (NICI) mode [23, 39, 40]. Using GC–

NICI–MS–MS, a high sensitivity was achieved with an

LOD of 0.01 pg/mg [39] as compared to LODs between 35

and 100 pg/mg obtained by GC–EI–MS [23, 40]. As for

opioids, washes with SDS, water and methanol both in

triplicate were effective in removing the superficial con-

tamination because the third methanol wash produced

negative cannabinoid results [40]. However, a decontami-

nation procedure without the SDS washing step was proved

to be effective as well (no substances were detected in a

methanol wash performed after the normal washing pro-

cedure) [23]. In all studies, alkaline digestion was used as

the extraction procedure. When performing LLE for further

clean-up, the influence of the pH needs to be considered. In

contrast to THC, THC-COOH could only be detected in the

nail hydrolysates extracted under acidic pH and not in

hydrolysates extracted under alkaline conditions [40].

Cannabinoid detection and quantification in nails

Together with a brief questionnaire to assess the use of

cannabis and other drugs, fingernail clippings from 23

cannabis users were sampled and analyzed [40]. Of these,

12 subjects provided weekly THC use estimates, and THC

was detected in 11 of 14 tested samples at concentrations

varying from 0.13 to 6.97 ng/mg, and detectable up to

9 months after sample collection [40]. THC-COOH was

detected in two out of three nail hydrolysates extracted

under acidic pH (9.82 and 29.7 ng/mg) [40]. In nine sus-

pected drug users, THC-COOH was detected in only one

sample (0.20 ng/mg), whereas THC could not be detected

[23]. Mean THC-COOH concentrations in fingernails of 60

students were on average five times higher than mean

THC-COOH concentrations in hair samples from the same

individuals (1.8 pg/mg and 0.4 pg/mg, respectively), sug-

gesting a higher incorporation of THC-COOH in nails [39].

Furthermore, due to the higher concentrations present in

nails, THC-COOH was detectable in a higher percentage of

nail samples (53 %) as compared to that of hair samples

(47 %) [39].
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Discussion

So far, only three studies detected THC and/or its metabo-

lite THC-COOH in nails [23, 39, 40]. The detection of

THC-COOH, which is only formed through THC metabo-

lism, is important to differentiate between active cannabis

consumption and external contamination through cannabis

smoke. Because concentrations of THC-COOH were

higher in nails than in hair, Jones et al. [39] proposed nails

as the preferred matrix for the detection of cannabinoids.

The concentrations of THC-COOH reported by Jones et al.

were much lower (range \0.01–0.052 pg/mg) than those

reported in the previous studies (range 0.20–29.7 ng/mg)

[23, 40]. A possible explanation is that the subjects con-

sumed less cannabis; however, accurate self-reports were

absent. Because only a few studies are available and very

low concentrations have to be detected (especially for

THC-COOH), more research as well as more sensitive

methods are required to evaluate the use of nails for the

detection of cannabinoids.

Ethyl glucuronide

Pre-analytical and analytical techniques

Available methods for the analysis of ethyl glucuronide

(EtG), a minor metabolite of alcohol, in nails all employed

LC–MS–MS with electrospray ionization (ESI), but used

different sample preparation procedures [41–45]. Using an

SPE procedure for the sample preparation, Morini et al.

[42] achieved low LODs and LOQs (2 and 8 pg/mg,

respectively), and improved the sensitivity of the analytical

method.

Ethyl glucuronide detection and quantification in nails

Morini et al. [42] reported that EtG concentrations in fin-

gernails were higher than those in hair and correlated with

self-reported alcohol consumption. Ethyl glucuronide was

detected in the fingernails of five individuals consuming

[10 g alcohol per day, with concentrations ranging from

12.3 pg/mg (for an individual consuming 10–30 g/day) to

92.6 pg/mg (for an individual consuming [60 g/day).

When investigating the correlation between alcohol intake

and EtG concentrations in fingernails a linear correlation

was observed (r = 0.801; P \ 0.001), providing evidence

that nails can be useful to assess alcohol intake behavior

[44]. In fingernail samples from 529 students, EtG was

detected in 38 % of the samples (203 samples) with values

ranging from \2 to 397 pg/mg [41, 45]. Upon assessment

of the alcohol consumption of 447 college students during

12 weeks, Berger et al. [45] proposed the following cut-

offs: 8 pg/mg to detect any ([0) alcohol consumption per

week, 37 pg/mg to detect [15 drinks per week and 56 pg/

mg to detect [30 drinks per week. Nails and hair of 18

mothers, whose child’s meconium was found to be positive

for fetal ethanol biomarkers, were all negative for EtG [43].

These results suggest that maternal nails, just as maternal

hair, are not suitable to disclose alcohol consumption lower

than 15–30 g/day.

Discussion

In summary, the detection of EtG in nails is a specific and

sensitive biomarker for the detection of alcohol use, with a

sensitivity higher than hair (due to a higher degree of

accumulation) [42]. Still, no studies were performed in

toenails and the available methods have relatively high

LOQs to enable unequivocal quantification of EtG at the

proposed cut-off value of 8 pg/mg [45]. More sensitive

techniques (i.e., with lower LOQs) might be obtained using

GC–MS–MS, similar to methods for EtG quantification in

hair (for a review, see [46]). Because of higher EtG levels

present in nails as compared to hair, nails may potentially

be the preferred specimen to differentiate teetotalers from

moderate alcohol consumers. Furthermore, Morini et al.

[42] suggested that, because of the higher accumulation of

EtG in nails, nail analysis may allow the accurate evalua-

tion of binge drinking behavior.

Ketamine and phencyclidine

Pre-analytical and analytical techniques

Ketamine and norketamine can be detected using methods

presented earlier for amphetamines [24, 25]. Phencyclidine

(PCP) was detected using GC–EI–MS after alkaline

digestion of a large amount of nails (100–200 mg) [47],

followed by LLE previously developed for citalopram

detection [48]. No information on LOQ or LOD in nails

was provided [47].

Ketamine and phencyclidine detection

and quantification in nails

Only two studies reported the detection of (nor-)ketamine

in nails [24, 25], both in combination with the detection of

amphetamines. In fingernail clippings from seven multi-

drug users, ketamine and norketamine were detected in

only one case at concentrations below the LOQs at 0.314

and 0.050 ng/mg, respectively [24]. Toenail samples

obtained from four drug users all tested negative for

norketamine [25]. PCP was reported in nail samples col-

lected during autopsy from four drug abusers, whose blood
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or urine tested positive for PCP [47]. PCP concentrations in

nails ranged from 0.33 to 148 ng/mg, and higher concen-

trations were found in fingernails as compared to toenails.

Nail PCP concentrations were not correlated with blood

PCP concentrations [47].

Discussion

Except for one report on the presence of (nor-)ketamine in

nails and one report on the detection of PCP in four cases,

no studies in documented ketamine or PCP users are

available, and the research is highly recommended.

Caffeine, nicotine, and cotinine

Pre-analytical and analytical techniques

LC–ECD or GC–MS were used for the detection of nico-

tine, cotinine, and caffeine in toenails [32, 49–56]. To

allow the detection of the tobacco-specific N-nitrosamines

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)

and N-nitrosonornicotine (NNN) in toenails, which are

only present at very low concentrations, a more sensitive

technique using LC–ESI–MS–MS was developed [51, 57].

The sample preparation procedure was similar between

studies, and included washing with dichloromethane,

digestion with sodium hydroxide and LLE followed by

LC–ECD and GC–MS analyses [49–55] or SPE followed

by LC–ESI–MS–MS analyses [51, 57]. No information

about the evaluation of the pre-analytical procedure is

available.

Caffeine, nicotine, and cotinine detection

and quantification in nails

Toenail nicotine levels were investigated as a biomarker

for active and passive tobacco smoke exposure by com-

parison to self-reported smoke exposure. Mean toenail

nicotine concentrations in a large cohort study

(n = 1,696) were 0.10, 0.14, 1.77 ng/mg for non-smokers,

passive smokers, and active smokers, respectively [52],

and were in agreement with previous results in a smaller

population (n = 104) [49]. Although toenail nicotine

concentrations were correlated with reported smoking

exposure categories, there was no complete concordance

between both. This suggests that measurement of nicotine

concentrations in nails reveals sources of exposure that

are not captured from standard questionnaires. The

potential of toenail nicotine levels to estimate associations

with health risks was investigated for coronary heart

disease and lung cancer [53, 55]. In both studies a dose–

response relation between nail nicotine concentrations and

health risks was observed. Cotinine, NNAL, and NNN in

toenails were first reported by the research group of

Stepanov et al. [50, 51, 57]. NNAL and NNN, tobacco-

specific N-nitrosamines, are of particular concern due to

their carcinogenic potency [58]. Nicotine, cotinine,

NNAL, and NNN in toenails were validated as biomarkers

of tobacco smoke exposure by investigation of their cor-

relation with other biomarkers for smoking such as

plasma nicotine, cotinine and trans-30-hydroxycotinine,

and urinary NNAL [51]. Schutte-Borkovec et al. [54]

found smoking-dependent differences for the tobacco

alkaloid 3-(1-pyrroline-2-yl)pyridine or myosmine in toe-

nails, but these were much smaller than those found for

nicotine and cotinine. These results indicate that factors

other than tobacco contribute to the burden of myosmine

and that this compound is not as specific for smoke

exposure as nicotine and cotinine are [54]. By investiga-

tion of nicotine in nails, Hsieh et al. [56] found that

smoking history underestimates the prevalence of active

and passive smoking exposure; this underlines the

importance of reliable biomarkers of smoke exposure for

the estimation of associated health risks. Caffeine, nico-

tine, and cotinine were detected in nail samples from two

groups of newborns collected after birth (concentrations

not provided) [32]. Caffeine was detected in six out of 33

newborns and corresponded to mother self-reports of

caffeine consumption during pregnancy. In six out of 33

cases nicotine and/or cotinine were found in nails of

newborns from non-smoking mothers. These cases could

indicate passive nicotine inhalation or failure to admit

cigarette use owing to feelings of guilt [32].

Discussion

Tobacco alkaloids, including nicotine, cotinine, NNAL,

and NNN, can be detected in toenails and are suitable long-

term biomarkers for active and passive smoke exposure. As

a result of their slow growth rate, nails can reflect cumu-

lative exposure over a relatively long period, thereby

overcoming both the subjectivity of self-reported ques-

tionnaires and the day-to-day exposure variation [49, 52].

Moreover, toenail nicotine levels provide additional

information on active and passive smoke exposure not

captured by reported history, and is a good predictor of

coronary heart disease and lung cancer risk [50, 51, 53, 55,

57]. In the assessment of smoke exposure, toenails are

preferred over fingernails as they are relatively free from

external contamination. However, no studies reported fin-

gernail nicotine concentrations. Hence, a comparison

between toe- and fingernails should be performed to pro-

vide evidence for this statement. Data on caffeine detection

in nails are very scarce. Only one study in a population of

newborns reported caffeine in nails [32].
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Sedative and antipsychotic drugs

Pre-analytical and analytical techniques

LC–ESI–MS–MS is the favored method for the detection

of a variety of sedatives and the antipsychotic clozapine

[11, 12, 59–61]. Interestingly, Madry et al. [12] developed

a method without any washing step; they assumed that

daily hygiene was sufficient for decontamination, and

additional washing procedures may lead to unwanted

extraction effects. All studies included a homogenization

step in which nails were cut or pulverized. LODs and

LOQs were in the pg/mg range, except for one method with

a relatively high LOD and LOQ (0.05 and 0.5 ng/mg,

respectively) [60].

Sedative and antipsychotic drug detection

and quantification in nails

Finger- and/or toenail clippings obtained from 21 subjects

who were prescribed sedatives were screened for the pre-

sence of alprazolam, clobazam, clonazepam, diazepam,

lorazepam, midazolam, oxazepam, temazepam, triazolam,

zopiclone, and selected metabolites [59]. With the excep-

tion of clonazepam, all screened sedatives were detected in

nails, with higher concentrations in nails of subjects taking

higher sedative doses [59]. Chen et al. [60] reported the

detection of clozapine and its major metabolite nor-cloza-

pine in fingernail clippings of 16 volunteers who were

prescribed clozapine for more than 9 months (range

1.60–14.1 ng/mg). The obtained nail clippings were sam-

pled about 10 years ago providing first evidence for the

long-term and stable storage of antipsychotics in nails [60].

This long-term stability was further confirmed by the

detection of clozapine in finger- and toenails from a bloated

cadaver (range 64.6–539 pg/mg) [61]. Two studies inves-

tigated the incorporation mechanisms of zolpidem in nails

after a single dose [11, 12]. In the former study, finger- and

toenail clippings from seven subjects receiving a 10-mg

dose of zolpidem were collected weekly, every 2 or 4

weeks for 20 weeks [11]. In the long-term follow-up ana-

lysis, two peaks of relatively high zolpidem concentrations

were identified. The initial high levels (between 0.40 and

1.74 pg/mg in fingernails) were observed in the first week

after consumption (probably resulting from incorporation

through sweat). Lower peak concentrations (\0.37 pg/mg

in fingernails) were observed between 10 and 15 weeks

after intake (from the germinal matrix). Between the first

and second concentration peaks an interval with lower

zolpidem levels was observed (from the nail bed). Overall,

toenails showed higher concentrations as compared to

fingernails [11]. In the latter study, fingernail clippings

from nine subjects who received a 10-mg zolpidem dose

were collected weekly during 3 to 5 months [12]. The

results from the concentration–time curve were as follows:

a high initial concentration (0.8–15.1 pg/mg) 24 h after

intake (presumably caused by sweat-mediated transport), a

concentration peak (0.15–2.2 pg/mg) after 2–3 weeks

(through incorporation via the nail bed), and a concentra-

tion peak (0.15–0.9 pg/mg) after 10–18 weeks (through

incorporation via the germinal matrix). The median win-

dow of detection was 13.5 weeks (standard devia-

tion = 24 %) [12].

Discussion

The detection of sedative and antipsychotic drugs in nails is

relatively recent. Studies indicate that nails can be useful

for the detection of sedatives and antipsychotics [11, 12,

59–61]. Nail samples from individuals taking higher sed-

ative doses contained higher concentrations of sedatives

[59], showing an accumulation of sedatives in nails upon

frequent use. Clozapine detection in samples collected

10 years ago and in samples of a bloated cadaver provided

evidence for the stable storage of xenobiotics in nails and

indicated that nails could be useful in postmortem forensic

toxicology [60, 61]. The studies on the incorporation

mechanisms in nails suggest that drugs incorporate into

nails from three different sources: sweat, nail bed, and nail

matrix [11, 12]. In addition, those studies showed that even

a single exposure to zolpidem could be detected in nails,

which offers major possibilities for application in forensic

toxicology. Therefore, research should be extended

towards the detection of a single exposure to other drugs of

abuse or pharmaceuticals and their detection window.

Steroids

Pre-analytical and analytical techniques

Two studies reported the detection of steroids in nails using

different techniques. Choi et al. [62] employed GC–EI–

MS, while Brown and Perrett [63] used LC combined with

ultraviolet (UV) detection as the first instance. However, as

LC-UV was found unsuitable for the detection of steroids

in nails, the authors switched to LC–ESI–ion-trap–MS

[63]. Choi et al. [62] used a relatively high amount of

sample (100 mg) and a sample preparation procedure

consisting of washing with methanol, alkaline digestion,

followed by LLE, and pentafluorophenyl dimethylsilyl-

trimethylsilyl (flophemesyl-TMS) derivatization. Because

no information on sample preparation except for the use of

extraction is provided by Brown and Perrett, a comparison

between sample preparation procedures of both studies is

not possible [62, 63].
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Steroid detection and quantification in nails

Pregnenolone and testosterone were detected in finger-

and toenails of seven healthy men and nine healthy

women in concentration ranges of 0.30–4.33 ng/g and

0.24–5.80 ng/g, respectively [62]. Concentrations of both

steroids were higher in males than in females. This

gender difference may reflect a correlation between ste-

roid concentrations in serum (higher in males than in

females) and nails [62]. Brown and Perrett collected nail

samples from volunteers who had been taking anabolic–

androgenic steroids over the last 6 months, and from

volunteers without any history of steroid use [63]. Tes-

tosterone could be detected in all samples and stanazol in

one sample, while testosterone propionate could not be

detected in any sample. Because the method sensitivity

did not meet acceptable standards for quantification, the

authors were only able to qualitatively show the presence

of steroids in nails.

Discussion

Although two studies reported the detection of steroids in

nails, only the method developed by Choi et al. [62]

allowed the quantification of these compounds. In addition,

only three different steroids were investigated so far [62,

63]. Steroid analysis in nails could be applied to detect

steroid (ab)use in athletes, and awaits further investigation.

Antimycotics

Several studies reported on the detection of antimycotic

agents, such as itraconazole, fluconazole, and terbinafine,

in nails to retrieve information on the correlation between

nail concentrations and antifungal therapeutic efficiency.

These studies are extensively described in a review by

Palmeri et al. [1]. Since then, no new studies were

published.

Simultaneous detection of multiple drugs

Analytical methods for multiple drug detection were

reported. There are reports on the simultaneous detection of

amphetamines and ketamine [24, 25], opiates and cocaine

[10, 13, 26–28, 31, 32], and various sedatives [59]. One

study proposes the combined detection of amphetamines

and THC [23]. The challenge of these methods lies in the

optimization of the (pre-)analytical techniques to allow the

detection of multiple compounds with different physico-

chemical characteristics.

Nails as a specimen for drug screening

Recently, a first study investigated the potential use of nails

for general unknown screening (GUS) [64]. Using LC–

quadrupole time-of-flight (QTOF)–MS, 89 different com-

pounds were detected in nail samples from 70 postmortem

cases. The results indicated that GUS in nails could be

useful for the detection of long-term drug consumption,

especially in cases where no information on the subject or

ingested substances is available.

Applications of nail analysis

Identification of in utero drug exposure

Alcohol and drug use during pregnancy can lead to mis-

carriage, premature birth, increased mortality, congenital

abnormalities, and retarded physical and mental develop-

ment [65, 66]. Newborn nails are formed during the second

trimester of pregnancy [67], grow continuously, and persist

after birth, thus providing an opportunity to assess in utero

drug exposure. In contrast, neonate hair growth starts

during the third trimester, occurs in cycles and hair is

generally lost within 8–12 weeks after birth [68]. In a

3-month-old infant who died of SIDS, the presence of

cocaine in finger- and toenails was detected and correlated

to intra-uterine exposure [27]. A study in 58 newborns

confirmed the usefulness of neonatal nails for detecting in

utero drug exposure to cocaine, opioids, caffeine, nicotine,

and cotinine [32]. Conversely, another study suggests that,

in contrast to neonatal meconium, maternal nail clippings

could not be used to assess in utero drug exposure to

alcohol less than daily use (\15–30 g alcohol/day) [43].

Indeed, in 18 cases, in which EtG and fatty acid ethyl esters

in meconium were found to be positive, none of these cases

could be confirmed by the presence of EtG in maternal

nails. However, this neither excludes the use of maternal

nails to detect higher alcohol consumption, nor the use of

neonatal nails to detect maternal alcohol consumption.

Monitoring of drug-treatment programs

Alcohol and drug abuse have serious negative conse-

quences on the individual and the society. In drug-depen-

dence treatment settings, nail analysis can be useful for the

monitoring of patients. In addition, it could be used to

identify objectively patients who relapse during treatment

and may need additional treatment. One example is moni-

toring of methadone maintenance programs. In patients

following such a program, nail analysis showed to be a

useful tool to assess compliance to the treatment scheme
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[37]. However, the use of nails to monitor abstinence from

alcohol and/or drugs of abuse within a treatment program

has not been documented yet.

Therapeutic drug monitoring

Therapeutic drug monitoring (TDM) in nails has been

described within the context of onychomycoses in order to

assess the relationship between antimycotic concentration

at the site of action and therapeutic outcome (for a review,

see [1]). Although nail analysis cannot be used for dose

titration and real-time TDM, it could be a useful tool in

monitoring long-term therapy compliance of antidepres-

sants and antipsychotics.

Forensic toxicological applications

Nails offer a substantially longer retrospective detection

window as compared to body fluids, which is often vital for

solving cases of death due to drug use or poisoning, or

upon (a delayed) reporting of a possible rape using drug(s).

The use of nails in postmortem circumstances was first

reported for cocaine [27, 28]. In postmortem toxicology,

nails can (i) support death diagnosis by proving or

excluding chronic substance abuse, (ii) provide evidence

for drug tolerance in opioid death cases, and (iii) contribute

to the identification of an unknown corpse. Consequently,

it has been suggested that nails can be used to complement

the other biological matrices, narrow the scope of an

investigation, and provide vital clues in resolving a case

[61]. In postmortem toxicology, besides the collection of

nail clippings or scrapings, it is also possible to collect the

entire nail plate. This offers several advantages: more nail

is available for analysis, pieces close to the germinal matrix

can be analyzed, and scrapings from the underside of the

nail plate allow additional horizontal segmentation.

Over the last several years, the number of drug-facili-

tated sexual assaults (DFSA) has increased considerably

[69]. Most drug-facilitated crimes involve a single expo-

sure to alcohol, drugs of abuse, or pharmaceuticals, and

upon rapid presentation of the victim, blood and urine are

the preferred samples for toxicological investigation.

Considering that the majority of victims wait several days

before reporting to the police, nails could be used in those

cases. From their study, Irving et al. [59] concluded that

nails could potentially be useful for the detection of seda-

tives, for example in cases of suspected DFSA.

Other applications

The detection of doping agents in nails could potentially be

useful to provide long-term information, and would be

particularly interesting for substances prohibited both in

and out of competition. Still, the zero tolerance policy for

doping agents requires very sensitive methods to address

the unequivocal absence of a controlled substance. Such

methods are not available for nails and illustrate the

necessity of more research on the matter.

Thus far, the use of nails in the context of workplace

drug testing has not been described. Nevertheless, nail

analysis could offer important benefits, including the

detection of chronic use over a relatively long time span

before sampling. This could be useful, e.g., in the context

of the zero-tolerance policy for airline pilots and for pro-

fessionals in rehabilitation from alcohol- or drug-

dependencies.

Current pitfalls in nail analysis and challenges

for future research

Factors influencing substance incorporation

Mechanisms for substance incorporation into nails have

only been scarcely investigated. Thus far, only two studies

[11, 12] reported on the incorporation of substances in

fingernails, both after administration of a single dose of

zolpidem as mentioned before. The findings indicate that

incorporation into fingernails occurs (i) by sweat-mediated

transport (detectable after 24 h), (ii) through the vertical

growth of the nail bed (detectable after 2 weeks), and (iii)

through the horizontal growth of the germinal nail matrix

(detectable after 10 weeks).

Substance incorporation can be influenced by several

factors, including nail-specific, individual-specific, and

substance-specific characteristics (e.g., growth rate and

physical state of the nail, age, and gender of the indi-

vidual, physicochemical properties of the substance). For

example, variations in growth rate can lead to differences

in incorporation levels of ingested substances. While this

effect may be minor due to the relatively slow growth rate

of nails per se, it may bias the (retrospective) time frame

that is interpreted. So far, not many studies have inves-

tigated the factors influencing nail growth, and the

majority of such studies were published before 1980.

Moreover, several authors did not examine whether the

differences that they found were significant or not, and

not all the influencing factors were confirmed by later

studies. Table 3 summarizes the factors that have been

consistently reported by most studies to affect the growth

rate of nails [70–76].

Another important factor that might alter substance

incorporation into nails is the use of nail polish or, more

importantly, acetone when removing the nail polish. Thus

far, no studies have investigated the influence of these

cosmetic treatments on drug concentrations in nails.
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Given the lack of a complete understanding of the

mechanisms and factors influencing substance incorpora-

tion, results of nail analysis for retrospective detection of

xenobiotic use should be interpreted with caution. More

research is required on this topic, including studies

assessing nail-specific, individual-specific, and substance-

specific characteristics that may alter incorporation of

substances into nails.

Handling of external contamination

In order to avoid false interpretations due to external

contamination, careful decontamination of nail samples is

of great importance. In addition, evaluation of drug

concentrations in the wash fractions can provide evidence

on the efficiency of the washing procedure. An interest-

ing feature of nails in this context is that sampling can be

performed in two ways: vertical segmentation achieved

by nail clipping, or horizontal segmentation by nail

scraping. Scraping off the upper nail layer can reduce

external contamination, and thus, increase the reliability

of the obtained results. When the entire nail is available,

scraping off the underside of the nail can further elimi-

nate external contamination. Finally, contamination from

manipulation of the substance (especially important for

powdered substances like cocaine) will mainly be found

in fingernails, while contamination from sweat will

mainly be observed in toenails. Consequently, compari-

son of the results obtained in finger- and toenails gives

an indication about the extent and source of external

contamination.

Detection of a single exposure to a drug of abuse

or pharmaceuticals

Conducted studies have indicated that regular use of drugs

of abuse and pharmaceuticals can be detected in nails, but

few studies focus on the detection of single or intermittent

use. Although it has been shown that a single administra-

tion of zolpidem [11] can be detected, it remains unknown

if a single exposure to other drugs or pharmaceuticals can

also be detected. Therefore, more sensitive and specific

methods should be developed, and using these methods,

single exposure to other compounds should be investigated

in nails.

Comparison and correlation of results

The lack of standardized sampling techniques, pre-analyt-

ical, and analytical methods makes it difficult to compare

the results of the conducted studies. Indeed, the relatively

large variations in pre-analytical and analytical methods

employed can influence the obtained results. Also, profi-

ciency testing programs to verify the quality of the devel-

oped methods and their results, and to compare results

between laboratories are not available for nail analysis. No

cut-off values exist to aid interpretation. Moreover, the

quality of the results in studies is hampered by the unre-

liability of self-reports of drug use, the limited number of

paired samples and the lack of controlled dosing. For

several drugs, including sedatives, EtG and cocaine, there

appears to be a dose–response relationship [42, 59, 77].

However, there does not seem to be any correlation

between blood concentrations and the concentrations found

in nails [13]. Evaluation of the time of delay between drug

intake and detection in nails has not been performed yet.

Nail analysis in comparison to hair analysis

Nails and hair are the sole matrices known to store xeno-

biotics over relatively large periods of time (months to

years), and from which retrospective information on drug

use can be retrieved. As a consequence of their keratinized

nature, nails and hair have several characteristics in com-

mon, but differ from each other in some aspects. Firstly,

the double incorporation mechanisms in nails (nail bed and

germinal matrix) have consequences regarding the seg-

mentation of the matrix (horizontally and vertically). Sec-

ondly, nails grow slower than hair, which allows the

detection of smaller levels of exposure, because of the

higher accumulation, and the investigation of longer peri-

ods of time. Thirdly, hair is characterized by a cyclic

growth rate with different stages, whereas nails grow at a

Table 3 Overview of the factors influencing the growth rate of nails

Faster growth rate Slower growth rate

Fingernails Toenails

Male Female

Young age Older age

Summer, elevated temperatures Winter, lowered temperatures

Pregnancy Malnutrition

Increased blood supply Decreased circulation

Hyperthyroidism Hypothyroidism

Onycholysis Acute infection (e.g., measles,

mumps)

Minor trauma, onychophagia Onychomycosis

Regeneration after avulsion Immobilization

Epidermal hyperproliferation

affecting the skin and nails (e.g.,

psoriasis)

Drugs (e.g., biotin, terbinafine,

itraconazole, fluconazole)

Drugs (e.g., methotrexate,

azathioprine, cyclosporine)

Forensic Toxicol (2015) 33:12–36 33

123



constant rate, which facilitates the interpretation of results.

Finally, melanin concentration in hair is known to influence

the extent of incorporation depending on the physico-

chemical properties of drugs [78, 79]. Because nails do not

contain melanin, the bias due to pigmentation is absent for

nails.

As a result of these differences, a variation in the extent

of incorporation between both matrices can be expected

(depending on the physicochemical properties of a sub-

stance). This seems to be the case for EtG and cannabi-

noids which have been detected in higher concentrations in

nails as compared to hair. Considering the low concentra-

tions that have to be measured, the higher sensitivity of

nails to detect EtG and cannabinoids represents a large

advantage over hair analysis. Studies comparing amphet-

amine concentrations in hair and nails, show higher con-

centrations in nails on one hand [22], and lower or similar

concentrations in nails as compared to hair on the other

hand [8, 16, 21]. For sedatives and clozapine, hair could be

preferred because higher to similar concentrations are

observed in hair as compared to nails [59, 60]. Neverthe-

less, data on comparison of both matrices are scarce and

more research is necessary to enable definitive conclusions.

Data obtained from GUS of nails were comparable to those

obtained from hair analysis, because only 10 % of the cases

showed a disagreement of results [64].

Conclusions and further perspectives

Nail analysis is a promising tool for the long-term detection

of exposure to drugs and pharmaceuticals in both forensic

and clinical applications. Nail analysis can complement

blood and urine analysis, and provide additional informa-

tion crucial for a correct interpretation of the results.

Studies show that most drugs of abuse and pharmaceuticals

are detected in nails in the pg/mg to ng/mg range. Thus,

nail analysis requires sensitive and specific analytical

methods, as well as an optimized sample preparation

procedure.

Still, more research on nails is necessary to allow a

comprehensive evaluation of this matrix and to gain more

experience with nail analysis. Future investigations should

address the following issues. The variety of substances that

have been investigated in nails is rather limited and needs

to be elaborated. For example, the detection of c-

hydroxybutyric acid in nails has never been investigated,

and the detection of pharmaceuticals is limited to some

sedatives and clozapine. Nail analysis needs to be imple-

mented in forensic and clinical applications, such as

workplace drug testing and TDM. Mechanisms of drug

incorporation into nails and factors influencing this incor-

poration deserve further investigation. Dose-controlled

studies, in which drug intake or consumption profiles are

compared with drug levels detected in nails and other

matrices, should be conducted to evaluate the correlation of

drug concentrations in nails with drug intake and concen-

trations in other biological matrices, such as blood, urine,

and hair. Also, more paired-sample studies regarding the

comparison of nails with hair are highly recommended.

Sampling techniques, pre-analytical, and analytical meth-

ods need to be harmonized and standardized. Proficiency

testing programs should be developed and cut-off values

should be proposed.

In summary, this review clearly indicates the potential

of nails as matrix for the detection of drug of abuse and

pharmaceutical exposure over extended time periods.

Currently, the major drawback of nail analysis is the lack

of research, which complicates the understanding and

interpretation of results obtained by nail analysis. Aug-

mented knowledge on nails is needed to draw definitive

conclusions on the significance and appropriateness of its

forensic and clinical applications.
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