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ABSTRACT
With increased sensitivity of instrumentation, more substances can be analysed using capillary dried blood spots (DBS), and 
therefore, minimal invasive sample collection can be performed. However, for cannabinoids such as (−)-trans-Δ9-tetrahydroc
annabinol (THC), low extraction efficiencies have been reported in previous studies. In this study, a novel extraction method 
was developed comprising an extraction with dimethyl sulfoxide followed by methanolic extraction, yielding extraction effi-
ciencies > 80% for both THC and its metabolite 11-nor-9-carboxy-Δ9-tetrahydrocannabinol (THC-COOH). The linear ranges 
of the LC–MS/MS method are 0.5–20 ng/mL for THC and 1.25–100 ng/mL for THC-COOH with good precision and accuracy. 
Concentrations of THC and THC-COOH in DBS from capillary blood were compared to venous blood concentrations based on 
159 blood samples retrieved from a study including recreational cannabis users. THC-COOH concentrations in DBS were in 
close agreement with venous blood concentrations with a median capillary DBS/venous blood ratio of 1.09 (mean 1.10 ± 0.21), 
whilst THC concentrations in capillary blood were higher than venous blood concentrations with a median ratio of 2.11 (mean 
16.6 ± 87.9) (after exclusion of outliers: 1.84 [mean 2.57 ± 1.93]), and the THC concentration ratio capillary DBS/venous blood 
showed a larger variability, ranging from 0.75 to 722 (0.75 to 8.18 after exclusion of outliers).

1   |   Introduction

Cannabis is among the most consumed recreational drugs 
worldwide. Its main psychoactive constituent is (−)-trans-Δ9-tet
rahydrocannabinol (THC). Despite its widespread consumption 
for recreational purpose, 244 million people between the age of 
15 and 64 worldwide consumed cannabis in 2024 (4.6% of the 
global population aged between 15 and 64); it is prohibited in 
many countries [1]. In Switzerland, 7.6% of the population be-
tween the age of 15 and 64 consumed cannabis in 2022 [2]. As of 
2021, there are pilot studies investigating the effect of controlled 

access to THC-containing cannabis with a maximum THC 
content of 20% by dry weight in order to gain more scientific 
understanding regarding potential changes in the law [3, 4]. In 
the city of Bern, this study (SCRIPT Safer Cannabis—Research 
in Pharmacies randomized controlled trial, University of Bern, 
BASEC2022-00733) started in 2024 with 700 participants [5].

THC and its major metabolites 11-hydroxy-Δ9-tetrahydrocanna
binol (11-OH-THC) and 11-nor-9-carboxy-Δ9-tetrahydrocannabi
nol (THC-COOH) can be detected in venous whole blood as well 
as serum [6, 7]. Recent developments for minimal invasive or 
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on-site sampling techniques use dried blood spots (DBS) from 
capillary blood as sample material. For alcohol biomarkers such 
as phosphatidylethanol (PEth), clinical parameters and many 
drugs of abuse, DBS analysis has successfully been implemented 
in the last years [8–10]. Some authors describe successful ex-
traction of THC from DBS, whilst others found extraction effi-
ciencies as low as 10%–20% [9, 11–13]. The aim was to develop 
a sensitive and robust extraction method for THC and its major 
inactive metabolite THC-COOH from DBS and the application 
to real case samples of recreational consumers for comparison of 
capillary blood and venous blood concentrations.

2   |   Material and Methods

2.1   |   Participant Study

Detailed inclusion and exclusion criteria of SCRIPT participants 
are available elsewhere [14]. In short, participants had to be over 18 
years of age, report regular cannabis use over the past six months, 
and, at the time of enrolment, their current cannabis use had to 
be confirmed by a urine test. Study nurses consented participants 
at the baseline visit in written form. The local ethics committee 
approved the trial and additional blood analyses (Decision num-
ber: 2022-00733). At the study visit, which was independent from 
the last cannabis consumption, capillary blood (approx. 20 μL) 
from the fingertip was collected on Greencheck DBSV (Protzek, 
Germany) as well as venous blood using 7.5-mL S-Monovette 
EDTA Gel K2E (Sarstedt AG, Nümbrecht, Germany). The princi-
ple of the collection system and its comparability to classic DBS 
cards has been discussed by Stöth et al. [15]. The liquid blood sam-
ples were stored in aliquots of 500 μL in cryotubes (FluidX, Azenta 
Life Sciences, Burlington, NJ, USA) at −80°C until further analy-
sis (later referred to as venous blood samples).

2.2   |   Analytical Part

All solvents were of HPLC-quality. Dimethyl sulfoxide (DMSO, 
puriss. p.a., ≥ 99%) was obtained from Sigma-Aldrich (Buchs, 
Switzerland). Methanol (MeOH, ≥ 99.9%) was obtained from 
Biosolve (Valkenswaard, Netherlands). Acetonitrile (MeCN, 
99.9%) was obtained from Acros Organics (Geel, Belgium). Formic 
acid (50% in H2O) was purchased from Honeywell (Charlotte, 
NC, USA). Deionized water (18.2 MΩ·cm) was produced in-house 
with a Milli-Q system (Millipore, Billerica, MA, USA). External 
quality control samples were obtained from ACQ Science GmbH 
(Rottenburg a.N., Germany). Reference standards for (−)-trans-
Δ9-tetrahydrocannabinol (THC) and (±)-11-nor-9-carboxy-Δ9-tr
ans-tetrahydrocannabinol (THC-COOH) were purchased from 
Merck Supelco (Darmstadt, Germany), and the internal refer-
ence standards (−)-trans-Δ9-tetrahydrocannabinol-D3 (THC-
D3) and (±)-11-nor-9-carboxy-Δ9-trans-tetrahydrocannabinol-D
3 (THC-COOH-D3) were purchased from Lipomed (Arlesheim, 
Switzerland). Blank blood was obtained from the blood donation 
centre in Bern, Switzerland. External quality control samples were 
obtained from ACQ Science (Rottenburg a.N., Germany).

For calibration and for generation of an internal QC sample, 
standard solutions were spiked into blank blood for finally gen-
erating a seven-point calibration ranging from 0.5 to 20 ng/mL 

for THC and an eight-point calibration from 1.25 to 100 ng/mL 
for THC-COOH, respectively. Aliquots of 20 μL of each calibra-
tion or quality control blood sample were applied to DBS cards 
(STERA, Basel, Switzerland) with a calibrated pipet (Gilson, 
Villiers Le Bel, France) and subsequently allowed to dry for at 
least 3 h. For the analysis of volunteers' capillary blood samples, 
one tooth of the DBSV card, with a capacity for 20 μL of blood, 
was detached and placed in a polypropylene (PP) vial (2 mL, 
Sarstedt, Nümbrecht, Germany). For the calibration and quality 
control (QC) samples, the whole spot was punched out using an 
in-house built puncher with an internal diameter of 10 mm and 
then placed in a PP vial. Fifty microlitres of DMSO was added in 
each vial, and the vials were vortexed for 20 min (IKA Vibrax). 
Then, 1 mL of MeOH and 10 μL of deuterated standard solution 
containing THC-D3 and THC-COOH-D3 were added, and the 
extraction mixture was shaken for 1 h, followed by centrifu-
gation at 13,000 rpm and 8°C (Mikro 220, Hettich, Tuttlingen, 
Germany) for 10 min. The supernatant was then transferred to 
an auto sampler vial (Wicom, 2 mL, Heppenheim, Germany), 
and the MeOH phase was evaporated under a stream of N2 at 
50°C for 45 min, with DMSO remaining in the vial. Then, 50-
μL reconstitution solvent (60% MeCN, 40% H2O, 0.1% formic 
acid) was added. The samples were analysed using LC–MS/
MS consisting of a Nexera LC-40B system (Shimadzu, Muttenz, 
Switzerland) coupled to a 7500 QTRAP (Sciex, Toronto, Canada) 
with an injection volume of 5 μL in positive mode using multiple 
reaction monitoring (MRM) at an ionisation voltage of 2200 V. 
The LC system consisted of two gradient systems, an extra 
pump for dilution of the injection volume and a two-way-six-
port valve for on-line extraction. The method has been adapted 
from methods published by Hädener et al. and König et al. using 
a Kinetex C8 2.6 μm, 50 × 2.1 mm, 100 Å analytical column and 
a MercuryMS Synergi Polar RP 20 × 2 mm trapping column 
(Phenomenex, Torrance, CA, USA) [16, 17]. Gradient elution 
was performed using water with 0.1% formic acid (mobile phase 
A) and MeCN with 0.1% formic acid (mobile phase B) at an oven 
temperature of 40°C using the gradient scheme as depicted in 
Table S1. The MRM transitions and MS settings are described in 
Table S2. A two-way-six-port switching valve installed in front 
of the MS-source was used with the following timing: 0–3.5 min: 
LC ➔ waste, 3.5–6.5 min: LC ➔ MS, 6.5–12.0 min: LC ➔ waste. 
For the analysis of the venous blood samples, the method de-
scribed by Hädener et al. and König et al. was used [16, 17].

2.3   |   Validation

Extraction efficiency was determined in triplicate from a com-
parison with pure reference solutions, and solutions spiked 
into blank blood and applied onto DBS cards at concentrations 
of 0.5, 1.5 and 20 ng/mL for THC and 2.5, 7.5 and 100 ng/mL 
for THC-COOH. Carryover was determined by injecting a 
sample at a concentration of 20 ng/mL THC and 100 ng/mL 
THC-COOH, respectively, followed by two injections of blank 
samples. Linearity and weighing (1/x) were determined by 
SciexOS (Version 3.4) in the calibration range. LOQ and LOD 
were determined applying a signal-to-noise (S/N) ratio of 10:1 
for LOQ and 3:1 for LOD by extrapolation from calibrators 
at the LLOQ. Precision and accuracy have been determined 
from QC samples at 1.50 and 2.40 ng/mL for THC and 7.5 and 
38.9 ng/mL for THC-COOH by analysing 36 samples for each 
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concentration. In addition, during the analysis series, the 
peak areas of deuterated internal standards have been mon-
itored for testing of possible matrix effects.

3   |   Results

3.1   |   Participant Characteristics and Samples

Venous and DBS samples were collected from 90 and 159 par-
ticipants, respectively, from the SCRIPT study. 89% (N = 142) 
reported using cannabis in the last 24 h.

3.2   |   Validation

An LLOQ of 0.5 ng/mL for THC and 1.25 ng/mL for THC-
COOH was determined. The lowest calibration level for THC 
with 0.25 ng/mL was excluded, since the S/N ratio was below 
10. In Figure 1, typical extracted LC-MRM-chromatograms are 

shown (1.5 ng/mL THC, 7.5 ng/mL THCOOH). Extraction effi-
ciency was determined as 104% ± 6.5% (N = 3), 83% ± 2.7% (N = 3) 
and 82% ± 2.7% (N = 3) for THC at nominal concentrations of 
0.5, 1.5 and 20 ng/mL, respectively, and 99.3% ± 22.1% (N = 3), 
106% ± 11.6% (N = 3) and 128% ± 5.4% (N = 3) for THC-COOH at 
nominal concentrations of 2.5, 7.5 and 100 ng/mL, respectively 
(Figure  2). In contrast, only low extraction efficiencies were 
found at the same concentrations if only MeOH or MeCN were 
used as extraction solvents (Figure 2).

For THC, precision and accuracy were determined as 12.2% 
(1.5 ng/mL), 13.6% (2.4 ng/mL), 1.6% (1.5 ng/mL) and 9.4% 
(2.4 ng/mL), respectively. For THC-COOH, precision and ac-
curacy were 7.2% (7.5 ng/mL), 8.3% (38.9 ng/mL), 6.3% (7.5 ng/
mL) and 8.8% (38.9 ng/mL), respectively. Linearity was given 
for THC between 0.5 and 20 ng/mL and for THC-COOH be-
tween 1.25 ng/mL and 100 ng/mL, respectively. Carryover has 
not been observed. For THC, an LOD of 0.25 ng/mL (S/N > 3:1) 
and LOQ of 0.5 ng/mL (S/N > 10:1) were determined. For 
THC-COOH, an LOD of 0.5 ng/mL (S/N > 3:1) and an LOQ of 

FIGURE 1    |    Extracted ion chromatogram (XIC) of THC (top) at 5.428 min (1.5 ng/mL) and for THC-COOH (bottom) at 4.298 min (7.5 ng/mL).
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1.25 ng/mL (S/N > 10:1) were determined. The variations of 
signal intensities of the deuterated internal standards in an 
exemplary series of 54 authentic case samples were between 
80 and 120% for both THC-D3 and THC-COOH-D3. During 
method development, we tested the stability of THC-COO-
glucuronide in DBS with reference standard spiked to blank 
blood at concentrations of 50 and 1000 ng/mL, respectively. 
No instability by cleavage of glucuronides has been observed 
directly after DBS preparation and after 10 days of storage of 
the DBS at −20°C.

3.3   |   THC and THC-CCOH Concentrations in DBS 
and Venous Blood

A total of 159 samples were analysed for THC and THC-
COOH on DBS. For THC, 111 (69.8%) were within the lower 
(0.5 ng/mL) and upper quantification (20 ng/mL) limits, 29 
(18.2%) were below 0.5 ng/mL and 19 (11.9%) were exceed-
ing 20 ng/mL. For THC-COOH, 117 (73.6%) were within the 
lower (1.25 ng/mL) and upper quantification (100 ng/mL) 
limits, 36 (22.6%) were below 1.25 ng/mL and 6 (3.8%) were 
above 100 ng/mL. THC concentrations in DBS ranged from < 
LOD to 490 ng/mL (extrapolated) with a median of 4.32 ng/
mL. THC-COOH concentrations in DBS ranged from < LOD 
to 288 ng/mL (extrapolated) with a median of 23.3 ng/mL. In 
venous blood, concentrations ranged from < LOD to 26.7 ng/
mL (extrapolated) (median = 0.80 ng/mL) for THC and from 
< LOD to 283 ng/mL (extrapolated) (median = 12.7 ng/mL) for 
THC-COOH (Figure 3).

3.4   |   Ratio DBS/Venous Blood

From both venous blood and DBS, there were 67 and 66 quantita-
tive results for THC and THC-COOH, respectively. The concen-
tration ratios DBS/venous blood for THC and THC-COOH ranged 
from 0.75 to 722 and 0.60 to 1.64 with a median of 2.11 (mean 
16.6 ± 87.9) and 1.09 (mean 1.10 ± 0.21), respectively. After removal 
of outliers (n = 10 for THC, n = 0 for THC-COOH) according to 
Grubb's test (one-sided, α = 0.05), the median concentration ratio 
DBS/venous blood for THC was 1.84 (mean 2.57 ± 1.93), ranging 
from 0.75 up to 8.18 (Figure 4).

4   |   Discussion

The enhanced extraction efficiency (> 80%) achieved by the 
two-step extraction was found to be crucial for the sensitive 
determination of THC and THC-COOH from capillary dried 
blood spots with an LLOQ of 0.5 ng/mL for THC and 1.25 ng/
mL for THC-COOH. In previously published methods, low 
extraction efficiencies of THC were found when only MeOH 
or MeCN were used as extraction solvents. However, Protti 
et al. and Mercolini et al. described extraction methods with 
extraction efficiencies > 80% for THC and THC-COOH using 
MeOH only or in combination with MeCN, whilst Aydoğdu 
et  al. only analysed the metabolite THC-COOH [12, 13, 18]. 
Still, we could not reproduce these findings using only MeOH, 
as extraction efficiencies found for THC and THC-COOH were 
below 10% and 40%, respectively (Figure 2). Low extraction ef-
ficiencies for THC were also described previously by Ververi 

FIGURE 2    |    Comparison of extraction efficiencies of THC and THC-COOH using DMSO + MeOH, MeOH, and MeCN. High extraction efficien-
cies greater than 80% and 99% for THC and THC-COOH, respectively, were found by our new two-step extraction with DMSO and MeOH. MeOH 
showed extraction efficiencies below 10% and 40% for THC and THC-COOH, respectively. Extraction with MeCN yielded very low extraction effi-
ciencies below 1.5% for both THC and THC-COOH.
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et al. and by Thomas et al. [9, 11] In contrast to the methods 
published by Protti et  al. and Mercolini et  al. in our experi-
ments, and in those of Ververi et  al. and Thomas et  al., the 

analytes were not applied onto spotted DBS from blank blood 
but spiked directly into blank blood before spotting onto filter 
paper cards and drying. This might explain the discrepancies 

FIGURE 3    |    Histograms showing the concentration frequencies for THC (left, bin size = 2 ng/mL) and THC-COOH (right, bin size = 5 ng/mL) for 
both DBS (top) and venous blood (bottom). Overflow bins are 50 ng/mL for THC (n = 6 for DBS, maximum concentration 490 ng/mL; n = 0 for venous 
blood) and 200 ng/mL for THC-COOH (each n = 1 for DBS and venous blood, concentrations 288 and 283 ng/mL, respectively).
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between their findings (with extraction efficiencies of > 80%) 
and the low extraction efficiencies found by Ververi et  al., 
Thomas et  al. and by our own experiments (Figure  2). The 
sample preparation does not reflect reality if the analytes are 
added to blood after spotting onto filter paper. With the new 
two-step extraction, DMSO has been used to dissolve the an-
alytes from the dried blood spots on filter paper. Due to its 
amphipathic nature, DMSO is often used as solvent for hydro-
phobic molecules, and it has been used for cannabinoids in 
blood by GC–MS in combination with methylation [19, 20]. 
Furthermore, DMSO leads to swelling and dissolution of 
cellulose and therefore can enhance liberation of THC from 
the dried blood on filter paper [21]. Moreover, the addition of 
DMSO as an additive in liquid-chromatography eluents may 
help to increase the ionisation efficiency of peptides with elec-
trospray ionisation [22–25]. The variation of internal standard 
signal intensity (80%–120%) indicates that no relevant matrix 
effects were present. However, they would be compensated 
using ion ratios of analyte/internal standard due to coelution 
and chemical similarity.

A large variability has been observed for the DBS/venous blood 
concentration ratio of THC, ranging from 0.75 to 722, whilst 
for the metabolite THC-COOH, the ratio was in a narrow range 
with median and average in close agreement. For THC, 10 ra-
tios have been classified as being outliers, using the alternative 
hypothesis that there are outliers amongst the highest values. 
A potential cause could be external contamination by THC on 
the fingertip of the participant arising from the consumption. 
A similar phenomenon has been described as a risk regarding 
the alcohol biomarker phosphatidylethanol (PEth): If ethanol 
was on the fingertip at the point of sample collection or if eth-
anol vapours (arising from disinfectants) were in the vicinity 
of the DBS sample during drying, post-sampling formation of 
PEth has been observed [26]. However, in the case of cannabis, 
the possible contamination is not only THC from the plant ma-
terial as such, but mainly its precursor, THC acid A, which is 
further decarboxylated to THC upon heating during consump-
tion by smoking [27]. Still, due to the sensitive instrumenta-
tion and method with an actually quantified amount of THC 
in the range of picograms, even small quantities of THC on 
the skin of the fingertip could cause a measurable contamina-
tion. Furthermore, the used skin disinfection tissue contained 
glycerol and phenoxyethanol in water. Whilst this mixture is 
appropriate for puncture site disinfection, it is likely to be too 
polar to remove THC efficiently. Therefore, additional quan-
tification of THC acid A would assist to confirm the cause of 
high DBS/venous blood concentration ratios. Alternatively, a 
different sampling location such as the earlobe could be used. 
The active metabolite 11-OH-THC, which is usually also quan-
tified in venous blood in forensic cases, was not included in 
this method, since in preliminary experiments, we could not 
achieve enough sensitivity for this analyte in the lower concen-
tration range.

5   |   Conclusion

In this study, a novel method was described to quantify both THC 
and its metabolite THC-COOH from DBS with an extraction 
efficiency of 83% (median) for THC and a quantitative extraction 

(approx. 100%) for THC-COOH with LLOQs of 0.5 and 
1.25 ng/mL, respectively. Especially for THC, the extraction 
efficiency was significantly higher than with previously pub-
lished methods, which is crucial for sensitive determination of 
THC in DBS. Regarding interpretation of results, care must be 
taken with respect to THC concentrations in DBS, as they might 
be subject to external contamination from the fingertip during 
sample collection. In future experiments, thorough decontam-
ination of the puncture site must be performed prior to blood 
sampling, for example, by using other organic solvents (e.g., iso-
propanol) and additional detergents. Furthermore, THC acid 
A and its metabolites should be integrated in the LC–MS/MS 
method to distinguish between potential contamination and 
consumption. The metabolite THC-COOH was not influenced 
by contamination problems and shows highly comparable re-
sults in venous blood and DBS from capillary blood.
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