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The mechanism of estazolam incorporation into hair was investigated by studying the time course of estazolam along single-strand hair after two oral administration of estazolam at 28 days interval. Estazolam in single hair segments 0.4 mm in length was verified and quantified by ultra-high-performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). The distributions of estazolam within a strand of hair (collected at 12 h, 28 days, and 56 days post-administration) were visualized by micro-segmental analysis. The highest estazolam concentration (1.5–9.9 pg/mm) was detected in the hair bulb region (S1), and it then decreased through the hair shaft to the distal end, with a small fluctuation (0.3–3 pg/mm) near the junction of the hair roots and shafts (S4–S7) 12 h after drug intake. These findings suggested that the incorporation of estazolam occurred in two regions, mainly in the hair bulb and to a lesser extent in the upper dermis zone. Models using internal temporal markers (TIMs) and temporal intervals (TIs) were constructed to estimate the day of estazolam ingestion. The estimation accuracy was within an average error of 1.7 mm and 3.0 mm between the calculated and actual positions, based on the TIMs and TIs 56 days after estazolam intake. These findings can help in further elucidation of the drug incorporation mechanism, which is crucial for interpreting hair analysis results used to reveal individual drug-use history.
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1 INTRODUCTION
Since the late 1990s, hair testing for drugs in humans has been increasingly applied in the forensics, clinical, and anti-doping fields (Chèze et al., 2005; Xiang et al., 2011; Franois et al., 2014; Salomone et al., 2017; Wang et al., 2019). In forensic toxicology, hair testing has been used to provide drug exposure history in drug-related deaths, drug-facilitated crimes (DFCs), child protection (Scott, 2009; De Castro et al., 2012; Alvarez et al., 2018), and for monitoring drug misuse in drug rehabilitation programs and workplace drug testing (Salomone et al., 2016; Leung et al., 2018; Stowe et al., 2019). When compared with blood testing, hair analysis has some advantages, such as non-invasive sample collection, relatively easy performance, long detection window of drugs over months to years, and ability for use under close supervision of law enforcement officers in forensic situations to prevent adulteration or substitution (Nakahara et al., 1992; Kintz, 2017).
The incorporation pathways of drugs into hair have been clarified by several researchers who have analyzed substances/metabolites in plucked hairs after single doses of a drug/substance of interest (Miki et al., 2011; Schräder et al., 2012; Kamata et al., 2015; Shima et al., 2017; Shima et al., 2019; Kamata et al., 2020; Nitta et al., 2021). For example, Shima et al. (Shima et al., 2017) revealed that zolpidem is incorporated into two regions of the hair root (Figure 1). Zolpidem in Region 1 was absorbed from the hair bulb via the bloodstream and distributed over the whole hair root, whereas zolpidem in the distal region (Region 2) was probably incorporated into the hairs through sweat and/or sebum that soaked the hair root near the scalp surface. A comparison of the incorporation of methoxyphenamine and zolpidem into white and black hairs by Shima et al. (Shima et al., 2019) revealed abundant drugs in the black hairs in 0–1 mm segments that included the hair bulb (Region 1), while the white hairs showed no or trace levels of these drugs in the 0–1 mm segments at 12–36 h after drug intake. Their findings suggest that hair pigments have two important roles in the distribution of drugs: one involving the incorporation of drugs into hair via Region 1 and the other involving the retention of drugs already incorporated.
[image: Figure 1]FIGURE 1 | Incorporation routes into the hair. Region 1 and 2 correspond to the hair bulb and the upper dermis zone, respectively.
Micro-segmental analysis, which was developed by Kuwayama et al. (Kuwayama et al., 2016; Kuwayama et al., 2017; Kuwayama et al., 2018a; Kuwayama et al., 2018b; Kuwayama et al., 2018c; Kuwayama et al., 2019a), involves the segmentation of an individual hair strand at 0.4 mm intervals, a length that corresponds to the average daily hair growth (Kuwayama et al., 2018a). Using this method, a drug ingested in a single dose can be located in a specific region of a hair strand several millimeters in length, thereby pinpointing the day of ingestion (Kuwayama et al., 2018a). This micro-segmental hair analysis method was capable of estimating the day of drug ingestion in DFSA (Drug-facilitated Sexual Assault, DFSA) or other forensic cases involving drug intake (Kuwayama et al., 2018b; Kuwayama et al., 2019a; Kuwayama et al., 2019b; Wiedfeld et al., 2021; Xu et al., 2022).
Many models, such as those utilizing internal temporal markers (ITMs), have been used to estimate the day of drug administration (Kuwayama et al., 2018c). The compounds ingested on two known days are used as ITMs and are detected at specific positions in the analyzed hairs. The rate of hair growth can then be calculated from the distance between the detection of the indicator compounds and the time intervals between the administrations of the drug compounds. The day of drug ingestion is then estimated from the calculated rate of hair growth and the position of the drug peak maximum. The estimation accuracy was within an average error of 2 days (Kuwayama et al., 2018c). This method was applied by Wiedfeld (Wiedfeld et al., 2021) by collecting two hair samples within a defined timeframe after the incident. Calculation of the distance between the position of the mean peak maximum in the first and second samples and dividing it by the time interval between samplings gave the individual mean growth rate and revealed a gap of 5–6 mm between the calculated and actual positions. During an investigation of an unnatural death case, the day of death was estimated using the known surgery day, the distance from the hair root to the lidocaine peak in the hair strand, and the average hair growth rate (0.4 mm/day). The day of death estimated using hair analysis (52.9 ± 3.2 days after the surgery day) corresponded to approximately 4 days before the corpse was discovered (Kuwayama et al., 2019b). Midazolam was successfully detected in proximal 5.6–6.8 mm segments by micro-segmental hair analysis in three hair strands collected 16 days after the event, whereas it had not been detected in the proximal 3 cm by conventional segmental hair analysis (Xu et al., 2022).
One drug of particular interest in forensic hair analysis cases is estazolam (Ramírez Fernández et al., 2015; Kasai et al., 2019; Sha et al., 2020), a prescription sedation and anesthetic that is one of the most frequently encountered prescription benzodiazepines in cases of drug-facilitated sexual assault (DFSA) (Xiang et al., 2011) Estazolam was detected in the femoral muscle (39.9 ng/g) and bone marrow of a cadaver that had transformed into adipocere in wet and cold conditions (Kasai et al., 2019). Meanwhile, hair collected and analyzed from 14 volunteers 1 month after estazolam administration (1–6 mg) was positive for estazolam in all the proximal 0–2 cm segments (Xiang et al., 2011), suggesting that hair analysis could be beneficial in determining time of death in difficult forensic cases. With increased dosage, estazolam can be detected in 2–4 cm segments and even in some 4–6 cm segments.
The aim of the present study was to investigate use LC-MS/MS and micro-segmental hair analysis to determine the incorporation sites of estazolam in hair. The time course of estazolam incorporation was evaluated in 0.4 mm hair segments along the hair shaft using hair plucked 12 h, 28 days, and 56 days after two oral administrations of estazolam at 0 days and 28 days.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Estazolam, and the internal standard (IS) diazepam-d5 standard stock solutions (1 mg/ml) were purchased from Cerilliant (Round Rock, TX, United States). Methanol, and acetonitrile (≥99.9%, suitable for UPLC) were purchased from Sigma-Aldrich (St. Louis, MO, United States). Ammonium formate and formic acid were obtained from Fluka (Buchs, Switzerland). Dithiothreitol (DTT) powder (≥99%, HPLC-grade) was obtained from Sigma-Aldrich (St. Louis, MO, United States). Deionized water was purified using a Milli-Q system (Millipore, MA, United States). Custom-made transparent stationery tape ruled in 0.4 mm squares was purchased from Qian Jie Metal Label Factory (Shanghai, China).
Working solutions of estazolam (2000, 1000, 400, 100, 50, 20, and 10 pg/ml) were diluted in methanol from a stock solution and stored at -20°C. The hair extraction medium (EM) was prepared by dissolving DTT in a mixture of methanol/acetonitrile/2 mM ammonium formate (8% acetonitrile, pH 5.3) (25:25:50, v/v/v) at a concentration of 10 mg/ml. The diazepam-d5 (internal standard, IS) working solution (10 pg/ml) was diluted with EM solution.
2.2 Micro-segmental hair preparation
An individual strand of hair was wiped three times with methanol, extended along the ruled tape, and attached to a foam board. The hair was segmented with surgical scissors under an illuminated magnifying glass (30×), dividing the proximal 1 cm hair segment (root) into 25 segments (S1, S2, S3…. S25) 0.4 mm in length. Each segment was placed in a 200 µL tube, and 25 µL IS solution was added. After ultrasonication for 1 h and incubation for 20 h, the supernatant was transferred to an autosampler vial, and 10 µL was injected into the UPLC-MS/MS system.
2.3 Instrument
Chromatography was performed on a Sciex Exion UPLC system (AB Sciex, Foster City, United States) equipped with a Kinetex F5 column (100 × 2.1 mm, 2.6 μm i.d., Phenomenex, United States). A gradient elution was performed using 0.05% formic acid in water (mobile phase A) and acetonitrile (mobile phase B). The LC mobile phase gradient elution program is shown in Table 1. The autosampler was set at 4°C.
TABLE 1 | LC mobile phase gradient elution program.
[image: Table 1]An AB Sciex 7500 Qtrap ™ triple quadrupole mass spectrometer (AB Sciex, Foster City, United States) was used in the positive electrospray ionization (ESI+) mode with a multiple reaction monitoring (MRM) mode. The optimum conditions for estazolam analysis were as follows: ion spray voltage (ISV), 1600 V; source temperature (TEM), 750°C; curtain gas (CUR), 36 psi; nebulizing gas (GS1), 40 psi; and heater gas (GS2), 70 psi. The precursor ions, product ions, collision energy (CE) values, and retention times for estazolam and the IS are shown in Table 2.
TABLE 2 | MRM transitions and mass parameters of compounds.
[image: Table 2]2.4 Method validation
Drug-free hair samples from healthy volunteers were analyzed to ensure that no endogenous interfering peaks were present at the retention times of the analytes. Assay selectivity was confirmed by the absence of interfering peaks at the retention times for estazolam in blank hair. Working solutions of estazolam were spiked to blank hair to get spiked hair samples with concentrations at 0.05, 0.1, 0.25, 0.5, 2, 5, and 10 pg/mm (n = 3). Good linearity was observed in the range of 0.05–10 pg/mm for estazolam (Y = 0.47X-0.016), and r2 = 0.9992. The LOD and LLOQ were determined using spiked blank 0.4 mm hair samples covering a estazolam range from 0.01 to 0.05 pg/mm. Limit of detection (LOD) for estazolam was determined by decreasing their concentrations until a reproducible instrument response greater than or equal to three times the background noise was observed. Lower limit of quantification (LLOQ) was defined as the lowest concentration in the calibration curve, at which the signal of analyte was greater than ten times the baseline. The LOD and LLOQ for estazolam in hair were 0.03 pg/mm and 0.05 pg/mm, respectively. The chromatograms of a hair sample from subject 1# is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The ion chromatograms of a real hair sample with estazolam and the internal standard (diazepam-d5).
2.5 Sample collection
Four healthy volunteers (Subjects #1–#4, one female and three males with straight black hair, ages 25–31 years) who had not come into contact with estazolam in the past 6 months were recruited into the study. All subjects agreed to participate in the experiment through written consent. This study was approved by the Ethics Committee for research on human subjects at Academy of Forensic Science, China.
All four subjects ingested 1 mg estazolam at 0 days and 28 days (after initial hair sampling). Hair samples (n = 5) were plucked from the posterior vertex region using tweezers at 12 h, 28 days, and 56 days. Micro-segmental analysis was carried out on the proximal 4.8 mm (S1–S12) segment (root) of the hair samples plucked 12 h after intake, the proximal 2 cm (S1–S50) segment (root) of hair samples plucked 28 days post-administration and the proximal 4 cm (S1–S100) segment (root) of hair samples plucked 56 days post-administration.
3 RESULTS
3.1 Distribution of estazolam in hair roots 12 h after administration
Estazolam was detected in almost all hair segments (S1–S12) in the hair root samples (n = 5), including the hair bulb, from Subject#1–Subject#4 collected 12 h after a single dose, as shown in Tables 3-6. Estazolam was most abundantly distributed in the 0–0.4 mm segments (S1) at concentrations ranging from 1.5 to 9.9 pg/mm single hair. A small fluctuation was observed in the upper part of the hair root in most hairs, corresponding to the junction of the hair roots and shafts (S4–S7, 0.3–3 pg/mm). Trace amounts of estazolam were also detected in 3.2–4.8 mm segments (S9–S12), which correspond to the hair shaft outside the scalp surface.
TABLE 3 | Concentration of estazolam in hair micro-segments of Subject#1 plucked at 12 h after estazolam intake (n = 5).
[image: Table 3]TABLE 4 | Concentration of estazolam in hair micro-segments of Subject#2 plucked at 12 h after estazolam intake (n = 5).
[image: Table 4]TABLE 5 | Concentration of estazolam in hair micro-segments of Subject#3 plucked at 12 h after estazolam intake (n = 5).
[image: Table 5]TABLE 6 | Concentration of estazolam in hair micro-segments of Subject#4 plucked at 12 h after estazolam intake (n = 5).
[image: Table 6]3.2 Distribution of estazolam along hair strands plucked at 28 days and 56 days
Figure 3 shows the estazolam concentration in hair samples plucked at 28 days from Subjects#1–#4. Estazolam (0.05–0.65 pg/mm) was detected in proximal 7.2–18 mm segments (S19–S45), but not in the S1–S18 and S46–S50 segments, and the concentration peak appeared in the proximal 11.6–16.8 mm segments (S30–S42) (Table 7).
[image: Figure 3]FIGURE 3 | Estazolam concentration in each 0.4 mm segment along single-strand hair collected by plucking from Subject #1-#4 28 d after estazolam intake. Estazolam concentration in each 0.4 mm segment along single-strand hair collected by plucking from Subject #1–#4 [(A): Subject #1, (B): Subject #2, (C): Subject #3, (D): Subject 4] 28 d after estazolam intake.
TABLE 7 | Distribution of estazolam along hair strands after 28 days dose (n = 5).
[image: Table 7]Figure 4 shows the estazolam concentration in hair samples plucked at 56 days (28 days after the second oral dose) from Subjects#1–#4. Estazolam (0.05–0.29 pg/mm) was detected in the proximal 9.6–16.4 mm segments (S25–S41), and in the proximal 20.8–29.6 mm segments (S53–S74), but not in the other segments (S1–S24, S75–S100). Two peaks of estazolam appeared at the proximal 11.6–15.6 mm (S30–S39), and the proximal 23.2–28 mm (S59–S70) of the hair, corresponding to the two administrations of estazolam (Table 8).
[image: Figure 4]FIGURE 4 | Estazolam concentration in each 0.4 mm segment along single-strand hair collected by plucking from Subject #1- #4 56 days after estazolam intake. Estazolam concentration in each 0.4 mm segment along single-strand hair collected by plucking from Subject #1–#4 [(A): Subject #1, (B): Subject #2, (C): Subject #3, (D): Subject 4] 56 d after estazolam intake.
TABLE 8 | Distribution of estazolam along hair strands after 56 days dose (n = 5).
[image: Table 8]4 DISCUSSION
4.1 Incorporation pathways of estazolam into hair
The time course of estazolam incorporation in the hair root in the short timeframe (i.e., 24 h) following intake would be key in unveiling the mechanism of its incorporation into hair (Nitta et al., 2021). At 12 h after intake, the highest amounts of estazolam were localized in the 0–0.4 mm segment (S1) that included the hair bulb, along with a small fluctuation that appeared at the junction of the hair root and shaft (S4–S7). These findings indicated the occurrence of two major drug incorporation sites: the hair bulb and the upper dermis zone of the hair root. Two drug peaks in hair were also reported in other studies for zolpidem and methoxyphenamine after a single dose (Shima et al., 2017; Nitta et al., 2021).
4.1.1 Estazolam incorporation into the hair bulb
In this study, estazolam in the 0–0.4 mm segment was most abundant at 12 h. Plasma estazolam concentrations peaked at approximately 1.5 h after a single oral dose (n = 14) and then declined at a slow rate for several hours (Xiang et al., 2011). Estazolam took a longer time to achieve a peak level in the hair bulb than in the plasma, suggesting that estazolam was gradually accumulated in the hair bulb region after a single administration. Similar findings have been reported for methoxyphenamine, which showed rapid increases in plasma that reached maximum concentrations 1 h after intake but only became detectable in hair 30 min after intake in the hair bulb (0–1 mm) and 1 h after intake in the upper dermis zone (2–4 mm) (Nitta et al., 2021).
4.1.2 Drug incorporation into the upper dermis zone
The small peak appearing in the tip side of the hair roots and shafts (S4–S7) indicates a drug incorporation site in the upper dermis zone of the hair root. Estazolam is incorporated into the hairs, probably through sweat and/or sebum that soaks the hair root near the scalp surface. The site of the small peaks depended on the length of hair roots, and most were located in the upper zone of the hair root, below the junction between hair root and hair shaft.
Estazolam is incorporated mainly through Region 1. However, previous studies have suggested that the mechanisms of drug uptake into hair and the main incorporation pathways differ significantly depending on the properties of each drug (Kuwayama et al., 2018a). Highly lipophilic compounds, such as zolpidem, are incorporated mainly through Region 1, whereas the sweat/sebum route might be more dominant than the blood route for the uptake of highly polar compounds, such as ethyl glucuronide, into hair (Schräder et al., 2012). Compounds with average basicity and lipophilicity, such as methoxyphenamine, would be incorporated into both regions at comparable levels (Nitta et al., 2021).
4.2 Estimation of the day of drug intake
Assuming that incorporation via the bloodstream is the main route for most drugs into the hair, the influence of blood circulation on the translational speed of the highest concentration segments must be considered when calculating the time of administration. Kuwayama (Kuwayama et al., 2018c) indicated a need to obtain hair samples for testing approximately 1 month after drug intake.
4.2.1 The temporal interval (TI) model
The TIs are used to estimate the day of drug intake based on two hair samplings at [image: image] (28 days) and [image: image] (56 days), with no additional drug ingestion. [image: image] and [image: image] represent the hair segment numbers that correspond to the peak maxima of the drug collected at T1 and T2. The individual hair growth rate (V) was calculated using Eq. 1, based on the temporal intervals ([image: image]) between [image: image] and [image: image], and the distance ([image: image]) between [image: image] and [image: image].
[image: image]
The first sampling day from the day of ingestion ([image: image]) was estimated based on the formula of Eq. 2, with [image: image] representing the segment number that corresponds to the peak maxima of estazolam in the hair collected at T1 (Figure 5).
[image: image]
[image: Figure 5]FIGURE 5 | Calculation methods to estimate drug intake day ([image: image]) by Temporal Intervals.
The first sampling time interval from the day of ingestion was estimated by TIs in Table 9. The deviations, which ranged from 0.1 to 14.1 d (average 7.5 ± 3.9 days, n = 20) between the calculated ([image: image]) and actual day (28 days) calculated by “[image: image]- 28 days,” included 10% within 2 days, 20% from 2 to 5 days, 40% from 5 to 10 days, and 10% beyond 10 days.
[image: image]
TABLE 9 | The estimation using TIs.
[image: Table 9][image: Figure 6]FIGURE 6 | Calculation methods to estimate drug intake day ([image: image]) by Temporal Intervals.
The second sampling time from the day of ingestion is estimated in Table 9. The deviations, which ranged from 0.2 to 15.5 days (average 7.4 ± 3.0 days, n = 20) between the calculated ([image: image]) and actual day (56 days) calculated by “[image: image]-56 days”, included 20% within 2 days, 5% from 2 to 5 days, 45% from 5 to 10 days, and 30% beyond 10 days.
4.2.2 The internal temporal marker (ITM) model
The ITMs are used to estimate the day of drug intake, based on extra drug ingestion and using the hair collected on 56 days: [image: image] and [image: image] represent the day of the event and the day of the second drug intake, respectively. [image: image] and [image: image] represent the segment numbers that correspond to the peak maxima of the drug for the first and the second drug administrations, respectively. The individual hair growth rate (V) was calculated using Eq. (4), based on the temporal intervals ([image: image]) between [image: image] and [image: image], and the distance ([image: image]) between [image: image] and [image: image].
[image: image]
The first drug intake time ([image: image]) was estimated based on the formula of Eq. (5), where [image: image] represents the segment numbers that correspond to the peak maxima of estazolam (Figure 7).
[image: image]
[image: Figure 7]FIGURE 7 | Calculation methods to estimate drug intake day ([image: image]) by Internal Temporal Markers.
The event time is estimated in Table 10. The deviations, which ranged from 0.5 to 9.6 days (average 4.3 ± 2.0 days,n = 20) between the calculated ([image: image]) and actual day (56 days) calculated by “[image: image] - 56 days”, included 20% within 2 days, 50% from 2 to 5 days, and 30% from 5 to 10 days (Table 10).
TABLE 10 | The estimation using ITMs (28ays and 56 days).
[image: Table 10]4.3 Accuracy of the drug intake day estimation
The growth rate of individual hair strands was calculated using the ITM model and the temporal intervals model. Individual growth rates of #V1 calculated by the two models in this study were 0.48 mm/day (n = 5) and 0.47 mm/day (n = 5), respectively, which were faster rates than determined for the other three volunteers. The hair strands were obtained from the same head region at the same time, but their growth rates differed considerably. Individual hair growth rates of 0.33–0.43 mm/day were calculated in the Shima study (Shima et al., 2019) and rates of 0.281–0.428 mm/day were calculated from nine victims of DFSA cases in the Wiedfeld study (Wiedfeld et al., 2021). In the present study (Shen and Xiang, 2020), analysis of the black hair samples revealed thicker hair follicles than the white hair samples, and the hair growth rate was faster. Hair growth is a cyclical process driven by changes in the activity of cytokines (hormones), which cause individual hairs on the body to be at various stages of the growth cycle (Kintz et al., 2015).
In this study, application of the individual growth rate calculated by Eq.1) and (4) after plucking the hair strands led to a gap of 1.7 ± 0.8 mm between the calculated and actual position for the ITM model and 3.0 ± 1.2 mm for the TI model. The two models were established based on a two-point hypothesis. First, the highest concentration segments were considered to correspond to the time of ingestion. Second, the individual hair growth rates were assumed to be constant over the study period. However, inconsistencies between theory and practice introduce errors into the time estimation.
Hair strands are normally cut near the scalp using scissors, or they are plucked out with the roots intact using tweezers. However, when cutting near the scalp, the actual length of the hair remaining on the scalp is unknown. In the Wiedfeld (Wiedfeld et al., 2021) study, the observed distance between the calculated and actual peak positions in the hair ranged between 2 and 7 mm (mean: 4.20 mm, median: 4.25 mm) for zolpidem. The explanation was as follows: the intradermal part of the hair from the dermal papilla to the scalp surface is approximately 4 mm, and 1–2 mm of hair remains on the surface after cutting the hair, resulting in a segment of 5–6 mm that is not calculated. The day of drug ingestion can be estimated more accurately using the distance from the hair root end (Kintz et al., 2015).
These findings can help further elucidate the drug incorporation mechanism, which is crucial for accurately interpreting hair analysis results revealing individual drug-use history.
5 CONCLUSION
The distribution of estazolam within a strand of hair was visualized based on micro-segmental analysis. We detected a significantly high concentration of estazolam in the hair bulb region, whereas a small peak was observed at the junction of the hair roots and shafts 12 h after administration, suggesting that the incorporation of estazolam occurred in two regions from the hair bulb, sweat, and/or sebum. TIMs and TIs were utilized to estimate the day of estazolam ingestion. The estimation accuracy between the calculated and actual drug peak position in hair was within an average error of 1.7 mm determined by the TIM model and 3.0 mm determined by the TI model.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Ethics Committee for research on human subjects at Academy of Forensic Science, China. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
DX: Conceptualization, Methodology, Validation, Writing—Original draft preparation, Data curation; PX: Resources, Writing—Review and Editing; HY: Writing—Review and Editing; JJ: Methodology, Validation; GD: Resources, Writing—Review and Editing; MS: Supervision, Project administration, Funding acquisition.
FUNDING
This work was supported by National Natural Science Foundation of China (81772022), the Science and Technology Commission of Shanghai Municipality (15DZ1207500), Shanghai Key Laboratory of Forensic Medicine (21DZ2270800) and Shanghai Forensic Service Platform (19DZ2292700).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alvarez, J. C., Lasne, L., Etting, I., Chéron, G., Abadie, V., Fabresse, N., et al. (2018). Hair analysis does not allow to discriminate between acute and chronic administrations of a drug in young children. Int. J. Leg. Med. 132 (1), 165–172. doi:10.1007/s00414-017-1720-5
 Chèze, M., Duffort, G., Deveaux, M., and Pépin, G. (2005). Hair analysis by liquid chromatography-tandem mass spectrometry in toxicological investigation of drug-facilitated crimes: Report of 128 cases over the period june 2003-may 2004 in metropolitan paris. Forensic Sci. Int. 153 (1), 3–10. doi:10.1016/j.forsciint.2005.04.021
 De Castro, A., Lendoiro, E., Quintela, Ó., Concheiro, M., López-Rivadulla, M., and Cruz, A. (2012). Hair analysis interpretation of an unusual case of alleged scopolamine-facilitated sexual assault. Forensic Toxicol. 30, 193–198. doi:10.1007/s11419-012-0141-x
 Franois, V., Marc, D., and Pascal, K. (2014). Compendium of results from hair tested for anabolics. Toxicol. Anal. Clinique 26 (4), 197–200. doi:10.1016/j.toxac.2014.09.001
 Kamata, T., Shima, N., Miki, A., Matsuo, E., Yamamoto, T., Tsuchihashi, H., et al. (2020). High spatial-resolution matrix-assisted laser desorption/ionization-ion trap-time-of-flight tandem mass spectrometry imaging for depicting longitudinal and transverse distribution of drugs incorporated into hair. Anal. Chem. 92 (8), 5821–5829. doi:10.1021/acs.analchem.9b05401
 Kamata, T., Shima, N., Sasaki, K., Matsuta, S., Takei, S., Katagi, M., et al. (2015). Time-course mass spectrometry imaging for depicting drug incorporation into hair. Anal. Chem. 87 (11), 5476–5481. doi:10.1021/acs.analchem.5b00971
 Kasai, K., Tanaka, T., and Satou, H. (2019). A forensic autopsy case in which sulpiride and estazolam were detected in an adipoceratous cadaver by LC-MS/MS. J UOEH 41 (2), 231–237. doi:10.7888/juoeh.41.231
 Kintz, P. (2017). Hair analysis in forensic toxicology: An updated Review with a special focus on pitfalls. Curr. Pharm. Des. 23 (36), 5480–5486. doi:10.2174/1381612823666170929155628
 Kintz, P., Salomone, A., and Vincenti, M. (2015). Hair analysis in clinical and forensic toxicology. London: Academic Press RM. 
 Kuwayama, K., Miyaguchi, H., Iwata, Y. T., Kanamori, T., Tsujikawa, K., Yamamuro, T., et al. (2018). Different localizations of drugs simultaneously administered in a strand of hair by micro-segmental analysis. Drug Test. Anal. 10 (4), 750–760. doi:10.1002/dta.2259
 Kuwayama, K., Miyaguchi, H., Iwata, Y. T., Kanamori, T., Tsujikawa, K., Yamamuro, T., et al. (2016). Three-step drug extraction from a single sub-millimeter segment of hair and nail to determine the exact day of drug intake. Anal. Chim. acta 948, 40–47. doi:10.1016/j.aca.2016.10.029
 Kuwayama, K., Miyaguchi, H., Iwata, Y. T., Kanamori, T., Tsujikawa, K., Yamamuro, T., et al. (2017). Time-course measurements of drug concentrations in hair and toenails after single administrations of pharmaceutical products. Drug Test. Anal. 9 (4), 571–577. doi:10.1002/dta.1991
 Kuwayama, K., Miyaguchi, H., Iwata, Y. T., Kanamori, T., Tsujikawa, K., Yamamuro, T., et al. (2019). Strong evidence of drug-facilitated crimes by hair analysis using LC-MS/MS after micro-segmentation. Forensic Toxicol. 37, 480–487. doi:10.1007/s11419-019-00472-3
 Kuwayama, K., Nariai, M., Miyaguchi, H., Iwata, Y. T., Kanamori, T., Tsujikawa, K., et al. (2018). Accurate estimation of drug intake day by microsegmental analysis of a strand of hair by use of internal temporal markers. J. Appl. Lab. Med. 3 (1), 37–47. doi:10.1373/jalm.2017.025346
 Kuwayama, K., Nariai, M., Miyaguchi, H., Iwata, Y. T., Kanamori, T., Tsujikawa, K., et al. (2019). Estimation of day of death using micro-segmental hair analysis based on drug use history: A case of lidocaine use as a marker. Int. J. Leg. Med. 133 (1), 117–122. doi:10.1007/s00414-018-1939-9
 Kuwayama, K., Nariai, M., Miyaguchi, H., Iwata, Y. T., Kanamori, T., Tsujikawa, K., et al. (2018). Micro-segmental hair analysis for proving drug-facilitated crimes: Evidence that a victim ingested a sleeping aid, diphenhydramine, on a specific day. Forensic Sci. Int. 288, 23–28. doi:10.1016/j.forsciint.2018.04.027
 Leung, K. W., Wong, Z., Ho, J., Yip, A., Cheung, J., Ho, K., et al. (2018). Surveillance of drug abuse in Hong Kong by hair analysis using LC-MS/MS. Drug Test. Anal. 10 (6), 977–983. doi:10.1002/dta.2345
 Miki, A., Katagi, M., Kamata, T., Zaitsu, K., Tatsuno, M., Nakanishi, T., et al. (2011). MALDI-TOF and MALDI-FTICR imaging mass spectrometry of methamphetamine incorporated into hair. J. Mass Spectrom. 46 (4), 411–416. doi:10.1002/jms.1908
 Nakahara, Y., Shimamine, M., and Takahashi, K. (1992). Hair analysis for drugs of abuse. III. Movement and stability of methoxyphenamine (as a model compound of methamphetamine) along hair shaft with hair growth. J. Anal. Toxicol. 16 (4), 253–257. doi:10.1093/jat/16.4.253
 Nitta, A., Shima, N., Kamata, T., Sasaki, K., Matsuta, S., Ishikawa, A., et al. (2021). Incorporation of methoxyphenamine into hair in early stage after intake. J. Anal. Toxicol. 45 (9), 1006–1013. doi:10.1093/jat/bkaa165
 Ramírez Fernández, M., Wille, S. M., di Fazio, V., Kummer, N., Hill, V., and Samyn, N. (2015). Detection of benzodiazepines and z-drugs in hair using an UHPLC-MS/MS validated method: Application to workplace drug testing. Ther. Drug Monit. 37 (5), 600–608. doi:10.1097/FTD.0000000000000188
 Salomone, A., Palamar, J. J., Gerace, E., Di Corcia, D., and Vincenti, M. (2017). Hair testing for drugs of abuse and new psychoactive substances in a high-risk population. J. Anal. Toxicol. 41 (5), 376–381. doi:10.1093/jat/bkx020
 Salomone, A., Tsanaclis, L., Agius, R., Kintz, P., and Baumgartner, M. R. (2016). European guidelines for workplace drug and alcohol testing in hair. Drug Test. Anal. 8 (10), 996–1004. doi:10.1002/dta.1999
 Schräder, J., Rothe, M., and Pragst, F. (2012). Ethyl glucuronide concentrations in beard hair after a single alcohol dose: Evidence for incorporation in hair root. Int. J. Leg. Med. 126 (5), 791–799. doi:10.1007/s00414-012-0729-z
 Scott, K. S. (2009). The use of hair as a toxicological tool in DFC casework. Sci. Justice 49 (4), 250–253. doi:10.1016/j.scijus.2009.09.013
 Sha, X., Han, S. Q., Zhao, H., Li, N., Zhang, C., and Hasi, W. L. (2020). A rapid detection method for on-site screening of estazolam in beverages with Au@Ag core-shell nanoparticles paper-based SERS substrate. Anal. Sci. 36 (6), 667–674. doi:10.2116/analsci.19P361
 Shen, M., and Xiang, P. (2020). Fundamentals and applications of hair analysis. Beijing: Science Press. 
 Shima, N., Nitta, A., Kamata, T., Sasaki, K., Matsuta, S., Ishikawa, A., et al. (2019). Incorporation of zolpidem and methoxyphenamine into white hair strands after single administrations: Influence of hair pigmentation on drug incorporation. Forensic Sci. Int. 301, 67–75. doi:10.1016/j.forsciint.2019.05.013
 Shima, N., Sasaki, K., Kamata, T., Matsuta, S., Wada, M., Kakehashi, H., et al. (2017). Incorporation of zolpidem into hair and its distribution after a single administration. Drug Metab. Dispos. 45 (3), 286–293. doi:10.1124/dmd.116.074211
 Stowe, G. N., Paulsen, R. B., Hill, V. A., and Schaffer, M. I. (2019). A retrospective analysis of selected opioids in hair of workplace drug testing subjects. J. Anal. Toxicol. 43 (7), 553–563. doi:10.1093/jat/bkz015
 Wang, X., Johansen, S. S., Nielsen, M., and Linnet, K. (2019). Segmental hair analysis-interpretation of the time of drug intake in two patients undergoing drug treatment. J. Forensic Sci. 64 (3), 950–955. doi:10.1111/1556-4029.13947
 Wiedfeld, C., Skopp, G., and Musshoff, F. (2021). Single hair analysis: Validation of a screening method for over 150 analytes and application on documented single-dose cases. Drug Test. Anal. 13 (4), 817–832. doi:10.1002/dta.2997
 Xiang, P., Sun, Q., Shen, B., Chen, P., Liu, W., and Shen, M. (2011). Segmental hair analysis using liquid chromatography-tandem mass spectrometry after a single dose of benzodiazepines. Forensic Sci. Int. 204 (1-3), 19–26. doi:10.1016/j.forsciint.2010.04.046
 Xu, D. Q., Ji, J. J., Xiang, P., Yan, H., and Shen, M. (2022). Two DFSA cases involving midazolam clarified by the micro-segmental hair analyses. Forensic Toxicol. 40 (2), 374–382. doi:10.1007/s11419-022-00621-1
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Xu, Ji, Xiang, Yan, Duan and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_27.gif





OPS/images/inline_26.gif





OPS/images/inline_29.gif





OPS/images/inline_28.gif





OPS/images/inline_23.gif
St





OPS/images/inline_22.gif





OPS/images/inline_25.gif





OPS/images/inline_24.gif
S,







OPS/images/inline_20.gif
Dy,






OPS/images/inline_2.gif
15






OPS/images/inline_21.gif





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/inline_15.gif
Dy,





OPS/images/inline_14.gif
Dy,





OPS/images/inline_19.gif
Dy,





OPS/images/inline_18.gif





OPS/images/inline_11.gif
Dy,





OPS/images/inline_13.gif





OPS/images/inline_12.gif
Sx,





OPS/images/fchem-10-996857-t010.jpg
Voluntaries Samples Rate (mm/day) Dx (Day) Deviation
(Day) (mm)
V1 No.l 051 513 -47 19
No2 044 59.0 3 12
No3 053 57.5 15 06
No4 050 584 24 10
Nos 044 605 45 18
V2 No.l 041 646 86 34
No2 044 59.6 36 14
No3 041 656 96 38
No4 043 59.7 37 15
Nos 039 611 51 20
V3 No.l 046 584 24 10
No2 053 514 -16 18
No3 043 613 53 21
No 043 634 74 30
Nos 040 650 9 36
V4 No.l 041 57.6 16 06
No2 043 57.7 17 07
No3 036 595 35 14
No4 041 555 -05 02
Nos 044 595 35 14





OPS/images/fchem-10-996857-t009.jpg
Voluntaries Samples Rate (mm/day) Dx, (Day) Deviation Dx, (Day) Deviation

(Day) (mm) (Day) (mm)
V1 No.l 047 323 43 17 560 02 0.08
No.2 323 43 iz 552 07 0.08
No.3 264 16 06 64.5 87 03
No4 281 0.1 0.04 619 6.1 35
No.5 357 7.7 31 56.8 1 24
V2 No.l 038 421 141 56 711 145 04
No.2 411 131 52 70 134 58
No.3 379 99 40 721 155 54
Nod 411 131 52 67.9 113 62
No.5 40.0 120 48 626 6.1 45
V3 No.l 041 371 9.1 36 656 94 24
No2 35.1 7.1 28 666 103 38
No3 39.0 110 44 646 84 4.1
No.4 380 100 40 66.6 103 34
No.5 371 9.1 36 636 74 4.1
V4 No.l 039 338 58 23 612 45 30
No.2 308 28 L1 64.3 76 18
No.3 349 69 28 57.0 04 30
No4 328 48 19 633 65 02
No.5 349 69 28 633 65 26

The second sampling time interval (Dy,) from the day of
cnsaslm: ol umeabion Thluore £

ngestion was estimated based on the formula of Eq.3, where Sy, represents the segment number that corresponds to the peak






OPS/images/inline_10.gif





OPS/images/inline_1.gif
1,





OPS/images/math_1.gif
[0





OPS/images/inline_9.gif





OPS/images/fchem-10-996857-t006.jpg
4 c2027mm

B

E P #

ST [S2 [S3 [s4 [S5 |s6 |S7T |s8 |s9 |sio |si |si2
Hair 1 09 |04 Jo013 [o1 |+
Hair 2 08 |02 [o1 [o5 |-
Hair 3 0.1 03 (006 |0.05 |0.05 |-
Hair 4 0.5 0.9 0.2 0.2 -
Hair 5 06 |03 |02 |02

‘Different colors illustrated different ranges of estazolam: IMMore than 5 pg/mm, 25 pg/mm, ["1-2 pg/mm, 0.05-1 pg/mm, +, 0.03-0.05 pg/mm, -, undetected.

'Thc junction of the hair roots and shafts.

M ‘The highest peak.

L The second peak.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Time course of estazolam in single-strand hair based on micro-segmental analysis after controlled oral administration		1 Introduction

		2 Materials and methods		2.1 Chemicals and reagents

		2.2 Micro-segmental hair preparation

		2.3 Instrument

		2.4 Method validation

		2.5 Sample collection





		3 Results		3.1 Distribution of estazolam in hair roots 12 h after administration

		3.2 Distribution of estazolam along hair strands plucked at 28 days and 56 days





		4 Discussion		4.1 Incorporation pathways of estazolam into hair

		4.2 Estimation of the day of drug intake

		4.3 Accuracy of the drug intake day estimation





		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/fchem-10-996857-t005.jpg
ca.l.6-2.8 mm

& >

e #

S1 [ S2 S3 S4 4S5 S6 S7 S8 S9 S10 [ S11 | SI12
Hair 1 07 |04 0.2 [0.1 0.1 0.2 0.07 [0.09 |- -
Hair 2 04 |01 |01 [04,)0.06 |0.06 }0.06 |+ 0.08 |- -
Hair 3 07 05 (02 |02 }03 007 F0.06 |0.06 |0.1 + -
Hair 4 05 |05 |06 |04 J0.4 0.2 012} 0.2 0.07 |-
Hair 5 04 107 |06 0.4 0.3 0.2 0.08 |- -

“Different colors illustrated different ranges of estazolam: IMore than 5 pg/mm, ll2-5 pg/mm,

*Thc junction of the hair roots and shafts.

J\ The highest peak.

“\_The second peak.

1-2 pg/mm, 0.05-1 pg/mm, +, 0.03-0.05 pg/mm, -, undetected.






OPS/images/fchem-10-996857-t008.jpg
Voluntaries

Vi

V2

V3

V4

Samples

No.l
No2
No3
No4
No5
No.l
No2
No.3
No4
Nos
No.l
No2
No3
No4
No5
No.l
No.2
No3
No4
No5

Peak Maxima (Peak2)

$66
865
§76
s73
$67
867
$66
S68
S64
859
$67
568
566
S68
865
$59
$62
855
S61
S61

Peak Maxima (Peak3)

$30
$34
$39
$38
$36
$38
$35
$39
$34
$32
835
$31
$36
$38
837
$30
$32
$30
$32
$30





OPS/images/fchem-10-996857-t007.jpg
Voluntaries Samples Peakl Voluntaries Samples Peakl

V1 No.l $38 v3 No.l 38
No2 $38 Noz2 36
No.3 $31 No.3 840
No4 $33 No4 42
No.5 s42 Nos 38
V2 No.l s40 V4 No.l 33
No2 $39 No2 30
No.3 $36 No3 s34
Nod $39 No4 $32

No.s $38 Nos S34





OPS/images/math_3.gif
o






OPS/images/math_2.gif
@






OPS/images/fchem-10-996857-t004.jpg
2|, cal6-32mm .

< >

; Pow— #

s1 [s2 [s3 [s4 [ss [se [s7 [ss [so [si0 [su1 [si2
Hair 1 038 04 [02 o2 [o2 Jo1 [o1 |- -
Hair 2 09 08 |08 |05 04 [o2 [o1 o006
Hair 3 05 03 |oos |01 |-
Hair 4 05 09 |02 |02 |-
Hair 5 08 |02 [009 |+ -

“Different colors illustrated different ranges of estazolam: IMMore than 5 pg/mm, Il2-5 pg/mm, [/1-2 pg/mm, * 0.05-1 pg/mm, +, 0.03-0.05 pg/mm, -, undetected.
‘Tm- junction of the hair roots and shafts.

_j\"l’he junction of the hair roots and shafts.
" A\_ The highest peak.





OPS/images/math_5.gif
2x 048 x-04

©






OPS/images/fchem-10-996857-t003.jpg
Hair 1
Hair 2
Hair 3
Hair 4
Hair §

ca.l.6-2.8 mm

£ >

;Rwem #
N S2 S3 S4 S5 S6 S7 S8 S9 S10 | S11 | S12

0.4 03 0.1 +

045 103 0.4 02 |+ +

0.1 0.2 0.2 02 + +
0.7 03 0.12 | 0.06

0.1 0.1 0.7 ;0.1 02 0.09 |0.05 | 0.1 0.06 |+

“Different colors illustrated different ranges of estazolam: MlMore than 5 pg/mm, Hl2-5 pg/mm,

the junction of the hair roots and shafts.

—/LThg highest peak.

“\_The second peak.

1-2 pg/mm, 0.05-1 pg/mm,+, 0.03-0.05 pg/mm, -, undetected.






OPS/images/math_4.gif
)





OPS/images/inline_8.gif





OPS/images/crossmark.jpg
©

|





OPS/images/fchem-10-996857-g005.gif





OPS/images/fchem-10-996857-g006.gif





OPS/images/fchem-10-996857-g003.gif
EERRCEEEEEEE EEEPEREFEH

A ooy WY1






OPS/images/inline_31.gif





OPS/images/fchem-10-996857-g004.gif
R

mll‘w

iii: FHT R






OPS/images/fchem-10-996857-t002.jpg
Compounds Precusor ion (m/z) Product ion (m/z) CE (eV) RT (min)
Estazolam 295.1 205.1° 37 385

2671 37
IS 2902 198.2 6 461

1544 40

Prvidine Ton yemeeauneed by il wese uasll S unatiiaiien:





OPS/images/fchem-10-996857-g007.gif





OPS/images/fchem-10-996857-t001.jpg
Time (min) Flow (mL/min) A% B%

Initial 055 80.0 20.0
1 055 55.0 45.0
3.80 0.55 55.0 45.0
4.80 055 50 95.0
5.80 055 50 95.0
6.70 0.55 80.0 20.0
6.80 0.55 80.0 20.0

8.00 055 80.0 20.0





OPS/images/inline_5.gif





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Chemistry

Time course of estazolam in
single-strand hair based on
micro-segmental analysis after
controlled oral administration





OPS/images/inline_4.gif





OPS/images/inline_7.gif
15





OPS/images/inline_6.gif
1,





OPS/images/fchem-10-996857-g001.gif





OPS/images/inline_33.gif





OPS/images/fchem-10-996857-g002.gif
Diczepons-d3.

Triiiiaay

T3 13131471





OPS/images/inline_32.gif





OPS/images/inline_35.gif





OPS/images/inline_34.gif





OPS/images/inline_30.gif





OPS/images/inline_3.gif
51





