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Abstract

Purpose Hair analysis can provide effective information to prove drug-facilitated crimes (DFCs). Herein, an analytical
procedure for obtaining evidence of DFCs stronger than with conventional segmental hair analysis is demonstrated for an
actual case. A victim reported to the police that, approximately 1 month earlier, she had consumed a drink, fallen asleep,
and then been assaulted.

Methods Her hair strands were collected to examine whether drugs were detected from her hair. Drug screening by liquid
chromatography—high-resolution mass spectrometry (LC-HR-MS) revealed a specific peak, derived from zolpidem, on
the chromatogram obtained from the hair extract. Micro-segmental analysis using an internal temporal marker (ITM) was
performed to estimate the day of zolpidem ingestion using sensitive LC—low-resolution tandem mass spectrometry (MS/
MS). The victim ingested cold medicine as an ITM twice, with an interval of 21.0 days, to calculate the actual growth rate
of her hair. Her hair strands were collected again 2 weeks after the second I'TM ingestion. A hair strand was cut at 0.4-mm
intervals, and the distribution curves of zolpidem and the ITM in a hair strand were plotted.

Results The estimated day of zolpidem ingestion was consistent with the day of the incident that she had reported. The two-
step hair analysis proved that she had ingested zolpidem on the day of the incident.

Conclusions The combination of drug screening by LC-HR-MS and determination of the day of drug ingestion using
micro-segmental analysis by sensitive LC-MS/MS would be useful for elucidating the relationship between the drug and
the incident when investigating DFCs.

Keywords Hair - Drug-facilitated crime - Micro-segmental analysis - High resolution mass spectrometry - Hypnotics

Introduction

In drug-facilitated crimes (DFCs), drinks are secretly spiked
with drugs which can cause drowsiness/hypnosis. When the
victims fall asleep, the perpetrators commit crimes such as
robbery and/or sexual assault. Therefore, only the perpetra-
tor knows the type of drugs used in the crimes. Addition-
ally, victims often hesitate to immediately report the incident
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to the police because they do not remember the situation
clearly and/or have been psychologically traumatized. If
victims come forward with their ordeal several weeks after
the incident, there is no longer any evidence except for the
victims’ biological samples. Although urine and blood are
usually used to prove drug ingestion, the detection window
for hypnotics ingested at single doses is only a few days
[1-3]. Therefore, in most cases, it is impossible to detect
drugs used in DFCs from victims’ urine and blood.

Hair is an effective specimen for proving drug ingestion a
few weeks or more prior to collection. Additionally, segmen-
tal analysis reveals approximately how many months ago the
drugs were ingested [3—5]. In conventional segmental hair
analysis, dozens of hair strands are cut at intervals of several
centimeters, and the hair segments from the same position
are lumped together. Because most hypnotics, particularly
benzodiazepines, can cause drowsiness even at very small
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doses (less than 1 mg) [6], many strands of hair must be
collected from a victim’s scalp to sufficiently detect small
amounts of drugs.

Generally, liquid chromatography (LC)-tandem mass
spectrometry (MS/MS) with selected reaction monitoring
(SRM) mode is the first choice for the detection of hypnot-
ics. However, in investigations of DFCs, no one knows the
type of drugs that the victim ingested. Target analysis using
SRM may be insufficient to search for drugs unregistered
under the LC-MS/MS conditions.

On the other hand, non-target analysis in LC-MS/MS
usually requires a user’s library of retention time and mass
spectra, which is built by analyzing many types of drug
standards in LC and mass spectrometry (MS) conditions des-
ignated beforehand [7, 8]. High-resolution mass spectrom-
etry (HR-MS), the full width at half maximum (FWHM)
of which has recently been improved to over 100,000, is
effective for drug screening because it enables us to search
for drugs of interest without a mass spectral library and drug
standards [9—13]. If the compositional formulae of the drugs
of interest are known, we can detect specific peaks using
exact masses corresponding to the drugs of interest after the
HR-MS measurement. Therefore, LC-HR-MS was used for

drug screening in this actual case to prevent overlooking any
drugs in the victim’s hair. When some drugs are detected in
a victim’s hair, it is important to elucidate the relationship
between the detected drug(s) and the incident(s) which the
victim remembered.

The information obtained by conventional segmental hair
analysis that the victim ingested specific drugs a few months
ago may be insufficient to prove DFCs. Micro-segmental
hair analysis that we recently developed is a revolutionary
procedure for estimating the day of drug ingestion. This
method involves (1) cutting of a single hair strand into 0.4-
mm segments, largely corresponding to the daily growth
length [14], and (2) independent quantification of drugs in
each 0.4-mm hair segment [15, 16] (Fig. 1). The method can
display drug distribution in a hair strand. In order to estimate
the day of drug ingestion accurately, the subject is asked to
ingest over-the-counter medicines such as chlorpheniramine
(CP) as an internal temporal marker (ITM) to mark a time-
scale within individual hair strands [17, 18]. The subject
ingests the ITM twice at an interval greater than 2 weeks.
Several weeks after the second ITM ingestion, three or more
hair strands are donated to determine the day of drug inges-
tion. The positional relationship between the drug ingested
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unconsciously on an unknown day and the ITMs ingested
intentionally on known days in a hair strand is used to deter-
mine the day of drug ingestion.

Herein, a hair analysis procedure is proposed for obtain-
ing more powerful evidence in DFCs than using the conven-
tional segmental hair analysis. This procedure involves drug
screening by LC-HR-MS (quadrupole-Orbitrap) and highly
sensitive qualitative analysis by low-resolution LC-MS/MS
(tandem quadrupole) for determining the day of drug inges-
tion by micro-segmental analysis. In this article, a case of
DFC is demonstrated in which the day of ingestion of zolpi-
dem was successfully identified by the micro-segmental
analysis.

Materials and methods
Materials

Stac® common cold medicine containing CP was purchased
from SSP Co., Ltd. (Tokyo, Japan). CP-d; maleate was pur-
chased from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). CP maleate and the other reagents were purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka,
Japan). Acetonitrile, methanol and water were of LC/MS
grade.

Hair collection to prove drug use

An Asian woman in her late teens reported to the police
that, approximately 1 month earlier, she had consumed a
drink offered by an acquaintance, fallen asleep, and been
assaulted. To obtain evidence of drug use, 100 strands of
black hair from the posterior vertex region near her scalp
were cut with scissors. She stated that she had not ingested
any medicine for therapeutic purposes for at least 2 months
before the hair collection.

Drug screening using the conventional hair analysis

For drug screening, 20 out of the 100 hair strands were used.
The hair strands were cut 10 cm long from the proximal
cut end to examine drug use over the 10 months before.
After cutting these 10-cm hair strands into pieces less than
2 cm long, they were placed in a 2-mL safe-lock tube and
weighed. The surface of hair strands was washed by sonica-
tion in an aqueous solution of 1% sodium dodecyl sulfate
for 1 min, followed by sonication alternately in water and
methanol three times for 1 min each.

The method used to extract hypnotics in hair was vali-
dated previously [19-21]. A stainless-steel bullet was placed
in the tube containing the hair strands, and an aqueous solu-
tion of 3 M ammonium phosphate (0.2 mL, pH 8.4) and
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acetonitrile (0.2 mL) was added. The hair was pulverized
using a reciprocal shaker (Automill TK-AMS5-S, Tokken,
Inc., Kashiwa, Japan) at 25 Hz for 5 min. After the bul-
let was transferred into another tube, the bullet surface was
washed with an aqueous solution of 3 M ammonium phos-
phate (0.1 mL, pH 8.4). The solution was then transferred
to the tube containing the pulverized hair. The tube was
centrifuged and the upper phase was transferred to another
tube. The extract was dried under nitrogen flow, and the
residue was dissolved with the initial mobile phase of the
LC (0.1 mL) described below. The solution was filtered with
a filtration device (Ultrafree MC, polytetrafluoroethylene,
0.2 pm; Merck KGaA, Darmstadt, Germany), and the filtrate
(20 pL) was injected into the quadrupole-Orbitrap LC-MS/
MS instrument described below.

Analytical conditions for drug screening

An Ultimate 3000 liquid chromatograph connected to a
Q Exactive mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used. Chromatographic separa-
tion was achieved using an octadecylsilyl column (Hyper-
sil GOLD C18, 50x 2.1 mm i.d., particle diameter 5 pm;
Thermo Fisher Scientific) at 40 °C. The mobile phase, deliv-
ered at a flow rate of 0.3 mL/min, consisted of an aqueous
solution of 10 mM ammonium acetate and methanol. The
proportion of methanol was changed over a linear gradi-
ent as follows: 0-2 min 10% methanol, 2—23 min 10-94%
methanol, 23-26 min 94% methanol, 26-26.1 min 94-10%
methanol, and 26.1-30 min 10% methanol. Electrospray
ionization was performed in positive ionization mode. Spray
voltage was 3 kV and capillary temperature was 350 °C. For
drug screening, scan analysis with the Orbitrap analyzer was
performed in a mass range of m/z 200-500 and resolving
power of 140,000. To search for specific peaks in the hair
extract, extracted ion chromatograms were drawn using the
[M+H]" of the drugs.

Peak identification

Forty hair strands from the specimens were used to identify
the peaks detected in drug screening. The hair extract was
prepared in the same manner as described above. Product ion
analysis selecting the [M + H]* of analytes as the precursor
ions was performed under the same conditions as the scan
analysis except for the use of a quadrupole mass filter. The
positive control and negative control obtained using blank
hair with or without spiking drug standards, respectively,
were also analyzed.

For confirmatory analysis, the remaining specimens were
treated in the same manner as for drug screening, and the
extract was injected into a low-resolution but sensitive tan-
dem quadrupole LC-MS/MS instrument (ACQUITY UPLC
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I-Class and Xevo TQ-S; Waters, Milford, MA, USA). The
conditions are shown in supplementary material Table S1.

Micro-segmental analysis

To accurately estimate the day of ingestion of a targeted
drug using the ITM, the victim was requested to partici-
pate in an experiment in which healthy subjects ingest over-
the-counter medicines at normal doses and then donate
their hair to be examined for drug distribution therein. The
experiment had already been approved by the ethics com-
mittee at the National Research Institute of Police Science
(Kashiwa, Japan). Informed consent was obtained from her
for the experiment. According to our experimental protocol,
the subject ingested tablets of Stac® common cold medicine
containing CP maleate (2.5 mg) as the ITM twice with an
interval of greater than 2 weeks. Subsequently, the subject
selected one of the two hair collection methods. The first
involved cutting approximately 10 hair strands near the scalp
with scissors more than 4 weeks after the second ITM inges-
tion, whereas the second involved plucking three or more
hair strands from the scalp more than 2 weeks after the sec-
ond ITM ingestion. The subject selected the hair plucking
method in this case. The subject had not ingested any other
medicines except for Stac® common cold medicine for at
least 3 months before the hair collection.

The detailed sample preparation was described in our pre-
vious reports [15—18]. Briefly, an individual hair strand was
weighed and the full length was measured. The hair strand
was washed as described above. The hair strand was attached
straight on a double-sided tape on the stage of a tissue slicer

was injected into the tandem quadrupole LC-MS/MS instru-
ment (ACQUITY UPLC I-Class and Xevo TQ-S). The ana-
lytical conditions are summarized in Table S1.

The concentrations of analytes in each 0.4-mm hair seg-
ment were quantified. The weight of a 0.4-mm segment pre-
pared from each hair strand was calculated by dividing the
total weight of an individual hair strand by the full length
and then multiplying by 0.4.

Analytical validation for micro-segmental analysis

The method was validated using spiked hair segments
according to a guideline on method validation from the Sci-
entific Working Group for Forensic Toxicology (SWGTOX)
[22]. The recovery of analyte from authentic hair segments
was confirmed by soaking hair segments in an extraction
solution for 24 and 72 h after sonication and comparing
the concentrations of analyte in these solutions, because it
was impossible to compare the recovery between different
extraction methods using the same authentic hair segments.

Estimation of drug ingestion day

Distribution curves of the targeted drug and the ITM were
constructed by assessing the drug concentration in each 0.4-
mm hair segment, numbered from the root side to the tip
side. The position of peak maximum was corrected using
the weighted average of the three concentrations, which were
obtained from a segment containing the peak maximum (n)
and the next segments on both sides (n — 1 and n+ 1) on the
distribution curve (Fig. S1) as follows:

{04 (1=1)=02) - C, ;+(04-n=02)- C,+{0.4 - (n+1) = 0.2} - C,,,

P (Cn—l+Cn+Cn+1)

s

equipped with a micrometer scale (Stoelting Co., Wood Dale,
IL, USA), so that the hair growth direction was aligned at a
right angle to the blade. The hair strand was cut at 0.4 mm
from the end of hair root side, and the segment was placed in
a 0.1-mL microtube using a tapered cotton swab. The stage
was then moved by 0.4 mm to the hair root side using the
micrometer scale. The procedure was repeated until a hair
region expected to contain the targeted drug was segmented.
A mixture of an aqueous solution of 5 mM ammonium
acetate containing 0.05% formic acid (mobile phase A in
Table S1) and acetonitrile (3:1, v/v) was used as the extrac-
tion solution. The extraction solution (100 pL) containing
CP-dg (4 pg/mL) as the internal standard was added to the
tube containing the segment. The sample tube was sonicated
at 23 kHz for 10 min and then maintained at approximately
22 °C in a dark place for 24 h. The supernatant (35 pL) was
diluted with mobile phase A (35 pL). The solution (50 pL)

where 7 is the segment number containing peak maximum,
C, is the concentration in segment number 7, and Py, is the
corrected position of the peak maximum corresponding to
the ingestion of a targeted drug, which represents the dis-
tance from the end of the hair root side to a targeted drug
peak. The number of days from ingestion of a targeted drug
to hair collection (D) was estimated based on peak max-
ima corresponding to ITM ingestions using the following
formula:

Dy = (PD - PITMI) : (DITMI _DITMZ) / <PITM1 _PITMZ) + Dirvis
where Dypy; and Dy, represent the number of days from
the ingestions of the first and second ITM to hair collection,
respectively, and Py, and Py, represent the corrected
positions of peak maxima corresponding to the ingestions
of the first and second ITM, respectively.
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Results and discussion
Drug screening using LC-HR-MS

According to the statement, the victim became drowsy
immediately after she consumed the drink. Because there
are over 100 approved drugs that can cause drowsiness [6,
23], it was impossible to target all the drugs using a general
LC-MS condition. Therefore, scan analysis with a FWHM
of 140,000 using HR-MS was performed in combination
with a general LC condition. After the hair extract was ana-
lyzed, extracted ion chromatograms were drawn with data
analysis software using the exact masses corresponding to
the [M +H]* of various drugs. When m/z 308.175 +0.001,
which corresponds to the [M +H]* of zolpidem, was used,
a significant peak appeared on the chromatogram (Fig. 2a).

Qualitative analysis using two types of LC-MS/MS
instruments

To identify the peak detected in drug screening, the remain-
ing specimens were divided into halves, and two analytical
samples were prepared independently in the same manner
as for the drug screening. The first sample was analyzed
using the quadrupole-Orbitrap LC-MS/MS instrument.
Fragment ions characteristic of zolpidem were observed on
the product ion spectrum of the detected peak (Fig. 2b). Both

Fig.2 Detection of zolpidem

the retention time of the peak and the mass spectrum were
consistent with those of the zolpidem standard (Fig. 2c, d).
The other sample was also analyzed using the low-resolution
tandem quadrupole LC-MS/MS instrument. The presence of
zolpidem was also confirmed using the ratios of peak areas
from two different ion transitions in the selected reaction
monitoring mode (data not shown).

Two different analytical principles were used for the
peak identification based on the guideline of the SWGTOX
[22]. Although quadrupole-Orbitrap LC-MS/MS is gener-
ally inferior to tandem quadrupole LC-MS/MS in terms of
sensitivity, the Orbitrap analyzer with good selectivity was
able to detect ions with accurate masses characteristic of a
targeted compound.

Ingestion of internal temporal markers

It was judged from the results of hair analysis that the vic-
tim had ingested zolpidem. However, there was no evidence
that she had ingested zolpidem when the incident occurred.
Conventional segmental hair analysis at intervals of several
centimeters could estimate how many months had passed
since the drug was ingested, but this analytical result was
insufficient evidence to prove DFCs. Therefore, micro-
segmental hair analysis was expected to elucidate the rela-
tionship between the drug and the incident. Ingesting ITMs
before hair collection is required to estimate the day of drug
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ingestion accurately using micro-segmental analysis, as
we previously reported [17, 18]. After the victim became
a subject for our drug administration experiment approved
by the ethics committee, she ingested ITMs twice with an
interval of 21.0 days. Following 13.9 days after the second
ITM ingestion, she plucked out several hair strands from her
scalp and donated them for our experiment. Subsequently,
she voluntarily submitted several more plucked hair strands
to the police to investigate the DFC.

Determination of the day of drug ingestion

The distribution curves of zolpidem and CP in a hair strand
(hair no. 1) are depicted using micro-segmental analysis
(Fig. 3). Zolpidem and CP are prominently detected in spe-
cific segments of the hair strand. Typical chromatograms for
an extract from a 0.4-mm hair segment are shown in Fig. S2.

6000

CP

[Growth rate of this hair strand (mm/day)]

Prrms = Pirwe

[Interval of the two intakes of CP]

0
1000

Drug concentration (pg/mg)

[Interval between intakes of
the first CP and zolpidem (day)]

{PD = Prrm ]
[Growth rate of this hair strand]

0
1 Segment number

|
T . P
0 « Hair root Distance (mm) Hair tip - 57.6

Fig. 3 Distribution curves of zolpidem and chlorpheniramine (CP) in
a hair strand using micro-segmental analysis. The distribution curves
of analytes in hair strand no. 1 are shown. Pp, Py, and Py, rep-
resent the corrected positions of peak maxima corresponding to the
ingestions of zolpidem, the first internal temporal marker (ITM), and
the second ITM, respectively

CP was localized in two regions in the hair strand, reflecting
two ingestions of CP with a 21.0-day interval. Zolpidem
was localized in one region, implying that she had ingested
zolpidem once.

The results of analytical validation using spiked hair
segments indicated that this extraction method could sat-
isfactorily quantify zolpidem at the concentration ranges in
the actual hair segments (Table S2). Although the concen-
trations of zolpidem in hair soaked for 72 h were higher
than those soaked for 24 h for each segment, the ratios were
almost constant for any segment (Fig. S3). Therefore, the
soaking time hardly affected the position of peak maximum.

The day of zolpidem ingestion was estimated using the
positional relationship between the peaks of zolpidem and
ITMs on the distribution curve. First, the actual growth rate
of the analyzed hair strand was calculated using the distances
between the two CP peaks ([Pyrp; — Prrvzl]) and the known
ingestion interval ([Dyry — Diaval)- Second, the distance
between the distal CP peak, corresponding to the first inges-
tion of CP, and the zolpidem peak ([Pp— Py 1) was meas-
ured. Third, the estimated number of days between zolpidem
ingestion and the first ITM ingestion ([D,— Djpp\]) was cal-
culated using the actual hair growth rate and [Pp— Pyl
Afterwards, another hair strand (hair no. 2) was analyzed in
the same manner as hair no. 1 (Table 1) to confirm the repro-
ducibility of the estimated value. The numbers of days esti-
mated between the two independent hair strands with ITMs
were closely matched, although the growth rates of the two
hair strands differed greatly. It was presumed that the victim
had ingested zolpidem approximately 84 days before the hair
strands were collected for the micro-segmental analysis. In
fact, the day of the incident as reported by the victim to the
best of her knowledge was 85 days before the hair collec-
tion. Therefore, the results of micro-segmental hair analysis
supported her statement.

Because the victim’s hair strands were plucked out with
the hair root, the number of days from zolpidem ingestion
to hair collection could be approximately estimated using
the distance from the hair root end to zolpidem peak (Pp)
and a general daily growth rate of hair (0.4 mm/day [14]).

Table 1 Differences in hair

growth rates and estimated drug Fairno. - Po (i) P () P (mm) ZI;;A)I_ Pz grrl(r)nvj(tilall;?te Do () P04 (G
ingestion days between two hair
strands 1 433 17.2 6.0 21.0 0.534 83.9 108.4
2 333 13.4 5.0 21.0 0.402 84.4 83.3
Average 84.1 95.8

Dy, Dirpyys and Dipyy, represent the number of days from the ingestions of the targeted drug, first internal
temporal marker (ITM), and second ITM, to the hair collection, respectively. Py, Pyry» and Pipy, repre-
sent the corrected positions of peak maxima corresponding to the ingestions of the targeted drug, first ITM,

and second ITM, respectively

“The number of days from the ingestion of targeted drug to the hair collection estimated using a hair
growth rate of 0.4 mm/day without an ITM
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There was a difference of 25.1 days between hairs no. 1
and no. 2 in the days estimated without consideration of
ITMs (Pp/0.4) depending on the growth rate of individual
hair strands. Additionally, when the estimated average val-
ues with and without ITMs were compared, the difference
was 11.7 days (Table 1). Therefore, ITMs should be used
to improve the estimation accuracy if informed consent is
obtained from the victim.

Single hair analysis using matrix-assisted laser desorp-
tion/ionization-imaging mass spectrometry (MALDI-IMS)
can visualize the distribution of drugs in an individual hair
strand [24-29]. However, it was difficult to quantify small
amounts of drugs and determine the position corresponding
to drug ingestion by MALDI-IMS. Kamata et al. [28] suc-
ceeded in distribution measurement for methoxyphenamine
after its single administration by MALDI-IMS. Shima et al.
[29] also successfully depicted a zolpidem-positive zone in
hair resulting from its single 10-mg intake using MALDI-
IMS. Additionally, they determined the amount of zolpidem
in single hair specimens by LC-MS/MS. Although there are
many reports about the detection of zolpidem in hair [4, 19,
21,29-31], it was first demonstrated in the present study that
micro-segmental hair analysis was effective in determining
the day of zolpidem ingestion.

In micro-segmental hair analysis, the total time required
to prepare and analyze 96 hair segments (a 3.84-cm hair
strand) is approximately 2 days. The distributions of drugs
in at least two hair strands are plotted to confirm whether
the analyzed hair strands are in the anagen phase [14]. If the
values estimated from the two hair strands are consistent
with each other, it seems that further hair analysis is able to
be omitted, because accidental coincidence rarely occurs in
two hair strands selected randomly. It is better to determine
when and which drug the victim ingested by one-step hair
analysis (Fig. 1). However, micro-segmental analysis is not
suitable for non-target analysis, because it is too difficult a
task for rapid analysis with high sensitivity to quantify drugs
from very small (ca. 4 ng/0.4-mm segment) and numerous
(typically over 100) hair segments. Therefore, the drugs to
be targeted for micro-segmental analysis are determined by
drug screening using LC-HR-MS, followed by peak iden-
tification using two types of LC-MS/MS instruments (Step
1 in Fig. 1). There are advanced techniques for drug screen-
ing by LC-MS/MS such as data-dependent acquisition and
multi-target analysis [8, 32]. However, these techniques
may overlook some drugs co-eluted with matrix compounds
and untargeted drugs. On the other hand, LC-HR-MS can
search for drug peaks in data acquired previously using
exact masses corresponding to the drugs of interest any
time and can exclude interferences due to co-eluted matrix
compounds, depending on the resolving power [9-13]. Drug
screening by LC-HR-MS was very effective in detecting
drugs in hair before micro-segmental analysis.
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Conclusions

In DFCs, there is little evidence of drug use. The victim’s
hair is often used as the only specimen to obtain some
evidence of DFCs. Conventional segmental hair analy-
sis can only show how many months ago a targeted drug
was ingested. In comparison, our proposed procedure for
hair analysis enables us to obtain stronger evidence. Drug
screening by HR-MS and determination of the day of drug
ingestion by micro-segmental analysis can prove that a vic-
tim ingested a specific drug on a specific day. The proposed
procedure could elucidate the relationship between a drug
and an incident in DFC investigations.
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