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Abstract

Cannabis is the most widely consumed illicit substance worldwide, and the rise of synthetic
and semi-synthetic cannabinoids poses growing public health concerns due to their high
potency and unpredictable effects. This study presents a new analytical methodology for
the simultaneous determination of natural and semi-synthetic cannabinoids (cannabid-
iol (CDB), ∆8-tetrahydrocannabinol (∆8-THC), ∆9-tetrahydrocannabinol (∆9-THC), and
hexahydrocannabinol (HHC)) in saliva using gas chromatography coupled with mass spec-
trometry (GC-MS) in combination with bar adsorptive microextraction (BAµE) as a green
sample preparation. The optimized method showed satisfactory recoveries (57.3–80.6%),
low detection and quantification limits (1.25 and 4.13 ng/mL, respectively), excellent lin-
earity (r2 ≥ 0.9963), and robust precision and accuracy. Application to authentic saliva
samples demonstrated cannabinoid levels consistent with literature values. Overall, the
proposed methodology offers a cost-effective, miniaturized, and environmentally sustain-
able platform for routine oral fluid cannabinoid analysis, highlighting its potential for
forensic, clinical, and toxicological applications.

Keywords: phytocannabinoid; BAµE; GC-MS; biological samples

1. Introduction
The cannabis plant has been used by humans for thousands of years, and currently

constitutes a substance of abuse, with the highest rate of consumption, with more than
244 million users worldwide in 2023 [1,2]. To contour drugs of abuse legislation control,
synthetic and semi-synthetic cannabinoids emerged in the early 21st Century as legal
alternatives to cannabis, capable of mimicking its effects. Despite efforts to legally control
these substances, new molecules continue to appear on the market. The recent trend in
human consumption of these compounds has raised toxicological concerns, as there are no
toxicokinetic studies, adequate descriptions, or literature on their toxicity. Thus, monitoring
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the synthetic and semi-synthetic cannabinoids emerging on the market becomes imperative,
both in public health and in a forensic context.

Cannabinoids can be classified into four main categories, based on their origin: en-
docannabinoids, phytocannabinoids, semi-synthetic cannabinoids, and synthetic cannabi-
noids [3–5]. Endocannabinoids are endogenous ligands that bind to cannabinoid receptors,
modulating the endocannabinoid system endogenously. Phytocannabinoids are natural
compounds in Cannabis sativa L., such as ∆9-tetrahydrocannabinol (∆9-THC), the main
psychoactive compound, and cannabidiol (CBD), which has been displaying relevant ther-
apeutic potential [6–8]. Since they have a structure similar to endocannabinoids, they
interact and activate type 1 or type 2 cannabinoid receptors with a higher affinity com-
pared to endogenous ligands [9]. Semi-synthetic cannabinoids are chemically modified
cannabinoids derived from naturally occurring phytocannabinoids, most commonly CBD.
These compounds generally display higher potency and unpredictable pharmacological
profiles, and their consumption has been associated with significant adverse effects [10].
A synthetic cannabinoid is a fully artificial chemical compound that acts on cannabinoid
receptors (mainly CB1 and CB2) but has no direct natural precursor from the Cannabis plant.
These new molecules included not only compounds structurally similar to already known
phytocannabinoids but also compounds with a different chemical structure [11].

In the mid-20th century, hexahydrocannabinol (HHC), a semi-synthetic cannabinoid
analog of ∆9-THC, was synthesized for the first time. HHC occurs naturally in the cannabis
plant in trace amounts and can exist as two diastereoisomers, 9R-HHC and 9S-HHC, which
differ in their affinity for cannabinoid receptors and pharmacological potency, with 9R-
HHC being substantially more active [12,13]. In May 2022, in Denmark, it was detected
for the first time in a product marketed for insomnia and was reported by the rapid alert
mechanism of the European Monitoring Centre for Drugs and Drug Addiction (today
known as European Union Drugs Agency (EUDA)). From then on, its dissemination and
consumption quickly became a matter of concern, as between May and December of the
same year, it was identified in more than 70% of the Member States of the European
Union [14,15]. HHC is a cannabinoid that has gained considerable popularity in the
community, firstly as a legal alternative to ∆9-THC.

Generally, the most used methods to determine and quantify these compounds are
liquid and gas chromatography coupled with mass spectrometry (LC-MS and GC-MS,
respectively), or in tandem (MS/MS). Typically, as described in the literature, a prior
sample preparation step is used [16–18]. Emphasis has been placed on environmentally
advantageous microextraction techniques, notably solid-phase microextraction (SPME),
dispersive liquid–liquid microextraction (DLLME), and bar adsorptive microextraction
(BAµE) [19]. BAµE was introduced as an alternative microextraction technique for the
determination of compounds in aqueous matrices [19,20]. Complying with Green Analyti-
cal Chemistry principles [21], due to low solvent and sample consumption, BAµE offers
advantages such as simplicity, sorbent versatility, low cost, and good extraction efficiency
and its applicability has been successfully demonstrated in forensic analyses [20,22].

Traditionally, the monitoring of cannabinoids is performed in blood or urine. However,
alternative biological matrices, such as saliva, have gained increasing interest. The most
common matrices can be quite invasive, with higher costs, require specialized personnel,
and are susceptible to adulteration and dilution effects on urine samples. On the other
hand, saliva offers several advantages, including simple, rapid, and non-invasive collection,
which can be performed on-site by non-specialized personnel [21,23,24]. Moreover, the
rapid decrease in THC concentrations favors the analysis in saliva compared to the other
matrices, making this matrix particularly suitable for assessing recent cannabis use, espe-
cially in contexts of driving under the influence. The rapid emergence of semi-synthetic
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cannabinoids, for which there is limited toxicological and pharmacokinetic data, poses a
major public health threat on individual and societal levels, especially due to the urban
myths that these products make driving less risky [10,13]. As a result, the development of
reliable analytical methods is essential.

In this work, a green analytical approach was developed for the determination of
∆8-THC, ∆9-THC, CBD, and HHC in saliva samples using BAµE followed by GC-MS
analysis. To achieve the required sensitivity, chemical derivatization with N-methyl-N-
trimethylsilyl-trifluoroacetamide (MSTFA) was optimized alongside the extraction parame-
ters. A significant focus was placed on the structural confirmation and differentiation of
HHC diastereoisomers. The methodology was fully validated according to international
performance criteria and successfully applied to real positive saliva samples. Finally, the
environmental impact and practical utility of the method were comprehensively assessed
using the AGREEprep and BAGI metrics.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and solvents used in this study were of analytical grade or higher purity.
Acetonitrile (ACN, 99.9%), n-hexane (97.0%), and ethanol (99.8%) were obtained from
Honeywell (Charlotte, NC, USA), while methanol (MeOH, 99.9%) was purchased from
Carlo Erba (Cornaredo, Italy). Formic acid (98%) was supplied by Sigma-Aldrich (St. Louis,
MO, USA). Sodium chloride (99.5%) and sodium hydroxide were obtained from PanReac
(Castellar del Vallès, Barcelona, Spain) and LabChem (Zelienople, PA, USA), respectively.
Ultrapure water was produced using a Simplicity® UV purification system (Millipore,
Burlington, MA, USA). Certified reference standards of CBD, cannabidiolic acid (CBDA),
cannabinol (CBN), ∆8-THC, ∆9-THC and tetrahydrocannabinolic acid (THCA), 1 mg/mL
in MeOH, were purchased from LGC Dr. Ehrenstorfer™ (Luckenwalde, Germany). These
standard solutions were stored at −20 ◦C in accordance with the manufacturer’s recom-
mendations. Herbal cannabis samples containing HHC were obtained from a commercial
retailer and stored at room temperature under light and moisture-free conditions. Bro-
mopentafluorobenzene (99%, Sigma-Aldrich, St. Louis, MO, USA) was used as the internal
standard (IS), and MSTFA (95–100%, Machery-Nagel, Düren, Germany) was employed as
the derivatization reagent; both were stored at 4 ◦C. Although the IS is not structurally
analogous to the target cannabinoids, its stability, absence in the sample matrix, well-
resolved chromatographic behavior, consistent detector response, and low cost allow it to
fulfill the primary role of correcting for instrumental variability. Several sorbent materials,
including activated carbons CA1 (surface area of 1400 m2/g and pHPZC 2.2); CN1 (surface
area of 1400 m2/g and pHPZC 6.4) and SX Plus (surface area of 1100 m2/g and pHPZC 7.5),
from Salmon & Cia (Lisboa, Portugal); R (surface area of 937 m2/g and pHPZC 6.5) from
Riëdel-de-Haën (Seelze, Germany); and polymeric phases Oasis® HLB (surface area of
800 m2/g, particle size of 30 µm and pore size of 80 Å) from Waters (Milford, MA, USA),
DVB (surface area of 1200 m2/g, particle size of 40 to 120 µm and pore size of 60 Å) from
Merck (Darmstadt, Germany), Strata®-X (surface area of 800 m2/g, particle size of 33 µm
and pore size of 85 Å) from Phenomenex (Torrance, CA, USA), and ENVITM-18 (surface
area of 475 m2/g, particle size of 45 µm and pore size of 60 Å) from Sigma-Aldrich (St.
Louis, MO, USA), were evaluated for BAµE devices.

2.2. Biological Samples

Saliva samples were collected from volunteer donors after being informed of consent
and approval by the Ethics Committee of Egas Moniz, in compliance with the General Data

https://doi.org/10.3390/separations13050134

https://doi.org/10.3390/separations13050134


Separations 2026, 13, 134 4 of 17

Protection Regulation (GDPR). Drug-free saliva samples were used as blanks. Samples
were collected directly into sterile Falcon tubes and stored at −80 ◦C until analysis.

2.3. Instrumentation
GC-MS Analysis

Qualitative and quantitative analyses were conducted using an Agilent 6890 gas chro-
matograph (Santa Clara, CA, USA) with an Agilent 5983N mass spectrometer. Separation
was performed on a Mega-5MS capillary column (30 m × 0.25 mm, 0.25 µm) from MEGA
S.r.l. (Legnano, Italy). Samples (2 µL) were injected in splitless mode at 280 ◦C. The
oven was held at 50 ◦C for 2 min, increased to 60 ◦C at 2.5 ◦C/min, ramped to 240 ◦C
at 60 ◦C/min, then to 300 ◦C at 30 ◦C/min, and held for 2 min, for a total run time of
16.33 min. Helium (99.9992%) served as the carrier gas at 1.5 mL/min. The MS transfer
line, ion source, and quadrupole were set at 300 ◦C, 250 ◦C, and 200 ◦C, respectively, with
a 4 min solvent delay. Mass spectra were acquired by electron impact ionization at 70 eV
over a range of 35–400 Da. Data were processed using Agilent Data Analysis software
(version E.02.00.493).

2.4. Experimental Set-Up
2.4.1. HHC Purification and Structural Confirmation

For the extraction of the herbal cannabis sample, it was necessary to purify the com-
pound acquired from an herbal sample. To prepare the sample containing HHC for
subsequent purification by liquid chromatography with an ultraviolet–visible detector
(HPLC-UV/Vis), an ultrasound-assisted solid–liquid extraction was performed, based on
the work of Correia et al. (2023) [25].

In an initial approach, an HPLC-UV/Vis method was optimized for the purification of
HHC from herbal extracts. Structural confirmation and the differentiation of the two HHC
diastereoisomers were subsequently performed by GC-MS, LC-MS, and nuclear magnetic
resonance (NMR) spectroscopy. Detailed information regarding these procedures can be
found in the Supplementary Materials [26–31].

2.4.2. Preparation of the BAµE

The preparation of the BAµE devices was conducted in-house following previously
established protocols [32,33]. Each device consisted of a hollow cylindrical tube (∼7.5 mm
in length and 3 mm in diameter), externally wrapped with a layer of adhesive tape coated
with a sorbent phase. After preparation, the devices were cleaned in ultrapure water under
constant agitation for 10 min.

2.4.3. Optimization Procedures

To optimize the instrumental parameters of the GC-MS, a mixture of solutions of
the compounds under study and the IS was injected in SCAN mode. To optimize the
derivatization time, 50 µL of a mixture solution of the cannabinoids under study at 5 µg/mL
was added into a glass vial with glass inserts and dried by heating at 70 ◦C, followed by
reconstitution with 50 µL of MSTFA. Subsequently, the compounds were derivatized in a
microwave oven from Selectline (750 V, Croix, France) for 1, 2, 3, or 5 min.

From individual stock solutions (100 µg/mL) of each cannabinoid, a mixed working
solution at 2.5 µg/mL in MeOH was freshly prepared daily and used for BAµE optimiza-
tion experiments. BAµE devices were made in the laboratory using hollow cylindrical
polypropylene tubes. The outer surface of each device was coated with an adhesive layer
onto which the selected sorbent material (activated carbon or polymer) was immobilized.
Before use, the devices were cleaned in ultrapure water under agitation for 10 min to
remove excess sorbent, and subsequently dried with absorbent paper to eliminate residual
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water from both the interior and surface of the devices. To maximize the efficiency of
the BAµE/GC-MS methodology, several experimental parameters were systematically
optimized, including the sorbent phase (CA1, CN1, SX Plus, R, HLB, DVB, Strata-X, and
ENVI-18), desorption time (30, 45, and 60 min), desorption solvent (MeOH, ACN, and
MeOH:ACN, 50:50, v/v), matrix pH (2.0, 5.5, and 12.0), organic modifier content (5, 10
and 15% MeOH, v/v), ionic strength (5, 10 and 15% NaCl, w/v), equilibrium temperature
(23 and 30 ◦C), extraction time (1, 2, 2.5, 3 and 16 h), and agitation speed (700, 1000 and
1300 rpm) [18,24,25]. Initially, baseline conditions were fixed, and extractions were per-
formed using 1 mL of ultrapure water spiked with 50 µL of a mixed cannabinoid solution
(2.5 µg/mL). A BAµE device coated with the selected sorbent was then introduced, and
microextraction was carried out in a thermoshaker at 1000 rpm for 1 h. After extraction,
the device was removed and dried, followed by liquid desorption in 100 µL of solvent
under ultrasonication for 45 min. The extract was evaporated at 70 ◦C, derivatized with
50 µL of MSTFA using microwave irradiation for 2 min and supplemented with the internal
standard before GC-MS analysis. All experiments were conducted in triplicate.

2.4.4. Validation Procedures

Method validation was performed under the previously optimized BAµE/GC-MS
conditions using saliva samples from volunteers who confirmed the absence of illicit drug
consumption. The validation followed the UNODC guidelines [34] for analytical method-
ology validation in biological specimens, and parameters including selectivity, sensitivity,
linearity, precision, and accuracy were assessed. All validation assays were conducted in
triplicate. Method selectivity was evaluated by analyzing blank saliva samples to verify the
absence of interfering compounds at the retention times of the target analytes [35]. Sensitiv-
ity was assessed through the determination of limits of detection (LOD) and quantification
(LOQ), based on signal-to-noise (S/N) ratios of 3:1 and 10:1, respectively. Linearity was
evaluated over a working range of 5–300 ng/mL using determination coefficients, residual
analysis, and statistical lack-of-fit (LoF) and goodness-of-fit (GoF) tests. Repeatability,
intermediate precision, and accuracy were assessed by analyzing blank saliva samples
spiked at low, medium, and high concentration levels (15, 150, and 240 ng/mL), with
intra-day assays performed on a single day and inter-day assays over several days. The
validated method was subsequently applied to real saliva samples collected from cannabis
users 30 min after consumption. Analyses were performed using 1 mL of saliva containing
5% MeOH under the optimized conditions, with all samples analyzed in triplicate. All the
samples were stored at −80 ◦C before analysis.

3. Results and Discussion
3.1. GC-MS(SIM) Calibration

A mixed solution containing the target cannabinoids and the IS was analyzed in full-
scan (SCAN) mode. Chromatographic conditions were optimized for each cannabinoid to
ensure peak resolution with a reduced run time, yielding retention times (tR) of 5.340 min
for the IS to 12.920 for 9R-HHC. Subsequently, the mass spectrum of each compound
was analyzed, and the molecular ions and main fragment ions were selected to improve
selectivity and sensitivity. Table 1 summarizes the retention times and selected ions for
each compound. While all analytes were detected as their trimethylsilyl (TMS) derivatives,
they are referred to herein by their parent abbreviations for brevity.

By adjusting the oven temperature to achieve optimal resolution of the chromato-
graphic peaks within a reasonable analysis time, an existing method for cannabinoids
analysis was adapted, resulting in the chromatogram shown in Figure 1. The total run time
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was 16.33 min, providing good separation of the chromatographic peaks of the cannabi-
noids under study.

Table 1. Selected ions in SIM mode and retention time for each cannabinoid.

Compound Selected Ions (m/z) tR (Min)

IS 167, 246, 248 5.340
CBD 301, 337, 390 11.880

9S-HHC 332, 345, 388 12.472
∆8-THC 303, 330, 386 12.717
∆9-THC 303, 371, 386 12.852
9R-HHC 332, 345, 388 12.920

Underline: molecular ions; italic: base peaks; bold: quantification ions.

Figure 1. Chromatogram obtained by GC-MS(SIM) of cannabinoids under optimized instrumental
conditions (splitless (280 ◦C), oven at 50 ◦C (2 min), 2.5 ◦C/min to 60 ◦C, 60 ◦C/min to 240 ◦C,
then 30 ◦C/min to 300 ◦C (2 min)) (legend: A—IS; B—CBD; C—9S-HHC; D—∆8-THC; E—∆9-THC;
F—9R-HHC).

The LOD and LOQ for each analyte were determined individually based on S/N ratios
of 3:1 and 10:1, respectively. These values were derived from a series of successive dilutions
of the standard mixture. The values obtained were 16 to 39 ng/mL for LOD and 53 and
130 ng/mL for LOQ, as shown in Table 2. Calibration curves were constructed using mixed
cannabinoid solutions over a concentration range of 160–5000 ng/mL (seven concentration
levels), demonstrating excellent linearity, with coefficients of determination (r2) ≥ 0.9968.

Intra- and inter-day precision, as well as inter-day accuracy, were evaluated through
replicate analyses at three concentration levels: low (480 ng/mL), medium (1250 ng/mL),
and high (4000 ng/mL). According to UNODC guidelines, acceptable relative standard
deviation (RSD%) values are ≤15%, or ≤20% at the lowest concentration level, while
accuracy bias (%) should be within ±15%, or ±20% at the lowest level [34]. All eval-
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uated parameters met these acceptance criteria, with intra-day precision showing RSD
values ≤12.05%, and both inter-day precision and accuracy remaining within the limits
established by the UNODC.

Table 2. LOD and LOQ values, working range, and coefficients of determination (r2) obtained for
each cannabinoid under study for instrumental calibration by GC-MS(SIM).

Compound LOD
(ng/mL)

LOQ
(ng/mL)

Working
Range (ng/mL) r2

CBD 16 53 160–5000 0.9981
9S-HHC 39 130 160–5000 0.9968
∆8-THC 16 53 160–5000 0.9986
∆9-THC 16 53 160–5000 0.9976
9R-HHC 39 130 160–5000 0.9995

3.2. Optimization of Derivatization Time

According to UNODC guidelines, MSTFA is one of the most widely used derivatizing
agents for cannabinoid analysis, as it increases analyte volatility and preserves structural
integrity under the high temperatures of GC analysis [36]. Microwave-assisted deriva-
tization has been increasingly adopted in recent years due to its ability to significantly
reduce derivatization time [37,38]. Derivatization times of 1, 2, 3, and 5 min were evaluated.
As shown in Figure 2, the results demonstrated variation in compound response with
different derivatization times. A derivatization time of 2 min under microwave irradiation
produced the maximum reaction yield, presenting a significantly larger peak area. Beyond
this time, the response declined, likely due to degradation or evaporation. Therefore, a
2 min derivatization time was selected as optimal.

Figure 2. Graphical representation of the derivatization process with analyte peak area/PI peak area
vs. time.

3.3. BAµE Method Optimization
3.3.1. Sorbent Selection

To select the most suitable sorbent phase, four ACs (SX plus, R, CN1, and CA1) and
four polymers (HLB, Strata-X, ENVI 18, and DVB) were evaluated. Figure 3 shows the
average recoveries obtained for the different sorbent materials tested. Initial observations
indicated that the polymers provided a better analytical response, with significantly higher
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recoveries. The performance of the ACs varied according to their pHPZC, surface area,
and pore size distribution, which influence the interactions based on the acidic or basic
characteristics of the material surfaces. As the experiments were conducted at pH 5.5, the
surface charge of the ACs ranged from negative to positive or nearly neutral, affecting their
interaction with the analytes. The polymers, particularly HLB, exhibited higher recoveries
for CBD, likely due to their larger surface areas and chemical structures that favor π–π
and hydrophobic interactions with the semi-polar analytes. HLB was selected based on its
superior precision and consistency for further optimization assays.

Figure 3. Effect of the selectivity of polymers and ACs on the recovery of cannabinoids (CBD, ∆8-THC,
∆9-THC, 9S-HHC and 9R-HHC) by BAµE/GC-MS(SIM). Assay conditions: microextraction for 1 h at
1000 rpm, back-extraction with 100 µL of MeOH and subsequent ultrasonic treatment for 45 min.

3.3.2. Optimization of the BAµE-µLD

After selecting the best sorbent phase, several parameters that affect BAµE efficiency
were optimized. The desorption solvent must possess sufficient elution strength to ensure
complete analyte release from the sorbent, a process that can be enhanced by sonication. The
back-extraction time under ultrasonic treatment was evaluated at 30, 45, and 60 min using
the HLB polymer (Figure 4a). Similar recovery values were obtained at 45 and 60 min;
however, 60 min of ultrasonic treatment increased the bath temperature, which could
promote the BAµE device degradation. Moreover, the longer sonication time resulted in
higher RSD% values. Therefore, a 45 min ultrasonic-assisted back-extraction was selected.
The solvents tested were MeOH, ACN, and a MeOH/ACN mixture (50:50, v/v). The
results demonstrated that the MeOH/ACN (50:50, v/v) mixture provided superior back-
extraction efficiency for all analytes (Figure 4b). In this sense, a 45 min ultrasonic treatment
using MeOH/ACN (50:50, v/v) was established as the optimized condition for the back-
extraction step.

Following optimization of the back-extraction conditions, parameters affecting the
microextraction process were studied, including equilibrium time, agitation speed, matrix
pH, organic modifier, and ionic strength of the aqueous matrix. Extraction times of 1, 2,
2.5, 3, and 16 h were evaluated (Figure 4c). Except for the 2 h condition, likely influenced
by experimental variability, recoveries generally increase up to 3 h for most cannabinoids.
Maximum recovery was achieved at 3 h, with no significant improvements observed
at longer extraction times. Additionally, this duration was more practical for routine
laboratory application compared to the 16 h extraction.

The influence of agitation speed was subsequently evaluated (Figure 4d) at 700, 1000,
and 1300 rpm. The highest recoveries were obtained at 1000 rpm. At 1300 rpm, the
performance declined due to instability and equipment limitations. Therefore, 1000 rpm
was selected for subsequent experiments.
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Figure 4. Optimization of BAµE/GC-MS(SIM) parameters for cannabinoid analysis (CBD, ∆8-
THC, ∆9-THC, 9S-HHC and 9R-HHC): effect of back-extraction time (a), back-extraction solvent (b),
equilibration time (c) and agitation speed (d) on cannabinoid recovery.

Subsequent experiments focused on matrix-related parameters, beginning with the
evaluation of pH 2, 5.5 and 12 (Figure 5a). The results showed that recovery values
increased as the pH became more alkaline for all cannabinoids under study, with pH 12
providing the highest recoveries. Higher pH values were not tested due to the potential
degradation of the BAµE device.

The influence of matrix polarity and ionic strength was then assessed. The addition
of an organic modifier (e.g., MeOH) to the sample can minimize the “wall-effect”, in
which non-polar analytes adsorb onto the glass vials surfaces, reducing recovery [20,39,40].
MeOH addition was evaluated at 0, 5, 10, and 15% (v/v) (Figure 5b). The absence of
MeOH resulted in lower recoveries, whereas the addition of 5% MeOH improved the
extraction efficiency for all cannabinoids. However, further increases in MeOH content led
to decreased recoveries. This behavior can be explained by the predominantly non-polar
nature of the studied compounds, which exhibit high octanol/water partition coefficients
(log KO/W > 5 for ∆8-THC, ∆9-THC, and CBD). Although no log KO/W data is available
for HHC, it is expected to be similar to that of ∆9-THC [14]. Therefore, 5% of MeOH was
selected for subsequent experiments.

The effect of ionic strength was investigated by adding NaCl (0, 5, 10, and 15%,
w/v) to evaluate the “salting-out” effect (Figure 5c), which can promote analyte transfer
from the aqueous matrix to the sorbent [33,41,42]. The results showed that increasing the
percentage of NaCl reduced recovery for all analytes. This behavior may be attributed to
partial blockage of the polymeric phase by salt ions, decreasing the effective surface area
available for analyte interaction. Consequently, NaCl addition did not improve extraction
performance and was not included in further experiments.

Finally, the effect of extraction temperature was evaluated at room temperature (23 ◦C)
and 30 ◦C (Figure 5d). Increasing the temperature enhances analyte recovery by improving
mass transfer kinetics and increasing analyte diffusion into the extraction phase, which
facilitates the partitioning of the target compounds. Higher temperatures were not tested,
to avoid potential degradation of the polypropylene device adhesive [32]. Therefore, 30 ◦C
was selected as the optimal extraction temperature.
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Figure 5. Effect of matrix pH (a), organic modifier content (b), ionic strength (c) and temperature (d)
on cannabinoid (CBD, ∆8-THC, ∆9-THC, 9S-HHC and 9R-HHC) recovery by BAµE/GC-MS(SIM).

3.4. Method Validation

Following optimization of the experimental parameters, the developed BAµE(HLB)/
GC-MS(SIM) methodology was validated under the optimized conditions. Method val-
idation was performed using saliva matrices, assessing sensitivity, linearity, selectivity,
specificity, trueness, accuracy, and precision, in accordance with the UNODC guidelines for
quantitative analysis.

3.4.1. Linearity

For the linearity study, the following parameters were evaluated: coefficient of de-
termination (r2), residual plots, and statistical tests, including the GoF and the LoF tests.
The coefficients of determination obtained (r2 > 0.9963) indicated excellent linearity for all
compounds (Table 3). The validity of the linear regression model was further confirmed by
the GoF and LoF tests, as the calculated F values (Fcalc) were lower than the corresponding
tabulated F values (Ftab) at a 95% confidence level (the F values are presented in the Sup-
plementary Materials). These results demonstrate that the experimental data are consistent
with a linear model, with no significant systematic deviation or lack of fit, confirming its
adequacy for quantitative analysis.

Table 3. LOD and LOQ values, working range and coefficients of determination (r2) obtained for
each cannabinoid under study for validation of the BAµE/GC-MS(SIM) methodology.

Compound LOD (ng/mL) LOQ (ng/mL) Working Range
(ng/mL) r2 Recovery ± RSD

(%)

CBD 1.25 4.13 5–300 0.9971 80.6 ± 1.7
9S-HHC 1.25 4.13 5–300 0.9965 65.5 ± 1.6
∆8-THC 1.25 4.13 5–300 0.9978 69.4 ± 4.1
∆9-THC 1.25 4.13 5–300 0.9968 67.9 ± 1.6
9R-HHC 1.25 4.13 5–300 0.9963 57.3 ± 1.3
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3.4.2. Selectivity and Sensitivity (LOD and LOQ)

The selectivity and specificity of the method were evaluated by assessing potential
interference from endogenous compounds in the biological matrix. Blank saliva samples
were analyzed using the optimized methodology, and the resulting chromatograms were
examined for any co-eluting peaks, particularly at the retention times of the target com-
pounds. The acceptance criterion was the absence of interfering signals at these retention
times. Method sensitivity was determined by estimating the LOD and LOQ, based on S/N
ratios of 3:1 and 10:1, respectively, yielding LOD and LOQ values of 1.25 and 4.13 ng/mL
for all cannabinoids studied. Calibration curves were constructed over the concentration
range of 5–300 ng/mL and demonstrated excellent linearity, with r2 ≥ 0.9963 (Table 3).

3.4.3. Precision, Accuracy and Repeatability

Method precision and accuracy were evaluated using replicated samples at 15, 150, and
240 ng/mL. Repeatability was assessed within a single day (n = 3), while inter-day precision
and accuracy were evaluated over three days (n = 9). All relative standard deviation (RSD%)
and bias (%) values met the UNODC acceptance criteria and are summarized in Table 4.
Optimization of these parameters all resulted in average recoveries for each cannabinoid
ranging from 57.3% to 80.6% (Table 3).

Table 4. Repeatability, inter-day precision and inter-day accuracy.

Repeatability Inter-Day Precision Inter-Day Accuracy

Compound Low Medium High Low Medium High Low Medium High

CBD 17.5 11.3 12.7 13.2 9.5 8.5 19.2 −3.4 −2.2
9S-HHC 19.0 13.6 14.2 117.2 11.4 10.3 −18.8 6.4 5.6
∆8-THC 16.0 12.9 14.7 12.3 10.5 9.4 −18.1 1.8 6.8
∆9-THC 9.5 12.1 14.5 6.1 8.6 9.5 −3.7 6.5 13.1
9R-HHC 8.4 11.7 10.0 5.8 8.8 7.8 5.0 13.2 10.9

Low: 15 ng/mL; medium: 150 ng/mL; high: 240 ng/mL.

3.5. Real Samples

To assess the analytical performance of the developed BAµE/GC-MS(SIM) method,
3 saliva samples were analyzed. Samples were collected from HHC-consuming volunteers
30 min after cannabis use. Cannabinoids were identified by comparing retention times
and mass spectra, and their concentrations were calculated using the validated calibration
curves. In sample 1, CBD, ∆9-THC, and both HHC diastereoisomers were detected, whereas
all target cannabinoids were identified in samples 2 and 3. Chromatograms of a control
solution and sample 2 are shown in Figure 6.

Based on the linear equations for CBD, ∆8-THC, and the diastereomers of HHC, it was
possible to determine the concentration of these compounds in the saliva of the volunteers.
However, the concentrations of ∆9-THC were above the defined linear range, so to get
an idea of its concentration, an extrapolation of the proposed linear range was carried
out. Regarding CBD concentrations, these ranged from 19.2 to 191.2 ng/mL, while those
of ∆9-THC were the highest, presenting results between 486.6 ng/mL and 672.9 ng/mL
(values obtained by extrapolation). The cannabinoid ∆8-THC was the one that presented
the lowest concentration values, being below the LOD in sample 1 and the LOQ in sample 3.
It was possible to determine concentrations of 9S-HHC between 9.5 and 190.7 ng/mL and
of 9R-HHC between 47.1 and 299.4 ng/mL. The determined concentrations are presented
in Table 5.
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Figure 6. Chromatogram obtained by BAµE/GC-MS(SIM) under optimized experimental conditions,
relating to control solutions (2.5 µg/mL) and sample 2 (splitless (280 ◦C), oven at 50 ◦C (2 min),
2.5 ◦C/min to 60 ◦C, 60 ◦C/min to 240 ◦C, then 30 ◦C/min to 300 ◦C (2 min)).

Table 5. Concentrations of cannabinoids under study in saliva samples from volunteers determined
by BAµE/GC-MS(SIM).

Compound
Concentration (ng/mL)

Sample 1 Sample 2 Sample 3

CBD 67.4 191.2 19.2
9S-HHC 68.7 190.7 9.5
∆8-THC <LOD 4.4 <LOD
∆9-THC 486.6 672.9 668.0
9R-HHC 47.1 143.1 299.4

Comparing the present results with the study by Anizan et al. (2013) [43], it is reported
that CBD concentrations thirty minutes after consumption ranged from 4.5 to 255 ng/mL
for frequent smokers and from 1.9 to 41.1 ng/mL for occasional smokers. However, the
average concentrations were 21 ng/mL and 14.6 ng/mL, respectively. As for ∆9-THC,
concentrations ranged from 189 to 6508 ng/mL for frequent smokers (with an average of
517 ng/mL) and from 84.5 to 1471 ng/mL (with an average of 533 ng/mL) for occasional
smokers. The concentrations obtained for ∆9-THC and CBD are therefore in the same
order as those described in the literature. The study developed by Lin et al. (2022) [44]
for the quantification of various cannabinoids in saliva by LC-MS/MS demonstrated that
the concentration of ∆8-THC can vary considerably (between 0.2 and 925.7 ng/mL). The
low concentrations can be explained by the minimal levels of ∆8-THC naturally present
in plants and, consequently, inadvertently consumed by individuals. On the other hand,
when the concentrations of ∆8-THC are higher, it can be considered that the consumption
was not involuntary. Thus, the concentration determined of 4.4 ng/mL in sample 2 is also
in accordance with that described in the literature. The determined concentrations of 9S-
HHC and 9R-HHC are in agreement with those described in the literature for the analysis
of HHC in saliva by different analytical methods [45–47]. The difference between these
concentrations may be related to the conditions of semi-synthesis. However, compared to
the work of Höfert et al. (2023) [48], it is observed that the BAµE/GC-MS(SIM) methodology
in saliva samples presents results approximately ten times higher than those obtained in
blood by GC-MS.
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3.6. Greenness and Practicality Assessment

The environmental impact of the sample preparation procedure was evaluated using
the AGREEprep metric [49]. The method achieved an overall score of 0.62 (Figure 7a),
reflecting a favorable balance between analytical performance and ‘green’ chemistry princi-
ples. The high scores in categories 1 and 8 highlight the benefits of using a reduced sample
scale and low-energy manual preparation. The moderate scores in categories 9 and 10 are
typical for methods requiring mass detector and chemical derivatization, as these steps
involve necessary solvent consumption and specialized reagents (MSTFA) to ensure the
required sensitivity for cannabinoid detection.

Figure 7. Evaluation of the sample preparation using the AGREEprep metric (a) and the practical
applicability using BAGI (b).

To evaluate the practical applicability of the developed method, the Blue Applicability
Grade Index (BAGI) was employed [50]. As shown in Figure 7b, the method achieved an
overall score of 70.0. This score reflects a high degree of suitability for routine laboratory
environments. The dark blue regions in the BAGI pictogram highlight the method’s strength
in utilizing standard laboratory instrumentation and common reagents. While the sample
preparation involving derivatization slightly lowers the scores in the ‘sample throughput’
categories, the overall result confirms that the method is a versatile and accessible tool for
cannabinoid quantification in saliva matrices.

The AGREEprep coupled with the BAGI scores demonstrate that the method is both
environmentally conscious and highly applicable for routine use.

4. Conclusions
This study proposed a green sample preparation methodology based on BAµE com-

bined with GC-MS for the determination of CBD, ∆8-THC, ∆9-THC and HHC in saliva, a
non-invasive biological matrix. The diastereoisomers were purified from herbal cannabis
using HPLC–UV/Vis and structurally confirmed by GC-MS, LC-MS, and NMR, yielding
purities of 72% for 9R-HHC and 91% for 9S-HHC. Instrumental optimization enabled
chromatographic separation within 16 min, with good linearity, sensitivity, precision, and
accuracy in accordance with UNODC guidelines. The optimized BAµE conditions provided
satisfactory recoveries and low detection limits. Application of the validated method to
real saliva samples produced results consistent with literature reports. The method demon-
strated good environmental sustainability and practical applicability, with an AGREEprep
score of 0.62 and a BAGI score of 70, supporting its suitability for routine analytical use. It
should be noted that during the initial stages of this study, the commercial unavailability
of HHC standards required an additional purification step from herbal cannabis. This
necessity temporarily reduced the method’s cost-effectiveness and increased its complex-
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ity. However, as HHC standards have since become commercially accessible, the current
methodology can now be implemented more efficiently. Future perspectives include the
analysis of a broader range of emerging synthetic cannabinoids and the adaptation of the
BAµE/GC-MS(SIM) approach to other non-invasive biological matrices, such as hair.

Overall, the methodology proved to be a simple, low-cost, miniaturized, and envi-
ronmentally friendly alternative suitable for routine forensic, toxicological, and clinical
applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/separations13050134/s1. Figure S1. Chromatogram obtained
through HPLC-UV/Vis analysis, under optimized instrumental conditions, of the herbal cannabis
sample under study, at a concentration of 25 mg/mL (ACN/0.1% formic acid aqueous solution (70:30
v/v), 3.5 mL/min at 230 nm). Legend: A—CBDA; B—CBD; C and D—chromatographic peaks whose
identity is unknown. Figure S2. LC-MS spectra of HHC. Figure S3. 1H NMR spectrum of HHC.
Figure S4. 13C NMR spectrum of HHC. Figure S5. NOESY spectrum of 9R-HHC. Figure S6. NOESY
spectrum of 9S-HHC. Table S1. FTab and FCalc values obtained for the lack-of-fit and goodness-of-fit
statistical tests for the cannabinoids under study.
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