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1 Abstract

The use of synthetic stimulants, including designer cathinones, remains a significant concern 

worldwide. Thus, the detection and identification of synthetic cathinones in biological 

matrices is of paramount importance for clinical and forensic laboratories. In this study, 

distribution of mephedrone and its metabolites was investigated in fingerprints. Following a 

controlled human mephedrone administration (100 mg nasally insufflated), two mass 

spectrometry-based methods for fingerprint analysis have been evaluated. The samples 

deposited on triangular pieces of chromatography paper were directly analysed under 

ambient conditions by paper spray-mass spectrometry (PS-MS) while those deposited on 

glass cover slips were extracted and analysed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). The LC-MS/MS method was 5-6 times more sensitive than PS-MS 

but required sample preparation and longer analysis time. Mephedrone was detected in 62% 

and in 38% of all post-administration samples analysed by LC-MS/MS and PS-MS, respectively. 

Nor-mephedrone was the only metabolite detected in 3.8% of all samples analysed by LC-

MS/MS. A large inter- and intra-subject variation was observed for mephedrone which may 

be due to several factors, such as the applied finger pressure, angle and duration of contact 

with the deposition surface and inability to control the ‘amount’ of collected fingerprint 

deposits. Until these limitations are addressed, we suggest that the sole use of fingerprints 

can be a useful diagnostic tool in qualitative rather than quantitative analysis, and requires a 

confirmatory analysis in a different biological matrix.

2 Introduction

Over the last decade there has been an unprecedented rise in the number of new 

psychoactive substances (NPS) 1,2, which has been associated with an increase in NPS related 

deaths in the United Kingdom (UK) 3. Mephedrone (4-methylmethcathinone) is a synthetic 

cathinone known for its psychostimulant properties 4–6. Synthetic or substituted cathinones, 

which are naturally present in the leaves of Catha edulis (Khat), are one of the biggest groups 

of NPS. Even though mephedrone use has declined since its ban in April 2010 in the UK, it 

constitutes an important prototype designer drug which has paved the way for the 
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development of many new stimulant analogues. Mephedrone has been previously detected 

in human plasma and urine samples collected from controlled administration studies and 

analysed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 7,8 and gas 

chromatography-mass spectrometry 9. However, to date no studies have been conducted to 

evaluate the distribution of mephedrone and its metabolites in fingerprints.

Fingerprints are an attractive matrix in drug testing because its collection is non-invasive, easy 

and quick. In addition, storage, transportation and disposal of fingerprints is relatively simple 

compared with the more traditional matrices (blood and urine), which need to be treated as 

biological hazards. However, fingerprints are potentially more susceptible to environmental 

contamination making proof of administration difficult unless unique biotransformative 

products are detected. Fingerprint deposits contain a mixture of external contaminants (e.g. 

dirt, make-up, moisturisers), sebum (from touching the face where sebaceous glands are 

present) and eccrine sweat 10. Drugs can be detected in sweat but the exact mechanism 

describing their incorporation into this matrix is poorly understood. The mechanism is 

thought to take place via passive diffusion (from blood into sweat glands) or via transdermal 

migration of drugs across the skin 11–13.

A number of studies have previously reported the detection of illicit drugs (either parent, 

Phase I or Phase II metabolites) in fingerprints by several different methods, including the use 

of spectroscopy 14,15, immunoassays 16–18 and LC-MS/MS 19,20. However, spectroscopic- and 

antibody-based techniques lack analytical selectivity while LC-MS/MS requires lengthy 

sample preparation. Drug metabolites have also been detected in fingerprints using surface 

mass spectrometry methods, including desorption ionisation, matrix assisted ionisation and 

liquid extraction surface analysis 21,22. Compared to LC-MS/MS, these techniques allow rapid 

sampling of a fingerprint without prior sample preparation. A drawback of these approaches 

is the fact that to carry out a rapid analysis, only a small area of the fingerprint is sampled. In 

contrast, paper spray-mass spectrometry (PS-MS) is a direct mass spectrometry technique 

that samples a whole fingerprint. Like surface mass spectrometry methods, PS-MS does not 

require any sample preparation or chromatography prior to analysis, making the total analysis 

time shorter which greatly reduces costs. PS-MS, first described by Wang et al. 23, uses a paper 

Page 3 of 30 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 K
in

gs
 C

ol
le

ge
 L

on
do

n 
on

 2
/2

8/
20

20
 7

:2
8:

43
 A

M
. 

View Article Online
DOI: 10.1039/C9AN02477H

https://doi.org/10.1039/c9an02477h


Page | 4

substrate where the sample is deposited and onto which a spray solvent and voltage is 

applied. This causes analytes to be swept from the paper and ionised at the tip of the paper 

before being transferred into the mass spectrometer. In a recent study, cocaine and its 

metabolites were detected for the first-time in fingerprints using PS-MS 24. The authors also 

showed that it was feasible to develop the fingerprint ridge detail prior to the PS-MS analysis 
24. The same authors have recently demonstrated feasibility for a two-step process whereby 

a fingerprint sample is first screened using PS-MS and then confirmed using LC-MS/MS 25.

Herein, we evaluate for the first-time two methods developed for the detection of 

mephedrone and its Phase I metabolites (Figure 1) in fingerprints: Quadrupole-Orbitrap 

PS-MS and triple quadrupole LC-MS/MS. To our knowledge, this is also the first reported study 

describing the detection of mephedrone and its metabolites in fingerprints following a 

controlled human administration.

[FIGURE 1. Mephedrone and five of its Phase I metabolites]

3 Experimental

3.1 Reagents

Mephedrone hydrochloride, dihydro-mephedrone hydrochloride (DHM), mephedrone-d3 

hydrochloride (MEPH-d3; deuterium labels present on the N-methyl moiety), 

dihydro-mephedrone-d3 hydrochloride (DHM-d3; deuterium labels present on the N-methyl 

moiety) were purchased from Sigma-Aldrich (Dorset, UK). Nor-mephedrone hydrochloride 

(NOR) and mephedrone hydrochloride (MEPH) in powder form used for the human 

administration were purchased from Chiron (Trondheim, Norway). Mephedrone 

hydrochloride was supplied as a racemic mixture with reported purity of 96.3 ± 0.5%. 

Hydroxytolyl-mephedrone hydrochloride (HYDROXY), 4-carboxy-mephedrone hydrochloride 

(4-CARBOXY) were purchased from LGC Standards (Bury, UK). Mephedrone, MEPH-d3, DHM, 
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DHM-d3 were purchased as certified reference materials. All reference standards were 

analysed in-house to verify their chemical structure. The synthesis of dihydro-nor-

mephedrone (DHNM) has been described in the literature before 26.

All solvents were HPLC grade unless stated otherwise. Methanol (MeOH), acetonitrile (ACN; 

LC-MS grade for the preparation of the mobile phase on the LC-MS/MS and HPLC grade for 

other uses), hydrochloric acid, formic acid and acetic acid were purchased from Fisher 

Scientific (Loughborough, UK). Ultrapure water (18 MΩcm) was prepared on an ELGA Purelab 

Maxima HPLC water purification system (High Wycombe, UK). For the PS-MS work, ultrapure 

water was purchased from Fisher Scientific (Loughborough, UK). 

3.2 Blank matrix collection

‘Blank’ fingerprints were collected from drug-free volunteers according to the ethical 

approval granted by the Research Ethics Committee at King’s College London (HR 16/17 

4237). Fingertips were wiped with an ethanol wipe and allowed to dry for 10 min. Glass cover 

slips (15 mm in diameter) were placed inside clean weighing boats (used as a support aid) and 

fingerprints were deposited on the surface of the cover slips.

For the paper spray analysis, fingerprint samples were collected onto a paper substrate 

(Whatman Grade 1 chromatography paper). The paper substrate was cut into a triangular 

area (1.6 cm base and 2.1 cm height) with a rectangular extension used to tape the samples 

to a support slide and removed prior to analysis as described before 24. The substrates were 

washed with 0.1% hydrochloric acid followed by MeOH:water (50:50 v/v), air dried and 

flattened before the analysis. To test for isobaric interferences from other components 

present in the fingerprints of non-drug users, fingerprints were collected as presented 

(without hand washing) from 40 volunteers from the University of Surrey, who claimed to be 

non-drug users.

Page 5 of 30 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 K
in

gs
 C

ol
le

ge
 L

on
do

n 
on

 2
/2

8/
20

20
 7

:2
8:

43
 A

M
. 

View Article Online
DOI: 10.1039/C9AN02477H

https://doi.org/10.1039/c9an02477h


Page | 6

3.3 Volunteer administration study and sample collection

Fingerprints were collected as part of the mephedrone administration study which was fully 

approved by the Riverside National Research Ethics Service (16/LO/1342). Six healthy male 

volunteers were recruited into the study where they nasally insufflated 100 mg of 

mephedrone hydrochloride (informed consent was obtained from all human subjects). The 

volunteers attended a screening assessment to ensure they met the inclusion criteria and 

provided a urine sample to confirm that they were drug free before the mephedrone 

administration day. The urine sample was analysed using a standard stimulant (including 

mephedrone) screen at Abbott (see Section 5 in Supplementary Information for further 

details). On the administration day, participants were asked to wear a disposable gown over 

their clothes, a pair of gloves and a hair cap while they self-administered a single dose of 100 

mg mephedrone powder by nasal insufflation. This was done in a different room to the main 

study room used for subsequent sample collection to minimise contamination. Participants 

were then asked to wash their hands and face with ethanol wipes and were taken back to the 

main study room where fingerprints were collected.

Fingerprints were collected from each finger (labelled as F1-F5, where F1 was the thumb and 

F5 was the little finger) of the right hand from the 6 participants (referred to here as M1-M6) 

at -10 min (before administration), 10 min, 20 min, 45 min, 90 min, 3 h, 5 h, Day 2 and Day 3 

post drug administration (fingers were not rubbed together). Before the -10 min and 10 min 

sample collection, fingertips were wiped with an ethanol wipe and allowed to dry. Fingertips 

were only cleaned at these two timepoints to remove external contamination at the -10 min 

sample collection and at 10 min to wash off any residual mephedrone powder that might have 

been accidently picked up by the participants (e.g. by wiping their nose) after nasal 

insufflation. Natural sweat excretions were collected at the other timepoints. Participants 

stayed in the room from the beginning of the study until 5 h (except for toilet breaks) and 

conducted normal daily tasks, such as reading, eating and working on their laptops. 

Fingerprints were deposited on clean glass cover slips (as described in 3.2), which were then 

stored in individual 20 mL scintillation vials. On three occasions when glass cover slips broke 
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under applied pressure, broken cover slips were transferred into scintillation vials and 

extracted. At each timepoint an additional fingerprint was collected onto triangular pieces of 

chromatography paper placed on top of a scale. Participants were asked to push down on the 

piece of paper for 10 s to give pressure between 800-1200 g, similarly to the method 

described before 24. These samples were only collected from M4-M6 from the thumb and the 

index finger. All sample were stored dessicated at -20°C for approximately 1 week before 

analysis.

3.4 Calibration standards and quality control (QC) samples

For the LC-MS/MS method, calibration standards containing MEPH, DHNM and NOR at 0.2, 1, 

5, 10, 20, 40, 50 ng/mL; HYDROXY and 4-CARBOXY at 0.1, 1, 5, 10, 20, 40, 50 ng/mL; and DHM 

at 0.16, 0.5, 1, 5, 10, 25, 50 ng/mL were prepared in MeOH. Fingerprints from drug-free 

volunteers were deposited on glass cover slips as described above. One hundred microliters 

of each calibration standard was aliquoted onto cover slips and was allowed to dry. QC Low 

(0.8 ng/mL for MEPH, DHNM, NOR; 0.5 ng/mL for HYDROXY and 4-CARBOXY; and 0.4 ng/mL 

for DHM), QC Med (10 ng/mL for MEPH, DHNM, NOR, HYDROXY, 4-CARBOXY; 5 ng/mL for 

DHM) and QC High (40 ng/mL for all analytes) were prepared in the same way as calibration 

standards. Internal standard (IS) containing MEPH-d3 and DHM-d3 at 250 ng/mL was prepared 

in MeOH.

For the PS-MS method, calibration standards containing MEPH and DHM at 5, 10, 20, 40, 50, 

60, 80, 100, 200, 300 ng/mL were prepared in MeOH. IS containing MEPH-d3 and DHM-d3 at 

50 ng/mL was also prepared in MeOH. Five microliters of each calibration standard were 

spotted on the paper substrate and were dried for 2 min. Two quality control samples 

(corresponding to 500 pg and 1500 pg per fingerprint) were prepared in the same way as 

calibration standards. 

3.5 Sample preparation – glass cover slips

Fifty microliters of IS was aliquoted on the cover slips and was allowed to evaporate. Glass 

cover slips were then transferred into scintillation vials and 300 µL of 0.2% formic acid in 
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ACN:Water (90:10 v/v) was added. Vials were sonicated for 7 min at 35 kHz and vortex mixed 

for 30 s at 1200 rpm on a Thermomixer Comfort (Eppendorf, UK). The solvent was transferred 

into clean 1.5 mL Eppendorf tubes and was evaporated under vacuum at 45˚C. Samples were 

reconstituted with 100 µL of 0.1% formic acid in ACN:Water (10:90 v/v).

Due to the nature of fingerprint collection, dilution was impractical at the beginning of an 

extraction. Therefore, dilution was performed after sample reconstitution when an 

appropriate volume of the reconstituted sample was diluted 1 in 100 in the reconstitution 

solvent. Where dilution was required, 3 additional QCs were extracted and diluted in the same 

manner.

3.6 Sample preparation – paper spray

PS-MS analysis was carried out using a custom-made paper spray source built at the Surrey 

Ion Beam Centre as described before 24. A sample (a fingerprint, 5 µL of a calibration standard 

or a QC) was loaded onto the paper substrate followed by the addition of 5 µL of the IS 

solution. The moist paper was then air dried for 2 min before being placed on top of a glass 

slide and under a folded piece of aluminium foil. Both the glass slide and aluminium foil were 

replaced for each consecutive measurement to avoid carryover. Fifty microliters of 0.1% 

formic acid in ACN was then aliquoted onto the paper and a voltage of 4 kV was applied to 

the paper spray source.

3.7 LC-MS/MS conditions

The analysis was performed by LC-MS/MS using a Waters Acquity ultra performance liquid 

chromatograph system equipped with a CTC 2777 open architecture autosampler (Waters, 

UK) and coupled to a Waters Xevo TQ-S triple quadrupole mass spectrometer (Manchester, 

UK).

Chromatographic separation was performed on a 2.1 mm x 150 mm Selectra® column 

containing a 1.8 µm pentafluorophenylpropyl phase (UCT, US). The column was held at 60°C. 

The strong needle wash was 0.3% formic acid in MeOH and the weak needle wash was 0.01% 
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formic acid in acetonitrile:water (10:90 v/v). The flow rate was 0.5 mL/min with 0.3% formic 

acid in water as mobile phase A and 0.3% formic acid in acetonitrile as mobile phase B. The 

start of the gradient was at 85% mobile phase A. Mobile phase B was then increased to 55% 

over 11 min and was held for 2 min. Over the next 0.5 min the gradient returned to the 

starting condition and the column was re-equilibrated at 85% mobile phase A for the 

remaining 1.5 min. The total run time was 15 min. The injection volume was 20 µL and the 

data was acquired using MassLynx software (version 4.1). TargetLynx (version 4.1) was used 

for data processing and quantification.

Extracted samples were analysed using electrospray ionisation (ESI) operated in positive ion 

mode. The source temperature was set to 150°C. The desolvation gas flow rate was 1000 L/h 

at a temperature of 500˚C, capillary voltage was set to 2.22 kV, cone voltage was 45 V and 

source offset was 84 V. The cone gas flow rate was set to 150 L/h, the nebuliser gas flow was 

7.00 bar and the collision gas flow rate was 0.25 mL/min. Mephedrone metabolites and 

deuterated internal standards were monitored using selected reaction monitoring (SRM) as 

detailed in Table 1. In order to maximise sensitivity, all analytes except for 4-CARBOXY and 

HYDROXY had their dehydration products chosen as target precursor ions due to significant 

in-source fragmentation which is commonly observed in synthetic cathinones 26–28.

[TABLE 1.]

3.8 PS-MS conditions

The paper spray source was coupled to a Q-Exactive Plus Orbitrap hybrid mass spectrometer 

(Thermo Fisher Scientific, UK). The capillary temperature (300°C) and S-lens RF level (50.0) 

were optimised using ESI based on the parameters that produced the highest protonated ion 

counts of analytes. The mass spectrometry parameters are further documented in the 

Supplementary Information (Section 3). Data acquisition was carried out for 0.5 min in full 

scan mode (m/z 66.7-500) for quantitative analysis, followed by 0.5 min in MS/MS mode to 

qualitatively confirm peak assignment with a stepped normalised collision energy of 30, 60, 

and 90. Fragment ions used for confirmation of each analyte are presented in Table 2. All 
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spectra were analysed using Xcalibur software (version 4.1, Thermo Fisher Scientific). 

Example mass spectra of each analyte and their respective fragment ions are presented in the 

Supplementary Information (Section 4).

[Table 2.]

3.9 Method validation

Validation experiments determined selectivity, linearity, inter- and intra-day precision and 

accuracy, limit of detection (LOD), lower limit of quantification (LLOQ), recovery (only LC-

MS/MS method), matrix effect, dilution integrity (only LC-MS/MS method) and carryover. The 

LC-MS/MS method was validated for all analytes presented in Figure 1 according to the Food 

and Drug Administration guidelines 29 and recommendations published by Peters et al. 30 The 

PS-MS method was validated only for mephedrone and DHM because the only two matching 

deuterated internal standards available at the time of analysis were MEPH-d3 and DHM-d3. 

Moreover, PS-MS validation assessed initial method capabilities based on 3 replicate 

measurements and an allowed deviation of ± 20% as published before 24,25.

3.9.1 Selectivity

For the LC-MS/MS method, selectivity was assessed by analysing 6 blank fingerprints collected 

from 3 drug-free female and 3 drug-free male donors. For the PS-MS method, selectivity was 

assessed by analysing 40 fingerprint samples collected from non-drug users as described in 

3.2.

3.9.2 Linearity

For the LC-MS/MS method, matrix-matched calibration curve was prepared by aliquoting 

appropriate solutions on the cover slips containing drug-free matrix. Each calibration 

standard was required to be within ± 15% of its target concentration, except at the lowest 

level of quantification (LLOQ) where ± 20% variation was allowed. The correlation coefficient 

(r2) of the line had to be at least 0.990. A linear regression model with a weighing of 1/x was 

applied to all calibration curves.
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For the PS-MS method, each QC was required to be within ± 20% of its target concentration. 

A linear regression model without a weighing factor was applied to all calibration curves.

3.9.3 LOD and LLOQ

For the LC-MS/MS method, the LOD for each analyte in a matrix was defined as the lowest 

concentration where all three ions (two qualifiers and one quantifier) were present with a 

signal-to-noise equal to or greater than 3. The LLOQ was defined as the lowest concentration 

at which analytes (detected in the full scan mode) could be quantified with an acceptable 

precision and accuracy. The upper limit of quantification was defined as the highest 

concentration of a calibration standard, which could be determined with an acceptable 

accuracy and precision without saturating the instrument signal.

For the PS-MS method, LOD and LLOQ were established by running calibration standards from 

the highest concentration to the lowest concentration until the signal-to-noise was equal or 

greater than 3 and 10, respectively. Blank measurements were taken between calibration 

standards and no carry-over was observed.

3.9.4 Precision and accuracy

For the LC-MS/MS method, intra-day (n=6) and inter-day (n=3) precision and accuracy was 

determined by employing QC samples spiked at low (Low), medium (Med), and high (High) 

concentrations. Intra-day precision was calculated using six replicates obtained on the same 

day and expressed as a coefficient of variation (%CV). Accuracy was calculated by dividing the 

mean measured concentration at each QC level by the theoretical spiked concentration and 

expressed as a percentage of the theoretical spiked concentration. Inter-day precision was 

evaluated for each QC level on three different days and expressed as %CV. According to the 

validation guidelines 29,30 the mean value should be within 15% of the true value, except for 

the LLOQ where it should be within 20% of the true value.

For the PS-MS method, two QCs were prepared at 100 ng/mL (QC Low) and 300 ng/mL (QC 

High) and were analysed in triplicate on each day (n=3). Values of ± 20% were deemed 

acceptable.
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3.9.5 Recovery

For the LC-MS/MS method, blank matrix samples (n=6) were spiked at QC Low and QC High 

level and were taken through the extraction. In parallel, another set of blank matrix samples 

(n=6) was extracted and spiked after the evaporation step at QC Low and QC High level. 

Recovery was expressed as a percentage by comparing the absolute peak areas of the samples 

spiked before extraction with samples spiked after extraction.

For the PS-MS method, recovery was not calculated because the method does not involve a 

sample preparation step. 

3.9.6 Matrix effect

For the LC-MS/MS method, the IS-corrected matrix effect was evaluated. A set of blank matrix 

samples (n=6 from three female and three male individuals) and a set of clean cover slips (no 

matrix, n=6) was taken through the extraction. All samples were reconstituted with a solution 

containing known amounts of the IS and analytes at QC Low and QC High levels. Matrix effect 

was evaluated by comparing peak area ratios in blank matrix samples spiked after extraction 

with peak area ratios in clean cover slips spiked after extraction.

For the PS-MS method, fingerprints from right thumb (RT), right index (RI) and 5 overlaid 

fingerprints from a male and a female donor were compared to a standard prepared at 

50 ng/mL in MeOH (n=3) and analysed in the absence of a fingerprint.

3.9.7 Carryover

For the LC-MS/MS method, carryover was assessed by injecting methanol blanks after the 

highest calibration standard.

For the PS-MS method, carryover was assessed by spotting the extracting solvent, 0.1% formic 

acid in ACN, on paper and analysing it after each set of calibration standards.  
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3.9.8 Dilution integrity

Dilution integrity was only assessed for mephedrone (LC-MS/MS method only). IS was 

prepared at 250 ng/mL to allow 1 in 100 dilution after sample reconstitution.

3.9.9 Stability

Stability of mephedrone and DHM on a paper substrate and in the presence of a fingerprint 

was assessed. A solution prepared at 50 ng/mL in MeOH was spotted onto paper containing 

a single fingerprint. Samples (n=3 per condition) were stored in the fridge at +5ᵒC and in the 

freezer at -20ᵒC for 1 week and 4 weeks and were compared to a freshly made solution.

4 Results

4.1 Method validation

Method validation results are presented in the Supplementary Information, except for the 

LOD and LLOQ results which are shown in Table 3. Briefly, the intra- and inter-day precision 

were within ± 15% and ± 20% of the true value when analysed by LC-MS/MS and PS-MS, 

respectively. Linearity was also assessed on both instruments. On PS-MS calibration line gave 

r2 > 0.990 while on LC-MS/MS mean linearity of r2 > 0.996 was achieved for all analytes. 

Carryover was not observed while matrix effect was within ± 7.3% and ± 13% on LC-MS/MS 

and PS-MS, respectively.

On PS-MS, LOD was found to be 25 pg/fingerprint for MPEH and DHM. On LC-MS/MS, LOD of 

5 pg/fingerprint (LLOQ of 20 pg/fingerprint) was achieved for mephedrone, NOR and DHNM. 

LOD of 4 pg/fingerprint and LLOQ of 16 pg/fingerprint were achieved for DHM. The lowest 

LOD of 2.5 pg/fingerprint and LLOQ of 10 pg/fingerprint were achieved for HYDROXY and 4-

CARBOXY. Table 3 compares the LOD, LLOQ and calibration range between the two methods. 

LOD and LLOQ achieved on PS-MS are only shown for mephedrone and DHM because other 

analytes were not analysed by his method.
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[TABLE 3.]

4.2 Detection of mephedrone and its metabolites in fingerprints by 

LC-MS/MS

Mephedrone was detected in 163 (62%) of the 264 fingerprints collected from 10 min until 

Day 3 and in the fingerprint from at least one fingerprint in all six participants (Figure 2). 

Mephedrone concentrations detected in fingerprints ranged from 23.5 pg/fingerprint to 479 

ng/fingerprint. Mephedrone was first detected at 10 min in M1 in all fingers except F5, in M2 

and M3 in all fingers, in M5 in all fingers except F2 and in M6 in F1 and F5 only. In M4 

mephedrone was detected after 10 min in F3, after 90 min in F2 and F4, and after 3 h in F1. 

In F5 mephedrone was only detected at 3 h. The last detected concentration was determined 

at the assay LOD of 5 pg/fingerprint and was observed between 5 h and Day 3 in M1-M6, 

except for F5 in M4 where it was observed at 3 h. Mephedrone was detected above the LOD 

in 11 (37%) fingerprints collected on Day 2 and in 7 (23%) fingerprints collected on Day 3. The 

analyte was present in 29 out of 30 (97%) fingerprints collected at 5 h, the exception being F5 

in M4.

[FIGURE 2. Concentration of mephedrone in A) M1, B) M2, C) M3, D) M4, E) M5, F) 
M6 in fingerprints (F1-F5) collected onto glass cover slips]

NOR was detected in 7 (2.7%) fingerprints above the LLOQ (20 pg/fingerprint) and in 10 (3.8%) 

fingerprints above the LOD of 5 pg/fingerprint in M1 and M2 only (Table 4). HYDROXY was 

only detected in M1 F1 at 20 min at 39.9 pg/fingerprint (LLOQ of 10 pg/fingerprint). Other 

analytes were not detected.

[TABLE 4.]
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4.3 Detection of mephedrone and its metabolites in fingerprints by PS-MS

Following the analysis of fingerprints from 40 non-drug users, interferences were not 

observed (data not shown). Figure 3 shows the mass per fingerprint of mephedrone detected 

at different timepoints in fingerprints collected from three participants (M4-M6). 

Mephedrone was detected between 0.03 ng and 0.4 ng in fingerprints collected from each 

participant, with the time window of detection having some degree of inter-subject 

variability.

[FIGURE 3. Concentration of mephedrone in A) M4, B) M5, C) M6 in fingerprints 
collected onto triangular piece of chromatography paper from each fingerprint (F1-

F2; note that 10 min and 20 min samples were not collected from M5)]

5 Discussion

5.1 Method comparison

Both methods were successfully validated for quantification of mephedrone and its Phase I 

metabolites in fingerprints. LC-MS/MS was 5-6 times more sensitive than PS-MS, with the 

biggest sensitivity difference observed for DHM. However, PS-MS offered faster analysis than 

LC-MS/MS which required sample preparation and a 15 min chromatographic run.

A direct comparison of the sensitivity offered by the two methods is complex because they 

differ in sample preparation, ionisation sources, modes of operation and employed mass 

analysers. Nevertheless, it is expected that PS-MS will offer advantages to laboratories 

wishing to specialise in rapid screening of fingerprints. The sensitivity of PS-MS may be further 

enhanced by coupling a PS source (now commercially available) to a triple quadrupole mass 

analyser.

Even though the PS-MS methodology will require more extensive validation to be fully 

implemented in clinical and forensic laboratories, we have shown its potential feasibility in 
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detecting low levels of mephedrone in fingerprints under ambient ionisation conditions and 

without the need for sample preparation.

5.2 Detected analytes

Mephedrone and NOR were found above the LOD in 62% and 3.8%, respectively, of all 

fingerprints collected on glass cover slips. Mephedrone was detected above the LOD in 42% 

of all samples analysed by PS-MS but the metabolites were not detected. Fingerprints 

collected at the same timepoints by both methods resulted in considerably different 

concentrations. In general, samples collected on glass cover slips and analysed by LC-MS/MS 

showed greater mephedrone concentrations and were detected in samples, such as M6 3 h 

in the thumb, where the analyte was not detected on paper analysed by PS-MS.

The parent drug is expected to be found in fingerprints but some of its more polar metabolites 

may not effectively incorporate into sweat. This has been reported in other studies where the 

analysis of fingerprints from drug users (methamphetamine) 31 or from a controlled 

administration (cocaine, codeine) 32 resulted in the parent drug being detected at high 

concentrations in the samples whereas the metabolite(s) were not detected or were detected 

at much lower concentrations. The evidential value of fingerprints where metabolites are not 

detected is questionable because it does not exclude the possibility of external 

contamination. However, in this study the possibility of environmental contamination was 

assessed based on 40 fingerprints collected from non-drug users which demonstrated the 

absence of notable interferences. This shows that a fingerprint test for mephedrone use 

might still be an effective screening tool, backed up by a whole blood, urine or oral fluid test 

if a confirmatory analysis is required. Moreover, we hypothesise that a relatively low dose of 

administrated mephedrone contributed to the low detectability of its metabolites in the 

samples. Mephedrone users report taking 100-200 mg every hour or two hours, such that 

they use up to 1 g or more per “session” 4,33. It is therefore likely that in high-dose clinical or 

forensic cases of mephedrone abuse our method would demonstrate the presence of both 

parent and one (or potentially more) of its metabolites. This is particularly important with 

respect to the less sensitive PS-MS method, presumably due to the lack of sample 

Page 16 of 30Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 K
in

gs
 C

ol
le

ge
 L

on
do

n 
on

 2
/2

8/
20

20
 7

:2
8:

43
 A

M
. 

View Article Online
DOI: 10.1039/C9AN02477H

https://doi.org/10.1039/c9an02477h


Page | 17

preparation, and the use of an Orbitrap rather than a triple quadrupole mass analyser in SRM 

mode.

Mephedrone was not detectable in Day 2 fingerprints analysed by PS-MS but was present in 

one sample from the index finger on Day 3 of donor M6. It is unclear whether this is the result 

of external contamination (the hands were not immediately cleaned prior to sample 

collection on Days 2 or Day 3 to avoid loss of excreted analytes). Previous work by Ismail et 

al., Costa et al. and Jang et al. have demonstrated the need for a sampling strategy that 

reduces external contamination for fingerprint collection 34–36. Glass cover slips offered better 

detectability on Day 2 and Day 3 where 37% and 23% of all samples, respectively, were 

detected above the LOD. Low detectability of the analytes on Day 2 and Day 3 by PS-MS might 

be due to the instrument not being as sensitive as LC-MS/MS. The LOD achieved for 

mephedrone on LC-MS/MS was 5 pg/fingerprint which is five times lower than the LOD on 

PS-MS. Additionally, analyte instability described in Supplementary Information (Section 2.7) 

might have affected detectability of the analytes and so faster analysis time would be 

recommended in the future.

5.3 Inter- and intra-subject variability

A large inter- and intra-subject variability in mephedrone concentrations was observed. There 

are several factors which could have contributed to the variability in this study. The difference 

in the pressure applied during fingerprint deposition (glass cover slips only), the angle and 

duration of contact with glass cover slips were not controlled but have been shown to greatly 

vary between individuals or even between samples collected from the same individual on 

different occasions 10,37.

Several strategies could be employed to help overcome these limitations in future studies as 

well as in clinical or forensic practice. The pressure at which fingerprints were deposited on 

the glass cover slips was not controlled in this study, and even in the case of the triangular 

pieces of chromatography paper where it was controlled it was difficult to maintain constant 

pressure within the 400-1000 g range. A more robust method was developed by Fieldhouse 

who designed a device where a finger is placed on a slide and is pressed down with constant 
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pressure from above for a required duration. The device produced reproducible and 

consistent results within and between participants and improved the quality of the deposited 

marks 37,38. Moreover, compounds found in high abundance in fingerprint-derived sweat, 

such as creatinine or serine, could be measured alongside analytes of interest as 

demonstrated by Goucher et al 20. For example, concentration of creatinine in human sweat 

has been reported to be directly proportional to the concentration in plasma. Therefore, 

when a drug or its metabolite passes from whole blood into sweat, the ratio of drug to 

creatinine would be independent of the amount of fingerprint deposits deposited on a glass 

cover slip. Targeting endogenous compounds present in sweat would also demonstrate that 

sweat was deposited on the collection device, which could help explain situations like the one 

observed in this study for M3 F5 where the mephedrone concentration dropped at 90 min to 

0.110 ng/fingerprint and increased to 0.351 ng/fingerprint at 3 h (Figure 2C).

Interestingly, the highest mephedrone concentration between 10 min and 5 h from the glass 

cover slips was detected in the thumbs (F1). This might be linked to the ‘amount’ of fingerprint 

deposits collected due to their larger surface area and/or to the higher pressure applied 34. 

Mephedrone concentrations were lower in index fingers (F2) compared to thumbs but were 

considerably higher than those in middle (F3), ring (F4) and little fingers (F5), which could be 

due to the index finger being a more dominant finger with more muscle strength. We did not 

observe higher mephedrone concentrations in the thumbs compared to the index fingers 

from the samples collected on the triangular pieces of chromatography paper, which suggests 

that the deposition surface may also play a role in analyte retention.  

Excessive sweating following drug use can influence the volume of excreted sweat which may 

impact the results of fingerprint analysis. Mephedrone is a sympathomimetic drug which is 

expected to increase sweating. Sweating was reported in the first published case of 

analytically confirmed acute mephedrone toxicity 39 and in 5-10% of 150 acute mephedrone 

toxicity calls to the Swedish Poisons Information Centre 40,41. However, it is not known what 

the overall effect of mephedrone or other sympathomimetic drugs is on the sweat gland 

function and how it impacts their concentration in this matrix, which may ultimately impact 

the analysis of fingerprints, too.  
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5.4 Comparison of the collection devices

Even though fingerprints collection onto glass cover slips is an easy and quick process, some 

problems were encountered during the study. Glass cover slips are very thin and fragile. They 

broke on three occasions under excessive pressure applied during fingerprint deposition. 

Moreover, glass cover slips had to be transferred from the weighing boats into scintillation 

vials which made them likely to be dropped in the process. On the other hand, fingerprint 

collection on paper was more convenient but the preparation of the triangular pieces of 

chromatography paper was more time consuming. In addition, a direct imaging of the 

fingerprint ridge detail cannot be performed on paper without the use of chemical reagents.

6 Conclusion

To our knowledge this is the first study which evaluates two methods (Quadrupole-Orbitrap 

PS-MS and triple quadrupole LC-MS/MS) developed for the detection of mephedrone and its 

Phase I metabolites in fingerprints collected from a controlled human administration. A 

relatively small dose of administered mephedrone coupled with analyte detection in 

individual fingerprints resulted in only mephedrone and NOR being detected above the LOD 

by LC-MS/MS. Fingerprints analysed by PS-MS were positive for mephedrone, however, its 

metabolites were not detected. 

Inter- and intra-subject variability was observed which can be attributed to the differences in 

pressure applied during fingerprint deposition, the angle and duration of contact with the 

deposition surface coupled with the inability to control the ‘amount’ of collected fingerprint 

deposits.

Fingerprint deposits are an attractive matrix for use in clinical and forensic settings but given 

its current limitations we suggest they should be used for qualitative rather than quantitative 

analysis until practical solutions to the problems discussed in the paper are found.
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Table 1. The retention time, SRM transitions and collision energy for each ion on Xevo TQ-S; 
* denotes a quantifying transition

Table 2. Target analytes with their protonated mass (m/z) and their respective main fragment 
ions (m/z) on Q-Exactive

Table 3. Comparison of the LOD (in pg/fingerprint), LLOQ (in pg/fingerprint) and calibration 
range (in ng/fingerprint) between LC-MS/MS and PS-MS; ND – not determined

Table 4. NOR concentrations (in pg/fingerprint) detected above the LLOQ of 20 pg/fingerprint 
and LOD of 5 pg/fingerprint (ticks) in fingerprints (F1-F5) collected from M1 and M2; ND – not 
detected
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Table 1. The retention time, SRM transitions and collision energy for each ion on Xevo TQ-S; 

* denotes a quantifying transition

Analyte Retention 
time (min)

Precursor ion 
(m/z)

Product ion 
(m/z)

Collision 
energy (V)

Internal 
standard

145.1* 15

144.1 33MEPH 5.85 160.4

91.1 28

MEPH-d3

MEPH-d3 5.85 163.4 148.4 19

147.3* 19

131.4 17DHM 5.38 162.4

91.3 26

DHM-d3

DHM-d3 5.38 165.4 150.3 18

131.1 25

130.1* 25NOR 5.00 146.0

119.0 15

MEPH-d3

158.1 17

146.0* 17HYDROXY 1.98 194.1

131.1 23

DHM-d3

146.0* 13

208.0 144.1 284-CARBOXY 2.06

130.1 31

DHM-d3

131.1* 13

148.1 116.2 23DHNM 4.45

91.1 25

DHM-d3

Table 2. Target analytes with their protonated mass (m/z) and their respective main fragment ions 
(m/z) on Q-Exactive

Analyte Precursor ion 
(m/z) Product ion (m/z) Internal standard

MEPH 178.1 160.11
145.09 MEPH-d3

MEPH-d3 181.1 162.13 -
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DHM 180.1 146.10
131.09 DHM-d3

DHM-d3 183.2 131.07 -

 Table 3. Comparison of the LOD (in pg/fingerprint), LLOQ (in pg/fingerprint) and calibration range (in 
ng/fingerprint) between LC-MS/MS and PS-MS; ND – not determined

LC-MS/MS PS-MS

Analyte LOD LLOQ Range LOD LLOQ Range

MEPH 5 20 0.020-50 25 50 0.025-1.5

DHM 4 16 0.016-50 25 50 0.025-1.5

NOR 5 20 0.020-50 ND ND ND

HYDROXY 2.5 10 0.010-50 ND ND ND

4-CARBOXY 2.5 10 0.010-50 ND ND ND

DHNM 5 20 0.020-50 ND ND ND

Table4. NOR concentrations (in pg/fingerprint) detected above the LLOQ of 20 pg/fingerprint and 
LOD of 5 pg/fingerprint (ticks) in fingerprints (F1-F5) collected from M1 and M2; ND – not detected

M1 M2

F1 F2 F3 F4 F5 F1 F2 F3 F4 F5

-10 min ND ND ND ND ND ND ND ND ND ND

10 min ND ND ND ND ND ND ND ND ND ND

20 min 164 ND ND ND ND ND ND ND ND ND

45 min 62.2 ND ND ND ND ND ND ND ND ND

90 min 20.9 ND ND ND ND ✓ 21.4 ND ND ND

3 h ND ND ND ND ND ✓ 21.7 26.0 ND ND

5 h ND ND ND ND ND 29.6 ND ✓ ND ND

Day 2 ND ND ND ND ND ND ND ND ND ND

Day 3 ND ND ND ND ND ND ND ND ND ND
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Mephedrone and five of its Phase I metabolites 
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Concentration of mephedrone in A) M1, B) M2, C) M3, D) M4, E) M5, F) M6 in fingerprints (F1-F5) collected 
onto glass cover slips 
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Concentration of mephedrone in A) M4, B) M5, C) M6 in fingerprints collected onto triangular piece of 
chromatography paper from each fingerprint (F1-F2; note that 10 min and 20 min samples were not 

collected from M5) 
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