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Abstract
Drug screening tests are mandatory in the search for drugs in forensic biological samples, and immunological methods and 
mass spectrometry (e.g., gas chromatography-mass spectrometry and liquid chromatography-tandem mass spectrometry) 
are commonly used for that purpose. However, these methods have some drawbacks, and developing new screening meth-
ods is required. In this study, we develop a rapid-fire drug screening method by probe electrospray ionization tandem mass 
spectrometry (PESI-MS/MS), which is an ambient ionization mass spectrometry method, for human urine, named RaDPi-U. 
RaDPi-U is carried out in three steps: (1) mixing urine with internal standard (IS) solution and ethanol, followed by vortex-
ing; (2) pipetting the mixture onto a sample plate for PESI; and (3) rapid-fire analysis by PESI-MS/MS. RaDPi-U targets 
40 forensically important drugs, which include illegal drugs, hypnotics, and psychoactive substances. The analytical results 
were obtained within 3 min because of the above-mentioned simple workflow of RaDPi-U. The calibration curves of each 
analyte were constructed using the IS method, and they were quantitatively valid, resulting in good linearity (0.972–0.999) 
with a satisfactory lower limit of detection and lower limit of quantitation (0.01–7.1 ng/mL and 0.02–21 ng/mL, respectively). 
Further, both trueness and precisions were 28% or less, demonstrating the high reliability and repeatability of the method. 
Finally, we applied RaDPi-U to three postmortem urine specimens and successfully detected different drugs in each urine 
sample. The practicality of the method is proven, and RaDPi-U will be a strong tool as a rapid-fire drug screening method 
not only in forensic toxicology but also in clinical toxicology.
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Introduction

Drug analysis is mandatory to determine the cause of 
acute intoxication, and to evaluate toxicity levels by the 
quantification of drug concentrations in blood, though it 
is unusual to get detailed information on ingested drugs of 
abusers and/or victims. Thus, a drug screening test should 
be efficient for searching for drugs in forensic biological 
samples. Immunological methods are commonly used for 
on-site drug screening tests because of their high operabil-
ity [1, 2], whereas mass spectrometric screening methods 
are generalized for their high selectivity and quantitativity 
[2–13]. Immunological drug screening tests can provide 
results in a short time, though targeted drugs are consider-
ably limited and the tests often show false-positive results 
because of their cross-reactivity [14]. Thus, confirmation 
tests by more selective analytical methods, such as mass 
spectrometry, are indispensable for determining what 
drugs are used. In contrast, mass spectrometric screen-
ing tests using gas chromatography-mass spectrometry 
(GC-MS) [2–4] and liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) [5–13] provide more specific 
results than immunological tests. However, sample pre-
treatment, such as extraction, before the mass spectrome-
try-based screening tests is somewhat tedious for analysts.

To overcome such issues, ambient ionization mass spec-
trometry (AIMS) has been used for drug screening tests 
[15–29]. The AIMS can directly analyze targeted com-
pounds in biological samples under open-air conditions, 
with little or no sample preparation [15]. In other words, 
the AIMS allows the direct detection of analytes in a bio-
logical sample with minimum sample pretreatment. For 
instance, direct analysis in real-time tandem mass spec-
trometry (DART-MS/MS) is used for the screening analy-
sis of illegal drugs in urine and blood [18, 26]. Addition-
ally, paper spray ionization (PSI)- and swab touch spray 
ionization-MS/MS are applied to the screening tests of 
illegal drugs and psychoactive substances in blood, urine, 
or oral fluid [19, 20, 23, 24, 27].

To date, our group has reported many studies using 
probe electrospray ionization-MS/MS (PESI-MS/MS) 
[30–36]. The PESI is an ambient ionization technique [37], 
and our group applies the PESI-MS/MS to the direct analy-
sis of metabolites and poisons [30–34]. PESI uses an ultra-
fine metal probe needle (the tip diameter 700 nm) as the 
sampling and ionization unit, allowing the direct detection 
of analytes in biological samples, particularly in tissues. 
In particular, our group has reported the world’s first study 
for the combinational use of PESI-MS/MS for metabolome 
analysis, where we achieve not only direct metabolome 
analysis in mouse and human tissues but also the real-time 
monitoring of metabolites in a living mouse liver and brain 

[30–32, 34]. Moreover, our group has achieved the rapid 
quantification of extracellular neurotransmitters in micro-
dialysates obtained from mouse brains [35] and the screen-
ing methods for cyanide and its metabolite in human blood 
by PESI-MS/MS [33]. Since the publication of our first 
report on PESI-MS/MS, this technique has been extended 
to other researchers’ studies. Usui et al. report quantifica-
tion methods for acetaminophen and glyphosate by PESI-
MS/MS [38, 39], and Griffeuille et al. successfully develop 
an analytical method for eight illegal drugs in saliva by 
PESI-MS/MS [40]. As described here, PESI-MS/MS has 
been applied to drug analysis in human biological samples, 
though there is no report for applying PESI-MS/MS to a 
simultaneous screening method for several dozen drugs.

Therefore, in this study, we develop a rapid-fire drug 
screening method by PESI-MS/MS for 40 forensically 
important drugs in urine, named RaDPi-U. To achieve a 
simultaneous drug screening method, we apply the sched-
uled-selected reaction monitoring (scheduled-SRM) mode 
technique, which is used in our previous metabolomics study 
[34], to this method. We target 40 drugs, including illegal 
drugs, hypnotics, and psychoactive substances, and con-
struct each calibration curve using an internal standard (IS) 
method. Also, we evaluate the quantitativity of the method 
using quality control (QC) samples as a drug screening 
method. Finally, we apply the RaDPi-U to three postmortem 
urine specimens, proving its practicality.

Materials and methods

Materials

Authentic standards for drugs and diazepam-d5 were pur-
chased from Merck (Darmstadt, Germany); Sumitomo 
Pharma Co., Ltd. (Osaka, Japan); Takeda Pharmaceutical 
Co., Ltd. (Tokyo, Japan); and Fujifilm Wako Chemicals 
(Osaka, Japan). All organic solvents were purchased from 
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). A blank 
human urine sample was purchased from Cosmo Bio Co., 
Ltd (Tokyo, Japan). A stock solution of the drug mixture was 
prepared at 10 μg/mL by dissolving each drug in methanol. 
An IS solution was prepared at 250 ng/mL by dissolving 
diazepam-d5 in distilled water. These solutions were stored 
at − 30 °C until analysis. Postmortem urine samples were 
obtained from three anonymous drug abusers by autopsy, 
though no personal information of the victims, including 
sex and age, was available for bioethical reasons and privacy 
protection. These samples were stored at − 30 °C until analy-
sis. This work was approved by the Ethics Committee of 
Nagoya University Graduate School of Medicine (approval 
number: 2017-0175).
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Analytical conditions

An LCMS-8060 triple quadrupole tandem mass spectrom-
eter with a probe electrospray ionization source (DPiMS-
8060, Shimadzu Corporation, Kyoto, Japan) was used. Fig-
ure 1 shows the details of the ionization source and exterior 
of the instrument.

A PESI probe needle (the tip diameter 700 nm) and PESI 
sample plate were manufactured by Shimadzu Corporation. 
The resolution of the mass spectrometer was set to unit reso-
lution, and the scheduled-SRM mode was used according to 
our previous report [34]. Here, the SRM transitions and col-
lision energies for each drug were optimized using authentic 
standards, and these are listed in Table 1. The dwell and 
pause times for each SRM transition were 1 ms. The fre-
quency of the PESI probe movement was 3.3 Hz, where 
the ionization and sampling times were 150 and 30 ms, 
respectively. The applied voltages for the PESI positive and 
negative modes were + 2.5 and − 2.5 kV. The heat block and 
desolvation line temperatures were set at 50 °C and 300 °C, 
respectively.

Sample preparation

For preparing calibrants and QC samples, 10 μg/mL of a 
drug mixture solution was spiked with blank human urine, 
and their concentrations were adjusted to 25–500 ng/mL by 
dilution with blank human urine. For analysis, 10 μL of the 
spiked urine, 90 μL of the IS solution, and 100 μL of ethanol 
were mixed. After vortexing the mixture solution for 1 min, 
10 μL of the solution was pipetted onto a PESI sample plate, 
and PESI-MS/MS was performed. Further, the postmortem 
urine samples were similarly analyzed: sample preparation 
and clean-up processes including pH adjustment were not 
performed.

Method validation

The calibration curves for each drug were constructed 
by analyzing five-level calibrants (25, 50, 100, 250, 
and 500  ng/mL). According to our previous reports 
[33, 41, 42], the lower limit of detection (LLOD) and 

the lower limit of quantitation (LLOQ) were calculated 
from the calibration curves using the following formulas: 
LLOD = 3.3 σ blank/S and LLOQ = 10 σ blank/S, where 
σ blank is the standard deviation of the blank and S is the 
slope of each calibration curve. The postmortem samples 
were automatically quantified via the built-in software 
(LabSolutions, Shimadzu). The method was validated 
using the QC samples (75, 150, and 300 ng/mL), and 
their intra- and inter-day truenesses and precisions were 
calculated.

Results and discussion

Analytical conditions of RaDPi‑U

According to our previous report [31], the 40 targeted drugs 
were separated into 5 groups and assigned to each segment 
in the scheduled-SRM method (Table 1). Each segment 
included diazepam-d5 as the IS for the targeted drugs. Based 
on the pre-experiment results and our previous study [34], 
the surface adsorption of non-ionized contaminants onto the 
needle surface could cause the instability of the ionization 
of the targeted drugs when we used either polarity ioniza-
tion mode. Our previous report clarified that the accumula-
tion of such contaminants on the needle surface caused such 
instability of ionization, and it is necessary to incorporate 
positive and negative ionization modes in each segment to 
flash out the needle surface [34]. However, for RaDPi-U, all 
targeted drugs were ionized at positive ionization mode, and 
thus, a dummy segment with negative ionization mode was 
inserted in each segment (dummy transitions are not shown 
in Table 1). Additionally, in our previous reports [34, 36], 
we optimized segment time, resulting that 0.3 min per one 
segment showed the highest repeatability. Thus, we also set 
0.3-min segment time in this study, and thus, the analysis 
time for 40 drugs was 1.5 min under the present analytical 
conditions. Figure 2 shows the workflow of the RaDPi-U, 
and it consists of just three steps: (1) mixing 10 μL of urine 
with 90 μL of IS solution and 100 μL of ethanol, followed 
by vortexing for 1 min; (2) pipetting 10 μL of the mixture 

Fig. 1   Photographs of the a 
detail of the PESI ion source 
and b exterior of the PESI-MS/
MS
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Table 1   Analytical conditions 
for the scheduled-SRM method 
for 40 drugs

Compound name Segment no Precursor ion  
(m/z)

Product ion  
(m/z)

Start time  
(min)

End time  
(min)

Collision energy  
(eV)

Alprazolam

1

309.1 281.1 0 0.3  − 26
Amitriptyline 278.2 91.1 0 0.3  − 27
Amoxapine 314.1 271.0 0 0.3  − 27
Blonanserin 368.3 297.1 0 0.3  − 26
Brotizolam 393.0 314.1 0 0.3  − 25
Bupivacaine 289.2 140.2 0 0.3  − 20
Carbamazepine 237.1 194.0 0 0.3  − 20
Chlordiazepoxide 300.1 283.0 0 0.3  − 14
Diazepam-d5 290.2 154.1 0 0.3  − 27

Chlorpromazine

2

319.1 86.1 0.3 0.6  − 22
Clomipramine 315.2 86.2 0.3 0.6  − 19
Clotiazepam 319.1 291.0 0.3 0.6  − 21
Cloxazolam 349.1 305.0 0.3 0.6  − 24
Clozapine 327.2 270.1 0.3 0.6  − 23
Cocaine 304.2 182.3 0.3 0.6  − 21
Desipramine 267.3 72.1 0.3 0.6  − 16
Dihydrocodeine 302.2 199.1 0.3 0.6  − 37
Diazepam-d5 290.2 154.1 0.3 0.6  − 27

Diazepam

3

285.1 193.1 0.6 0.9  − 29
Diphenhydramine 256.0 167.1 0.6 0.9  − 11
Dosulepin 296.2 223.1 0.6 0.9  − 24
Escitalopram 325.2 109.0 0.6 0.9  − 28
Estazolam 295.1 267.2 0.6 0.9  − 24
Etizolam 343.1 314.1 0.6 0.9  − 28
Fludiazepam 303.1 211.0 0.6 0.9  − 30
Flurazepam 388.2 315.0 0.6 0.9  − 24
Diazepam-d5 290.2 154.1 0.6 0.9  − 27

Haloxazolam

4

377.1 333.0 0.9 1.2  − 25
Ketamine 238.1 125.0 0.9 1.2  − 26
Lamotrigine 256.1 43.1 0.9 1.2  − 38
MDMA 194.1 163.1 0.9 1.2  − 13
Methamphetamine 150.1 91.1 0.9 1.2  − 19
Morphine 286.2 165.1 0.9 1.2  − 44
Nimetazepam 296.1 250.2 0.9 1.2  − 28
Propericiazine 366.2 142.1 0.9 1.2  − 24
Diazepam-d5 290.2 154.1 0.9 1.2  − 27

Quetiapine

5

384.2 253.1 1.2 1.5  − 24
Risperidone 411.2 191.1 1.2 1.5  − 31
Sildenafil 475.2 58.1 1.2 1.5  − 44
Sulpiride 342.2 112.2 1.2 1.5  − 28
Triazolam 343.1 308.2 1.2 1.5  − 24
Zolpidem 308.2 235.2 1.2 1.5  − 37
Zopiclone 389.0 245.0 1.2 1.5  − 17
Zotepine 332.1 72.2 1.2 1.5  − 17
Diazepam-d5 290.2 154.1 1.2 1.5  − 27
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onto a PESI sample plate; and (3) analyzing by PESI-MS/
MS (1.5 min/run).

The analytical results were obtained within 3 min because 
of such a simple workflow. Compared to the previously 
reported screening methods using GC-MS and LC-MS/MS 
[2, 3, 5, 9, 12] (Table 2), the analysis of the RaDPi-U was 
considerably fast.

Sensitivity and quantitativity of RaDPi‑U

The validation data for each drug are listed in Table 3. The 
calibration curves were constructed using calibrants of 
25–500 ng/mL and R2 values range of 0.972–0.999, dem-
onstrating good linearity. The LLOD and LLOQ values 
were 0.01–7.1 ng/mL and 0.02–21 ng/mL, respectively. In 
the previous studies using other AIMS methods (Table 4), 
the LLOD and LLOQ values were 0.1–2.5  ng/mL and 
1.0–25 ng/mL for DART-MS/MS, whereas the LLOQ values 
were 0.7–41 ng/mL for PSI-MS/MS (LLOD was not shown 
for PSI-MS/MS) [18, 20]. Compared with these methods, 
our method achieved equivalent quantitativity and sensitiv-
ity. Also, there are several reports on drug screening method 
using other ambient ionization techniques (AITs). Gómez-
Ríos and Pawliszyn reported coated blade spray ioniza-
tion (CBS)-MS for analyzing 21 drugs, and their analyti-
cal process can be completed within 3 min [43]. Wiseman 
et al. reported direct analysis of dried blood spots (DBSs) 
using desorption electrospray ionization-MS for 4 drugs 
employed for therapeutic drug monitoring [28]. Moreover, 

Thirukumaran et al. reported solid-phase microextraction 
(SPME)-PESI for screening analysis of 8 drugs with the 
optimal desorption time (30 min) [44]. Compared to these 
reports using AITs, our method is equivalently rapid and do 
not require additional things such as DBSs. Furthermore, 
there is no need to extract drugs like CBS-MS and SPME-
PESI in our method. Prior to the validation of the method, 
we evaluated the selectivity of the RaDPi-U by analyzing 
10 independent blank urine samples, resulting in no spe-
cific noise for each drug in every urine sample. Moreover, 
good linearity of the calibration curves for each drug can be 
obtained because there were no specific noises for each drug 
in blank urine samples. As representative data, the chrono-
grams of the blank urine and the spiked urine samples (25, 
50, 100, 250, and 500 ng/mL of flurazepam) for flurazepam 
are shown in Fig. 3. As shown in Fig. 3, no peak is observed 
in the blank urine. Additionally, the chronogram of diaze-
pam-d5 (IS) is shown in Fig. S1.

According to our previous reports [33, 41, 42], intra- 
and inter-day truenesses (i.e., relative errors) and preci-
sions (i.e., relative standard error) for each drug were 
validated using the QC samples. The detail of validation 
procedures is shown in supplementary materials. Both 
of truenesses and precisions were 28% or less, demon-
strating the satisfactory reliability, and repeatability of 
the method. As mentioned in our previous reports [30], 
PESI shows high reproducibility of the matrix effect like 
flow injection analysis, resulting that there is no need to 
select each IS compound for each targeted drug. Thus, 

Fig. 2   The workflow of the 
RaDPi-U; the drug analysis 
is finished in just three steps 
without tedious sample pretreat-
ment, and the results can be 
provided within 3 min

Urine 
(10 µL)

(2) Pipetting sample (1) Adding IS and 
EtOH, followed 
by vortexing 

(3) Analysis

Table 2   Comparison of other 
screening methods using 
GC-MS and LC-MS/MS

a Gas chromatography-mass spectrometry
b Liquid chromatography-tandem mass spectrometry

Technique Analyte Total numbers 
of analytes

Run time (min) Ref

GC-MSa Benzodiazepines 13 17 [2]
GC-MS Benzodiazepines 23 23.5 [3]
LC-MS/MSb Illegal drugs, psychoactive substances 30 30 [5]
LC-MS/MS Benzodiazepines, Z-drugs, antidepressants 32 30 [9]
LC-MS/MS Benzodiazepines, Z-drugs 43 24 [12]
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we selected diazepam-d5 as the IS compound for quan-
tifying the targeted drugs in this method because of its 
availability, and the validation results for the target drugs 
were satisfactory as described above. Additionally, the 
sensitivities for IS did not change, as determined through 
a validation study (i.e., 3.7% relative errors for IS through 
the analyses of 300 urine samples), suggesting the rug-
gedness of the method. Since Hiraoka et al. demonstrated 
that PESI requires a considerably small amount of sam-
ples like nano-ESI [37], the ionization source tends not 
to be stained, resulting in such ruggedness of the method.

Application of the RaDPi‑U to postmortem urine 
samples

We applied the RaDPi-U to three postmortem urine 
samples (samples 1–3) to evaluate its applicability. As 
shown in Table 5, the RaDPi-U successfully detects 
drugs in all samples within 3 min per sample, proving 
that the RaDPi-U achieves a rapid-fire drug screening 
test for human urine. The representative chronogram 
for sample 1 is shown in Fig. 4, and the other chrono-
grams for samples 2 and 3 are shown in Fig. S2 and S3, 
respectively.

To visually compare the results, positive (detected) and 
negative (not detected) results are shown in Fig. 4; for 
instance, the chronograms for risperidone (143 ng/mL), 
dihydrocodeine (101 ng/mL), and etizolam (not detected) 
are shown. Immediately after the analysis was finished, the 
qualitative results for the detected drugs with their quanti-
tative values were automatically reported via the built-in 
software, enabling us to perform rapid drug screening within 
3 min.

Limitations of this study and future perspectives

Although this study demonstrated that RaDPi-U has high 
feasibility for drug screening tests in urine, only three 
samples were available in this study for bioethical rea-
sons. In particular, we could not make a receiver oper-
ating characteristic curve to evaluate, and thus, further 
study is required to apply the RaDPi-U to more real 
forensic samples, particularly drug-related crime. Addi-
tionally, only 40 forensically important drugs were tar-
geted in this study; as the preliminary study, we focused 
on unchanged form of drugs though the number of tar-
geted drugs, especially their metabolites, will be con-
tinuously increased in future studies. This method can 
be extended to forensic blood samples, and the devel-
opment of the next method for blood samples, named 
RaDPi-B, is underway.
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Conclusions

We constructed the rapid-fire drug screening method for 
urine samples using PESI-MS/MS, named RaDPi-U. The 
workflow of the RaDPi-U was just three steps without tedi-
ous sample pretreatment, and the analytical results for the 
40 forensically important drugs can be acquired within 
3 min. The validation results for the target compounds 
were satisfactory, demonstrating the good quantitativity, 
and sensitivity of the method. To evaluate the practicality 
of this method, we applied RaDPi-U to three postmortem 

Table 4   Comparison of other drug screening methods using ambient ionization mass spectrometry with that of this study

a The lower limit of detection
b The lower limit of quantitation
c Direct analysis in real-time tandem mass spectrometry
d Paper spray ionization tandem mass spectrometry
e Probe electrospray ionization tandem mass spectrometry

Technique Analyte Total numbers 
of analytes

Matrix LLODa (ng/mL) LLOQb (ng/mL) Ref

DART/MS/MSc Illegal drugs, psychoactive substances 13 Urine 0.1–2.5 1.0–25 [18]
PSI/MS/MSd Illegal drugs, psychoactive substances, 

metabolites
40 Urine ─ 0.7–41 [20]

PESI/MS/MSe 
(present study)

Illegal drugs, psychoactive substances 40 Urine 0.01–7.1 0.02–21

Fig. 3   The chronograms (for flurazepam) of the blank urine sample and the spiked urine samples (concentrations from 25 to 500 ng/mL)

Table 5   Drug screening test results for postmortem urine samples

Sample no Detected drugs Concentration (ng/mL)

1 Risperidone 143
Dihydrocodeine 101

2 Diphenhydramine 215
3 Dihydrocodeine 316

Zopiclone 185

Fig. 4   The chronograms 
obtained by PESI-MS/MS from 
sample 1 (postmortem urine). a 
Risperidone (143 ng/mL) and b 
dihydrocodeine (101 ng/mL) as 
positive results and c etizolam 
as a negative result
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urine samples, resulting in the successful detection of drugs 
in each sample. Quantitative results were automatically 
reported via the built-in software, and chronograms were 
visually understandable. Since the RaDPi-U is a highly user-
friendly technique, it will be useful as the rapid-fire drug 
screening method not only in the forensic fields but also in 
clinical toxicology. Further, we have implemented an analy-
sis pipeline for multivariate analysis and the data visualiza-
tion of the multivariate data acquired with PESI-MS/MS 
[45]; thus, the data obtained with the present method can be 
linked to similar rapid data analysis in the future.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00216-​024-​05215-x.
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