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Abstract
Purpose Synthetic cathinones, one of the largest groups of new psychoactive substances, represent a large analytical and 
interpretative challenge in forensic laboratories. Of these is the synthetic cathinones’ instability in different biological sam-
ples, which may lead to drug concentration discrepancies when interpreting toxicological findings. In this study, the stability 
of a panel of synthetic cathinones and their dihydro-metabolites (n = 26) together with internal standard was monitored 
in human whole blood stored at various temperatures over 6 months. The influence of sodium fluoride as a preservative in 
blood collection tubes was also investigated.
Methods Samples were extracted using a two-step liquid-liquid extraction technique, and analyzed using a validated liquid 
chromatography–tandem mass spectrometry method following recommendations of published guidelines.
Results The influence of temperature over analytes’ stability was an important element in whole blood samples, with 
− 40 °C being the best storage temperature for all tested analytes. Sodium fluoride did not significantly affect the stability of 
cathinones except at room temperature. Dihydro-metabolites displayed better stability in whole blood samples and remained 
detectable for a longer period of time under all tested conditions.
Conclusions The data suggest that samples containing synthetic cathinones should be analyzed immediately, if possible. 
Alternatively, whole blood samples should be stored frozen (at − 40 °C or lower); however, (quantitative) results should be 
interpreted with caution after long-term storage. The data also promote the use of dihydro-metabolites as biomarkers for 
synthetic cathinones intake, as these reduced metabolites may be detected for longer period of time when compared with 
parent drugs in whole blood samples.
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Introduction

Synthetic cathinones (SCt), a class of new psychoactive 
substances (NPS), are structurally derived from cathinone, 
which is the principal psychoactive component of the “Khat” 

plant (Catha edulis) [1]. These drugs, also known as “legal 
highs’ since they were initially legal in Europe and the UK, 
are often sold under misleading names like “bath salts”, 
“research chemicals”, or “plant food” [2, 3]. Owing to the 
constant/dynamic evolution of new uncontrolled derivatives 
to replace those controlled by the law, these drugs became 
an attractive alternative to classical stimulant drug users [4]. 
Currently, SCt are one of the largest groups of NPS being 
monitored by the United Nation Office of Drugs and Crime 
(UNODC) [5].

Whole blood is one of the preferred samples in most 
forensic laboratories owing to its ability to reflect the con-
centration of a drug/poison at the time of death or within a 
short time prior to sample collection in life. Recently, Ada-
mowicz [6] reviewed the reported SCt concentrations’ in 
whole blood in both nonfatal intoxications and postmortem 

http://orcid.org/0000-0002-3300-0520
http://crossmark.crossref.org/dialog/?doi=10.1007/s11419-022-00634-w&domain=pdf


82 Forensic Toxicology (2023) 41:81–93

1 3

cases. Among the reviewed cases, 2-methylmethcathinone 
(2-MMC) concentration range in nonfatal cases was 1–13 ng/
mL; 3,4-methylenedioxypyrovalerone (MDPV), 1–8400 ng/
mL; 3,4-methylenedioxy-α-pyrrolidinobutyrophenone 
(MDPBP), 2–92 ng/mL; 3-methylethcathinone (3-MEC), 
32–332  ng/mL; 4-chloroethcathinone (4-CEC), 2  ng/
mL; 4-f luoro-α-pyrrolidinohexanophenone (4-F-
PHP), < 1–28  ng/mL; 4-methylethcathinone (4-MEC), 
28–353 ng/mL; butylone, 250–910 ng/mL, whereas concen-
tration of mephedrone in postmortem cases ranged from 2 
to 22,000 ng/mL; 3,4-dimethylmethcathinone (3,4-DMMC), 
53 to 27,000 ng/mL; MDPV, < 1–29,000 ng/mL; 4-chloro-
α-pyrrolidinovalerophenone (4-Cl-α-PVP), 9 to 11 ng/mL; 
4-F-PHP, 13 ng/mL.

However, drug stability is a concern in blood when com-
pared to other biological specimens owing to the expected 
enzymatic reactions and activity following sampling [7]. 
Indeed, a few days to weeks can pass between sampling and 
analysis mainly due to delay in transportation, other logis-
tical considerations, and laboratory workload. Moreover, 
forensic laboratories have to store evidence after toxicologi-
cal analyses are performed to enable reanalysis if requested 
[7]. Instability of analytes can be problematic in such situa-
tions, and therefore, knowledge of the analytes’ stability in 
biological samples is of great value in forensic cases, since 
it could aid better interpretation of the results.

Various studies have been performed to investigate the 
stability of SCt in whole blood. Glicksberg and Kerrigan 
[8] studied the stability of 22 cathinone derivatives in pre-
served whole blood (1% sodium fluoride as preservative) 
at 32, 20, 4, and − 20 °C for 6 months. They concluded 
that analytes belonging to the group of tertiary amines 
with MD substitution (methylenedioxy-substituted) (e.g., 
MDPV, 3,4-methylenedioxy-α-pyrrolidinobutiophenone) 
were shown to be the most stable at all tested storage 
conditions, with − 20 °C being the optimal storage tem-
perature. Busardò et al. [9], evaluated the importance of 
stabilizers in human whole blood. Mephedrone was stored 
at − 20, 4, and 20 °C for 185 days with different stabiliz-
ers such as sodium fluoride/potassium oxalate (NaF/KOx), 
ethylenediaminetetracetate (EDTA), and without additives. 
Mephedrone was stable at − 20 °C, but greater stability 
was noted with NaF/KOx followed by EDTA, when com-
pared to samples stored without additives. In addition to 
the parent mephedrone, Czerwinska et al. [10] reported the 
stability of five phase I metabolites with dihydro-mephe-
drone and dihydro-normephedrone being the most stable 
in whole blood (containing NaF/KOx) when stored at 4 
and − 20 °C for 10 days. Soh and Elliott [11] reported 
a completed degradation of 4-MEC in whole blood after 
14 days at room temperature (RT), while dihydro-4-MEC 
(following reduction of ketone group) was identified to be 
a breakdown product in this matrix.

Longer stability data of the dihydro-metabo-
lites and other SCt derivatives (e.g., 4-chloroeth-
cathinone, N-ethylhexedrone, 4-methylpentedrone, 
4-f luoro-α-pyrrolidinohexanophenone, 4-chloro-α-
pyrrolidinopropiophenone and 4‐chloro‐α‐pyrrolidino-
valerophenone) in whole blood have not been reported 
before. Additionally, data on the effect of preservative on 
stability of SCt in whole blood are very limited.

This study presents (i) a validated liquid chromatog-
raphy–tandem mass spectrometry (LC–MS/MS) method 
for the detection and quantification of a total of 26 syn-
thetic cathinones and metabolites in human whole blood 
(Fig. 1) and (ii) its application to a 6 month long-term 
stability study of these analytes in whole blood. The stabil-
ity assessed the influence of storage temperatures (room 
temperature, 4, − 20, and − 40 °C) and preservative (with 
and without NaF) under the typical conditions encountered 
in forensic laboratories.

Materials and methods

Chemicals and reagents

Reference standards of 4-CEC, 4-EMC, butylone, dibutyl-
one, ethylone, MDPV, mephedrone, methedrone, methyl-
one, N-ethylhexedrone, N-ethylpentylone, and α-PVP were 
purchased from Chiron (Surrey, UK). 4-MPD, 4-F-PHP, 
4-Cl-α-PPP, and 4-Cl-α-PVP were kindly donated by Tic-
TaC communications (London, UK) and their structures 
were confirmed via high-resolution mass spectrometry 
(HRMS). Internal standard (IS) solution of MDPV-d8 
(0.1 mg/mL) was purchased from Sigma-Aldrich (Dorset, 
UK). All reference standards were obtained as methanolic 
solutions at 1.0 mg/mL, except for mephedrone, 4-MPD, 
4-F-PHP, 4-Cl-α-PPP, and 4-Cl-α-PVP (1 mg of powder). 
Drug-free human whole blood (in 10 mL tubes) (contain-
ing  K2EDTA) was purchased from Cambridge Bioscience 
(Cambridge, UK).

Water was purified on a Milli-Q system (Burlington, 
MA, USA). All solvents were analytical or high-perfor-
mance liquid chromatography (HPLC) grade. Methanol 
(MeOH) and acetonitrile (ACN) were obtained from 
Sigma-Aldrich (Dorset, UK). 1-Chlorobutane and sulphu-
ric acid (≥ 95%) both were obtained from Thermo Fisher 
Scientific (Loughborough, UK).

Preparation of standards and solutions

Mixed analyte working solutions were prepared by dilution 
of reference standards in MeOH to establish calibrators at 
2, 10, 20, 40, 100, 1000, 1500, and 2000 ng/mL. Likewise, 



83Forensic Toxicology (2023) 41:81–93 

1 3

working solutions for the quality controls (QCs) were diluted 
in MeOH at 60, 800, and 1600 ng/mL. The IS solution 
(MDPV-d8) was diluted in MeOH to achieve 2000 ng/mL. 
All solutions were stored at − 20 °C.

Matrix-matched calibration standards consisting of 1, 5, 
10, 20, 50, 150, 500, 750, and 1000 ng/mL were prepared 
by the addition of an appropriate volume of the standard 
working solution to blood. Similarly, QCs at multiple con-
centrations levels, low (30 ng/mL), medium (400 ng/mL), 
and high (800 ng/mL), were prepared by the addition of an 
appropriate volume of the QC working solution to blood. 
An appropriate volume of IS at 2000 ng/mL was added in 

sodium carbonate solution to achieve the final concentration 
of 500 ng/mL.

Synthesis of reduced metabolites

SCt are metabolized to several phase I metabolites, one of 
which is their keto-reduced metabolite (dihydro-), which 
may also be an instability product. However, many such 
metabolites are not commercially available as reference 
standards. Dihydro-metabolites were therefore synthe-
sized from corresponding parent drugs, in which the keto 
(C=O) group was reduced to an alcohol moiety (C–OH) 
following a previously described method [12]. As a proof 

Fig. 1  Chemical structures of 
(1) 4-CEC, (2) 4-Cl-α-PVP, (3) 
4-Cl-α-PPP, (4) 4-EMC, (5) 
4-F-PHP, (6) α-PVP, (7) N-eth-
ylhexedrone, (8) N-ethylpentyl-
one, (9) 4-MPD, (10) butylone, 
(11) dibutylone, (12) ethylone, 
(13) MDPV, (14) mephedrone, 
(15) methedrone, (16) methyl-
one, (17) dihydro-mephedrone, 
(18) dihydro-MDPV, (19) 
dihydro-dibutylone, (20) 
dihydro-4-F-PHP, (21) dihydro-
4-MPD, (22) dihydro-N-ethyl-
hexedrone, (23) dihydro-4-CEC, 
(24) dihydro-4-Cl-α-PPP, (25) 
dihydro-N-ethylpentylone, and 
(26) dihydro-4-EMC involved in 
the study
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of this approach, the reduction of mephedrone to dihy-
dro-mephedrone was studied as a starting analyte and the 
results were compared with the previously published data 
[13]. Briefly, the experimental synthetic procedure was as 
follows: 8 mg of sodium borohydride was added carefully 
and in small portions to a solution of mephedrone (0.4 mg, 
2.25 ×  10–6 mmol) in MeOH (4 mL). The solution was left 
overnight with agitation at room temperature. Then, the 
resultant mixture was dried under vacuum, and the solid 
residue was partitioned in dichloromethane/water (4 mL) 
and the organic layer was extracted (2 × 3 mL of water). 
Thereafter, 20 mg of sodium sulfate were added to the com-
bined and isolated organic layer; the solution was filtered 
and dried under vacuum leading to dihydro-mephedrone 
(0.404 mg, 2.25 ×  10–6 mmol calculated as a theoretical 
100% yield based on literature findings and due to inabil-
ity to accurately measure the amount of product). The solid 
residue was dissolved in 4.04 mL MeOH to achieve an esti-
mated 100 μg/mL stock solution. The product ion spectra 
were in accordance with reported literature, and therefore, 
the method was applied to the following selected analytes: 
dibutylone, 4-CEC, 4-Cl-α-PPP, 4-EMC, N-ethylpentylone, 
MDPV, 4-MPD, N-ethylhexedrone, and 4-F-PHP.

Extraction method

Liquid-liquid extraction (LLE) was performed by the addi-
tion of 0.5 mL of whole blood containing standard/QC into 
15 mL polypropylene falcon tubes and fortified with 0.5 mL 
of 0.2 M sodium carbonate (pH = 10) containing IS. Drug-
free (blank) blood was used for a ‘zero’ blank sample.

Five milliliters of 1-chlorobutane was then added to all 
samples, vortexed for 3 min, and then centrifuged for 5 min 
at 3000 rpm. The supernatant was added to new 15 mL 
polypropylene tubes and back extraction solvent (0.1 mL of 
0.05 M sulphuric acid) was added. Samples were re-mixed 
for 3 min, followed by centrifugation for 5 min at 3000 rpm. 
The supernatant was decanted by freezing the aqueous layer 
and 0.1 mL of the final extract was transferred into an HPLC 
vial for injection.

Instrumental analysis

Analysis of samples was performed on an Acquity  UPLC® 
system (Waters, Manchester, UK) coupled to a Waters Quat-
tro Premier XE™ triple quadrupole (QqQ) mass spectrome-
ter system (Waters) in positive electrospray ionization mode. 
The separation was performed on HSS T3 UPLC analytical 
column (150 × 2.1 mm, 100 Å, 1.8 μm) kept at a temperature 
at 20 °C. A binary gradient system was used to separate 
analytes with mobile phase consisted of ultra-pure water (A) 
and ACN (B), both containing formic acid (0.1% v/v). The 
gradient elution started at 90% A (0–1.80 min), decreased to 

64% A (1.80–6.0 min), and then further decreased to 0% A 
(6.0–9.80 min). This was hold for 1 min (9.80–10.80 min). 
Within 0.1 min A was returned to starting condition, i.e., 
90% (10.80–10.81 min), and maintained until the end of 
the run (10.81–13.00 min) to re-equilibrate the column. The 
flow rate was set at 0.3 mL/min and the injection volume 
was 10 μL.

The electrospray voltage of the mass spectrometer was 
set at 1.5 kV, desolvation temperature at 400 °C, and the 
source temperature at 120 °C. Nitrogen was used as the 
desolvation and the cone gas, which were set at 750 and 
50 L/h, respectively. Argon was used as the collision gas, at 
a flow rate of 0.2 mL/min, which typically gave pressures 
of 2.14 ×  10–3 mbar. Tandem mass spectrometry data were 
collected in multiple reaction monitoring (MRM) mode with 
two transition ions per parent analyte (one as quantifier and 
one as qualifier) and one MRM for each reduced metabo-
lite (as quantifier) and IS (Table 1). The dwell time was 
optimized for each transition ion to obtain at least 12 data 
points per chromatographic peak. Data were acquired with 
MassLynx 4.1 software and processed with QuanLynx 4.1 
software (Waters).

Method validation

The method was validated following the recommendations 
for quantitative analysis in the Scientific Working Group 
for Forensic Toxicology (SWGTOX) guideline that recently 
evolved into ANSI/ASB standard 036 [14, 15].

Linearity

Linearity was evaluated over five independent runs, with 
eight calibration points (1, 5, 10, 20, 50, 150, 500, and 
1000 ng/mL for parent drugs; 1, 5, 10, 20, 50, 150, 750, and 
1000 ng/mL for metabolites), except for methedrone, butyl-
one, 4-Cl-α-PPP, N-ethylpentylone, 4-EMC, and MDPV that 
had seven calibrators (5, 10, 20, 50, 150, 750, and 1000 ng/
mL). Each calibrator was required to be within ± 20% of 
target concentration with coefficient of determination (R2) 
required to be ≥ 0.990 for each target analyte to meet accept-
ance criteria. A linear regression model with a 1/x weighting 
was applied to the calibration curve.

Carryover

Blank whole blood were extracted in triplicate and analyzed 
after the highest calibrator (1000 ng/mL) to assess the car-
ryover. If no peak of target analyte exceeded its limit of 
detection (LOD), carryover was deemed to be absent.
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Table 1  Multiple reaction 
monitoring conditions for 
analysis of 26 synthetic 
cathinones, dihydro-metabolites 
and  internal standard 
(MDPV-d8) in whole blood by 
liquid chromatography–tandem 
mass spectrometry

Analyte 
number

Target analyte Rt (min) Precursor 
ion (m/z)

Product 
ion(s) (m/z)

CV (V) CE (eV) Dwell time (s)

1 Methylone 5.43 208 160 22 17 0.150
132 25

2 Ethylone 5.82 222 174 24 19 0.050
146 24

3 Methedrone 5.82 194 161 23 19 0.010
176 12

4 Butylone 6.12 222 146 24 24 0.020
204 13

5 Dihydro-mephedrone 6.08 180 131 24 18 0.050
– –

6 Dihydro-dibutylone 6.20 238 220 26 12 0.050
– –

7 Dibutylone 6.24 236 86 26 21 0.050
191 15

8 Mephedrone 6.23 178 145 24 20 0.050
160 12

9 4-CEC 6.78 212 159 27 18 0.050
194 13

10 Dihydro-4-CEC 6.85 214 181 23 23 0.050
11 Dihydro-N-ethylpentylone 6.93 252 191 27 23 0.010

– –
12 Dihydro-4-EMC 6.96 194 117 26 22 0.010
13 4-Cl-α-PPP 7.01 238 139 30 27 0.010

98 25
14 4-EMC 7.05 192 145 26 21 0.010

174 12
15 N-ethylpentylone 7.05 250 202 27 18 0.010

232 13
16 Dihydro-4-Cl-α-PPP 7.09 240 207 30 22 0.010

– –
17 α-PVP 7.14 232 91 35 25 0.010

105 25
18 MDPV-d8 7.24 284 134 33 26 0.020

– –
19 MDPV 7.25 276 126 30 27 0.010

135 24
20 Dihydro-4-MPD 7.29 208 147 25 22 0.010

– –
21 Dihydro-MDPV 7.32 278 217 30 22 0.010

– –
22 4-MPD 7.36 206 188 25 13 0.010

145 20
23 N-Ethylhexedrone 7.57 220 202 27 14 0.010

91 22
24 Dihydro-N-ethylhexedrone 7.65 222 147 27 23 0.010

– –
25 4-F-PHP 7.99 264 109 35 25 0.050

140 30
26 4-Cl-α-PVP 8.01 266 125 31 21 0.050

139 24
27 Dihydro-4-F-PHP 8.09 266 109 35 25 0.050

– –

Quantifier ions in bold
Rt retention time, CV cone voltage, CE collision energy
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Bias and precision

Bias was assessed at three concentrations: QC low (30 ng/
mL), QC medium (400 ng/mL), and QC high (800 ng/mL), 
with three replicates over five independent runs along with 
the batch of calibration curve.

Intraday and interday precisions were assessed as the per-
cent coefficient variation (%CV) of findings from replicate 
samples (i.e., QC low, QC medium, and QC high) within 
a day (n = 3) and over 5 days (n = 15). One-way analysis 
of variance (ANOVA) was used to carry out calculation of 
precisions. Bias and precisions within ± 20% at each concen-
tration were considered acceptable.

LOD and LOQ

The LOD was the lowest concentration at which analytes 
could produce a signal-to-noise (S/N) ratio of at least 3. 
Limit of quantification (LOQ) was defined as the lowest con-
centration of analyte that could reliably produce quantitative 
results with S/N ratio of at least 10. The lowest concentration 
of calibration curve (1 or 5 ng/mL; depending on analyte) 
was assigned as the LOQ of the method.

Interference

Interference from endogenous components was assessed 
using extracted blank whole blood in the absence of ana-
lytes and IS. To assess potential interference with the signal 
of analytes of interest produced from the use of IS, blank 
blood was fortified with IS (500 ng/mL) and MRM peaks 
of the target analytes were monitored. Equally, potential 
interference with the signal of IS from the analytes of inter-
est was evaluated by analyzing highest calibrator (1000 ng/
mL) in the absence of IS. Potential exogenous interference 
was evaluated by fortifying two control solutions (A and B) 
containing frequently encountered drugs (n = 196) in blank 
blood at 10 or 100 ng/mL. It is worth to note that control B 
solution contained also mephedrone; therefore, mephedrone 
was not considered for its selectivity (supplementary mate-
rial, Table S1).

Matrix effects

Matrix effects (ME) were assessed by averaging the peak 
areas of five blank whole blood fortified with all target ana-
lytes at low and high QC after the extraction and compared 
to the average peak areas (n = 5) of all analytes in neat meth-
anolic solution.

ME values of < 100% was indicative of ion suppression 
whereas values of > 100% was indicative of ion enhance-
ment. ME within 25% ion suppression or enhancement and 
%CV within 15% was considered acceptable.

Processed sample stability

The stability of processed samples was assessed by extract-
ing samples at low and high QC (n = 3). Samples were 
immediately analyzed to establish day zero concentration 
and left in the autosampler at 10 °C for re-analyses after 24, 
48, and 72 h. The average peak area of analytes was com-
pared with those at day zero and considered stable if results 
remained within ± 20%.

Stability study design

Unpreserved human whole blood (n = 8) containing 
 K2EDTA were pooled together to obtain a total amount of 
80 mL. The pH was measured following pooling and was 
7.41. Aliquots of pooled blood were analyzed to ensure the 
absence of interfering substances to the signal of analytes of 
interest. The method showed that there was no interference 
from the pooled whole blood sample. Pooled blood was then 
fortified with all SCt and metabolites (n = 26) and mixed 
to yield a concentration of 500 ng/mL. NaF (800 mg) was 
added to 40 mL of fortified samples to make a 2% w/v solu-
tion and left on a rotary mixer for about 30 min to ensure the 
diffusion of preservative throughout the sample. All blood 
samples were aliquoted into Vacutainer tubes (~ 10 mL on 
each tube).

After aliquoting, 0.5 mL from each experimental condi-
tion were prepared in duplicate to determine baseline  (T0) 
concentration with freshly prepared standards and QCs. 
Unpreserved (0% NaF) and preserved (2% NaF) whole 
blood samples were stored at four different temperatures: 
RT (approximate range: 20–23 °C), 4, -20, and -40 °C. At 
defined time points, 0.5 mL from each storage temperature 
and condition (i.e., unpreserved and preserved) were col-
lected in duplicate and prepared for analysis, as shown in 
Table 2.

Data analysis

The analytes’ concentration was determined based on the 
calibration curve created for each batch of samples. Obtained 
data were imported to Microsoft Excel to perform analysis. 
Baseline concentration  (To) was averaged and regarded as 
100% and the percentage remaining for each time point was 
compared to baseline concentration. Concentrations devi-
ating > 20% from baseline concentration at each sampling 
point were considered unstable. The results were statistically 
determined using the GraphPad Prism 8.0 (GraphPad Soft-
ware, San Diego, CA, USA). Differences between unpre-
served and preserved whole blood (2% NaF) and between 
frozen conditions (i.e., − 20 and − 40 °C) for each stor-
age condition at each time point were assessed by applying 
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ANOVA followed by post hoc Tukey’s test. Results with 
P < 0.05 were considered significant.

Results

Method validation

A linearity of all analytes was achieved in whole blood sam-
ples from 1 or 5 ng/mL to 1000 ng/mL with a 1/x weighted 
linear regression model. A set of seven or eight calibration 
curves yielded a coefficient of determination (R2) > 0.995 
(supplementary material, Table S2).

No carryover was observed when blank samples (n = 3) 
were injected after the highest calibrator (1000 ng/mL).

LOD for all analytes ranged from 0.1 (4-MPD) to 1.45 ng/
mL (methedrone), and LOQ was 1 ng/mL for all analytes, 
except for methedrone, butylone, 4-Cl-α-PPP, N-ethylpenty-
lone, 4-EMC, and MDPV (5 ng/mL) (supplementary mate-
rial, Table S2). Figure 2 shows MRM chromatograms of the 
quantifier ions for all analytes at the LOQ.

Bias ranged from -16.3 to 17.3% of the nominal con-
centration. Intraday %CV were < 14.2% (QC low); < 11.4% 
(QC medium); < 7.3% (QC high). Interday %CV for the 
same concentrations were < 14.9%; < 12.1%; < 7.6%. Bias 
and precision at the three QC concentration levels were 
within the acceptance limits (supplementary material, 
Table S3).

No endogenous interference from blank whole blood 
samples (n = 11) was observed with target analytes and 
IS. No interfering peak associated with the signal of tar-
get analytes for blank blood fortified with IS was observed. 
No IS was detected when QC high was analyzed (in the 
absence of IS), indicating no interfering peak associated 
with IS. Method selectivity was demonstrated when no sig-
nal of target analytes and IS was observed in the presence 

of potentially interfering drugs (control A and B), except 
for control B solution that contained mephedrone; therefore, 
mephedrone was not considered for its selectivity (supple-
mentary material, Table S1).

Analytes had relatively low effects of ion suppression and 
enhancement ranging from 75.2 to 119% and from 80.9 to 
108% at low and high concentration, respectively. The %CV 
for all analytes was < 15%, indicating no critical variations 
of ME from different whole blood sources (supplementary 
material, Fig. S1).

The stability experiments demonstrated that the processed 
samples were stable when kept on the autosampler at 10 °C 
for 24, 48, and 72 h.

Long‑term stability

Stability at RT

The stability of the parent analytes and dihydro-metabolites 
over the course of 6 months when stored at RT is summa-
rized in Fig. 3. Parent SCt displayed significant instability 
(< 80% remaining) after 3 days of storage, where a 100% 
loss was observed within 90 days of storage in both unpre-
served and preserved whole blood. Exceptions were dibu-
tylone and MDPV that remained detectable over the course 
of 6 months (< 40% detected with NaF and < 20% detected 
without NaF). In contrary, 4-CEC showed the worst stabil-
ity with only ~ 11 and ~ 33% (in unpreserved and preserved, 
respectively) of its concentration remaining after 1 day of 
storage, and a complete degradation after 3 days in sample 
without preservative; however, a measured concentration 
was still detectable (0.6% remaining) in sample containing 
NaF.

All dihydro-metabolites exhibited a degree of instability 
(< 80% remaining) whether with or without preservative, 
except for dihydro-MDPV in preserved whole blood, being 
stable over the 6 months. Furthermore, in contrast to the 
parent analytes, all metabolites had less than 40% remaining 
of the initial concentration in unpreserved whole blood after 
6 months of storage, while preserved whole blood had more 
than 50% remaining.

Stability at 4 °C

The stability of parent analytes and dihydro-metabolites over 
the course of 6 months when stored at 4 °C is presented 
in Fig. 4. Most of the refrigerated analytes in whole blood 
samples decreased over time, but at a slower rate of degrada-
tion in this condition in comparison to RT. All analytes had 
greater than 60% in its content after 7 days of storage either 
with or without NaF. Only MDPV and dibutylone (both in 
the presence or absence of preservative) met the set stability 

Table 2  Storage conditions of fortified whole blood samples for sta-
bility study (n = 2)

RT room temperature

Storage temperature Preservative condi-
tion

Analysis time points 
(days)

RT Unpreserved 0, 1, 2, 3, 7, 30, 90, 180
RT 2% NaF 0, 1, 2, 3, 7, 30, 90, 180
4 °C Unpreserved 1, 2, 3, 7, 30, 90, 180
4 °C 2% NaF 1, 2, 3, 7, 30, 90, 180
− 20 °C Unpreserved 1, 2, 3, 7, 30, 90, 180
− 20 °C 2% NaF 1, 2, 3, 7, 30, 90, 180
− 40 °C Unpreserved 1, 2, 3, 7, 30, 90, 180
− 40 °C 2% NaF 1, 2, 3, 7, 30, 90, 180
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criteria until day 180. However, total degradation did occur 
in 4-CEC, 4-EMC, mephedrone, N-ethylhexedrone, 4-Cl-α-
PPP and in N-ethylpentylone, methylone, 4-F-PHP, 4-MPD, 
4-Cl-α-PVP, ethylone, and butylone after 90, and 180 days, 
respectively, except for α-PVP that was still detectable until 
the end of the study (about 16% remaining for unpreserved 
whole blood and 17% for preserved whole blood).

Most of the metabolites were stable (> 80% remaining) 
under this condition throughout the 180 days despite pres-
ervation, except for 4-MPD, N-ethylhexedrone, and 4-F-
PHP metabolites after 90 days and for 4-Cl-α-PPP, 4-CEC 
metabolites after 180 days. However, no complete degrada-
tion occurred after 180 days, and the remaining contents 
for all metabolites were greater than 60% remaining of the 
original concentrations in both preserved and unpreserved 
whole blood.

Stability at − 20 °C

The stability of parent analytes and dihydro-metabolites 
over the course of 6 months when stored at − 20 °C is pro-
vided in Fig. 5. All analytes were found to be fairly stable 
for 7 days before a significant decline in concentrations was 
observed on day 30. Exceptions were MDPV, dibutylone, 
4-MPD, and methylone stored with and without preserva-
tive and mephedrone stored unpreserved. Only MDPV and 
dibutylone in preserved and unpreserved and N-ethylpen-
tylone in preserved whole blood were stable for the entire 
study, while other analytes experienced instability ranged 
from ~ 78% remaining (for methylone stored without pre-
servative) to ~ 6% remaining (4-Cl-α-PVP stored with NaF).

Conversely, most metabolites were stable when stored 
at -20 °C until the end of the study period. 4-F-PHP and 
4-MPD dihydro-metabolites, however, exhibited signifi-
cant degradation (< 80% remaining) after 90 and 180 days, 
respectively, but with more than 60% in their contents 
regardless preservation.

Fig. 2  Liquid chromatography–tandem mass spectrometry chromatograms with quantifier multiple reaction monitoring transitions (see Table 1) 
of the analytes (n = 26) in whole blood at the limit of quantification (1 or 5 ng/mL)
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Fig. 3  Concentrations remaining after storage at room temperature 
(RT) for 26 analytes and dihydro-metabolites at 500  ng/mL over 6 
months. All concentrations were calculated as percentages of the 

baseline concentrations on  T0. a Parent analytes (left) and dihydro-
metabolites (right) in unpreserved whole blood. b Parent analytes 
(left) and dihydro-metabolites (right) in preserved whole blood

Fig. 4  Concentrations remaining after storage at 4 °C for 26 analytes 
and dihydro-metabolites at 500 ng/mL over 6 months. All concentra-
tions were calculated as percentages of the baseline concentrations on 

 T0. a Parent analytes (left) and dihydro-metabolites (right) in unpre-
served whole blood. b Parent analytes (left) and dihydro-metabolites 
(right) in preserved whole blood
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Stability at − 40 °C

An illustration of stability of the analytes and dihydro-
metabolites over the course of 6 months when stored at 
− 40 °C is given in Fig. 6. No instability was appreciable for 
all analytes up to 90 days of storage in both preserved and 
unpreserved samples. Degradation did become significant 
for 4-MPD, 4-Cl-α-PPP, 4-CEC, and 4-Cl-α-PVP, maintain-
ing more than 65% of its contents, under both storage condi-
tions. No instability was noted for any dihydro-metabolites 
during the whole observation period whether preserved or 
unpreserved.

Discussion

The stability study described here expanded on previous 
studies of SCt, where only parent analytes were often exam-
ined [8], but presented new data in relation to analytically 
important dihydro-metabolites. It additionally examined 
the effects of various storage temperatures with and without 
the addition of the preservative NaF to assess the best stor-
age conditions for maintaining SCt stability in whole blood 
samples. Pooled whole blood was utilized to assure that any 
effect from independent donors would not impact on the 

stability results, although it is possible that stability may 
vary depends on individual donor samples.

The best stability was observed with all SCt parent ana-
lytes and dihydro-metabolites when stored frozen, which 
was expected based on other SCt stability studies and what is 
well known about the influence of temperatures on analytes’ 
stability. Among frozen conditions, all 26 parent analytes 
and dihydro-metabolites in whole blood samples showed 
better stability at − 40 °C than at − 20 °C. In comparing 
frozen conditions at − 20 and − 40 °C, there was a statisti-
cally significant difference in stability (p < 0.05), regardless 
of preservation. Significant degradation occurred for several 
analytes after 30 days at − 20 °C (4-CEC, 4-EMC and 4-F-
PHP, α-PVP, N-ethylhexedrone, methedrone, 4-Cl-α-PVP), 
90 days (4-MPD) and 180 days (methylone and butylone), 
while these analytes remained stable at − 40 °C for the 
entire study. In line with the trend observed for the par-
ent analytes, all dihydro-metabolites demonstrated greater 
stability at − 40 °C, whether preservative was present or 
not, as concentrations remained > 80% for the whole study 
period. However, storage at − 20 °C displayed instability 
for fewer dihydro-metabolites (e.g., 4-F-PHP and 4-MPD 
dihydro-metabolites), with a difference in stability between 
the two frozen conditions being not statistically significant 
(p > 0.05). In contrary to what was noticed in frozen sam-
ples, SCt have been found to be extremely unstable in the 

Fig. 5  Concentrations remaining after storage at − 20 °C for 26 ana-
lytes and dihydro-metabolites at 500 ng/mL over 6 months. All con-
centrations were calculated as percentages of the baseline concentra-

tions on T0. a Parent analytes (left) and dihydro-metabolites (right) in 
unpreserved whole blood. b Parent analytes (left) and dihydro-metab-
olites (right) in preserved whole blood



91Forensic Toxicology (2023) 41:81–93 

1 3

whole blood when stored at RT, followed by refrigeration. 
This pattern was observed for all analytes and dihydro-
metabolites included in this study, but also varied based on 
their chemical structure features.

As reported in previous studies [8, 16], this work dem-
onstrated that the stability of these analytes was highly 
influenced by their chemical structures, and greater sta-
bility is generally observed in the order for compounds 
endowed with an N-pyrrolidine and methylenedioxy 
groups (e.g., MDPV), followed by SCt substituted by 
N-pyrrolidine (e.g., α-PVP), secondary amines with meth-
ylenedioxy group (e.g., butylone, dibutylone, ethylone, 
methylone), and finally secondary amines with aliphatic 
ring substitution (e.g., mephedrone, 4-EMC, and N-ethyl-
hexedrone). However, the present study has shown that the 
presence of an aromatic halogen translates to poor stability 
regardless of their group, which is a possible explanation 
for the difference in observed stability between 4-Cl-α-
PVP and α-PVP. Our study agreed with those reported by 
Antunes et al. [17], who found that 4-CEC and 4-Cl-α-PVP 
to be highly unstable in whole blood samples. Although 
both butylone and dibutylone are structurally related, 
butylone was not detected after 30 days of storage at RT, 
while dibutylone remained detectable after 6 months of 
storage either without or with preservative (19.6–36.7%). 

It is reasonable to assume that the presence of an addi-
tional N-methyl group could result in greater stability for 
dibutylone over butylone, likely as a result of increased 
stability over enzymatic and/or chemical oxidation pro-
cesses. Similar observation was described in other stability 
studies where the presence of an additional methyl group 
provided better resistance to degradation [18].

In unpreserved whole blood [19], after 6 weeks of stor-
age at − 20 °C, methylone, ethylone, methedrone, butyl-
one, mephedrone, and MDPV showed good stability with 
more than 80% remaining intact. In agreement with a pre-
vious study [19], our data showed acceptable stability for 
methylone, MDPV, and butylone over 90 days of storage at 
− 20 °C. However, our results demonstrated instability of 
ethylone, mephedrone, and methedrone as early as 30 days 
at − 20 °C. Johnson and Botch-Jones [20] studied the effect 
of storage conditions on the stability of mephedrone and 
MDPV in unpreserved whole blood. The data showed ~ 30% 
to 100% loss of mephedrone at 4 °C and RT after 7 days, 
respectively, while it remained stable at − 20 °C. On the 
other hand, MDPV remained stable under all conditions. Our 
data are very consistent with the results for mephedrone and 
MDPV published by Johnson and Botch-Jones [20].

The positive influence of NaF addition to whole blood 
samples on the stability of SCt was noticeable at RT only 
(p < 0.05), while the rate of degradation was statistically 

Fig. 6  Concentrations remaining after storage at − 40 °C for 26 ana-
lytes and dihydro-metabolites at 500 ng/mL over 6 months. All con-
centrations were calculated as percentages of the baseline concentra-

tions on T0. a Parent analytes (left) and dihydro-metabolites (right) in 
unpreserved whole blood. b Parent analytes (left) and dihydro-metab-
olites (right) in preserved whole blood
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insignificant in samples stored refrigerated and frozen. In 
RT and refrigerated human blood with 1.67% NaF, Busardò 
et al. [9] observed 22 and 36.4% remaining mephedrone 
after 31 days, respectively, while unpreserved whole blood 
exhibited 100% loss at RT and 28.8% remaining at 4 °C. On 
the other hand, in frozen whole blood with and without NaF, 
they observed slight changes in concentrations with 96.9% 
and 95.6% remaining in preserved and unpreserved whole 
blood, respectively. These data follow the stability trend seen 
for mephedrone in our study, where the influence of NaF was 
more pronounced at higher temperatures, although the over-
all stability seemed to be poorer in our study than that pre-
viously reported for preserved whole blood. In good agree-
ment with the results of our study, Czerwinska et al. [10] 
observed 76.6–85.8% and 97.4–98% (at low and high QC, 
respectively) remaining mephedrone levels after 10 days in 
refrigerated and frozen whole blood, respectively, containing 
0.3% NaF/KOx.

With the complete loss of certain parent SCt especially 
at RT and 4 °C, there was no sampling point and storage 
condition where dihydro-metabolites were undetectable. For 
instance, degradation of parent mephedrone started as early 
as 1 day of storage at RT and was not detected after only 
7 days either with or without preservative, but in compari-
son to the corresponding reduced oxo-metabolite, dihydro-
mephedrone was more stable overall. It can be assumed that 
the transformation into a hydroxyl group resulting from 
ketone functional group reduction may be responsible for the 
observed dihydro-metabolites stability, as other authors clar-
ify that this group is resistant to degradation [11, 21]. Czer-
winska et al. [10] corroborated these findings, since they 
reported that reduced metabolites (i.e., dihydro-mephedrone 
and dihydro-normephedrone) were fairly stable for 10 days 
at either 4 °C and − 20 °C, unlike their parent analyte.

From an analytical perspective, given the extreme insta-
bility of numerous parent cathinones, specifically those fea-
turing halogenated groups, the detection of these instability 
products and metabolites in the blood might be useful bio-
markers and would greatly increase the detection windows 
for suspected SCt use. Indeed, dihydro-metabolites continue 
to be detected in forensic caseworks either in the presence or 
absence of parent drug [22–25].

While the findings of this study present important con-
siderations to prevent/slow potential loss of analytes con-
centrations, there are some limitations of the study. Pooling 
all the parent analytes and metabolites in one sample may 
hinder the ability to assess potential conversions resulting 
from in vitro instability (e.g., dehalogenation to the dehalo-
genated analogues, and/or reduction of parent SCt to their 
corresponding dihydro-metabolites). Moreover, the pH of 
the whole blood samples was not monitored throughout the 
study; therefore, it is unknown whether changes in pH had 
any effect on the stability of analytes.

Conclusions

The present study covers an observation period of 6 months, 
showing that storage temperatures and the chemical nature 
of the SCt impact the stability of SCt to a greater extent than 
addition of preservative in whole blood samples. Addition 
of NaF (2% w/v) to whole blood samples could be useful to 
slow degradation, especially at RT. Although greater stabil-
ity is generally observed in compounds endowed with an 
N-pyrrolidine group, in cases where aromatic halogens are 
suspected to be present, significant degradation should be 
expected. Results from dihydro-metabolites demonstrated 
greater stability under all conditions which can prompt their 
preferred use as biomarkers of SCt consumption. Samples 
should be analyzed as soon as possible after collection to 
ensure accurate interpretation of toxicological results. Data 
after prolonged storage suggest that samples are best stored 
frozen at − 40 °C (or lower).
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