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Abstract
Purpose  Toxicological analyses of biological samples play important roles in forensic and clinical investigations. Ingested 
drugs are excreted in urine as conjugates with endogenous substances such as glucuronic acid; hydrolyzing these conjugates 
improves the determination of target drugs by liquid chromatography–tandem mass spectrometry (LC–MS/MS). In this study, 
we sought to improve the enzymatic hydrolysis of glucuronide conjugates of five psychoactive drugs (11-nor-9-carboxy-Δ9-
tetrahydrocannabinol, oxazepam, lorazepam, temazepam, and amitriptyline).
Methods  The efficiency of enzymatic hydrolysis of glucuronide conjugates in urine was optimized by varying temperature, 
enzyme volume, and reaction time. The hydrolysis was performed directly on extraction columns. This analysis method 
using LC–MS/MS was applied to forensic autopsy samples after thorough validation.
Results  We found that the recombinant β-glucuronidase B-One® quantitatively hydrolyzed these conjugates within 3 min 
at room temperature directly on extraction columns. This on-column method saved time and eliminated the loss of valu-
able samples during transfer to the extraction column. LC–MS/MS-based calibration curves processed with this method 
showed good linearity, with r2 values exceeding 0.998. The intra- and inter-day accuracies and precisions of the method 
were 93.0–109.7% and 0.8–8.8%, respectively. The recovery efficiencies were in the range of 56.1–104.5%. Matrix effects 
were between 78.9 and 126.9%.
Conclusions  We have established an LC–MS/MS method for five psychoactive drugs in urine after enzymatic hydrolysis of 
glucuronide conjugates directly on extraction columns. The method was successfully applied to forensic autopsy samples. 
The established method will have broad applications, including forensic and clinical toxicological investigations.
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Introduction

As the variety of drugs of abuse has continued to expand, 
toxicological analyses have become increasingly impor-
tant. Liquid chromatography–tandem mass spectrometry 
(LC–MS/MS), which is highly specific and sensitive and 
is capable of the simultaneous measurement of multiple 
analytes, is frequently used for these toxicological analyses. 
However, since ingested drugs are excreted in the urine as 
conjugates with glucuronic acid and other endogenous sub-
stances during phase II metabolism, only minute amounts 
of the free or unaltered drugs and metabolites are typically 
present in urine, decreasing the sensitivity and reliability of 
toxicological analyses. Several methods exist for the direct 
detection of glucuronide conjugates, but multiple issues, 
such as the high cost of standard glucuronide substances 
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and their deuterated internal standards (ISs), have hampered 
their application. Therefore, to accurately measure urinary 
drug concentrations, it is preferred to analyze the samples 
both before and after hydrolysis [1, 2].

Enzymes can be efficient at hydrolyzing glucuronides, 
and they have been shown to improve the sensitivity of anal-
ysis of these compounds. For example, several studies have 
reported the analysis of psychoactive drugs in urine after 
hydrolysis using recombinant β-glucuronidases. Morris et al. 
reported maximum hydrolysis of the glucuronide controls 
of oxazepam, lorazepam and temazepam was observed at 
55 °C for 45 min at pH 6.8 (mean analyte recovery ≥ 94%) 
and at room temperature for 5 min at pH 6.8 (mean analyte 
recovery ≥ 94% for oxazepam and lorazepam and ≥ 80% for 
temazepam) [3]. Sitasuwan et al. observed that recombinant 
β-glucuronidase gave 100% recovery of amitriptyline glu-
curonide and > 80% of temazepam glucuronide even with-
out incubation at pH 7.4 and achieved complete hydroly-
sis of temazepam glucuronide within 15 min at 58 °C [4]. 
Kang et al. reported recombinant β-glucuronidase exhibited 
complete hydrolysis of glucuronide conjugates of loraz-
epam, oxazepam and temazepam at 55 °C within 15 min 
at pH 6.8 [5]. Mastrianni et al. observed that recombinant 
β-glucuronidase achieved 99.3% hydrolysis of amitriptyline 
glucuronide at 60 °C in 30 min of incubation at pH 7.4 [6]. 
However, the use of enzymes is also accompanied by impor-
tant disadvantages, including the need to heat reaction mix-
tures to 55–60 °C. In addition, the enzymatic hydrolysis of 
11-nor-9-carboxy-Δ9-tetrahydrocannabinol (THC-COOH) 
[7, 8], benzodiazepines [9, 10] and amitriptyline [6, 11] 
from biological matrices requires long reaction times of sev-
eral hours. In particular, glucuronides linked to quaternary 
ammonium compounds, such as amitriptyline, have been 
reported to be challenging to hydrolyze with β-glucuronidase 
extracted from mollusks [12, 13]. Furthermore, impurities in 
β-glucuronidase preparations have been reported to further 
transform benzodiazepines [9, 10].

Recently, recombinant β-glucuronidase preparations that 
are usable at room temperature have been developed, and 
these enzymes offer a substantial improvement in hydrol-
ysis procedures. In this study, we investigated the use of 
two of these recombinant β-glucuronidases, B-One® and 
IMCSzyme® RT, as well as β-glucuronidase from Patella 
vulgata, in the hydrolysis of glucuronide conjugates of five 
psychoactive drugs (THC-COOH, oxazepam, lorazepam, 
temazepam, and amitriptyline). The hydrolyzed samples 
were subjected to extraction with ISOLUTE® HYDRO 
DME + columns, and the analytes were ultimately detected 
by LC–MS/MS.

Materials and methods

Chemicals and materials

The standards amitriptyline, amitriptyline N-β-D-
glucuronide, lorazepam, lorazepam glucuronide, oxazepam, 
oxazepam glucuronide, temazepam, temazepam glucuron-
ide, THC-COOH and THC-COOH glucuronide and the ISs 
amitriptyline-d3, lorazepam-d4, oxazepam-d5, temazepam-d5, 
and THC-COOH-d9 were purchased from Cerilliant (Round 
Rock, TX, USA). Stock solutions were prepared at concen-
trations of 100 µg/mL in methanol and stored at − 30 °C 
until analysis. LC–MS-grade acetonitrile, formic acid, and 
methanol were purchased from Fujifilm Wako Pure Chemi-
cals (Osaka, Japan). Native β-glucuronidase isolated from 
P. vulgata (100,000–200,000 modified Fishman units/mL 
(U/mL)) and potassium acetate buffer solution (100 mM, 
pH 5.0) were obtained from Sigma Aldrich (St. Louis, MO, 
USA). IMCSzyme® RT (> 200,000 U/mL) was purchased 
from Integrated Micro-Chromatography Systems (Irma, 
SC, USA). B-One® (≥ 144,000 U/mL) was purchased from 
Kura® Biotech (Parcelación Neumann, Puerto Varas, Chile). 
ISOLUTE® HYDRO DME + columns were obtained from 
Biotage (Uppsala, Sweden). Laboratory distilled water 
was purified using a Direct-Q UV 3 system (Millipore, 
Molsheim, France). Other common chemicals used were of 
the highest purity commercially available. Normal human 
urine (NHU) used for the calibrators and quality controls 
(QCs) was obtained from healthy volunteers with informed 
consent.

Enzyme optimization

The enzymes were diluted according to the manufacturer's 
recommendations at pH 5.0 for P. vulgata β-glucuronidase, 
pH 5.5 for IMCSzyme® RT, and pH 6.8 for B-One®. To 
perform optimization experiments, each glucuronide con-
jugate in methanol was spiked into blank human urine at 
concentrations of 500 ng/mL. Typical reaction mixtures con-
sisted of 50 µL of spiked urine, 50 µL of β-glucuronidase 
solution and 10 µL of IS in methanol (500 ng/mL for ami-
triptyline-d3 and temazepam-d5; and 1000 ng/mL for loraz-
epam-d4, oxazepam-d5 and THC-COOH-d9). The efficiency 
of enzymatic hydrolysis was optimized by varying several 
parameters, including temperature (25, 37, 50, 60 or 70 °C), 
enzyme volume (0–7200 U for B-One® and 0–10,000 U for 
IMCSzyme® RT), and reaction time (1–30 min). Hydrolysis 
efficiency was calculated as % hydrolysis by dividing the 
total free analyte after hydrolysis by the theoretical concen-
tration value of the free analyte if the glucuronide conjugate 
was completely hydrolyzed.
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Sample extraction

Compounds extracted with ISOLUTE® HYDRO 
DME + columns were eluted via centrifugation rather 
than with positive pressure- or vacuum-based systems; the 
centrifugation approach proved advantageous in terms of 
simplicity of handling, as previously reported [14]. The 
hydrolyzed sample was applied to an extraction column, 
and a mixture containing 10 µL of 1 M HCl and 600 µL 
of acetonitrile was added. The column was centrifuged at 
2000 g for 5 min, and the solution was evaporated using 
a centrifugal evaporator (CVE-2000; Tokyo Rikakikai, 
Tokyo, Japan). The residue was reconstituted in 100 µL 
of methanol and analyzed by LC–MS/MS.

LC–MS/MS

All analyses were performed on a Nexera X3 and LCMS-
8045 system (Shimazu, Kyoto, Japan). For separation, a 
Kinetex XB-C 18 column (2.1 × 100 mm, 2.6 µm; Phenom-
enex, Torrance, CA, USA) was used at 40 °C. The mobile 
phase consisted of a gradient of solvent A (an aqueous 
solution of 0.1% formic acid and 10 mM ammonium for-
mate) and solvent B (a methanolic solution of 0.1% formic 
acid and 10 mM ammonium formate) delivered at 0.5 mL/
min. The composition of the mobile phase began at 30% B 
and linearly increased over 4.0 min to 95% B, where it was 
maintained for 2.0 min. The mobile phase was returned 
to 30% B over 0.01 min and held at 30% B for 1.0 min to 
equilibrate the column for the next sample.

The MS/MS was operated with an electrospray ioni-
zation source in the positive ionization mode. Ionization 
source conditions were as follows: nebulizer gas flow rate, 
3.0 L/min; drying gas flow rate, 10 L/min; desolvation line 
temperature, 250 °C; heating block temperature, 400 °C; 
and collision gas pressure, 230 kPa. High-purity argon 
and nitrogen were used as collision and nebulizer gases, 
respectively. Quantification was performed by selected 
reaction monitoring (SRM) using the peak area. The tran-
sition ions were selected based on predominant fragmenta-
tion pathways of standards and their intensity, as observed 
in their product ion mass spectra. In addition, the use of 
the SRM transition of lorazepam-d4 at m/z 325.00 > 279.05 
resulted in a significant decrease in selectivity due to the 
interference of isotope ions of chlorine derived from loraz-
epam. To improve selectivity, we used the transition at 
m/z 327.0 > 280.9 as described by Kamal et al. [15]. The 
optimized SRM transitions and retention times of com-
pounds are summarized in Table 1. Data acquisition and 
processing were performed using LabSolutions software 
(v 5.99; Shimadzu).

Method validation

All validation studies were performed using NHU according 
to the acceptance criteria of the Ministry of Health, Labour 
and Welfare Guideline on Bioanalytical Method Validation 
in Pharmaceutical Development and related documents [16, 
17].

Selectivity

The selectivity of the entire analytical procedure was veri-
fied by analyzing blank samples (n = 6) under optimized 
chromatographic conditions. At the same retention time as 
that of the quantitative transition, the absence of any chro-
matographic signal (signal-to-noise ratio (S/N) ratio > 3) 
indicated no interference of endogenous substances.

Calibration curve and linearity

Calibration curves were established with seven points by 
plotting the peak area ratios. Calibrator samples were freshly 
prepared in NHU at concentrations of 0.5, 5, 10, 50, 100, 
250, and 500 ng/mL for amitriptyline and temazepam; at 
concentrations of 2, 10, 20, 100, 200, 500, and 1000 ng/mL 
for lorazepam and oxazepam; and at concentrations of 5, 10, 
20, 100, 200, 500 and 1000 ng/mL for THC-COOH. Sam-
ples of each concentration were injected in triplicate, and 
six independent replicates per concentration were analyzed. 
Calibration curves were generated using a least squares lin-
ear regression with an inverse-variance weighting factor in 
W-REG V2.2 software, which is freely available on the web-
site (https://​www2u.​biglo​be.​ne.​jp/​SATORU/).

Limits of detection and quantification

The lower limit of quantification (LLOQ) was defined as 
the lowest point of the calibration curve that had an S/N of 
greater than 10:1. The lower limit of detection (LLOD) was 
determined as the lowest concentration yielding an S/N of 
3:1.

Intra‑day and inter‑day accuracy and precision

The intra- and inter-day accuracies and precisions were 
assayed at four concentration levels of QC samples (LLOQ, 
low, medium, and high) in the linear dynamic range by 
analyzing six replicates on 6 different days. The accuracy 
of the assay was expressed by comparing the calculated 
concentrations of QC samples to their respective nominal 
values × 100%. Precision was expressed as the coefficient 
of variation. The criteria for acceptable accuracy and preci-
sion were set at within 20% for the LLOQ and 15% for other 
concentrations.

https://www2u.biglobe.ne.jp/SATORU/
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Recovery efficiency and matrix effect

Recovery efficiencies and matrix effects were determined at 
three concentration levels of QC samples (low, medium, and 
high) and calculated by comparing peak areas. Three sets of 
samples were prepared: NHU extracts with the analytes spiked 
before extraction (A); NHU extracts with the analytes spiked 
after extraction (B); and standard solutions at equivalent con-
centrations (C). The recovery efficiency and matrix effect were 
expressed as A/B × 100% and B/C × 100%, respectively.

Carry‑over

Carry-over was evaluated by analyzing a blank sample fol-
lowing analysis of the highest concentration calibration 
standard. No evidence of carry-over was observed.

Stability

The short-term stability of the glucuronide conjugates was 
conducted by performing LC–MS/MS analyses of sam-
ples after incubating two concentrations of spiked urine at 
room temperature for 4 h. Long-term stability was assayed 
following incubation of spiked urine samples at − 30 °C 
or − 80 °C for 28 days (d). The stability of the compounds 
during freeze–thaw cycles was determined following three 
cycles of thawing spiked urine samples at room tempera-
ture and then refreezing at − 30 °C for a minimum of 12 h. 
All samples were analyzed after hydrolysis as described in 
the “Sample extraction” section.

Table 1   SRM transitions and 
parameters for detection of the 
analytes and internal standards

The quantitative transitions are shown in bold type
CE collision energy

Analyte Retention 
time (min)

Precursor (m/z) Product (m/z) Q1 (V) CE (eV) Q3 (V)

THC-COOH 4.213 345.1 327.1  − 13  − 16  − 23
299.1  − 14  − 19  − 15

THC-COOH-d9 4.240 354.2 336.1  − 14  − 17  − 24
308.2  − 14  − 20  − 23

THC-COOH glucuronide 3.790 521.4 345.1  − 20  − 14  − 25
327.1  − 40  − 24  − 23

Oxazepam 2.796 286.9 240.9  − 11  − 23  − 26
268.9  − 12  − 15  − 19

Oxazepam-d5 2.815 291.9 246.0  − 12  − 21  − 25
273.9  − 11  − 16  − 20

Oxazepam glucuronide 2.246 463.1 287.0  − 18  − 15  − 21
241.0  − 18  − 36  − 26

Lorazepam 2.838 321.0 274.9  − 13  − 22  − 19
302.9  − 13  − 16  − 22

Lorazepam-d4 2.823 327.0 280.9  − 14  − 24  − 30
309.0  − 13  − 16  − 22

Lorazepam glucuronide 2.335 497.2 320.9  − 20  − 14  − 24
274.9  − 20  − 37  − 29

Temazepam 2.961 301.0 255.0  − 11  − 21  − 18
283.0  − 12  − 13  − 21

Temazepam-d5 2.945 306.0 260.1  − 13  − 23  − 27
288.0  − 11  − 15  − 14

Temazepam glucuronide 2.451 477.2 255.0  − 12  − 34  − 28
301.0  − 11  − 14  − 22

Amitriptyline 2.830 278.1 233.0  − 11  − 16  − 16
91.0  − 11  − 26  − 17

Amitriptyline-d3 2.829 281.1 233.0  − 11  − 17  − 16
105.0  − 11  − 23  − 19

Amitriptyline glucuronide 2.732 454.2 233.1  − 17  − 21  − 24
278.1  − 13  − 22  − 29
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Application of the method to postmortem urine 
samples

The established method was tested for applicability and 
validity by using it to analyze 12 postmortem urine samples. 
Urine samples were obtained during autopsies performed 
in our laboratory from 2013 to 2022 and stored at − 80 °C 
until analysis. Urine samples were selected based on positive 
results in previous routine toxicological analyses performed 
by LC–MS/MS. Urine samples with concentrations higher 
than the upper limit of quantification were appropriately 
diluted before determination.

Results

Optimization of hydrolysis conditions

First, the temperature dependences of the glucuronide con-
jugate hydrolysis activities of three commercially avail-
able enzymes (B-One®, IMCSzyme® RT and P. vulgata 
β-glucuronidase) were examined. The reaction times and 
enzyme volumes were set according to the instructions sup-
plied by the manufacturers of the enzymes as follows: reac-
tions with B-One® included 7200 U of the enzyme solution 
and proceeded for 5 min, reactions with IMCSzyme® RT 
included 1000 U of the enzyme and proceeded for 15 min, 
and reactions with P. vulgata β-glucuronidase included 2000 
U of the enzyme and proceeded for 60 min. After the hydrol-
ysis reactions, the samples were loaded onto extraction col-
umns to remove the enzymes and any biological matrix. As 
shown in Fig. 1, B-One® and IMCSzyme® RT achieved 
complete hydrolysis of five glucuronide conjugates at 25 °C 
(room temperature), whereas P. vulgata β-glucuronidase 
required temperatures higher than 60  °C to completely 
hydrolyze amitriptyline glucuronide. Therefore, we selected 
B-One® and IMCSzyme® RT for further optimization.

Since B-One® and IMCSzyme® RT were found to be 
active at room temperature, in these subsequent experiments, 
mixtures of spiked urine samples and hydrolyzing enzymes 
were loaded directly onto extraction columns, and hydrolysis 
was allowed to proceed on-column. The on-column reac-
tions proceeded with the same efficiency of hydrolysis as 
observed with the off-column method, in which the samples 
were loaded onto the extraction column after the hydrolysis 
reactions (Fig. 2).

The on-column, room temperature hydrolysis of the five 
conjugates by B-One® and IMCSzyme® RT was further 
optimized by investigating the effects of enzyme volume and 
reaction time. As shown in Fig. 3a, ≥ 720 U of B-One® was 
required to completely hydrolyze all five glucuronide con-
jugates during 5 min reactions at room temperature. More 
than 1000 U of IMCSzyme® RT was required to completely 
hydrolyze all five glucuronide conjugates during 15 min 
reactions at room temperature (Fig. 3a). Under these condi-
tions, B-One® was found to completely hydrolyze the five 
glucuronide conjugates within 3 min (Fig. 3b). The hydroly-
sis of four of the glucuronide conjugates by IMCSzyme® 
RT was similarly rapid, but this enzyme required more than 
10 min to completely hydrolyze the amitriptyline conjugate 
(Fig. 3b). Because of the more consistent rate of hydrolysis 
by B-One®, we focused on this enzyme in subsequent vali-
dation assays.

Validation of the method

The enzyme-based method to quantify drug conjugates in 
urine was evaluated by determining the calibration curve 
range, regression equations, coefficient of determination (r2), 
LLOD, and LLOQ values (Table 2). The calibration curves 
demonstrated good linear relationships over the range of 
drug concentrations tested, with r2 values exceeding 0.998.

The intra- and inter-day accuracies and precisions 
were evaluated at four concentration levels (Table 3). The 

Fig. 1   Effect of reaction temperature on the hydrolysis of the glucuronides of five psychoactive drugs by three β-glucuronidase preparations 
(n = 3)
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Fig. 2   Comparison of the off-line and on-column hydrolysis efficien-
cies of two commercially available recombinant β-glucuronidase 
preparations (n = 3). Spiked urine samples were either subjected to 

hydrolysis and then extracted with extraction columns (off-column) or 
subjected to hydrolysis on the extraction columns (on-column)

Fig. 3   Optimizing the hydrolysis of drug glucuronides by recombinant β-glucuronidases (n = 3). Effect of (a) enzyme volume and (b) reaction 
time on the hydrolysis of the glucuronides of five psychoactive drugs with B-One® and IMCSzyme® RT

Table 2   Linearity, limit of 
detection (LLOD) and limit of 
quantification (LLOQ)

Analyte Range (ng/mL) Regression equation Coefficient of 
determination (r2)

LLOD 
(ng/mL)

LLOQ 
(ng/
mL)

THC-COOH 5–1000 y = 0.00675x − 0.00243 0.9986 2 5
Oxazepam 2–1000 y = 0.00530 x − 0.00028 0.9995 1 2
Lorazepam 2–1000 y = 0.00843x − 0.00031 0.9977 0.5 2
Temazepam 0.5–500 y = 0.00788x − 0.00010 0.9979 0.1 0.5
Amitriptyline 0.5–500 y = 0.00807x − 0.00002 0.9988 0.1 0.5
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accuracies ranged from 93.0% to 109.7%, and the precisions 
ranged from 0.8% to 8.8%. These values were considered 
acceptable at all concentrations. The recovery efficiencies 
ranged from 56.1% to 104.5%, while the matrix effects 
ranged from 78.9% to 126.9% (Table 3).

The stabilities of glucuronide conjugates during storage 
within the biological matrix were evaluated by determin-
ing the accuracy of detection after storage of spiked urine 
samples under different conditions (Table 4). The drug 
glucuronides were all found to be acceptably stable under 
all tested conditions, except for THC-COOH glucuronide, 
which exhibited relatively low stability during long-term 
storage and freeze–thaw cycles.

Table 3   Method validation: intra- and inter-day accuracies and precisions, recovery efficiencies and matrix effects

a Values are expressed as the mean ± SD (n = 6)

Analyte QC 
concentration　(ng/
mL)

Intra-day (n = 6) Inter-day (n = 6) Recovery effi-
ciency a (%)

Matrix effect a (%)

Accuracy (%) Precision 
(CV, %)

Accuracy (%) Precision 
(CV, %)

THC-COOH 5 101.8 2.8 105.2 4.5 - -
15 98.1 2.7 103.1 6.7 56.1 ± 2.8 109.2 ± 3.0
150 99.5 1.6 102.3 3.7 57.2 ± 4.1 93.9 ± 3.7
800 101.1 2.5 102.3 3.5 60.4 ± 2.3 80.8 ± 3.7

Oxazepam 2 101.9 2.5 93.0 5.8 - -
3 105.6 2.9 94.5 8.3 66.4 ± 3.6 99.9 ± 1.1
150 107.8 0.8 98.4 8.8 74.8 ± 3.8 100.1 ± 3.5
800 109.7 1.5 99.0 6.2 79.6 ± 1.5 86.3 ± 4.6

Lorazepam 2 99.9 3.1 100.9 6.7 - -
3 101.0 3.0 102.4 3.4 70.2 ± 4.3 100.7 ± 2.4
150 96.5 1.0 95.8 6.0 76.8 ± 2.9 126.9 ± 3.5
800 96.0 2.2 97.4 4.2 80.1 ± 1.7 93.5 ± 6.2

Temazepam 0.5 99.9 1.5 103.5 5.7 - -
1.5 99.3 2.1 102.3 3.5 75.3 ± 2.4 102.2 ± 1.7
75 95.5 1.3 98.2 2.4 84.2 ± 2.3 99.9 ± 3.9
400 99.0 1.2 102.6 1.9 85.4 ± 3.4 88.5 ± 3.6

Amitriptyline 0.5 102.4 2.5 100.6 3.6 - -
1.5 100.5 1.9 99.9 2.5 92.6 ± 2.0 93.7 ± 4.8
75 93.7 1.3 93.2 2.0 102.7 ± 2.9 82.5 ± 2.3
400 100.1 1.9 100.4 2.7 104.5 ± 4.6 78.9 ± 3.7

Table 4   Stability of analyte 
glucuronide conjugates in 
urine under different storage 
conditions

Analyte QC concentra-
tion (ng/mL)

Short-term 
(4 h), 
room tem-
perature
(%) (n = 6)

Long-term (28 
d), − 30 °C
(%) (n = 6)

Long-term (28 
d), − 80 °C
(%) (n = 6)

Freeze–thaw, 
three cycles
(%) (n = 6)

THC-COOH glucuronide 25 98.2 68.2 74.5 64.1
1200 102.4 60.6 64.2 71.4

Oxazepam
 glucuronide

5 100.0 104.1 107.7 88.2
1200 96.3 94.0 92.6 86.4

Lorazepam
 glucuronide

5 95.7 94.1 92.8 85.6
1200 104.5 102.1 103.7 94.3

Temazepam
 glucuronide

3 90.4 94.1 101.1 81.0
600 96.5 92.4 90.3 86.5

Amitriptyline
 glucuronide

3 93.6 99.3 96.2 92.1
600 109.8 108.5 112.8 104.4
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Application of the method to postmortem urine 
samples

After validation, the established method was applied to 
12 authentic forensic samples of urine (Table 5). Repre-
sentative SRM chromatograms of extracts from unhydro-
lyzed and hydrolyzed sample No. 4 in Table 5 are shown 
in Fig. 4. The peaks of the analytes were clearly observed 
with retention times within 5 min. There were no peaks that 
interfered with the measurements. In the present study, the 
glucuronide conjugates of the authentic forensic samples of 
postmortem urine were not quantified, so the exact binding 
levels could not be determined. However, the glucuronida-
tion percentages were calculated for each individual sample 
from the concentration of the free drugs and metabolites 
analyzed before and after hydrolysis. The percent glucuroni-
dation values obtained for each drug were as follows: THC-
COOH (42.5–82.0%), oxazepam (93.1–99.7%), lorazepam 
(99.0–99.3%), temazepam (95.9–99.8%), and amitriptyline 
(82.2–96.0%).

Discussion

We have established an LC–MS/MS method for five psycho-
active drugs (THC-COOH, oxazepam, lorazepam, temaz-
epam and amitriptyline) in urine after enzymatic hydrolysis 
of glucuronide conjugates. The present study demonstrated 
that the recombinant β-glucuronidase B-One® was found to 
completely hydrolyze the five glucuronide conjugates within 
3 min directly on extraction columns (Fig. 3b). The method 
was successfully applied to forensic autopsy samples after 
thorough validation.

The present method including enzymatic hydroly-
sis of glucuronide conjugates followed by LC–MS/MS 
analysis has several advantages. First, the recombinant 
β-glucuronidase B-One® quantitatively hydrolyzed glu-
curonide conjugates at room temperature, so hydroly-
sis could be performed directly on extraction columns. 
This on-column method does not require a transfer of the 
hydrolyzed sample to the extraction column; this more 
efficient extraction process saves time and eliminates the 
loss of valuable samples during transfer. The hydroly-
sis time of this method was shorter than those observed 
in previous studies [3–6]. The hydrolysis of four of the 
glucuronide conjugates by IMCSzyme® RT was simi-
larly rapid, but this enzyme required more than 10 min to 

Table 5   Quantification of 
psychoactive drugs in authentic 
forensic samples of postmortem 
urine using ISOLUTE HYDRO 
DME + column extraction

a Glucuronidation (%) = (hydrolyzed analytes − unhydrolyzed analytes) / hydrolyzed analytes × 100

Sample No Analyte Unhydrolyzed (ng/
mL)

Hydrolyzed (ng/mL) Glucuroni-
dation (%)a

1 THC-COOH 731.0 1270.7 42.5
2 THC-COOH 102.5 569.7 82.0
3 Amitriptyline 367.5 2060.7 82.2
4 Amitriptyline 649.2 16,102.4 96.0

Oxazepam 416.3 6036.9 93.1
Temazepam 287.8 6988.0 95.9

5 Oxazepam 22.3 1251.6 98.2
Temazepam 11.0 794.7 98.6

6 Oxazepam 3.1 330.6 99.1
Temazepam 6.0 576.1 99.0

7 Oxazepam 1.9 470.3 99.6
Temazepam 0.5 180.3 99.7

8 Oxazepam 10.6 320.5 96.7
Temazepam 3.5 113.2 96.9

9 Oxazepam  < LOQ 9.7 –
Temazepam 4.1 127.4 96.8

10 Oxazepam 2.0 641.2 99.7
Temazepam 0.5 235.0 99.8
Lorazepam 2.7 416.1 99.3

11 Lorazepam 12.5 1306.4 99.0
12 Lorazepam 73.8 7662.1 99.0
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completely hydrolyze the amitriptyline conjugate. Ami-
triptyline glucuronide linked to quaternary ammonium 
compounds has been reported to be difficult to hydrolyze 
with β-glucuronidase [12, 13]. Second, the sensitivity of 
the analysis of target compounds was improved 1.7–470 
times by hydrolyzing glucuronides as shown in Table 5, 
showing that urinary drug concentrations can be evalu-
ated accurately.

The stability experiments showed that the drug glucu-
ronides were acceptably stable under all tested conditions 
although THC-COOH glucuronide exhibited relatively low 
stability during long-term storage and freeze–thaw cycles 
(Table  4). Notably, acyl glucuronides, including THC-
COOH glucuronide, have been shown to be generally unsta-
ble [18]; therefore, it is necessary to pay careful attention to 
the stability of THC-COOH glucuronide.

The total concentrations of THC-COOH determined 
in two of the postmortem urine samples (Table 5) were 
consistent with existing reports, which have documented 
postmortem urine concentration ranges of THC-COOH of 
18–1562 ng/mL [19] and 24.2–970 ng/mL [20]. Similarly, 
the percent glucuronidation values identified by this method 
(Table 5) were comparable to those previously reported in 
patients’ urine [6–10] and in authentic forensic urine sam-
ples [21]. Importantly, these findings suggest that oxazepam 
and temazepam have high conjugation rates and that only 
trace amounts of the unconjugated target drugs are excreted 

in the urine. It may thus be preferable to hydrolyze any con-
jugates prior to urinalysis in which target medications are 
not provided.

Conclusions

In this study, the commercially available recombinant 
β-glucuronidase B-One® was used to hydrolyze glucuro-
nide conjugates of five psychoactive drugs (THC-COOH, 
oxazepam, lorazepam, temazepam, and amitriptyline) within 
3 min at room temperature. In addition, the pretreatment 
process was shortened by hydrolyzing the glucuronide con-
jugates directly on the extraction columns. This analysis 
method was successfully applied to forensic autopsy sam-
ples after thorough validation. We expect that the method 
described in this study will have broad applications, includ-
ing in clinical and forensic toxicological investigations.

Acknowledgements  This work was supported by a Japan Society for 
the Promotion of Science KAKENHI (Grant Number JP21K21152).

Author contributions  All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by Tomohito Matsuo. The first draft of the manuscript was 
written by Tomohito Matsuo and all authors commented on previous 
versions of the manuscript. All authors read and approved the final 
manuscript.

Fig. 4   Representative SRM chromatograms of extracts from (a) unhydrolyzed and (b) hydrolyzed sample No. 4 in Table 5



	 Forensic Toxicology

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Ethical approval  All experiments were approved by the Ethics Com-
mittee of Aichi Medical University (approval no. 2020–172).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Scheidweiler KB, Barnes AJ (2019) Quantification of eight can-
nabinoids including cannabidiol in human urine via liquid chro-
matography tandem mass spectrometry. In: Langman LJ, Snozek 
CLH (eds) LC–MS in drug analysis, Methods and protocols, 2nd 
edn. Humana Press, New York, pp 11–22

	 2.	 Drummer OH, Rago MD, Gerostamoulos D (2019) Analysis of 
benzodiazepines for drug-facilitated assaults and abuse settings 
(urine). In: Langman LJ, Snozek CLH (eds) LC–MS in drug anal-
ysis, Methods and protocols, 2nd edn. Humana Press, New York, 
pp 23–39

	 3.	 Morris AA, Chester SA, Strickland EC, McIntire GL (2014) Rapid 
enzymatic hydrolysis using a novel recombinant β-glucuronidase 
in benzodiazepine urinalysis. J Anal Toxicol 38:610–614. https://​
doi.​org/​10.​1093/​jat/​bku083 (open access article)

	 4.	 Sitasuwan P, Melendez C, Marinova M, Spruill M, Lee LA (2019) 
Comparison of purified β-glucuronidases in patient urine samples 
indicates a lack of correlation between enzyme activity and drugs 
of abuse metabolite hydrolysis efficiencies leading to potential 
false negatives. J Anal Toxicol 43:221–227. https://​doi.​org/​10.​
1093/​jat/​bky082 (open access article)

	 5.	 Kang MG, Lin HR (2019) Systematic evaluation and validation 
of benzodiazepines confirmation assay using LC–MS–MS. J Anal 
Toxicol 43:96–103. https://​doi.​org/​10.​1093/​jat/​bky071 (open 
access article)

	 6.	 Mastrianni KR, Lee LA, Brewer WE, Dongari N, Barna M, Mor-
gan SL (2016) Variations in enzymatic hydrolysis efficiencies 
for amitriptyline and cyclobenzaprine in urine. J Anal Toxicol 
40:732–737. https://​doi.​org/​10.​1093/​jat/​bkw062 (open access 
article)

	 7.	 Weinmann W, Vogt S, Goerke R, Müller C, Bromberger A (2000) 
Simultaneous determination of THC–COOH and THC–COOH-
glucuronide in urine samples by LC/MS/MS. Forensic Sci Int 
113:381–387. https://​doi.​org/​10.​1016/​S0379-​0738(00)​00210-3

	 8.	 Kul A, Sagirli O (2022) Determination of enzymatic hydrolysis 
efficiency in detection of cannabis use by UPLC–MS–MS. J Anal 
Toxicol 46:257–263. https://​doi.​org/​10.​1093/​jat/​bkab0​17 (open 
access article)

	 9.	 Fu S, Molnar A, Bowron P, Lewis J, Wang H (2011) Reduction 
of temazepam to diazepam and lorazepam to delorazepam during 

enzymatic hydrolysis. Anal Bioanal Chem 400:153–164. https://​
doi.​org/​10.​1007/​s00216-​011-​4723-y

	10.	 Fu S, Lewis J, Wang H, Keegan J, Dawson M (2010) A novel 
reductive transformation of oxazepam to nordiazepam observed 
during enzymatic hydrolysis. J Anal Toxicol 34:243–251. https://​
doi.​org/​10.​1093/​jat/​34.5.​243 (open access article)

	11.	 Vandel B, Sandoz M, Vandel S, Allers G, Volmat R (1982) Bio-
transformation of amitriptyline in depressive patients: urinary 
excretion of seven metabolites. Eur J Clin Pharmacol 22:239–245. 
https://​doi.​org/​10.​1007/​bf005​45222

	12.	 Fischer D, Breyer-Pfaff U (1995) Comparison of procedures for 
measuring the quaternary N-glucuronides of amitriptyline and 
diphenhydramine in human urine with and without hydrolysis. 
J Pharm Pharmacol 47:534–538. https://​doi.​org/​10.​1111/j.​2042-​
7158.​1995.​tb058​45.x

	13.	 Kowalczyk I, Hawes EM, McKay G (2000) Stability and enzy-
matic hydrolysis of quaternary ammonium-linked glucuronide 
metabolites of drugs with an aliphatic tertiary amine-implications 
for analysis. J Pharm Biomed Anal 22:803–811. https://​doi.​org/​
10.​1016/​S0731-​7085(00)​00244-2

	14.	 Ogawa T, Kondo F, Iwai M, Matsuo T, Kubo K, Seno H (2022) 
Novel extraction method using an ISOLUTE PLD+ protein and 
phospholipid removal column for liquid chromatography-tandem 
mass spectrometry analysis of 20 psychoactive drugs in postmor-
tem whole blood samples. Forensic Sci Int 331:111130. https://​
doi.​org/​10.​1016/j.​forsc​iint.​2021.​111130

	15.	 Kamal MA, Smith DE, Cook J, Feltner D, Moton A, Ouellet D 
(2010) Pharmacodynamic differentiation of lorazepam sleepiness 
and dizziness using an ordered categorical measure. J Pharm Sci 
99:3628–3641. https://​doi.​org/​10.​1002/​jps.​22093 (open access 
article)

	16.	 The Ministry of Health, Labour and Welfare (MHLW) in Japan 
(2013) Guideline on bioanalytical method validation in pharma-
ceutical development. https://​www.​pmda.​go.​jp/​files/​00020​6209.​
pdf. Accessed 19 October 2023

	17.	 U.S. Department of Health and Human Services Food and Drug 
Administration (2018) Bioanalytical method validation guidance 
for industry. https://​www.​fda.​gov/​regul​atory-​infor​mation/​search-​
fda-​guida​nce-​docum​ents/​bioan​alyti​cal-​method-​valid​ation-​guida​
nce-​indus​try. Accessed 19 October 2023

	18.	 Skopp G, Pötsch L (2002) Stability of 11-nor-delta(9)-carboxy-
tetrahydrocannabinol glucuronide in plasma and urine assessed 
by liquid chromatography-tandem mass spectrometry. Clin Chem 
48:301–306. https://​doi.​org/​10.​1093/​clinc​hem/​48.2.​301 (open 
access article)

	19.	 Al-Asmari AI (2019) Method for postmortem quantification of 
Δ9-tetrahydrocannabinol and metabolites using LC–MS–MS. J 
Anal Toxicol 43:703–719. https://​doi.​org/​10.​1093/​jat/​bkz065 
(open access article)

	20.	 Saenz SR, Lewis RJ, Angier MK, Wagner JR (2017) Postmortem 
fluid and tissue concentrations of THC, 11-OH-THC and THC-
COOH. J Anal Toxicol 41:508–516. https://​doi.​org/​10.​1093/​jat/​
bkx033 (open access article)

	21.	 Malik-Wolf B, Vorce S, Holler J, Bosy T (2014) Evaluation of 
abalone β-glucuronidase substitution in current urine hydrolysis 
procedures. J Anal Toxicol 38:171–176. https://​doi.​org/​10.​1093/​
jat/​bku003 (open access article)

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jat/bku083
https://doi.org/10.1093/jat/bku083
https://doi.org/10.1093/jat/bky082
https://doi.org/10.1093/jat/bky082
https://doi.org/10.1093/jat/bky071
https://doi.org/10.1093/jat/bkw062
https://doi.org/10.1016/S0379-0738(00)00210-3
https://doi.org/10.1093/jat/bkab017
https://doi.org/10.1007/s00216-011-4723-y
https://doi.org/10.1007/s00216-011-4723-y
https://doi.org/10.1093/jat/34.5.243
https://doi.org/10.1093/jat/34.5.243
https://doi.org/10.1007/bf00545222
https://doi.org/10.1111/j.2042-7158.1995.tb05845.x
https://doi.org/10.1111/j.2042-7158.1995.tb05845.x
https://doi.org/10.1016/S0731-7085(00)00244-2
https://doi.org/10.1016/S0731-7085(00)00244-2
https://doi.org/10.1016/j.forsciint.2021.111130
https://doi.org/10.1016/j.forsciint.2021.111130
https://doi.org/10.1002/jps.22093
https://www.pmda.go.jp/files/000206209.pdf
https://www.pmda.go.jp/files/000206209.pdf
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://doi.org/10.1093/clinchem/48.2.301
https://doi.org/10.1093/jat/bkz065
https://doi.org/10.1093/jat/bkx033
https://doi.org/10.1093/jat/bkx033
https://doi.org/10.1093/jat/bku003
https://doi.org/10.1093/jat/bku003

	Development of an LC–MSMS method for the determination of five psychoactive drugs in postmortem urine by optimization of enzymatic hydrolysis of glucuronide conjugates
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Chemicals and materials
	Enzyme optimization
	Sample extraction
	LC–MSMS
	Method validation
	Selectivity
	Calibration curve and linearity
	Limits of detection and quantification
	Intra-day and inter-day accuracy and precision
	Recovery efficiency and matrix effect
	Carry-over
	Stability
	Application of the method to postmortem urine samples

	Results
	Optimization of hydrolysis conditions
	Validation of the method
	Application of the method to postmortem urine samples

	Discussion
	Conclusions
	Acknowledgements 
	References


