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Introduction: Hair testing is well established for the assessment of past drug
exposure; however, more research is needed to understand drug incorporation
mechanisms and drug entry pathways into hair.

Method: In this study, amicro-segmental LC–MS/MSmethodwas used to analyze
a 0.4 mm segment of hair after a single oral administration of zolpidem. Five single
hairs were plucked at 1 day, 3 days, 7 days, and 28 days after administration from
the vertex posterior of three subjects, and 5 single hairs were also plucked from the
parietal, left temporal, and right temporal regions of the head at 28 days.

Results and discussion: Proximal S1 (0–0.4 mm) in hair plucked at 1 day had the
highest level of zolpidem at 1.5–2.4 pg/mm; much lower concentrations (< 1 pg/
mm) were detected at proximal S2–S8 (0.4–3.2 mm). The drug concentration
decreased gradually in S1 for 7 days after drug intake and disappeared by 28 days,
suggesting that the drug from the bloodstream initially combined with the hair
follicle and then gradually moved to the hair tip as the hair grew. The zolpidem
concentration–hair segment profiles exhibited a large peak (root side) and a small
peak (tip side) for the four sampling times in all three subjects, indicating that drug
incorporation in the hair bulb occurred mainly from the blood but probably also
entered the hair through sweat and sebum. Zolpidemwas also detected in all hairs
from the vertex posterior in all three subjects but was not detected in 1 hair from
the parietal region and 2 hairs from the left temporal region. The consistency in
drug detection, drug concentration level, and peak position was better in hair from
the vertex posterior than from the other three regions, indicating that the vertex
posterior is a suitable sampling region for estimating drug intake.
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1 Introduction

Zolpidem, a nonbenzodiazepine sedative–hypnotic, is mainly used for short-term
treatment of insomnia, due to its strong sleep-inducing effect within 30 min after
administration (Cui et al., 2013). Because of the wide range of clinical applications for
zolpidem, its abuse and misuse are serious public health concerns, as it has inherent adverse
effects of a high degree of tolerance and dependence (Kim et al., 2013). Zolpidem has also
become one of the date-rape drugs involved in drug-facilitated crimes (DFCs), including
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robbery and sexual assault (Ishida et al., 2009; Rossi et al., 2014;
Madry et al., 2020). The drugs used in DFC cases are usually difficult
to detect in blood and urine because of the low dosages used and
because they can be quickly cleared from body fluids (Villain et al.,
2004). These cases frequently have a long delay between the event
and the police report, and the drugs themselves possess amnesic
properties, which further complicates reporting. For these reasons,
hair is a useful forensic aid and is sometimes even the only matrix
available as an analytical strategy in DFCs (Kintz, 2007). Hair
provides a wider window of detection than other biological
samples, such as plasma and urine, as well as valuable
retrospective information regarding the history of drug exposure
(Xiang et al., 2015; Yan et al., 2021). However, despite the growing
application of hair tests, the exact mechanism of drug incorporation
into hair and its entry routes are still debated.

Initially, a widely held belief was that drugs passively diffused into
the hair from blood circulating at the base of the hair follicle. However,
later research indicated that the findings could not be explained only by
direct drug incorporation from the bloodstream and that a more
complex model involving more pathways was needed to explain
how drugs enter the hair. At present, three models for

incorporation have been proposed: drugs can enter the hair through
1) active or passive diffusion from the bloodstream feeding the dermal
papilla, 2) diffusion from sweat and other secretions bathing the
growing or mature hair fiber, or 3) external drug from vapors or
powders that diffuse into the mature hair fiber. (Pragst et al., 1998;
Pötsch et al., 1997; Cone, 1996). Schräder et al. (Schräder et al., 2012)
analyzed the daily ethyl glucuronide (EtG) levels in the hair of three
volunteers after drinking alcohol and found that the incorporation of
EtG from sweat was not the dominating route of entry into the hair
shaft. Instead, EtG was mainly incorporated within the hair root.
Nevertheless, the deposition of EtG from sweat can play an
important role in long hair, where a larger area for deposition is
provided by the long hair shaft than by shaved hair stubble. Shima et al.
(2017) followed the time course of changes in drug distribution along
single-strand hair after a single oral administration of zolpidem and
determined that zolpidem was incorporated in two regions, mainly in
the hair bulb and to a lesser extent in the upper dermis zone from sweat
and sebum. This conclusion was also reflected in the study by Kamata
et al. (2015), who examined hair 14 days after a single dose of
methoxyphenamine.

The ambiguity of drug incorporation and entrymechanisms in hair
may lead to errors in estimating drug intake when hair analysis is
performed at a high time resolution (Shima et al., 2017). Schräder et al.
(2011) found that negative results can be expected with high probability
when examining the 3 cm proximal scalp hair segment that is routinely
investigated, rather than a 1 cm proximal segment, because of dilution
effects due to negative hair. Conventional segmentation methods
usually divide the hair into 1–2 cm segments, but this segmentation
is not useful for time resolution of drug intake at the monthly level, as
these analyses only allow estimations that are accurate to within several
months (Kłys et al., 2005; Günther et al., 2018; Wang et al., 2018). By
contrast, micro-segmental analysis, which segments a single hair strand
into 0.4 mm segments that correspond to the daily rate of hair growth,
improves the time resolution of drug intake to the daily level
(Kuwayama et al., 2018a; Kuwayama et al., 2018b; Kuwayama et al.,
2019; Kuwayama et al., 2021). However, the proportion of hair in the
anagen phase and the hair growth rate differ for different areas of the
scalp; therefore, the hair collection region is also important when
estimating drug intake.

The aims of the present study were to investigate the incorporation
and entry pathway of zolpidem into hair and to explore the distribution
of zolpidem and the consistency of the distribution pattern in single
hair strands taken from different areas of the scalp.

FIGURE 1
The sampling region of hair. (A) Vertex posterior, (B) left temporal, (C) right temporal, (D) parietal.

TABLE 1 Segment length and number of hairs collecting at different
timepoints.

Collecting time 1 day 3 days 7 days 28 days

Length of analysis (cm) 0.4 0.4 1 2

Number of segments 10 10 25 50

TABLE 2 The LC mobile phase gradient for zolpidem analysis.

Time (min) Flow (mL/min) A% B%

Initial 0.2 95 5

1 0.2 95 5

6 0.4 10 90

7 0.4 10 90

7.5 0.4 95 5

8 0.2 95 5
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2 Experiment

2.1 Chemicals and reagents

Myslee sleeping tablets (10 mg, containing 10 mg zolpidem
tartrate/tablet) were purchased from SNAFI (Hangzhou, China).
An authentic zolpidem stock (1 mg/mL, in methanol) and internal
standard (IS) diazepam-d5 were purchased from Cerilliant (Round
Rock, TX, United States). HPLC-grade acetonitrile and methanol
were purchased from Sigma-Aldrich (St. Louis, MO, United States);
ammonium acetate (98%) and formic acid (98%) were obtained
from Fluka (Buchs, Switzerland). Deionized water was purified using
a Milli-Q system (Millipore, MA, United States).

2.2 Drug administration experiments

Three healthy volunteers (subjectsA–C, two females and onemale, all
of Asian ethnicity, with straight black hair, 8 cm, 10 cm, and 10 cm in
length, respectively) who had not taken any psychoactive drugs in the past
year were recruited. They orally ingested one tablet (containing 10mg
zolpidem tartrate) once, and 5 single hairs (with bulb) were collected from

the vertex posterior region (Figure 1A) by plucking with the roots intact
using a tweezer at 1 day, 3 days, 7 days, and 28 days after the single
administration (n = 5). At 28 days, 5 single hairs were also collected from
the left temporal region, right temporal region, and parietal region (Figures
1B–D). The hair samples with roots were labeled and stored at room
temperature until analysis. All volunteer experiments were approved by
the Ethics Committee of Academy of Forensic Science, China, and written
informed consent was obtained from each subject.

2.3 Micro-segmental analysis of single hair
samples

The details of the sample preparation are described in our
previous study (Xu et al., 2022), hairs were wiped with acetone
to avoid external contamination that could interfere with the
analysis, and each sample was allowed to dry at room
temperature. Then, the length of single hair was measured and
then it was cut at 0.4 mm intervals with surgical scissors while
viewing under an illuminated magnifying glass (×30). Each 0.4 mm
segment was placed into a 200 µL tube and 25 μL methanol
containing the IS (0.5 ng/mL) was added. The samples were

FIGURE 2
Distribution of zolpidem in single hairs at 1 day, 3 days, 7 days, 28 days after intake for subject A, B, and C.
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sonicated for 1 h and the segments were left to soak in the solution
for 20 h. The supernatant was injected into the LC–MS/MS system.

The authentic 5 single hairs collected for each timepoint were
analyzed individually and divided into 0.4 mm segments (S1, S2,
S3. . ..) from the root side. Considering that the segmental process is
time consuming, single hair collected at different timepoints was
analyzed for different length. A 0.4 cm length of hair (10 segments)
was analyzed after plucking at 1 day and 3 days post administration,
a 1 cm length (25 segments) was analyzed for the 7 days samples,
and a 2 cm length (50 segments) was analyzed for the 28 days
samples. The length and number of hairs collecting at different
timepoints are shown in Table 1.

2.4 Analytical method

LC–MS/MS was carried out on an ACQUITY ultra-high-
performance liquid chromatograph system (Waters Corporation,
United States) with an AB Sciex 6,500 plus QtrapTM triple
quadrupole mass spectrometer (AB Sciex, Foster City,
United States). Each 0.4 mm hair segment was separated using
an Allure PFPP column (100 × 2.1 mm, 5 μm, Restek,
United States) at room temperature. A gradient elution was
performed using 20 mmol/L ammonium acetate with 0.1% formic
acid in water (mobile phase A) and acetonitrile (mobile phase B),
using the LC mobile phase gradient shown in Table 2. The
autosamplers were set at 4°C, and the sample injection volume
was 10 μL per injection. Molecular detection was conducted using
electrospray ionization in the positive ionization (ESI+) mode with a
multiple reaction monitoring (MRM) mode. The optimum
conditions were as follows: ion spray voltage (ISV), 5500 V;
source temperature (TEM), 450°C; curtain gas (CUR), 30 psi;
nebulizing gas (GS1) and heater gas (GS2), both 35 psi. The
transitions for zolpidem were monitored as m/z

308.1→235.1 and m/z 308.1→263.2. Analyst 1.6.3 software was
used to control the system and collect the data, and MultiQuant
3.0.2 was used to analyze the data.

Linearity for zolpidem was verified with eight different
concentrations of 0.05, 0.1, 0.2, 0.5, 1, 2, 5 and 10 pg/mm with a
correlation coefficient r) value above 0.99. The calibration curve was
y = 0.05849x + 1.21488 fitted with 1/x weighting. The limit of
detection and lower limit of quantification for zolpidem were
0.02 pg/mm and 0.05 pg/mm, respectively. Intra-day and inter-
day precisions (RSD) of QC samples at three levels (0.1, 1, and
8 pg/mm) were 2.5%–7.4%. The intra-day and inter-day accuracies
ranged from 96.2% to 101.4%, the extraction recoveries ranged from
98.3% to 102.1%, and the matrix effects ranged from 89.5% to 94.0%.

3 Results and discussion

3.1 entry and incorporation pathway of
zolpidem into hair

The very low mass of a single 0.4-mm segment means that the
exact mass cannot be determined with standard laboratory
equipment. In addition, the inter-individual and intra-individual
variations in the hair diameter would prevent determination of the
exact concentration even when calculated based on the average
weight of the hair micro-segments. Moreover, hygienic situations
and weather conditions cause increasing damages and degradations
of the cuticle toward the hair tip, and the water contents of the hair
strand may vary significantly, an overall variation of mass of up to
two–threefold seems likely between different segments. So, “mass/
mass” was replaced with“mass/length” in our studies.

Single hair samples collected at 1 day, 3 days, 7 days, and 28 days
from the vertex posterior region of three volunteers were analyzed
by LC–MS/MS. The zolpidem concentration–hair segment profiles

TABLE 3 Location and mean concentration of large and small zolpidem peaks in a hair strand taken from three different subjects.

Subject Sampling time (d) Large peak Small peak

Location
(from root)

Mean concentration (pg/mm) Location
(from root)

Mean concentration (pg/mm)

A 1 S1 (0–0.4 mm) 1.5 S5 (1.6–2.0 mm) 0.07

3 S3 (0.8–1.2 mm) 0.9 S8 (2.8–3.2 mm) 0.13

7 S9 (3.2–3.6 mm) 1.8 S15 (5.6–6 mm) 0.36

28 S30 (11.6–12 mm) 7.8 S36 (14–14.4 mm) 0.22

B 1 S1 (0–0.4 mm) 1.7 S6 (2.0–2.4 mm) 0.24

3 S3 (0.8–1.2 mm) 0.5 S7 (2.4–2.8 mm) 0.16

7 S7 (2.4–2.8 mm) 1.7 S14 (5.2–5.6 mm) 0.20

28 S27 (10.4–10.8 mm) 2.9 S35 (13.6–14 mm) 0.18

C 1 S1 (0–0.4 mm) 2.4 S6 (2.0–2.4 mm) 0.08

3 S2 (0.4–0.8 mm) 0.8 S6 (2.0–2.4 mm) 0.25

7 S9 (3.2–3.6 mm) 6.8 S14 (5.2–5.6 mm) 1.41

28 S32 (12.4–12.8 mm) 8.0 S39 (15.2–15.6 mm) 0.21
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exhibited a large peak (root side) and a small peak (tip side) for the
four sampling times in all three subjects. Figure 2 shows the
distribution of zolpidem in hair collected from the three subjects
(n = 5) by plucking at 1 day, 3 days, 7 days, and 28 days after intake.
The large peak of zolpidem moved to the hair tip as the hair grew,
from S1 (0–0.4 mm from hair root) at 1 day to S32 (12.4–12.8 mm)
at 28 days, and the concentration ranged from 0.5 to 8.0 pg/mm. The
tip-side (small) peak concentrations of zolpidem at the four
collecting times for the three subjects were between 0.07 and
1.41 pg/mm, the highest concentration was observed at 7 days
after intake. The locations and concentrations of the large and
small peaks for the three subjects are shown in Table 3. For the

large peak, the concentration per hair for each subject gradually
increased from 3 days to 28 days, suggesting that the drug
accumulated in the hair shaft during this period. The weights of
the proximal 2 cm of 5 single hair from the three subjects collected at
28 days after drug intake before micro-segment analysis ranged
from 0.14 to 0.24 mg (mean: 0.18 mg) for subject A,
0.08–0.23 mg (mean: 0.17 mg) for subject B, and 0.14–0.45 mg
(mean: 0.26 mg) for subject C. Analysis of the weight of the
proximal 2 cm of a single hair and its drug concentration by
one-way ANOVA revealed no significant correlation (r2 = 0.3757,
p = 0.29).

At 1 day after intake, 1.5–2.4 pg/mm of zolpidem was localized in
S1 (0–0.4 mm), whereasmuch lower concentrations (below 1 pg/mm)
were commonly found between S2 (0.4–0.8 mm) and S8
(2.8–3.2 mm). The concentration in S1 of the hair samples
decreased gradually at 3 days, 7 days, and 28 days after drug
intake, and the concentration peak gradually moved toward the tip
side. These results showed that the drug from the bloodstream initially
combines with the hair follicle, and then gradually moves to the hair
tip with the growth of hair. Hair follicles are embedded in the dermis
of the skin and contain networks of arterial capillaries that nourish the
growing hair bulb (Cone. et al., 1996) Therefore, drugs can move by
passive diffusion from the bloodstream into the growing hair cells at
the base of the follicle and then become tightly bound in the interior of
the hair shaft during subsequent keratogenesis. Shima et al. (Shima
et al., 2017) confirmed that incorporation of zolpidem from the hair
bulb continued for about 2 weeks, and then the drug was successively
incorporated into the hair matrix and moved toward the keratinized
region as the hair grew. We also previously found much higher
amounts of quetiapine and its metabolite 7-hydroxyquetiapine in
guinea pig hair roots than in segmental hair shafts within the first
10 days after administration, supporting the idea that drugs enter the
hair from blood circulation at the hair root (Ji et al., 2020).

The analysis of hair samples collected at 1 day after intake
showed a small peak with a low concentration (below 1 pg/mm)
appearing at the proximal S5 or S6 in the tip side in all three subjects.
The average length of the hair root in the three subjects was 1.6 mm
(about 4 segments). Therefore, the small peak was located at the
upper part of the hair root. The small peak at the tip side was
detected in all specimens at 3 days, 7 days, and 28 days in all three
subjects, suggesting that zolpidem in the upper dermis area was
incorporated within 1 day after intake through separate pathways
that included the hair bulb, rather than only from the bloodstream.
It was distributed over the whole hair root, but it also probably
entered the hair through sweat and sebum that contained ingested
zolpidem and had soaked the hair root near the scalp surface.

Our findings are consistent with previous research, as Shima et al.
(2017) also showed, by quantitative sectional hair analyses of 1 mm
segments of single-strand hair, that zolpidem incorporation occurred in
two regions: mainly in the hair bulb from blood but to a lesser extent in
the upper dermis zone from sweat and sebum.As in-depth research into
drug entry pathways into hair continues, a more complex model should
be used to explain the incorporation of drugs into hair. Research has
suggested that drugs and metabolites in hair may also be transferred
from multiple body compartments or from pools in the tissues that
surround the hair follicle, including the blood during hair formation,
sweat and sebum after hair formation, and from the external
environment (Kamata et al., 2015). A few cases have also reported

FIGURE 3
Zolpidem in single hairs for subject A, B, and C from four regions
of scalp.
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drug passage in the opposite direction, as outwardly directed
transdermal migration can also occur (Pannatier et al., 1978).

3.2 Distribution of zolpidem in hair samples
collected from different regions

The drug distribution of zolpidem in hair from different regions of
the head was investigated in hair collected from the vertex posterior, left
temporal, right temporal, and parietal regions of the scalp. The
analytical results are shown in Figure 3. Zolpidem was detected in
all hairs from the vertex posterior and right temporal regions, and
almost all hairs from the left temporal region (except two hairs) and the
parietal region (except one hair) from all three subjects. The peak
concentration of zolpidem in hair from the vertex posterior, left
temporal, right temporal, and parietal regions ranged from 3.1 to
12.6 pg/mm, 3.1–7.0 pg/mm, 5.4–12.1 pg/mm, and 4.1–26 pg/mm,
respectively. The peak zolpidem concentrations in hair from the
vertex posterior, left temporal, right temporal, and parietal regions
were located at S27–S33 (10.8–13.2 mm), S25–S32 (10–12.8 mm),
S21–S34 (8.4–13.6 mm), and S26–S35 (10.4–14 mm), respectively.
The locations and concentrations of the peaks in the four regions
for the three subjects are shown in Table 4.

When compared to hairs collected from the left temporal, right
temporal, and parietal regions, the 5 hairs collected from the vertex
posterior region showed a more consistent drug detection, with a
smaller relative standard deviation for the drug concentration and
peak position than was obtained for the other three regions. The
Society of Hair Testing also recommends the vertex posterior region
as a hair sampling site (Sachs, 1997). The concentration peak was
more consistent in the vertex posterior region, indicating that the
vertex posterior area has less variability in terms of hair growth rate.
The average linear growth rate of human hair at the vertex posterior
regions of the scalp is widely accepted to be approximately 1 cm/
month according to the current literature (Bost, 1993). In addition,
hair growth occurs in three stages: the anagen (growing), catagen

(involution), and telogen (resting) phases (Suzu et al., 1992).
Approximately 10%–20% of hair is in the catagen or telogen stage
(Salomone et al., 2017). The detection rate for zolpidem was higher in
20 hairs from the vertex posterior region (100%) than from the left
temporal (90%) and parietal (95%) regions in the three subjects, in
agreement with the previous theory that the proportion of telogen hair
is lowest in the area of the vertex posterior (Pragst and Balikova, 2006;
Bost, 1993; Kintz et al., 2006).

Few previous studies have examined drug concentrations in hair
from different regions of the scalp. Polettini et al. (2012) collected
hair from the frontal, anterior vertex, posterior vertex, nape, and
temporal regions with clippers to compare the concentrations of
MAMP and AMP. Higher concentrations of MAMP and AMP were
detected in the nape, temporal, and posterior vertex regions than in
the frontal and anterior vertex regions, but we did not observe this
pattern in our subjects. To our knowledge, this is the first study to
use micro-segmental analysis to investigate drug distribution
differences in single hairs collected from different regions of the
scalp. The analysis of a single hair can reduce the interference of the
blank hair matrix and can better reflect the hair growth rate and
growth stage in different scalp regions of the same individual.

4 Conclusion

Single hairs collected at 1 day after intake showed a peak of zolpidem
in hair at proximal S1 with a concentration of 1.5–2.4 pg/mm andmuch
lower concentrations (< 1 pg/mm) commonly found between S2 and S8.
The drug concentration in S1 of hair samples decreased gradually at
3 days, 7 days, and 28 days after drug intake, with the positive band
gradually moving toward the tip side, suggesting that the drug in the
bloodstream first combines with the hair follicle and is then gradually
moved to the hair tip as the hair grows. The zolpidem concentration–hair
segment profiles also exhibited a large peak (root side) and a small peak
(tip side) for four sampling times in all three test subjects, suggesting that
zolpidem incorporation in the hair bulb occurs from the blood, but it also

TABLE 4 Detection of zolpidem in single hairs taken from four different scalp regions from three subjects.

Subject Region Number of hairs detected Concentration (pg/mm) CV(%) Location of peak CV(%)

A vertex posterior 5 9.6 (8.7–10.6) 7.7 S29-S31 (11.6–12.4 mm) 2.9

left temporal 5 4.2 (3.5–5.3) 21.4 S25-S32 (10–12.8 mm) 9.2

right temporal 5 6.2 (5.6–6.7) 6.6 S26-S31 (10.4–12.4 mm) 8.3

parietal 5 7.2 (5.3–9.5) 28.5 S26-S33 (10.4–13.2 mm) 8.6

B vertex posterior 5 3.6 (3.1–4.8) 19.5 S27-S30 (10.8–12 mm) 4.7

left temporal 4 4.4 (3.1–5.9) 26.1 S25-S31 (10.0–12.4 mm) 11.3

right temporal 5 7.1 (5.4–9.6) 24.4 S21-S34 (8.4–13.6 mm) 18.9

parietal 4 5.5 (4.1–6.4) 18.0 S26-S32 (10.4–12.8 mm) 8.9

C vertex posterior 5 10.6 (8.3–12.6) 14.6 S32-S33 (12.8–13.2 mm) 1.7

left temporal 4 6.0 (4.6–7.0) 17.1 S25-S30 (10.0–12.0 mm) 7.7

right temporal 5 8.0 (6.4–12.1) 29.7 S26-S30 (10.4–12.0 mm) 6.0

parietal 5 20.3 (15.5–26) 19.4 S26-S35 (10.4–14.0 mm) 11.9
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probably enters hair through sweat and sebum. Zolpidemwas detected in
all hairs from the vertex posterior and right temporal region in all three
subjects, but it was not detected in 1 hair from the parietal region or in
2 hairs from the left temporal region.Drug detectionwasmore consistent
and showed smaller CVs for drug concentration and peak position when
collected from the vertex posterior than from the other three scalp
regions, suggesting that the vertex posterior is a suitable sampling region
for estimating drug intake.
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