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A B S T R A C T   

Tryptamines are a class of new psychoactive substances relevant for analysis in forensic laboratories. Tryptamine 
analogs are diverse in structure and chemical properties, and prone to display instability. This puts high demands 
on sample preparation, especially from complex matrices such as whole blood. In the present paper, a prototype 
96-well electromembrane extraction (EME) device was employed for the simultaneous extraction of 20 trypt-
amines from whole blood prior to UHPLC-MS/MS analysis. For the EME procedure, spiked whole blood diluted 3- 
fold with 1% ascorbic acid in 25 mM formic acid was extracted for 60 min across a supported liquid membrane 
(SLM) containing 5% bis(2-ethylhexyl) ether (DEHP) in 2-nitrophenyloctylether (NPOE) into an acceptor solu-
tion containing 1% ascorbic acid in 25 mM formic acid. The method was validated for 16 of the tryptamines in 
the range 5-500 nM according to SWGTOX guidelines and the analytes displayed limits of detection from >0.15 
nM to 0.75 nM. An AGREEprep analysis was performed to evaluate method greenness with a final greenness 
score of 0.76. 96-well EME offered fast, efficient and green extraction of tryptamines from whole blood, 
demonstrating good potential for implementation in forensic laboratories when commercial devices will become 
available.   

1. Introduction 

New psychoactive substances (NPS) are distributed to recreational 
drug users at an accelerating rate due to the prevailing weaknesses in 
current legislation and control. Although characterized as analogs of 
controlled substances designed to produce “highs” similar to their illicit 
counterpart, the associated adverse side effects of NPS largely vary [1]. 
Knowledge of epidemiology and toxicology of NPS is constantly 
improving, however, some drug classes fall short of this success. In the 
area of psychotropic drugs, little data has been collected on tryptamines, 
and in the last years, new analogs are steadily introduced to the illicit 
drug market [2]. Being heterogenic in respect to potency, adverse ef-
fects, and toxicological and pharmacological profile, there may be an 
increased risk of overdoses. 

Tryptamines are not included in typical toxicology screening and the 
overall morbidity and prevalence of these compounds may be under-
estimated. It is therefore important to develop rapid and versatile 
analytical methods for the identification and quantification of new 

tryptamines. Going towards a future of green analytical chemistry, 
considerable efforts should be made to reduce, replace or eliminate the 
use of toxic organic solvents and reagents. While analytical instrumen-
tation continuously becomes smaller, faster, and more efficient, up-
stream sample preparation remains the bottleneck in analytical 
workflows. Within sample preparation, miniaturized extraction tech-
niques, such as liquid-phase microextraction (LPME), have emerged as 
promising tools to fit the standard of modern liquid chromatography- 
mass spectrometry (LC-MS) instrumentation [3,4]. Several configura-
tions based on LPME such as dispersive liquid-liquid microextraction 
(DLLME) [5,6], hollow-fiber liquid-phase microextraction HF-LPME [7, 
8], and only recently, electromembrane extraction (EME) [9,10], have 
been employed. One major drawback of these techniques is the lack of 
commercial equipment delaying implementation in routine labora-
tories. EME and LPME allow for the simultaneous extraction of up to 96 
samples, with limited amounts of organic solvents, efficient sample 
clean-up [11], and MS-compatible extracts. Extractions are also per-
formed in a single step, with low operator effort. In EME, analyte mass 
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transfer is further increased with the addition of the electrical field and 
may further reduce extraction time and/or increase recovery, especially 
from more complex matrices such as whole blood. 

In the present study, a prototype 96-well LPME/EME device was 
employed for the parallel extraction of 20 tryptamines from human 
whole blood followed by UHPLC-MS/MS analysis. The extraction prin-
ciple is illustrated in Fig. 1. Here, two aqueous phases, namely the 
donor- and acceptor phase, are separated by an immiscible organic 
solvent immobilized in a flat support material generating the supported 
liquid membrane (SLM). In EME mode, an electric field applied across 
the donor and acceptor compartment facilitates the extraction of the 
analyte in charged form into the acceptor. With appropriate pH ad-
justments of the aqueous phases, selective extraction of weak bases or 
acids can be achieved. In LPME mode, extraction is based on passive 
diffusion and a pH gradient - without the assistance of an electric field. 
With appropriate pH adjustment, the analyte is neutral in the donor 
phase, while ionization in the acceptor phase prevents back-extraction 
into the SLM. 

96-well LPME has previously been reported for NPS, benzodiaze-
pines, and Z-hypnotics from whole blood [4,12]. 96-well EME has been 
reported for drugs such as amphetamines, opioids, and benzodiazepines 
from human breast milk and plasma samples [13,14], but to our 
knowledge, not from whole blood. In the present study, we demonstrate 
how this green approach can be applied for high-throughput extraction 
of tryptamines from human whole blood. Tryptamines differ substan-
tially in terms of chemical stability and physicochemical properties, and 
we discuss how this can be addressed during the selection of an 
extraction mode, in method development, and during method optimi-
zation. This is generic information, and may also be used for other 
substances. In addition, we provide validation data for the combination 
of 96-well EME and UHPLC-MS/MS of tryptamines from whole blood 
samples. 

2. Experimental 

2.1. Chemicals and solvents 

Dihexylether, 2-undecanone, dodecylacetate, 2-nitrophenyl octyl 
ether, di(2-ethylhexyl) phosphite, (2-ethylhexyl) phosphate, ascorbic 
acid, and ammonium formate were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Sodium hydroxide (HPLC grade), and formic acid (LC- 
MS grade) were purchased from VWR (Radnor, PA, USA). Methanol 
(MeOH, Chromasolv™ ≥ 99.9%) was obtained from Honeywell/Riedel- 
de Haën™ (Seelze, Germany). Sodium dihydrogen phosphate, di-sodium 
hydrogen phosphate, and dimethyl sulfoxide (DMSO) were purchased 

from Merck (Darmstad, Germany). N,N-dimethyltryptamine (DMT, 
98.6%) was from Cerilliant Corporation (Round Rock, TX, USA). N- 
methyl-N-ethyl-tryptamine (MET, ≥ 98% as oxalate), 4-methoxy-N,Ndi-
methyltryptamine (4-MEO-DMT, 98%), 4-acetoxy-N,N dimethyltrypta-
mine (4-AcO-DMT, 95%), N-methyl-N-isopropyltryptamine (MIPT, 
98.6%), N-ethyl-N-propyltryptamine (EPT, 98.0%), 5-methoxy-N-ethyl- 
N-propyltryptamine (5-MeO-EPT, 99.4%), 5-methoxy-N,Ndipropyl-
tryptamine (5-MeO-DPT, 99.2%), 5-methoxy-N,N-diisopropyltrypt-
amine (5-MeO-DIPT, 100.0%), 4-acetoxy-N,N-diisopropyltryptamine 
(4-AcO-DIPT, 100.0%), 4-hydroxy-N,N-ethylpropyltryptamine (4-OH- 
EPT, 98.1%), 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT, 
98.0%), and 5-hydroxy-N,N-dimethyltryptamine (5-OH-DMT, ≥ 98% as 
hydrochloride) were purchased from Cayman Chemical Company (Ann 
Arbor, MI, USA). N,N-dimethyltryptamine-N oxide (DMT-N-oxide, 
97.8%), 4-hydroxy-N,N-methylethyltryptamine (4-OH-MET, 97,3%), 4- 
acetoxy-N,N-methyl-ethyltryptamine (4-AcO-MET, 97.4%), 4-acetoxy- 
N,N-dimethyltryptamine (4-AcO-DMT, 96.3% as hemifumarate), 4-ace-
toxy-N,N-diethyltryptamine (4-AcO-DET, 96.5% as hemifumarate), and 
4-hydroxy-N,N-diethyltryptamine (4-OH-DET, 97,9%) was acquired 
from Chiron AS (Trondheim, Norway). 4-hydroxy-N,N-dimethyltrypta-
mine (Psilocin, 99.9%) was purchased from Lipomed AG (Arlesheim, 
Switzerland). N,N-dimethyltryptamine-d6 (DMT-d6) was purchased 
from Toronto Research Chemicals Inc (Toronto, ON, Canada). Deionized 
water was obtained with a Milipak® (0.22 µm filter) purification system 
from Milli-Q (Molsheim, France). 

2.2. Solutions 

Human whole blood with sodium fluoride and heparin as additives 
was supplied by the Blood Bank of Oslo (Oslo University Hospital) and 
stored in brown glass bottles at − 20◦C before use. Standard solutions of 
tryptamines were prepared in MeOH:H2O (1:1, v/v) and stored at -28◦C. 
25% (w/v) ascorbic acid was prepared by adding ascorbic acid to 20:80 
ethanol:water (%v/v) until precipitation was observed. 10 nM working 
solution of all tryptamines was prepared in 25 mM formic acid + 1% 
ascorbic acid and stored at 4◦C. Calibrator and QC samples were pre-
pared by spiking analyte-free whole blood with working solutions 
(1:100 v/v) at each concentration level (see Supplementary material 
Table S3). These were stored at − 20 ◦C until use. 

2.3. pH- and electrochemical stability of tryptamine analogs 

The effect of pH on analyte stability was tested by adding 50 µL 
tryptamine stock solution to 1 mL of 25 mM phosphate buffer at pH 2.05, 
7.17, and 11.56, where ion strength was corrected to 150 nM with NaCl. 

Fig. 1. 96-well EME with a 96-well bottom electrode (donor) and a top lid electrode with 96 rods separated by a 96-well filter plate containing the SLM and acceptor.  
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At t=0 min, 100 µL of the solution was added to 900 µL of 10 mM 
ammonium formate (pH 3.1) and analyzed by UHPLC-MS/MS. This was 
repeated at t=60 min. Stability was measured as peak area decrease 
between the time points. 

Electrochemical stability was tested by adding 50 µL tryptamine 
stock solution to 1 mL of 25 mM phosphate buffer at pH 2.05. 600 µL of 
the solution was added to two conducting vials held together by a union. 
The unit was placed in a lab-built device, previously described in [15]. 
Voltage was turned on and adjusted so the current never exceeded 50 µA 
(typical EME conditions) for 20 min. 100 µL of the solution was added to 
900 µL of 10 mM ammonium formate (pH 3.1) and analyzed by 
UHPLC-MS/MS. Stability was measured as peak area decrease between 
t=0 min and t=20 min. 

2.4. Liquid-phase microextraction procedure 

The equipment has been described previously [16]. The extraction 
was performed with a 96-well polypropylene donor plate with 0.5 mL 
wells from Agilent (Santa Clara, CA, USA). The acceptor plate was a 
96-well MultiScreen-IP filter plate from Merck Millipore (Carrigtwohill, 
Ireland). The membrane material was polyvinylidene fluoride (PVDF) 
with a pore size of 0.45 μm. A Platemax Pierceable Aluminum Sealing 
Film (Axygen, Union City, CA, USA) was used to seal the acceptor plate. 
Agitation during extraction was accomplished with a Vibramax 100 
agitation system from Heidolph (Kellheim, Germany). 

To prepare the device for extraction, donor solution (240 µL), 
comprised of a whole blood:buffer (1:2, v/v) mixture, was pipetted into 
the well of the donor plate. The filter on the acceptor plate was 
impregnated with organic solvent (4 µL), creating the SLM. The acceptor 
solution (50 µL or 150 µL) was pipetted into the wells of the acceptor 
plate. The acceptor and donor plate were clamped together and sealed 
with aluminum sealing film. The device was placed onto the agitation 
device for extraction for 60 min at 900 rpm. An aliquot of acceptor so-
lution (35 µL) was transferred to a Nunc 96-well Polypropylene Micro-
Well plate (Thermo Fisher Scientific) with 450 μL conical wells. 
Recovery standards were prepared by spiking 35 µL working solution to 
35 µL extracted blank. 

2.5. Electromembrane extraction procedure 

EME was performed in a laboratory-built 96-well format (Fig. 1) as 
previously described [17,18]. The extraction was performed with a 
donor plate made from steel with 96 wells, serving as the anode. The 
acceptor plate was a 96-well MultiScreen-IP filter plate from Merck 
Millipore (Carrigtwohill, Ireland). A laboratory-built steel lid with 96 
electrode rods customized for the MultiScreen plate was used to seal the 
acceptor plate and served as the cathode. Agitation during extraction 
was accomplished with a Vibramax 100 agitation system from Heidolph 
(Kellheim, Germany). 

To prepare the device for extraction, donor solution (240 µL), 
comprised of a whole blood:buffer (1:2, v/v) mixture spiked with the 
tryptamines, was pipetted into the well of the donor plate. The buffer 
was spiked with 50 mM internal standard (DMT-d6) for validation. The 
filter on the acceptor plate was impregnated with organic solvent (4 µL), 
creating the SLM. The acceptor solution (50 µL) was pipetted into the 
wells of the acceptor plate. The filter plate was clamped onto the sample 
plate and the lid was placed on top. The sample plate (anode) and lid 
(cathode) were connected to a power supply (model ES 0300-0.45, Delta 
Elektronika BV, Zierikzee, the Netherlands), and placed onto the agita-
tion device for the desired time at 700 rpm. The extraction current was 
recorded using a Fluke287 multimeter at a rate of 8 Hz (Everett, WA, 
USA). 

2.6. UHPLC-MS/MS 

Optimization and validation were performed on separate UHPLC- 

MS/MS platforms. The systems were identical, apart from one system 
having an injection loop and the other system using flow-through needle 
injection. Analysis was performed with an UHPLC-MS/MS system 
comprised of an Acquity UHPLC system coupled to a Xevo-TQS triple 
quadrupole by an electrospray ionization interface (Waters, Milford, 
MA, US). Separation was achieved on an Acquity UPLC BEH C18 column 
(2.1 mm I.D × 100 mm, 1.7 μm) from Waters with a mobile phase 
consisting of 10 mM ammonium formate pH 3.1 (solvent A) and MeOH 
(solvent B) at a flow rate of 0.5 mL/min. Separation was performed at 60 
◦C using an 11-minute gradient: 0-0.2 min; 2.5% B, 0.2-0.3 min; 2.5-6% 
B, 0.3-2.5 min; 6-10% B, 2.5-3.75 min; 10% B, 3.75-5.7 min; 10-50% B, 
5.7-8 min; 50-100% B, 8-10 min; 100% B, 10-10.1 min; 100-2.5% B, and 
10.1-11 min; 2.5% B. The injection volume was 1 µL. The injection 
technique was partial-loop overfill and flow-through needle for opti-
mization and validation, respectively. A chromatogram of the separation 
of analytes is included in the Supplementary material (Table S4). 

MS/MS analysis was achieved by multiple reaction monitoring 
(MRM) with positive electrospray ionization. A capillary voltage of 1.0 
kV, ion source temperature of 150◦C, cone gas flow of 300 L/h, and 
desolvation gas flow of 1000 L/h at 500◦C were used. Data acquisition 
and processing were performed using MassLynx 4.2 software from Wa-
ters. MRM transitions, MS/MS parameters, and retention times for the 
target analytes and internal standard are summarized in the Supple-
mentary material (Table S4). 

2.7. Method validation 

The method was validated based on the Scientific Working Group for 
Forensic Toxicology (SWGTOX) guidelines [19]. Linearity, limit of 
detection (LOD), limit of quantification (LOQ), inter-day precision and 
bias, intra-day precision, extraction recovery, matrix effects (ME), 
autosampler stability, and freeze-thaw stability were studied. Pooled 
human whole blood from three donors was used during validation. 

2.7.1. Calibration model 
The calibration model was assessed from six assays of six calibrators 

with one replicate per concentration level with weighted (1/x) quadratic 
calibration curves. All data points from the six assays were plotted 
together and evaluated using the curve estimation function in IBM SPSS 
Statistics for Windows version 23.0. 

2.7.2. Limit of detection and quantification 
LOD was assessed from two replicates of scalar dilutions (1:5, 1:10, 

1:20, 1:50, and 1:100) of the second calibrator (15 nM) and defined as 
the lowest concentration with a signal-to-noise ratio (S/N) above three. 
LOQ was set as the lowest calibrator where inter-day precision and ac-
curacy were ≤±20%. 

2.7.3. Precision and accuracy 
Inter-day precision and accuracy were determined from six assays of 

four QC sample concentration levels with two replicates per assay. Ac-
curacy was reported as bias (%) calculated as the difference between the 
true value and the average of all observations at each QC level. Precision 
was determined as the coefficient of variation (% CV) and intra-day 
precision was calculated from one assay with six replicates at each QC 
level. Precision and accuracy were considered acceptable at %CV ≤20% 
and bias ≤±20%, respectively. 

2.7.4. Recovery and Matrix Effect 
The extraction recovery was calculated for all QC levels with six 

replicates per level. Recovery was reported as the percent analyte 
response from pre-spiked extracts relative to the response from post- 
spiked extracts. Response relates to the analyte area relative to the IS 
area. The internal standard was spiked post-extraction in both cases. 
Extraction recoveries above 40 % were considered acceptable. 

ME was assessed at two QC levels in blood samples from six donors 
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with two replicates per donor per QC level. ME was calculated as the 
percent analyte peak area from post-spiked extracts relative to the peak 
area in spiked acceptor solution. IS-corrected ME was from analyte 
response with IS spiked post-extraction. Matrix effects between 80 – 120 
% were considered acceptable. 

2.7.5. Autosampler and Freeze-thaw stability 
Autosampler stability was evaluated by reinjecting both calibrators 

(one replicate) and QC samples (two replicates) after one day and three 
days in the autosampler. Autosampler stability was bias (%) from the 
nominal QC-value. Bias ≤±20% was considered acceptable. 

Freeze-thaw stability was evaluated by thawing and refreezing 
spiked samples at one QC-level with three replicates. The samples were 
extracted with freshly thawed calibrators and stability was reported as 
bias (%) from the nominal value. Bias ≤±20% was considered 
acceptable. 

2.8. Greenness score 

Greenness was evaluated based on guidelines proposed by Woj-
nowski et al. [20]. The assessment was based on 10 categories where a 
score from 0-1 was obtained for each category. The sub-scores are 
weighted based on their importance and recalculated into a final 
assessment score by an open access software obtained from [21]. The 
higher scores represent greener methods. The greenness evaluation has 
been included in the Supplementary material (Table S6). 

3. Results and discussion 

3.1. Selection of extraction mode and final conditions 

Tryptamines are all weak bases due to their common indole aromatic 
ring system. However, the various substituents on the tryptamine ana-
logs complicate simultaneous extraction. In this work, we studied 20 
tryptamine analogs differing substantially in physiochemical properties, 
including polarity and acid-base properties. Their molecular structures 
are included in the Supplementary material (Table S1). 

The 96-well extraction system presented in Fig. 1 can be operated in 
both EME- and LPME mode. Selecting the most suitable extraction mode 
was a critical part of the method development. Six of the tryptamines, 
namely 5-OH-DMT, psilocin, 4-OH-MET, 4-OH-DET, 4-OH-MiPT, and 4- 
OH-EPT are substituted with an acidic phenol group. Thus, the sub-
stances are zwitterionic; net positively charged in acidic and neutral 
solution, and net negatively charged in strongly alkaline solution. Due to 
this ionization behavior, the phenolic tryptamines were not well suited 
for LPME, where extraction of the neutral form is favored. Further, the 
AcO-tryptamines (4-Aco-DMT, 4-AcO-MET, 4-Aco-DET, and 4-AcO- 
DiPT), that are esters, can degrade due to hydrolysis under acidic and 
alkaline conditions, and in alkaline solution the process is irreversible. 
The stability studies performed during method development (Table 1), 
confirmed that the AcO-tryptamines were prone to degradation under 
alkaline conditions and found that EME under acidic conditions was 
more appropriate than LPME from an alkaline sample. To confirm the 
hypothesis, tryptamines were extracted with two sets of LPME condi-
tions. Here, one set of conditions was adapted from literature for ex-
tractions of benzodiazepines [22], and the other was tailored based on 
the tryptamines’ physiochemical properties. The overall average (N=4) 
extraction recoveries for all tryptamines were 4 % and 5 %, respectively. 
Detailed data are included in the Supplementary material (Table S2). 
Based on theoretical assumptions and support from experimental data, 
EME was selected to extract the tryptamines as cations under acidic 
conditions in the sample and acceptor. 

When investigating the electrochemical stability, it was found that 
the OH-substituted tryptamines suffered stability issues when the elec-
trical field was applied. This issue was later resolved by adding ascorbic 
acid to the acceptor and donor solutions during extraction (Fig. 2). 

Ascorbic acid has commonly been used in sample preparation of OH- 
substituted indoles to prevent oxidative breakdown [23–25]. The 
tryptamine analogs in the study ranged from 1.2 < log P < 3.9 and 
included both moderately polar and non-polar analytes. From the 
literature [26–28] and our experience, 2-nitrophenyloctylether (NPOE) 
is the SLM of choice for non-polar basic analytes with 2 < log P < 5.5. 
For more polar analytes, the extraction process suffers from slow ki-
netics and NPOE becomes less efficient. Therefore, we added an 
appropriate amount of the ionic carrier bis(2-ethylhexyl) ether (DEHP) 
to the SLM, also enabling the extraction of the moderately polar 
tryptamines. 

3.2. Method optimization 

As mentioned above, the effect of ascorbic acid on the stability of 
OH-tryptamine analogs during EME extraction was examined. Ascorbic 
acid was added to both the donor and acceptor solutions at a concen-
tration level corresponding to 1% w/v. Fig. 2 shows the extraction re-
coveries (%) with (grey) and without (white) added ascorbic acid. 
Extraction recoveries increased for all analytes, with drastic improve-
ments for the OH-tryptamines. The increase in extraction recovery for 
analytes not prone to oxidative breakdown may be attributed to 
increased acidity and ion strength. 

To improve EME extraction recoveries, the effect of adding DEHP as 
an ionic carrier in the SLM was also examined. Three levels of DEHP 
were evaluated, namely 0.5%, 2%, and 5% DEHP. 30 min and 60 min 
extraction times for each level of DEHP were tested. EME is conven-
tionally carried out for 15-30 min from aqueous solution or plasma [15, 
29]. Since increased complexity of the sample decreases the flux of 
analytes in the system, longer extraction times are needed to reach 
equilibrium for more polar analytes. Extraction times of 30 min and 60 
min were therefore considered suitable for whole blood. Extraction 
times beyond 60 min were not tested, since the ongoing flow of current 
during the extraction causes electrolysis reactions and consecutive 
neutralization of pH in the donor and acceptor compartments. Fig. 3 
shows the extraction recoveries for the 60 min extraction. The average 
extraction recoveries for all analytes for 30 min extractions have also 
been included. The 60 min extraction time gave on average higher 
extraction recoveries for all DEHP concentrations. Further, for the 60 
min extractions, 0.5% gave the best result with an average extraction 
recovery of 71% and an average RSD of 7%. Higher DEHP 

Table 1 
Analyte degradation at different pH from t=0 to t=60 min and electrochemical 
stability from t=0 to t=20 min, both reported as percent analyte peak area 
increase.  

Analyte pH Electrochemical stability  
2.05 7.17 11.56  

5-OH-DMT -6% -5% -51% -73% 
PSILOCIN -9% -9% -68% -97% 
4-OH-MET -6% -13% -50% -98% 
DMT -4% -5% -45% -4% 
4-OH-DET -5% -15% -41% -98% 
4-OH-MIPT -4% -18% -51% -99% 
5-MeO-DMT -6% -6% -46% -6% 
MET -4% -8% -47% -6% 
4-AcO-DMT -6% -2% -100% -6% 
DMT-N-oxide -6% -5% -45% -6% 
4-OH-EPT -5% -14% -51% -99% 
4-AcO-MET -6% -6% -100% 1% 
MIPT -5% -6% -47% 2% 
4-AcO-DET -6% -3% -100% -8% 
5-MeO-EPT -8% -1% -50% -9% 
EPT -6% 0% -49% -5% 
5-MeO-DIPT -5% -3% -52% -7% 
4-ACO-DIPT -6% -5% -100% -8% 
5-MeO-DPT -3% -6% -61% -7% 
4-MeO-DMT -5% -8% -49% -8%  
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concentrations negatively impacted the non-polar analytes, most prob-
ably due to trapping in the SLM. The most polar tryptamines, such as 
5-OH-DMT and psilocin, are dependent on a certain percentage of DEHP 
in the SLM to be extracted. In fact, higher DEHP concentrations were 
more favorable for these compounds. Although, DEHP concentrations 
below 0.5% may be favorable for the more non-polar tryptamines, such 
as 4-AcO-DiPT and 5-MeO-DPT, extraction of polar tryptamines is 
consequently not feasible. Based on these findings, the SLM with NPOE 
+ 0.5% DEHP and 60 min extraction time with the acceptor and donor 
containing 25 mM FA + 1% ascorbic acid were used for method 
validation. 

Based on the method development considerations and method 
optimization, the following EME extraction conditions were selected for 
the final method: donor – 25 mM FA + 1% ascorbic acid; SLM – NPOE +
0.5% DEHP; acceptor – 25 mM FA + 1% ascorbic acid and extraction 
time of 60 min. With otherwise unstable compounds in a highly complex 
matrix, we here demonstrate that rapid analysis of tryptamines is 
possible in 96-well EME. With the addition of ascorbic acid, oxidative 
breakdown of OH-tryptamines was suppressed and the addition of DEHP 
to the SLM enabled the extraction of analytes in a wider log P range. 

3.3. Validation 

Method validation was based on the assessment of linearity, LOD, 
LOQ, intra-day precision, inter-day precision and bias, extraction re-
covery, ME, and autosampler- and freeze-thaw stability. 

The results from the validation assay are summarized in Table 2. Due 
to decreased signal intensity of 4-AcO-DMT, 4-AcO-MET, 4-AcO-DET, 
and 4-AcO DiPT, possibly due to stock solution instability, these ana-
lytes were excluded from the validation. We have already demonstrated 
(Fig. 2), that EME was well-suited for the extraction of AcO-tryptamines, 
however, long-term stability should be investigated for validation data 
to be reliable. 

3.3.1. Calibration model 
Weighing using 1/x was chosen based on the inspection of residuals. 

Both linear and quadratic curves were evaluated, and a quadratic curve 
model was found to best fit the data. The resulting correlation co-
efficients, R2 values, varied between 0.998 and 1.00. 

3.3.2. Precision and accuracy 
Intra-day precision was below the accepted 20% for all analytes. 

Fig. 2. Average extraction recoveries (N=4) for EME extraction conditions: donor – 25 mM FA; SLM – NPOE; acceptor – 25 mM FA with (grey) and without (white) 
1% ascorbic acid added to the acceptor- and donor buffer solution. 30 min extraction time. Error bars denote the standard deviation (N=4). 

Fig. 3. Average extraction recovery (N=4) for 20 tryptamines sorted by retention order. Donor: 25 mM FA + 1% ascorbic acid |SLM: NPOE + 0.5%/2%/5% DEHP| 
acceptor: 25 mM FA + 1% ascorbic acid for 60 min extraction time. Error bars denote the standard deviation (N=4). The average extraction recovery for all analytes 
for 30 min extraction time is included in the outer right bar. MiPT was not included in the bar chart due to issues with the signal intensity for the recovery standard. 
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Table 2 
Calibration range, LOD, intra-day precision, inter-day precision and accuracy, recovery, ME, IS-corrected ME, freeze-thaw stability, and autosampler stability.  

Analyte, 
cons. (nM) 

Range 
(nM) 

LOD 
(nM) 

Intra-day 
precision 
(CV) 

Inter-day 
precision (CV) 

Accuracy 
(bias) 

Recovery 
(CV) 

ME 
(CV) 

IS-corrected 
ME (CV) 

Freeze-Thaw 
stability (bias) 

Autosampler 
Stability 
(bias)           

1 
day 

3 
days 

5-OH-DMT 5-500 0.3          
350   8 7 6 12 (2)    1 3 
100   10 7 5 11 (11) 100 

(4) 
94 (6)  1 7 

20   5 5 1 10 (12) 107 
(3) 

100 (2) 4 -4 -4 

7.5   6 21 6 12 (13)    31 -1 
PSILOCIN 5-500 <0.15          
350   8 9 -1 37 (4)    -6 3 
100   10 7 3 35 (10) 101 

(3) 
95 (4)  -10 6 

20   5 8 -5 33 (9) 110 
(4) 

103 (2) 27 -16 -4 

7.5   6 10 5 43 (11)    12 -1 
4-OH-MET 5-500 <0.15          
350   5 6 -3 67 (3)    -1 0 
100   8 7 1 56 (7) 102 

(3) 
95 (4)  0 3 

20   4 5 -6 56 (7) 109 
(5) 

102 (3) 25 -10 -5 

7.5   6 4 3 68 (2)    3 -1 
4-OH-DET 5-500 0.75          
350   4 7 -3 83 (2)    2 1 
100   5 5 0 73 (4) 99 (3) 92 (4)  4 2 
20   10 21 3 80 (7) 112 

(4) 
105 (4) 21 -13 -9 

7.5   6 6 -2 87 (7)    -2 -12 
4-OH-MIPT 5-500 <0.15          
350   4 4 -2 77 (3)    4 -3 
100   5 6 1 67 (2) 96 (2) 89 (3)  5 -2 
20   6 3 -6 68 (2) 105 

(3) 
98 (1) 14 -3 -4 

7.5   4 11 -6 80 (4)    3 4 
5-MeO-DMT 5-500 <0.15          
350   5 2 -4 85 (3)    0 -6 
100   4 4 -1 77 (1) 100 

(3) 
94 (3)  6 -7 

20   5 3 -5 70 (4) 108 
(2) 

101 (2) 3 -3 -6 

7.5   5 4 0 84 (5)    -3 6 
DMT-N- 

OKSYD 
5-500 0.3          

350   6 5 -2 53 (2)    -3 -1 
100   6 5 4 49 (5) 99 (3) 92 (5)  2 -1 
20   5 7 -3 46 (6) 108 

(3) 
101 (1) -2 -7 -6 

7.5   6 5 -5 56 (4)    9 -5 
4-OH-EPT 5-500 0.3          
350   5 4 -3 91 (2)    -5 0 
100   4 4 0 80 (5) 96 (3) 90 (5)  2 4 
20   8 5 -4 81 (1) 105 

(4) 
98 (3) 18 -5 -4 

7.5   8 9 -1 91 (6)    -9 12 
MIPT 5-500 0.3          
350   5 3 -2 95 (2)    -1 -9 
100   5 5 -1 84 (5) 92 (3) 90 (5)  7 -2 
20   7 4 -5 87 (1) 112 

(4) 
98 (3) 5 -4 -1 

7.5   3 13 1 90 (7)    1 7 
5-MeO-EPT 5-500 0.75          
350   6 4 -2 95 (2)    -1 -11 
100   4 7 0 86 (2) 101 

(2) 
94 (3)  8 -4 

20   8 11 -4 88 (2) 106 
(5) 

99 (6) 6 -9 4 

7.5   7 8 2 85 (8)    -10 6 
EPT 5-500 0.3          
350   6 4 -3 98 (4)    -2 -6 
100   5 7 -2 89 (3) 103 

(3) 
96 (4)  5 -6 

(continued on next page) 

M. Schüller et al.                                                                                                                                                                                                                                



Talanta Open 7 (2023) 100171

7

Similar results were observed for the inter-day precision and accuracy, 
however, 5-OH-DMT was outside requirements at the QC1-level (21%). 
If precision and accuracy must be met at the lowest QC level, samples 
can be extracted with slightly higher DEHP concentrations to improve 
the recovery for 5-OH-DMT. This should, however, be performed as a 
separate extraction to avoid trapping in the SLM of the non-polar 
analytes. 

3.3.3. Recovery and ME 
Recoveries ranged from 10-95% (CV<11%) at all QC levels. 

Although some analytes had recoveries below the generally desired 
40%, low variability could assure reliable quantification. ME and IS- 
corrected ME were between 80-120% for all analytes at both QC 
levels. ME ranged from 80-92% (CV≤16%) and 108-113% (CV≤5%) at 
the QC2- and QC3-level, respectively. IS-corrected ME ranged from 92- 
108% (CV ≤ 6%) and 95-106% (CV≤6%) at the QC2- and QC3-level, 
respectively. These data show that EME gives sufficient clean-up in a 
single-step extraction, even from complex matrices such as whole blood. 

3.3.4. Stability 
Freeze-thaw stability was tested at the QC2 level with three cycles. 

Bias was within requirements for 9 out of 16 analytes. Analytes not 
meeting requirements were all OH-tryptamines. Adding ascorbic acid 
before freezing the blood samples may improve freeze-thaw stability 
and should be investigated if samples need to undergo several freeze- 
thaw cycles. 

Autosampler stability was tested at all QC levels after storing the 
extracts in the autosampler for 1 and 3 days. For 1-day stability, re-
quirements were met for all analytes except 5-OH-DMT at the lowest QC 

level. For the 3-day stability, requirements were met for all analytes. 
Slight evaporation of the extracts in the autosampler may have caused 
the 3-day extracts to have higher signal intensity, hence improving the 
detection of 5-OH-DMT. 

3.4. Greenness score 

With the global increase in environmental consciousness, evaluating 
the greenness of analytical procedures will soon be an integrated process 
of analytical method development. An array of approaches have been 
proposed, with varying comprehensiveness and focus on different parts 
of the analytical workflow [30–32]. To solely address the sample 
preparation, AGREEprep, developed by Wojnowski et al., allows for the 
evaluation of all aspects of the sample preparation procedure [20]. Fig. 4 
presents the results from the AGREEprep analysis and details of the data 
input for each subcategory are provided in the Supplementary material 
(Table S6). 

The overall score is in the center, while subcriteria (1-10) are located 
around the inner circle, with the length of each sector representing the 
weighting of the respective criteria. The overall score of 0.76 is 
considered excellent [20], demonstrating that 96-well EME can meet the 
demands of future analytical laboratories. The lowest scores were 
received for lack of integration/automation of the procedure and anal-
ysis by LC-MS/MS. EME has previously been reported in in/on-line 
configurations such as a fully integrated EME probe coupled to LC-MS 
for studying the in-vitro metabolism of methadone in rat microsomes 
[33] and other similar set-ups [34,35]. The LC-MS/MS platform may 
also be replaced by greener alternatives, such as supercritical fluid 
chromatography (SFC) or capillary electrophoresis (CE). 

Table 2 (continued ) 

Analyte, 
cons. (nM) 

Range 
(nM) 

LOD 
(nM) 

Intra-day 
precision 
(CV) 

Inter-day 
precision (CV) 

Accuracy 
(bias) 

Recovery 
(CV) 

ME 
(CV) 

IS-corrected 
ME (CV) 

Freeze-Thaw 
stability (bias) 

Autosampler 
Stability 
(bias) 

20   8 4 -8 80 (3) 105 
(3) 

98 (3) 5 -2 -8 

7.5   6 4 -3 94 (9)    3 5 
5-MeO-DIPT 5-500 0.3          
350   7 3 -4 98 (3)    -5 -10 
100   6 7 -2 91 (3) 105 

(3) 
98 (5)  6 1 

20   7 4 -6 82 (4) 107 
(3) 

100 (2) 3 2 -9 

7.5   8 10 -3 96 (11)    4 3 
5-MeO-DPT 5-500 <0.15          
350   6 2 -7 96 (2)    -3 -7 
100   6 5 3 92 (7) 106 

(3) 
98 (3)  10 5 

20   9 3 -2 81 (3) 110 
(2) 

102 (2) 3 4 0 

7.5   8 5 -1 95 (4)    -7 -5 
4-MeO-DMT 5-500 <0.15          
350   7 9 -1 91 (1)    3 3 
100   2 3 0 85 (7) 104 

(2) 
97 (3)  4 -12 

20   7 3 -3 83 (3) 108 
(4) 

101 (2) 7 -2 -4 

7.5   5 6 0 97 (6)    -5 2 
DMT 5-500 <0.15          
350   4 3 -4 92 (2)    0 -1 
100   4 3 1 86 (4) 98 (3) 92 (4)  0 3 
20   7 2 -3 81 (1) 110 

(4) 
103 (2) -2 -1 -3 

7.5   4 4 -1 84 (5)    2 -1 
MET 5-500 <0.15          
350   4 2 -4 93 (2)    -3 -11 
100   5 3 0 86 (4) 100 

(4) 
94 (5)  2 -3 

20   8 2 -5 76 (3) 106 
(2) 

99 (2) -1 -4 -7 

7.5   7 5 -1 85 (3)    0 2  
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4. Conclusion 

In the present study, an optimized 96-well EME procedure with 
UHPLC-MS/MS analysis was developed and validated for the quantita-
tion of 16 tryptamine analogs from whole blood. Sample preparation 
was performed in a single extraction step with small amounts of organic 
solvent and blood sample. Analytes representing a large log P range 
were extracted by adding an appropriate amount of an ionic carrier to 
the SLM and by optimizing the extraction time. Tryptamine analog 
stability was improved during extraction and analysis, demonstrating 
that 96-well EME is also suited for inherently unstable compounds. 
Adding ascorbic acid to samples before freezing should be considered for 
long-term storage of tryptamines. The validation gave acceptable re-
sults, however not feasible for the AcO-tryptamines, due to degradation 
during storage. Overall, the present method demonstrates high potential 
for use in forensic laboratories as well as meeting the criteria for green 
sample preparation. 

EME is a versatile technique that provides many options to tailor 
method development toward very specific applications. We believe that 
EME can be a great supplement for cases where conventional sample 
preparation is challenging. 96-well EME is still considered to be an 
emerging extraction technique in bioanalysis. We hope, however, that 
the presented results can motivate more researchers to consider EME for 
sample preparation of complex matrices. Further research should focus 
on understanding more of the fundamental aspects of the technique, as 
well as the development of relevant applications. 
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microextraction techniques for the analysis of amphetamines in human breast milk 
and their comparison with conventional methods, J. Pharm. Biomed. Anal. 210 
(2022), 114549. 

[15] T.G. Skaalvik, E.L. Øiestad, R. Trones, S. Pedersen-Bjergaard, S. Hegstad, 
Determination of psychoactive drugs in serum using conductive vial 
electromembrane extraction combined with UHPLC-MS/MS, J. Chromatogr. B 
1183 (2021), 122926. 

[16] K.S. Ask, M. Lid, E.L. Øiestad, S. Pedersen-Bjergaard, A. Gjelstad, Liquid-phase 
microextraction in 96-well plates - calibration and accurate quantification of 
pharmaceuticals in human plasma samples, J. Chromatogr. A 1602 (2019) 
117–123. 

[17] F.S. Skottvoll, F.A. Hansen, S. Harrison, I.S. Boger, A. Mrsa, M.S. Restan, M. Stein, 
E. Lundanes, S. Pedersen-Bjergaard, A. Aizenshtadt, S. Krauss, G. Sullivan, I. 
L. Bogen, S.R. Wilson, Electromembrane extraction and mass spectrometry for liver 
organoid drug metabolism studies, Anal. Chem. 93 (2021) 3576–3585. 

[18] M.S. Restan, M.E. Pedersen, H. Jensen, S. Pedersen-Bjergaard, Electromembrane 
extraction of unconjugated fluorescein isothiocyanate from solutions of labeled 
proteins prior to flow induced dispersion analysis, Anal. Chem. 91 (2019) 
6702–6708. 

Fig. 4. Graphical results from the AGREEprep analysis calculated with the 
AGREEprep software v.0.9 [21]. 

M. Schüller et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.talo.2022.100171
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0001
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0001
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0001
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0002
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0002
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0003
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0003
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0003
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0004
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0004
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0004
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0004
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0005
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0005
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0005
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0005
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0005
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0006
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0006
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0006
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0006
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0007
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0007
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0007
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0008
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0008
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0008
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0009
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0009
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0010
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0010
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0010
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0011
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0011
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0011
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0012
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0012
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0012
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0012
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0013
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0013
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0013
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0013
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0014
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0014
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0014
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0014
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0014
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0015
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0015
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0015
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0015
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0016
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0016
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0016
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0016
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0017
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0017
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0017
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0017
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0018
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0018
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0018
http://refhub.elsevier.com/S2666-8319(22)00088-1/sbref0018


Talanta Open 7 (2023) 100171

9

[19] Scientific Working Group for Forensic Toxicology (SWGTOX), Standard practices 
for method validation in forensic toxicology, J. Anal. Toxicol. 37 (2013) 452–474. 

[20] W. Wojnowski, M. Tobiszewski, F. Pena-Pereira, E. Psillakis, AGREEprep – 
analytical greenness metric for sample preparation, TrAC Trends Anal. Chem. 149 
(2022), 116553. 

[21] i.W. Wojnowski, Analytical greenness metric for sample preparation, 2022. 
[22] L. Vårdal, G. Wong, Å.M.L. Øiestad, S. Pedersen-Bjergaard, A. Gjelstad, E. 

L. Øiestad, Rapid determination of designer benzodiazepines, benzodiazepines, and 
Z-hypnotics in whole blood using parallel artificial liquid membrane extraction and 
UHPLC-MS/MS, Anal. Bioanal. Chem. 410 (2018) 4967–4978. 

[23] B.J. Vanderford, D.B. Mawhinney, R.A. Trenholm, J.C. Zeigler-Holady, S. 
A. Snyder, Assessment of sample preservation techniques for pharmaceuticals, 
personal care products, and steroids in surface and drinking water, Anal. Bioanal. 
Chem. 399 (2011) 2227–2234. 

[24] J.H. Thompson, C.A. Spezia, M. Angulo, Fluorometric detection of serotonin and 
serotonin-O.P.T, Irish J. Med. Sci. (1968-1970) 3 (2008) 197. 

[25] M.R. Meyer, A. Caspar, S.D. Brandt, H.H. Maurer, A qualitative/quantitative 
approach for the detection of 37 tryptamine-derived designer drugs, 5 β-carbolines, 
ibogaine, and yohimbine in human urine and plasma using standard urine 
screening and multi-analyte approaches, Anal. Bioanal.Chem. 406 (2014) 
225–237. 

[26] X. Yu, X. Li, S. You, Y. Shi, R. Zhu, Y. Dong, C. Huang, Electromembrane extraction 
of chlorprothixene, haloperidol and risperidone from whole blood and urine, 
J. Chromatogr. A 1629 (2020), 461480. 

[27] H. Tabani, A.R. Fakhari, A. Shahsavani, H. Gharari Alibabaou, Electrically assisted 
liquid-phase microextraction combined with capillary electrophoresis for 

quantification of propranolol enantiomers in human body fluids, Chirality 26 
(2014) 260–267. 

[28] S.S.H. Davarani, A.M. Najarian, S. Nojavan, M.-A. Tabatabaei, Electromembrane 
extraction combined with gas chromatography for quantification of tricyclic 
antidepressants in human body fluids, Anal. Chim. Acta 725 (2012) 51–56. 

[29] T.K. Rye, G. Martinovic, L.V. Eie, F.A. Hansen, T.G. Halvorsen, S. Pedersen- 
Bjergaard, Electromembrane extraction of peptides using deep eutectic solvents as 
liquid membrane, Anal. Chim. Acta 1175 (2021), 338717. 

[30] A. Gałuszka, Z.M. Migaszewski, P. Konieczka, J. Namieśnik, Analytical Eco-Scale 
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