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Abstract

Ongoing legalization of cannabis for recreational use contributes to increasing numbers not only of incidents of driving under the influence, but
within all forensic fields. In addition, newly emerging cannabinoids such as hexahydrocannabinol (HHC) and the increasing use of cannabidiol
(CBD) products have to be addressed. The aims of this study were first to extend laboratory analysis capacity for the “established” cannabinoid
A%-tetrahydrocannabinol (THC) and its metabolites 11-OH-THC and THC-COOH in human plasma/blood, and second to develop analytical proce-
dures concerning HHC and CBD. An LC-MS-MS method based on the available (low-end) instrumentation was used. Samples (250 ul) were
prepared by protein precipitation and solid-phase extraction. Chromatographic separation was achieved on a reversed-phase C18 column within
15 min. Detection was performed on a 3200 QTRAP instrument (Sciex) in positive multiple reaction monitoring (MRM) mode. Matrix-matched six-
point calibrations were generated applying deuterated internal standards for all analytes except HHC. The method was fully validated according
to GTFCh guidelines. Linear ranges were 0.5-25 g/l for THC, 11-OH-THC, HHC and CBD, and 2.0-100 pg/I for THC-COOH, respectively. Limits
of detection and limits of quantification were 0.5 and 1.0 ug/I (THC, 11-OH-THC, HHC, CBD), and 2.0 and 4.0 ug/l (THC-COOH). Applicability of
plasma calibrations to blood samples was demonstrated. Acceptance criteria for intra- and inter-day accuracy, precision, extraction efficiency,
and matrix effects were met. No interfering signals were detected for 80 exogenous compounds. The presented method is sensitive, specific,
easy to handle, and does not require high-end equipment. Since its implementation and accreditation according to ISO 17025, the method has
proven to be fit for purpose not only in driving under the influence of drug cases but also within postmortem samples. Furthermore, the design
of the method allows for an uncomplicated extension to further cannabinoids if required.

Introduction

Psychoactive effects after consumption of “hemp” have been
known for centuries, as well as its medicinal action [1].
The first isolated cannabinoids were cannabinol (CBN) and
cannabidiol (CBD), presented in 1940; albeit both showed
no obvious “marihuana activity” [2]. In the meantime, more
than 60 cannabinoids have been isolated from plant species
Cannabis sativa and thoroughly investigated [3]. In order
to distinguish them from endocannabinoids, such as anan-
damide and 2-arachidonoyl glycerol [4], they are often called
phytocannabinoids [5]. The primary—if not exclusive—target
of endocannabinoids as well as psychoactive phytocannabi-
noids is the cannabinoid receptor type-1 (CB1). CB1 are G
protein-coupled receptors that are densely expressed in the
central nervous system [6, 7], but were also detected in periph-

consistent with the known behavioral effects using cannabis
products [12] and suggest that CB1 is involved in the CNS
effects experienced by cannabis users [6].

It became common knowledge that delta9-
tetrahydrocannabinol (THC, IUPAC classification
(6aR,10aR)-6,6,9-trimethyl-3-pentyl-6a,7,8,10a-tetrahydro-
benzo[c]chromen-1-0l) is the major psychoactive component
in cannabis products [13], acting via CB1 receptors [4, 14,
15]. It may be mentioned that THC also targets CB2 receptors
that show some homology to CB1 and are primarily located
in peripheral tissue [16—18], and on immune cells such as B
cells and macrophages [19]. It was shown that CB2 agonists
lead to anti-inflammatory responses and improve symptoms
of inflammatory diseases [20], and studies showed promis-
ing anxiolytic-like effects of CB2 agonists [21]. Both receptors

eral tissues such as Leydig cells in testis [8] or in cardiac
muscle [9, 10]. CB1 are believed to regulate cognitive pro-
cesses as well as behavioral procedures such as locomotion,
pain sensation, catalepsy, and regulation of body temperature
[11]. CB1-specific binding patterns in brain were shown to be

are involved in pain regulation [22-24] and were studied for
anticancer purposes [25].

After smoking marijuana, THC can be detected up to
5-8h in plasma, depending on the frequency of cannabis
use and the application route [26, 27]. However, heavy
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users may exhibit THC-levels in plasma for >24h resem-
bling concentrations that infrequent users show after acute
cannabis use [28]. Metabolic pathways of THC in the human
body have been extensively studied, revealing phase I and
phase II metabolites such as the main psychoactive metabo-
lite 11-hydroxy-delta9-tetrahydrocannabinol (11-OH-THC)
[29-31], and the nonpsychoactive 11-nor-9-carboxy-delta9-
tetrahydrocannabinol (THC-COOH) in urine with a urinary
excretion half-life ranging from 0.8-9.8 days [32], as well as
in plasma [26, 33]. After oral ingestion, very little unchanged
THC was present in plasma [34], and 80-90% of THC
metabolites are excreted within 5 days, as the bioavailabil-
ity of THC is only 4-12%, as compared to 10-35% after
smoking [35]. Explanations are acidic degradation in the gas-
trointestinal tract and extensive first-pass liver metabolism of
THC, respectively [36].

Detection of THC and 11-OH-THC in plasma or blood
proves impairment at the time of sample drawing, albeit the
self-reported “high” effect after consumption seems to lag
somewhat behind the measured plasma levels [37]. In contrast
detection of the non-psychoactive THC-COOH only proves
that consumption has taken place. This is true in general if
substances and/or their metabolites are detected in urine, and
not in blood/plasma samples.

Over the years, CBD (IUPAC classification 2-[(1 R,6 R)-3-
methyl-6-prop-1-en-2-ylcyclohex-2-en-1-yl]-5-pentylbenzene-
1,3-diol) also has gained more and more attention. CBD is a
high potency CB1 antagonist [38] and mediates several other
mechanisms, e.g. serotonin-receptor-related neurotransmis-
sion [39]. In 2020, the European Court of Justice stated that
CBD extracted from plants should not be considered a drug
under the 1961 United Nations Single Convention on Nar-
cotic Drugs [40]. It has been studied for medical purposes,
especially CNS disorders [41], and has gained importance
as preparation Epidiolex/Epidyolex for treatment of seizures
associated with several syndromes in children such as Lennox-
Gastaut, Dravet, or tuberous sclerosis [42, 43]. Otherwise,
it is widely promoted for having anti-inflammatory, relaxing,
antidepressive, anxiolytic, and pain-relieving effects without
any relevant side effects [44], albeit serious scientific studies
showed that consumption of CBD is not risk-free, especially
in combination with other applied drugs [435, 46]. Altogether,
the sale of low-THC cannabis products, containing mainly
CBD, has been steadily increasing in central Europe since a
few years, starting in Switzerland and soon after in neighbour-
ing countries as well, such as Italy and Austria [47], where
currently increasing business volumes of about 1.4% per year
are expected [48].

Recently also hexahydrocannabinol (HHC, IUPAC
classification 6,6,9-trimethyl-3-pentyl-6a,7,8,9,10,10a-
hexahydrobenzo[c]chromen-1-o0l) has gained broader pub-
lic attention. The term HHC commonly summarizes the
two stereoisomers (9 R)-HHC and (9S)-HHC. It was first
described as component in hemp extract as early as in 1940
[1], and further chemical characteristics of HHCs were spec-
ified soon after [2]. HHC and derivatives thereof were found
to be potent CB1 agonists in vitro [49] as well as in vivo
in rodents, displaying cannabimimetic effects in usual tests
such as the tail-flick assay for antinociceptive responses, or
hypothermic effects that are associated with CB1 receptor
binding [50, 51]. This is not surprising, as HHC represents a
hydrogenated analog of THC. However, it has been indicated
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that HHC derivatives exhibit a slower onset of action in com-
parison to THC, as shown in rodents after injection [50],
albeit the CB1 binding affinity of THC was shown to be less
potent than that of (9 R)-HHC with binding affinity constants
of 27.3nM and 19 nM, respectively [52].

After entering the drug market as alternative to THC in
the USA, it was first identified in Europe in 2022 in a food
product marketed as sleep aid [53]. In the meantime, it has
been detected in hemp-derived resin [54], in vaping devices
typically containing cannabis-oil cartridges [55] and in food
products, so called edibles [53]. Semisynthetic large-scale pro-
duction of HHC can be done using CBD as pre-precursor
[56]. Usually, CBD undergoes acid-catalyzed intramolecular
cyclization in a first step to delta8-THC as main product [57,
58]. In a second step, HHC is produced by catalytic hydro-
genation of mainly delta8-THC, leading to different ratios of
(9S)- and (9 R)-HHC depending on the catalyst used [54, 59],
with (9 R)-HHC being the substantially more active isomer
[60].

In the beginning in 2021, HHC was offered as legally avail-
able substance since it has not been clearly regulated by most
national legislations, albeit it has been monitored as “new
psychoactive substance” since 2022 within the EU [53]. How-
ever, HHC and its derivatives have been regulated since March
2023 by the Austrian New Psychoactive Substances Act [61]
and by the Swiss Narcotic Act [62].

Cannabis consumption impairs driving skills [63, 64] and
is associated with an increased risk of road traffic accidents
[65]. However, in a more recent study, no significant impact on
driving abilities was found in 33 volunteers after smoking of
“CBD-rich” marijuana with a CBD concentration of 16.6%
[66]. Consequently, it seems necessary to survey drivers partic-
ipating in road traffic concerning possible drug consumption,
especially cannabis products of all sorts. Furthermore, highly
increasing numbers of driving under the influence of drugs
(DUID) cases have been observed in recent years, showing an
increase of ~10% from 2019 to 2020 for cannabinoids [67],
Austria being no exception with an estimated increase of 15%
from 2017 to 2022 [68]. Main explanations are extended
police and medical resources as well as improved training
of police officers involved in vehicle and driver inspections.
The number of DUID cases analyzed at the Institute of Legal
Medicine in Innsbruck, covering Western Austria with an esti-
mated population of 1.15 million, has multiplied by a factor
of about 10 in the last 5 years. Not surprisingly, cannabis
impairment was the predominant result among these cases,
in accordance with previous studies [69, 70]. Furthermore,
it can be expected that further legalization of cannabis con-
sumption, e.g. as in Germany in 2024, will lead to yet another
overall rise of cannabis positive cases. Accordingly, keeping
pace with increasing sample numbers requires extended lab-
oratory analytical capacity. Simultaneously, reasonably avail-
able resources have to be considered. This does not only apply
exclusively for the “established” cannabinoid THC and its
main metabolites 11-OH-THC and THC-COOH, but also
for other emerging cannabinoids such as HHC and CBD,
requiring adapted analytical procedures.

Our aim was therefore to establish an efficient and
robust liquid chromatography-tandem mass spectrometry
(LC-MS-MS) method based on easily available (low-end)
instrumentation enabling the simultaneous determination of
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and whole-blood. We are aware that a number of method-
ological papers for quantitative analysis of HHC and HHC-
metabolites and/or other cannabinoids have been published
by now. However, they are either covering a subset of analytes,
e.g. focusing on HHC and its metabolites [71, 72], and/or
apply GC-MS(-MS) techniques requiring derivatization steps
prior to GC analysis [73, 74]. The presented method is fully
validated, robust, efficient, and fit for purpose of unambigu-
ous and reliable differentiation between traditional cannabis
consumption and consumption of HHC and/or CBD prod-
ucts. Another aim of this study was to prove the applicability
of the method not only in DUID cases, but also in postmortem
samples, thus fully covering usual forensic routine.

Experimental methods
Chemicals and reagents

Water, methanol, acetonitrile, and acetone (all HPLC grade)
were purchased from Honeywell (Seelze, Germany). Acetic
acid and heptafluorobutyric acid (both purissima, p.a.) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Refer-
ence standards and deuterated internal standards for THC,
11-OH-THC, THC-COOH, and CBD as well as a delta8-
THC reference standard were purchased from Lipomed
(Arlesheim, Switzerland). Reference standards of (9R)-
and (9S)-hexahydrocannabinol were obtained from Cayman
Chemical (Ann Arbor, Michigan, USA). Validation proce-
dures were performed using the (9 R)-hexahydrocannabinol
standard (HHC).

Blank human plasma and whole-blood samples were
obtained from the blood bank of the Innsbruck University
hospital and were evaluated for absence of investigated ana-
lytes prior to use.

Instrumentation

All experiments were performed on a Sciex 3200 QTRAP
triple—quadrupole mass spectrometer equipped with a TurboV
ESI source (Sciex, Foster City, CA, USA). The mass spec-
trometer was interfaced with a 1100 HPLC system (Agilent,
Waldbronn, Germany) consisting of a 1100 pump, a 1100
four-channel degasser, and a 1100 column oven. An HTS
PAL autosampler (CTC Analytics, Zwingen, Switzerland)
equipped with a 20 pl injection loop was applied.

Sample evaporation under nitrogen was performed using
an EVA EC1 evaporator (VLM, Bielefeld, Germany).

Procedures
Preparation of standard solutions

A stock solution containing 500 pg/l of THC, 11-OH-THC,
CBD, HHC, and 2000 pg/l THC-COOH, respectively, was
prepared in methanol/water (75/25, v/v) and stored at —20°C.
Dilutions of the stock solution with methanol/water (75/235,
v/v) created calibrators at 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 ug/l
(THC, 11-OH-THC, CBD, HHC), and 2.0, 4.0, 10.0, 20.0,
40.0, 100 pg/l (THC-COOH), respectively, when fortifying
25 pl of standard solution into 250 pl of blank human plasma
or whole blood. Quality control (QC) samples were pre-
pared in methanol/water (75/25, v/v) from different vials than
utilized for preparing standards. Low- and high QCs were pre-
pared across the linear dynamic range of the assay at 1.0 pg/l
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and 10 pg/l (THC, 11-OH-THC, CBD, HHC) and 4.0 pg/l and
40 pg/l (THC-COOH), respectively.

Internal standard (IS) solution was prepared by diluting
100 pg/ml solutions of THC-d;, 11-OH-THC-d;, CBD-d; and
THC-COOH-d; with methanol/water (75/25, v/v) resulting in
concentrations of 0.1 pg/ml for THC-d;, 11-OH-THC-d; and
CBD-d;, and 0.4 pg/ml for THC-COOH-d;. IS solution was
stored at —=20°C and 25 ul of the solution was added to each
250 pl plasma or blood sample, providing final IS concentra-
tions of 10 pg/l for THC-d;, 11-OH-THC-d; and CBD-d; and
40 pg/l for THC-COOH-d;. Since deuterated HHC was com-
mercially not available during method development THC-d,
was used as IS for HHC quantification.

Sample preparation

Plasma or blood samples (250 ul) were mixed with 25 pl IS
solution. For protein precipitation, 0.75 ml acetonitrile were
added. The mixture was vortexed for 20 s and centrifuged for
5 min at 4000 x g. The supernatant was separated, diluted
with 2 ml of a 0.1 M aqueous acetic acid solution and submit-
ted to solid-phase extraction (SPE) employing Chromabond
Drug II cartridges (45 pm, 200 mg, 3 ml, Macherey-Nagel,
Dueren, Germany). The cartridges were equilibrated with 2 ml
methanol and 2 ml water. After sample application, the car-
tridges were washed twice with 3 ml water each. To remove
water, cartridges were placed in test tubes and centrifuged for
5 min at 4000 x g, and dried with nitrogen at 60°C for 20 min.
Elution was accomplished with 2 ml acetone/acetic acid (99/1,
v/v). The eluate was evaporated to dryness with nitrogen at
60°C and reconstituted in 35 ul of methanol/water (75/25,
viv).

Liquid chromatography

Chromatographic separation was accomplished on a Euro-
sphere II C18 column (100 x2mm, 5pm, Knauer, Berlin,
Germany) protected by a 0.2 um stainless steel filter frit (Vici,
Schenkon, Switzerland). The column oven temperature was
50°C throughout the analysis. The PAL autosampler was
operated at room temperature, and the injection volume was
10 ul. Separations were performed using a 2min gradient
of 70-100% methanol in aqueous solution containing 0.5 %
acetic acid and 0.005% heptafluorobutyric acid (both v/v).
The flow rate was set to 200 pl/min and the total run time
was 15 min. The column outlet was directly connected to the
electrospray ionization (ESI) source.

Mass spectrometry

Mass spectrometric data were acquired with ESI in positive
ionization mode. MS-MS parameter settings (Table 1) were
optimized via direct infusion of individual analytes (500 pg/l
in initial mobile phase) at 10 pl/min. Optimized source param-
eters were as follows: spray voltage 5.5 kV, gas flows of
60 arbitrary units (gas 1 and gas 2) and 45 arbitrary units
(curtain gas), respectively. Collision cell gas (CAD) was set
to “medium” and the source temperature was adjusted to
500°C. Unit resolution was used for all experiments. Mass
spectrometric data were recorded and analyzed on a personal
computer with Analyst software 1.5 (Sciex).

Method validation

The method was fully validated for human plasma accord-
ing to the guidelines of the German Society of Toxicological
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Table 1. Experimental details for LC-MS-MS acquisition (bold font denotes quantifier transition)

Retention time

Analyte (min) Q1 Mass (m/z) Q3 Mass (m/z) Dwell Time (ms) DP (V) EP(V) CEP(V) CE(V) CXP(V)
THC 6.87 315.0 193.4 150 50 4.5 17.0 30 3.0
315.0 123.2 50 55 3.7 25.0 44 4.0
THC-d; 6.86 318.3 196.1 50 50 4.5 17.0 30 3.0
11-OH-THC 5.94 331.0 193.3 500 45 4.0 20.0 34 7.9
331.0 313.5 50 45 4.0 20.0 16 3.6
11-OH-THC-d; 5.92 334.0 316.5 200 45 4.0 20.0 16 3.6
HHC 7.06 317.4 193.2 50 50 4.5 17.0 30 3.0
317.4 137.2 50 50 3.7 25.0 44 4.0
CBD 6.17 315.0 193.4 150 50 4.5 17.0 30 3.0
315.0 123.2 50 55 3.7 25.0 44 4.0
CBD-d; 6.14 318.3 196.1 50 50 4.5 17.0 30 3.0
THC-COOH 6.05 345.5 299.5 50 60 5.0 13.3 30 51
345.5 327.5 150 60 5.0 15.0 20 52
THC-COOH-d; 6.04 348.2 330.1 50 60 5.0 15.0 20 52

Abbreviations: Q1 =quadrupole 1, Q3 =quadrupole 3, DP=declustering potential, EP=entrance potential, CEP =collision cell entrance potential,

CE = collision energy, CXP = collision cell exit potential).

and Forensic Chemistry (GTFCh) [75]. Evaluated parameters
included linearity, sensitivity, specificity, selectivity, intra- and
inter-day precision, accuracy, carry-over, dilution integrity,
matrix effects, extraction efficiency as well as autosampler and
freeze—thaw stability. The applicability of the method to the
analysis of whole-blood samples was evaluated and validated
regarding selectivity, accuracy and precision, freeze—thaw
stability, matrix effects, and extraction efficiency.

Linearity of the method was evaluated by analyzing seven
replicates of spiked human plasma samples on seven different
days at 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 pg/l (THC, 11-OH-THC,
CBD, HHC) and 2.0, 4.0, 10.0, 20.0, 40.0, 100 pg/l (THC-
COOH), respectively. Peak area ratios of target analytes and
their respective internal standards versus the nominated con-
centration of the levels were fitted in a nonweighted linear
calibration model for all analytes. Linearity was expressed by
the squared correlation coefficient (R?) and evaluated visually
using residual plots.

Sensitivity was investigated by determining limits of detec-
tion (LOD) and limits of quantification (LOQ). LOD and
LOQ were calculated from the linear calibration functions
according to DIN 32 645 using the software SQS 2013
Version 1.00 for analytical method validation.

Endogenous interferences were assessed in six independent
blank sources of human plasma and seven independent blank
sources of human blood. Interferences were also assessed in
blood and plasma fortified with internal standard. In addition,
plasma was fortified with 80 illicit and common therapeutic
drugs, metabolites, and related compounds including selected
synthetic cannabinoids and analyzed for interfering signals
(Supplementary Table S1). Specificity was based on retention
time as well as on intensity ratios of two MRM transitions
per analyte. Retention times for QC and authentic specimens
were required to be within +0.05 min of the mean calibra-
tor retention time and the peak area ratios had to be within
+20% of the mean calibrator intensity ratio.

Accuracy and precision of the method were assessed by
analyzing QC samples at low (low QC, corresponding LOQ)
and high concentrations (high QC: 10 pg/l for THC, 11-OH-
THC, CBD, HHC and 40 pg/l for THC-COOH). For plasma
intra- and inter-day precision and accuracy were assessed by
six determinations per concentration within one day and by
nine determinations per concentration on nine different days

whereas blood intra-day precision and accuracy was evalu-
ated by seven determinations per concentration within one
day. Precision was expressed as relative standard deviation
(RSD %), which should be <15% at each concentration and
<20% at LOQ level. Accuracy was expressed as a relative
error (%), which was required to be within +15% at each
concentration and within £20% at LOQ level.

Carryover was assessed in triplicate by analyzing negative
blank matrix (internal standard only) after the highest calibra-
tor. Carryover was considered insignificant if no peaks eluted
at the analytes’ expected retention time (4+0.05 min) and any
signal present was less than LODs.

Dilution integrity of the method was assessed with three
blank plasma specimens fortified with two-fold concentra-
tions of the highest calibrator (50 and 200 g/l for THC,
11-OH-THC, CBD, HHC and THC-COOH, respectively).
Specimens were diluted with additional blank plasma at 1:5
ratios to yield a 250 pl volume. Samples and specimens were
further processed as normal.

Extraction efficiency and matrix effects for each analyte
were evaluated at two concentration levels (low QC and high
QC) in six replicates according to the design of Matuszewski
et al. [76] for plasma and blood. For determination of extrac-
tion efficiency, quality control standard solution was added
prior to or following SPE. Extraction efficiency in percent was
expressed as the mean analyte area of samples with control
solution added before SPE (1 =6) divided by the mean ana-
lyte area of samples with control solution added after SPE
(n=6). Matrix effect was investigated by comparing analyte
peak areas of extracted blank samples that were fortified after
SPE versus analyte peak areas of neat samples prepared in
methanol/water (75/25, v/v) at equivalent concentrations and
was calculated by dividing the analyte areas of blank sam-
ples fortified after SPE by areas of neat samples, expressed as
percent.

Processed sample stability for plasma samples while stored
in the autosampler at room temperature was evaluated. Ten
replicates of extracted low and high QC samples were ana-
lyzed repeatedly after ~4 h resulting in an overall investigated
time frame of 41.5 h. Processed samples were considered sta-
ble if peak area loss was <15%. Freeze-thaw analyte stability
was evaluated for plasma and whole blood at low QC and
high QC concentrations with six replicates each, prior and
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after three freeze-thaw cycles (one cycle corresponds to 20 h
freeze and 1h thaw at room temperature). All samples were
quantified from the calibration curve initially analyzed.

Results and discussion
Method development

The aim of the current work was to establish and validate
an efficient and robust LC-MS-MS method based on the
available low-end instrumentation enabling the simultaneous
determination of THC, 11-OH-THC, THC-COOH, HHC,
and CBD in human plasma and blood. Main requirements
of the newly developed method were better sensitivity and
higher sample throughput in combination with less hands-
on time as compared to the previously available GC-MS
method. Another key prerequisite was the unambiguous and
reliable differentiation between “traditional” cannabis con-
sumption and consumption of HHC and/or CBD products.
Essentially, artificial transformation of CBD to THC, which
can be observed in GC-MS workflows depending on the con-
ditions of sample preparation, derivatization and/or GC-MS
analysis, had to be eliminated.

MS-MS conditions were optimized by direct infusion of
solutions of each individual analyte and internal standard.
Source parameters are detailed in the “Experimental meth-
ods” section and MRM parameters are listed in Table 1.
Two MRM transitions for each analyte were monitored
for unambiguous identification. For quantification the high-
lighted (bold font) MRM transition (see Table 1) was used.
Notably, identical MRM conditions are mentioned for THC
and CBD as well as for the respective internal standards. THC
and CBD are structurally related compounds, with CBD being
considered the open-chain form and THC the related cyclic
form. The two compounds exhibit a high degree of similarity
of fragment ion mass spectra, which leads to interference in
the MRM traces. As the presented chromatographic method
clearly differentiates the two cannabinoids with CBD eluting
0.60 min earlier than THC (Fig. 1f and i), identical MRM set-
tings can be applied for monitoring both, THC and CBD as
well as their deuterated analogs. Thereby mass spectrometric
detection is taking advantage of “saving” cycle time which is
beneficial using an instrument with limited scan speed.

Optimization of chromatographic conditions was
restricted because other accredited routine applications were
performed on the same LC-MS-MS system as well. Apply-
ing the established reversed phase column and mobile phases
enabled the separation of target analytes within a runtime
of 15 min with exception of the two HHC diastereomers.
9R- and 9S-HHC eluted at identical retention times regard-
less of the applied methanol gradient, column temperature
and flow rate. Hence, the procedure determines “total HHC
concentrations” in biological samples, not distinguishing 9 R-
and 9S-HHC. Likewise, the present chromatographic system
enabled only partial separation of delta9- and delta8-THC.
Delta8-THC eluted 0.1 min later than delta9-THC but base-
line separation of the two isomers was not achieved. There-
fore, delta8-THC was omitted from the validated method.
However, for casework analysis misidentification of the two
isomers can be excluded due to a retention time difference
larger than +0.05 min, which is the chromatographic iden-
tification criterion for all analytes included in the validated
method.
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As solvent mixture for reconstitution of extracts methanol/
water (75/25, v/v) was used, as higher methanol percentage
impaired chromatographic behavior and lower methanol con-
tent reduced solubility of analytes. The injection volume of
10 pl was a compromise between signal intensity and saving
of extract volume for potentially needed repeating injections.

In the course of method development different sample
preparation techniques were evaluated including liquid-liquid
extraction, supported liquid extraction, protein precipitation
as well as solid-phase extraction. Attempts of performing one-
step sample preparation compromised analytical performance
of the method. Finally, the presented elaborate workflow
including protein precipitation and consecutive solid-phase
extraction generates clean extracts showing little endogenous
interferences. Low noise in MRM traces combined with rea-
sonable extraction efficiency enabled sensitive and selective
detection of all analytes even at low concentrations with low
sample volume input on the available low-end instrumenta-
tion.

Method validation

The method was validated according to the criteria described
in the “Experimental” section. Calibration curves (Table 2)
showed excellent linearity (R*>0.999, no weighting) over the
concentration range of 0.5-25 g/l for THC, 11-OH-THC,
HHC, and CBD, and 2.0-100 pg/l for THC-COOH, respec-
tively. Visual evaluation of calibrations using residual plots
suggested that linear calibration models were appropriate as
individual residuals showed equal variances across the cali-
bration range and random distribution around the zero line.
Back-calculated concentrations were all within 85%-115%
of the nominal concentrations.

Statistically determined values for LOD and LOQ (Table 2)
were clearly below 0.5 and 1.0pg/l (THC, 11-OH-THC,
HHC, CBD) and 2.0 and 4.0 pg/l (THC-COOH) which are
comparable to recently published methods [71-74] and appli-
cable limits in forensic caseworks, fulfilling the requirements
regarding sensitivity.

No interfering signals were detected for all analytes in six
independent sources of plasma. Figure 1(a—e) depicts repre-
sentative clean MRM chromatograms of an extracted blank
plasma sample, proving selectivity of the method. Appar-
ently, potentially interfering endogenous species are effec-
tively removed during the applied sample preparation steps.
Furthermore, no chromatographic peaks were observed for
plasma samples fortified with 80 potentially interfering exoge-
nous substances (Supplementary Table S1). The exception
was the naturally occurring cannabinoid cannabigerol that is
structurally related to HHC, with cannabigerol being consid-
ered the open-chain form and HHC the related cyclic form.
These two compounds exhibit a high degree of similarity
of fragment ion mass spectra, which may lead to interfer-
ence in the MRM traces. However, the presented chromato-
graphic method clearly differentiates the two cannabinoids
with cannabigerol eluting 0.90 min earlier than HHC.

Possible carryover in a negative blank matrix following a
specimen spiked at the upper limit of quantification level was
assessed. Any signal present was less than each LOD, sug-
gesting that the current method application was devoid of
carryover.

In the course of method validation, the required identifica-
tion criteria were met for all analytes.
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Figure 1. MRM ion chromatograms of (a—e) extracted blank plasma, (f—j) analytes at limit of quantification (LOQ: THC, 11-OH-THC, HHC, CBD 1.0 pg/l;

THC-COOH 4.0 pg/l), and (k-0) a DUID casework plasma sample containing all target analytes.

Table 3 shows accuracy and precision data evaluated for
each analyte at two concentration levels in human plasma.
The intra-day accuracy, calculated as the relative error of
target concentrations, ranged from -7.0% to 5.6 %. The max-
imum intra-day precision (% RSD) was 13.0%. The inter-day

accuracy ranged from -11.8% to 11.3%. Inter-day precision
(% RSD) was <12.7%.

Extraction efficiency and matrix effect data for plasma
samples are presented in Table 4. The mean extraction effi-
ciency of target analytes ranged from 73.8% to 82.6%,
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Table 2. LOD, LOQ, and calibration results for THC, 11-OH-THC, HHC, CBD, and THC-COOH in human plasma

Analyte Internal standard  LOD (pg/l) LOQ (pg/l) Slope+SD (2=7) y-int+SD (#=7) R?>+SD (n=7) Linear range (pg/l)
THC THC-d; 0.13 0.65 0.065 +0.001 0.005 +0.009 0.999 4+ 0.001 0.5-25
11-OH-THC 11-OH-THC-d; 0.04 0.20 0.036 +0.001 0.002 +0.001 1.00040.000 0.5-25

HHC THC-d; 0.13 0.67 0.280 4 0.004 0.020 4+ 0.004 0.999 +0.001 0.5-25

CBD CBD-d; 0.07 0.36 0.061+0.001 0.002 +0.005 0.999 +0.001 0.5-25
THC-COOH THC-COOH-d;  0.72 3.61 0.023 4 0.001 0.00240.018 0.99940.000  2.0-100

SD = standard deviation; y-int = y-intercept.

Table 3. Precision and accuracy data in human plasma at two concentration levels of 1.0 and 10.0 pg/I (THC, 11-OH-THC, HHC, CBD) as well as 4.0 and

40 pg/l (THC-COOH)

Intra-day (7 =6)

Inter-day (n=9)

Precision (% RSD)

Accuracy (rel. error, %)

Precision (% RSD) Accuracy (rel. error, %)

Analyte Low High Low High Low High Low High
THC 5.1 7.3 1.0 —6.8 11.5 7.3 -5.0 -7.5
11-OH-THC 9.4 9.1 4.0 52 12.7 7.6 7.0 8.0
HHC 11.6 13.0 1.0 5.6 11.6 4.8 1.0 —4.0
CBD 6.1 11.9 1.0 —1.4 12.6 6.2 —-1.0 —11.8
THC-COOH 8.6 8.6 —7.0 0.8 9.2 11.0 —7.8 11.3

RSD =relative standard deviation.

suggesting that the developed sample preparation procedure
had good extraction efficiency. The matrix effect at two con-
centration levels was in the range of 76.0%-92.6%, which
suggested that co-eluting substances had only minor effects
on the ionization of target analytes.

Accuracy, precision data, extraction efficiency, and matrix
effect data were comparable to published data [71-74, 77].

Dilution integrity was maintained up to five times dilu-
tion with blank plasma and all analytes were quantified
within 20% of the theoretical concentration. This proved that
high concentrations of target analytes that are occasionally
observed in casework samples following cannabis smoking
can be reliably measured.

Stability of extracted plasma specimens at room tem-
perature on the autosampler was determined for 41.5h.
All analytes were stable under these conditions over
the investigated time frame as there was no significant
decrease (<15%) of peak areas observed. In fortified plasma
samples at low and high QC concentrations (six repli-
cates), all analytes were stable during three freeze-thaw
cycles.

Applicability to whole-blood samples

Separation of plasma is not always possible due to hemolysis
especially in postmortem blood samples, or due to low sample
volume. This means that a significant number of whole-blood
samples are regularly received in forensic laboratories. There-
fore, one essential aspect during validation was the appli-
cability of the method to blood samples. Seven independent
sources of whole-blood samples were extracted and analyzed
in order to assess selectivity. No interferences were detected.
Potentially interfering endogenous species were obviously
effectively removed during the applied sample preparation
steps.

In order to assess the applicability of matrix-matched
plasma calibrations for analyte quantitation, low and high
QC specimens were generated in seven independent blood

Table 4. Extraction efficiency and matrix effects in human plasma at two
concentration levels of 1.0 and 10.0 pg/I (THC, 11-OH-THC, HHC, CBD) as
well as 4.0 and 40 pg/l (THC-COOH)

Extraction efficiency Matrix effect

(%,n=6) (%, n=6)
Analyte Low High Low High
THC 77.2 79.1 77.4 77.3
11-OH-THC 78.1 81.3 774 76.0
HHC 73.8 74.4 84.7 85.2
CBD 79.1 79.6 81.5 78.6
THC-COOH  75.3 82.6 87.2 92.6

RSD =relative standard deviation.

samples and analyzed. Quantitative results for each analyte
were determined applying the respective plasma calibration,
and accuracy and precision were calculated for both concen-
tration levels (Table 5). Relative errors were within =15% to
4.2% for all analytes and precision (% RSD) was less than
8.3%. These results prove that analysis of blood samples by
applying matrix matched plasma calibrations was valid.

Mean extraction efficiency and matrix effect data for blood
samples are also presented in Table 5. Mean extraction effi-
ciency of target analytes ranged from 62.0% to 84.4% and
show that the applied sample preparation procedure has
acceptable extraction efficiency also for whole-blood sam-
ples. Matrix effects were in the range of 80.4% to 115.2%,
which suggests that co-eluting substances have only minor to
moderate effects on the ionisation of target analytes.

In fortified whole blood at low and high QC concentra-
tions (six replicates), all analytes were stable during three
freeze—thaw cycles. Average concentrations of stability sam-
ples were within 90-110% of the respective control samples.

Furthermore, applicability of the method to blood sam-
ples was demonstrated by regular successful participation in
proficiency tests.
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Table 5. Extraction efficiency, matrix effects, intra-day precision, and accuracy data in human whole blood at two concentration levels of 1.0 and 10.0 pg/l

(THC, 11-OH-THC, HHC, CBD) as well as 4.0 and 40 pg/l (THC-COOH)

Extraction efficiency Matrix effect Precision Accuracy
(%, n=6) (Y%, n=6) (% RSD, n=7) (rel. error, %, n=7)
Analyte Low High Low High Low High Low High
THC 72.2 81.9 98.6 93.7 5.5 1.4 -3.0 -8.0
11-OH-THC 72.5 78.2 80.4 83.1 3.5 2.9 4.0 13.0
HHC 62.0 73.2 115.2 106.3 8.3 5.8 —11.0 4.0
CBD 71.9 84.4 94.8 85.5 6.1 4.4 0.0 —15.0
THC-COOH 62.9 79.7 105.1 100.6 5.5 6.6 2.0 4.2

Limitations of the method

The application of deuterated HHC as internal standard for
HHC quantitation would be beneficial for compensation of
matrix effects and extraction efficiency fluctuations, espe-
cially for the analysis of blood samples (Table 5). During
method development and validation no deuterated analogues
of HHC had been commercially available. Meanwhile, this
has changed and the inclusion of HHC-dy to the presented
method is scheduled.

The presented method determines total HHC concentra-
tions in biological samples. This analytical limitation could
be overcome by applying an alternative reversed phase chro-
matographic system [71] or by applying chiral chromatogra-
phy [72]. Currently, no differentiation between the two HHC
diastereomers is stated in the Austrian legislation regarding
legal consequences for the driver [61].

At the current stage of development, delta8-THC is not
included in the validated method due to insufficient chro-
matographic separation from delta9-THC. Although baseline
separation is not achieved, the chromatographic method dis-
tinguishes reliably the two isomers due to differing retention
times.

The method covers metabolites of THC but not of CBD
and HHC. Monitoring metabolites of these two targets would
further improve the method. For the respective carboxy-
metabolites, higher concentrations and/or longer detection
windows compared to their precursors are observed in biolog-
ical samples [71, 78]. Thereby carboxy-metabolites of HHC
and CBD can be considered as appropriate markers for prov-
ing the intake of the respective cannabinoid. Additionally,
chronic consumption can be differentiated from single-dose
users according to levels of carboxy-metabolites, which can
be important information in forensic casework. Applying the
present method in CBD positive samples putative signals of
CBD-COOH were detected in the MRM traces of THC-
COOH due to a high degree of similarity of fragment ion mass
spectra. Again, the two analytes were unequivocally differen-
tiated by chromatography, with CBD-COOH eluting 2.5 min
earlier than THC-COOH.

Casework analysis

Application to casework samples proved the robustness and
capacity of the method in a forensic routine laboratory. It was
fully accredited according to EN ISO/IEC 17025. Since its
implementation in routine work about one thousand DUID
cases were analyzed until the end of 2023. The majority of
samples, about 80%, was tested positive for THC and/or
its main metabolites, with THC concentrations above LOQ
ranging from 1.0 to 200 pg/l (mean 8.1pg/l). In Austria,

no threshold values for illicit drugs are defined in the road
traffic act. This means that the presence of a substance in
blood, independent of its concentration, leads to legal con-
sequences for the driver. Having this in mind, the applied
LOQs of the presented method, namely 1.0 ug/l for the psy-
choactive cannabinoids, is reasonable and in good accordance
with international THC limits such as the commonly applied
analytical limit of 1.0pg/l in Germany [79] or 1.5pg/l in
Switzerland [80].

A small number of DUID samples was tested positive
for CBD (n=33) with concentrations ranging from 1.0 to
27.0 pg/l. Measured levels above 5.0 pg/l are concordant with
concentrations that were observed within 1-2 h after smoking
CBD joints [81]. The majority of these samples were concomi-
tantly tested positive for THC, indicating that an exclusive
consumption of pure CBD products is rare, at least among
DUID cases.

Even fewer samples contained HHC (7z=6). Obviously,
HHC has lost importance at least in Austria. It can be only
speculated if the reason for this may be truly found in the
Austrian HHC regulation by law [61]. Measured plasma
concentrations ranged from 2.1 to 37.0 pg/l. HHC plasma
levels seem to be similar to THC levels, and the observed
HHC concentrations are in good accordance with published
data [71-73]. It can be reasonably assumed that the highest
measured value of 37.0 pg/l is observed shortly after consump-
tion, especially in regard to measured levels of about 4.0 pg/l
(9R +9S) HHC in a user stating regular consumption of HHC
products [74]. In all of the six HHC positive cases, plasma as
well as blood samples were available and consequently ana-
lyzed. Measured blood levels ranged from 0.6 to 9.1 pg/l and
a blood to plasma (b/p) ratio of 0.28 (0.24-0.39) was deter-
mined for HHC, which is about half the THC b/p ratio of
0.5-0.6 [82].

Figure 1(k—0) shows MRM ion chromatograms of a DUID
casework plasma sample that contained all analytes covered
by the presented method. The obtained concentrations were
2.3pg/l THC, 1.3 pg/l 11-OH-THC, 37.0 pg/l HHC, 22.0 pg/l
CBD, and 14.3 pg/l THC-COOH, respectively. Apparently, the
three cannabinoids THC, HHC as well as CBD had been
consumed. Concerning the observed plasma levels the user
had potentially intended to take an HHC and/or CBD con-
taining product, which was contaminated with THC. How-
ever, no further information about consuming habits and/or
time range between vehicle control and blood sampling were
available.

The presented method was additionally applied to post-
mortem blood and plasma samples. The analysis of such sam-
ples can be challenging, due to matrix effects dependent on
the time interval between time of death and blood sampling.
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Sample preparation was successfully performed according to
standard procedure. Target analytes were detected, and no
interference with putrefaction products was observed. How-
ever, in none of the examined postmortem cases HHC and
CBD were present.

Conclusion

A fully validated, sensitive, and specific analytical LC-
MS-MS method for simultaneous determination of THC,
11-OH-THC, THC-COOH, HHC, and CBD in human blood
and plasma samples is presented. The method is easy to han-
dle, requires reasonable sample volumes and does not need
high-end analytical equipment. Since its implementation and
accreditation according to ISO 17 0235, the method has proven
to be robust and fit for purpose in long-term routine analysis
not only in DUID cases but also with postmortem samples.
Furthermore, the design of the method allows for an easy
and uncomplicated extension to further cannabinoids and/or
their main metabolites, if required, thus being prepared for
new challenges within a quickly changing cannabis market
including semisynthetic cannabinoids.
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