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ARTICLE INFO ABSTRACT
Keywords: The most important bioactive specialised metabolites of Cannabis sp. include cannabinoids, namely tetrahy-
Cannabinoids drocannabinol (THC), cannabidiol (CBD) and their analogues. They are promising compounds with many bio-

Endogenous metabolites
Microsampling

Fabric-phase sorptive extraction (FPSE)
HPLC-MS/MS

logical activities, although THC is also known as an illicit compound in several countries. Due to their widespread
occurrence and biological activity, cannabinoids are frequently investigated in terms of detection and quanti-
fication in various biological matrices. The increasing introduction of products based on plant derivatives and
their compounds in the recreational, industrial, pharmaceutical, and illicit markets demands the constant
development and refinement of rapid and reliable methods for the determination of these analytes in biological
samples. Blood microsampling has emerged as a pivotal innovation in bioanalytical science, offering minimally
invasive collection, reduced solvent consumption, and broad reliability and applicability across modern work-
flows. In this study, an innovative dried microsampling technology based on fabric phase sorptive extraction
(FPSE) has been exploited for whole blood sampling, using polymeric fabric patches coated with three different
sorbent chemistries: polyethylene glycol (CW20M), polydimethylsiloxane (PDMS) and polytetrahydrofuran
(PTHF), for the analysis of two main active cannabinoids and five of their metabolites. An efficient HPLC-MS/MS
method was developed, obtaining r? > 0.9991, LOD < 0.5 ng/mL and LOQ < 1.5 ng/mL for all analytes. Just 20
uL of whole blood was needed to generate a satisfactory dried FPSE spot. The sorbent activation procedures were
optimised for the different chemistries, ensuring compatibility with the analytes and high extraction efficiency.
Dried sample pretreatment steps by solvent extraction were optimised before HPLC-MS/MS analysis. Analytical
results were satisfactory for all analytes, with recovery always higher than 85 %, blood matrix effect lower than
14 % and FPSE matrix effect lower than 9 %. For intraday precision, the RSD value was consistently below 9.3 %,
while it was lower than 9.8 % for interday precision. This is the first study where FPSE has been applied to the
determination of THC, CBD and their main endogenous metabolites as a novel blood microsampling-based
approach.

1. Introduction This plant is cultivated for industrial purposes in textiles, food and
cosmetics [1]; moreover, its bioactive compounds show many potential

Cannabis sp. is a plant belonging to the Cannabaceae family, which therapeutic activities, such as for the treatment of cancer pain, epilepsy,
includes Cannabis sativa L., Cannabis indica L. and Cannabis ruderalis L. gastrointestinal disorders and Parkinson’s disease [2]. Despite the
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multiple applications of high economic and human health value,
Cannabis sp. is also the most widespread illicit drug worldwide. As a
result, its cultivation is still prohibited in many countries [2]. Indeed,
Cannabis plants produce a plethora of compounds belonging to different
classes, such as terpenoids, alkaloids, flavonoids and cannabinoids. The
latter are its main bioactive specialised substances, classified as terpe-
nophenolics, among which A°-tetrahydrocannabinol (THC) and canna-
bidiol (CBD) are the most important and most widely investigated ones.
They are synthesised as the corresponding carboxylic acids in plant
tissues, then decarboxylated by ageing or by exposure to high temper-
ature or intense light [3]. Cannabis varieties are classified according to
the CBD/THC ratio in drug-type, CBD-type and fibre-type. Drug-type
plants contain A°-tetrahydrocannabinol (THC) as the main phyto-
cannabinoid and are mostly used for medicinal and recreational pur-
poses; their cultivation and trading are strictly regulated by law in most
countries. CBD-type plants mainly biosynthesise cannabidiol (CBD),
while the fibre-type has low concentrations of both compounds [4].

THC is responsible for the psychoactive effects of Cannabis-derived
products, inducing euphoria, hallucinations, relaxation and reduced
coordination [3,5,6]. At the same time, studies have shown the thera-
peutic effects of THC: it can reduce pain, stimulate appetite and reduce
nausea in patients undergoing chemotherapy, reduce cancer cell pro-
liferation and viability and induce apoptosis [2,4,7]. These activities
take place through the interaction of THC with CB1 and CB2 receptors,
which are associated with neurotransmission and immune system
functions, respectively [3,7].

CBD is the most abundant non-psychoactive phytocannabinoid,
exhibiting a wide range of biological activities, including antibacterial,
anti-inflammatory, neuroprotective, antiproliferative, antioxidant,
anticonvulsant and antinausea [4,8,9].

In recent years, as regulatory frameworks for Cannabis sp. and its
derived products have become less restrictive in some countries, an in-
crease in its cultivation has been observed, alongside the commerciali-
sation of new products based on plant extracts or purified compounds.
[10]. Furthermore, synthetic cannabinoids are a diverse group of
cannabinoid analogues designed to mimic the effects of natural canna-
binoids by interacting with CB1 and CB2 receptors. Initially developed
for research purposes to study cannabinoid receptor pathways, many of
these compounds have found their way into the illicit market, where
they are often sold as recreational drugs. Their unregulated production
and unpredictable potency pose significant health risks, making their
detection and monitoring a critical area of analytical research [3,11,12].

Considering the increasing use of Cannabis sp. and derived products
for medical, recreational and illegal purposes, improving analytical
methods to detect and quantify cannabinoids in different matrices is an
ongoing challenge for scientists [13-16].

Several studies were carried out to analyse cannabinoids and their
endogenous metabolites in biological samples (such as blood, urine,
hair), using microsampling techniques [3,11,16-18]. Such technologies,
which rely on reduced sample volume (<100 pL), are valuable alter-
natives to traditional “in-tube” sampling, especially for whole blood
where traditional collection methods are invasive, require skilled
personnel, and demand stringent conditions for sampling, shipping and
storage. Microsampling offers a transformative alternative by minimis-
ing invasiveness, streamlining handling procedures, reducing logistical
constraints, simplifying sample storage (usually at room temperature,
RT) and enhancing analyte stability, thereby aligning with modern
analytical and clinical needs [19,20]. Among microsampling technolo-
gies, dried blood spots (DBS) and volumetric absorptive microsampling
(VAMS) are widely used for blood sampling in pharmaceutical and
forensic studies [19,21], with other emerging techniques also gaining
attention. Previous studies have been performed on the application of
DBS for the analysis of cannabinoids: a sensitive HPLC-MS/MS method
to detect THC and its metabolites in human blood was developed and the
robustness of the method was also confirmed through its application to
DBS samples obtained from Cannabis users [6]. Moreover, two papers
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report methods for the analysis of psychoactive drugs, including some
cannabinoids, using classic DBS or volumetrically accurate DBS coupled
to UHPLC-MS/MS analysis [22,23].

In articles by Protti et al. [11] and Moorthy et al. [24], VAMS was
used for the analysis of natural and synthetic cannabinoids by HPLC-
MS/MS and of three cannabinoids by UHPLC-MS/MS, respectively.
Recently, methods based on VAMS and HPLC-MS/MS have been
developed for the simultaneous analysis of CBD, THC and their main
metabolites in blood, which were also applied to blood from epileptic
patients [25,26].

Among the new-generation dried microsampling technologies,
fabric-phase sorptive extraction (FPSE) is an innovative one consisting
of a flexible fabric surface, such as cotton, cellulose or polyester, used as
a platform to create different sol-gel sorbent coatings. The wide range of
possible sorbent chemistries allows one to enhance the selectivity and
versatility of the technique. It combines the exhaustive extraction
mechanisms of solid phase extraction (SPE) with the equilibrium
extraction mechanism of SPME; moreover, it satisfies several principles
of Green Analytical Chemistry (GAC), as a green sampling and sample
preparation procedure [27]. In recent years, this type of device has been
widely applied in the environmental, biological, forensic and toxico-
logical fields [28-31]. Among the different possible coating for FPSE,
Carbowax® 20 M (polyethylene glycol, CW20M), poly(tetrahydrofuran)
(PTHF) and poly(dimethyl siloxane) (PDMS) were chosen as sorbents for
the extraction of cannabinoids from blood microsamples, since they
represent a reasonably wide range of hydrophilic/lipophilic character-
istics, providing different possible interaction mechanisms (and
strengths) with the analytes. CW20M has been previously applied to
environmental samples for the analysis of personal care products [32]
and to biological samples for the analysis of anti-inflammatory [33] and
antidepressant drugs [29]. PTHF has been used for endocrine disrupting
chemicals (EDC) in water [34] and for solar filters [35] and again an-
tidepressants in biological fluids [36], but also for different chemicals in
exhaled breath aerosol [28]. PDMS was used in the same applications
already mentioned for the other sorbents [28,29,32], but also for azole
antimicrobial drug analysis [37].

In this paper, the three different sorbent coatings (CW20M, PTHF
and PDMS) have been tested and applied for the first time to the
determination of THC, CBD and their main endogenous metabolites
(namely, 11-hydroxy-A°-tetrahydrocannabinol — 11-OH-THC, 11-nor-9-
carboxy-A®-tetrahydrocannabinol -  THC-COOH, 6a-hydrox-
ycannabidiol — 6a-OH-CBD, 7-hydroxycannabidiol — 7-OH-CBD and 7-
carboxycannabidiol — 7-COOH-CBD; Fig. 1) in peripheral capillary
blood obtained through a minimally invasive finger prick. This micro-
sampling approach leverages miniaturisation and innovative sorbent
coatings to streamline blood collection, transport and analysis. Different
conditions have been investigated to optimise pretreatment and
extraction procedures, and the HPLC-MS/MS method has been fully
validated.

This study can help in filling important research gaps regarding
cannabinoids, in particular it advances knowledge related to possible
applications of FPSE to, and its performance in, cannabinoid bioanalysis;
moreover, it provides data on THC, CBD and metabolite stability in dried
FPSE microsamples and how this can contribute to overcoming common
pitfalls in cannabinoid analysis by allowing storage and shipping at RT.

2. Materials and methods
2.1. Chemicals and solutions

Stock methanolic solutions (1.0 mg/mL) of THC, 11-OH-THC, THC-
COOH, CBD, 6a-OH-CBD, 7-OH-CBD and 7-COOH-CBD were purchased
from Cerilliant Corporation (Round Rock, TX, USA). THC-d3, THC-
COOH-d3, 11-OH-THC-d3, CBD-d3, used as the internal standards (IS1,
IS2, 1S3 and IS4, respectively) stock methanolic solutions (100 pg/mL),
were also purchased from Cerilliant Corporation. HPLC-grade methanol
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Fig. 1. Chemical structures of THC, CBD and their main endogenous metabolites.

(MeOH, > 99.9 %), acetonitrile (ACN > 99.9 %), diethyl ether (> 99.9
%), 95 % formic acid (FA) and 25-28 % ammonia solution were pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA). Ultrapure water
(18.2 MQ-cm) was obtained by means of a Milli-Q apparatus by Milli-
pore (Milford, MA, USA).

Analyte working solutions were obtained by diluting stock solutions
with a mixture of 0.1 % FA in ACN and 0.1 % FA in water (1:1). Stock
solutions were stored at —20°C until use and all solutions were stored
and used in amber glass vials by Waters (Milford, MA, USA).

2.2. HPLC-MS/MS system

The chromatographic apparatus was a Waters Alliance €2695 system
coupled to a Waters Micromass Quattro Micro triple quadrupole mass
spectrometer. Separations were obtained on a Chromanik (Osaka,
Japan) SunShell C8 column (100 mm x 2.1 mm i.d., 2.6 pm), using a
mobile phase composed of 0.1 % FA in ACN (Component A) and 0.1 %
FA in water (Component B) flowing at 0.35 mL/min. The mobile phase
composition gradient program started with 30 % Component A, then
increased linearly to 50 % over 2 min; this ratio was maintained for 3
min, then increased linearly to 80 % over 1 min, then kept for 2 min. The
initial composition was then linearly restored over 2 min and held
constant for 2 additional minutes for column reconditioning. The in-
jection volume was 10 pL and injections were carried out through the
autosampler integrated into the Alliance system.

Tandem mass spectrometry acquisition was carried out in multiple
reaction monitoring (MRM) scan mode, using an electrospray ionisation
(ESD source. The working conditions were as follows: ion source
voltage, 3.2 kV; ion source temperature, 300 °C; desolvation tempera-
ture, 185 °C; desolvation gas flow, 600 L/h, while the specific analyte-
dependent parameters are summarised in Table 1 and the dwell times
per channel were set at 300 ms for each analyte and IS. Nitrogen was
used as desolvation gas and was generated from pressurised air by an Ng
nitrogen generator (Claind, Lenno, Italy); collision gas was 99.995 %
argon (Fluido Tecnica, Firenze, Italy). Data acquisition and quantitative
processing were accomplished using Waters MassLynx software, version
4.1.

Table 1
Optimised MRM MS/MS parameters.
Compound Ton Precursor Product Collision Cone
mode ion (m/z) ion (m/2) energy (V) voltage
(W]
CBD + 315.52 193.3 30 50
60-OH-CBD — 3290.13 158.2 30 30
7-OH-CBD — 329.20 261.2 20 20
7-COOH- — 343.30 179.2 20 20
CBD
THC + 315.53 193.2 30 30
11-OH-THC + 331.52 313.3 20 20
THC-COOH - 343.52 297.2 30 30
1S1 (THC-d3) + 318.48 196.2 30 30
1S2 (THC- — 346.44 300.2 30 30
COOH-d3)
1S3 (11-OH- + 334.48 316.3 20 20
THC-d3)
1S4 (CBD-d3) - 318.44 196.3 30 50

2.3. Pretreatment procedure of FPSE

The FPSE patches selected for this study (@ 1 cm) had three different
kinds of sorbent coating, i.e., sol-gel CW20M, sol-gel PDMS and sol-gel
PTHF. These membranes require the activation of the functional groups,
by immersion in a solvent, to promote interaction with the sample.
Different solvents and soaking times were tested to get the best blood
spot. Soaking durations of 10 min and 1 h were compared, while MeOH,
ACN, H0, DMSO, iso-PrOH and MeOH/ACN 1:1 were tested as soaking
solutions. Subsequently, a blood drop was applied to each wet FPSE
patch, and drying time, spot shape, size and appearance were evaluated.

2.3.1. Analyte fortification of FPSE microsamples

Fortified blood-FPSE microsamples for method validation were ob-
tained by pre- and post-collection fortification with the analytes. In the
latter case, blood samples were obtained from drug-free healthy vol-
unteers through finger pricking using a disposable lancet. Twenty pL of
blood were loaded onto each wet FPSE patch and dried at RT. After
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blood reached complete dryness in 75 min, 10 pL of fortifying solution
were added and dried in 15 min.

In the pre-collection fortification, blood was collected from drug-free
healthy volunteers, using EDTA microtubes and the Winnoz Technology
Inc. (New Taipei City, Taiwan) HAIIM system, a portable, vacuum-
assisted blood collection device able to draw up to 500 pL of fluid
whole blood from a single finger prick using a sterile lancet. Then, 90 pL
of blood were fortified with 10 pL of spiking solution, and 30 pL of the
resulting fortified blood were loaded onto a wet FPSE patch and dried in
1 h at RT.

2.4. Extraction process optimisation

To find the optimal extraction process, different solvents and
extraction times were evaluated. MeOH, ACN, MeOH/ACN 1:1, diethyl
ether, MeOH + 10 % NH4OH, ACN + 10 % NH4OH and MeOH + 10 %
NH4OH/ACN + 10 % NH4OH 1:1 were tested as extraction solvents.
Ultrasound-assisted extraction (UAE) was applied, and three extraction
times were assessed: 5, 10 and 15 min.

The dried FPSE patch was vortex-mixed for 1 min with 500 pL of
solvent in an amber glass vial and extracted by UAE. Then, the extract
was filtered using a Whatman (Maidstone, UK) Mini-UniPrep syringeless
filter (PTFE, pore @ 0.2 um) and dried under reduced pressure. The
extraction process was also performed by excluding vortex mixing or
filtration steps to assess their efficacy in the extraction process.

2.5. Method validation

Method validation was carried out according to current international
guidelines for bioanalytical methods as issued by the International
Council for Harmonisation of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH) [38] and the USA’s Food and Drug Admin-
istration (FDA) [39].

2.5.1. Calibration curves

Aliquots of 10 pL of analyte standard solutions at seven different
concentrations, containing the ISs at constant concentrations, were
added to blank blood-FPSEs. The resulting spiked blood-FPSE samples
were extracted as described in Section 2.4 and injected into the
HPLC-MS/MS system. The procedure was carried out in triplicate for
each concentration. The analyte/IS peak area ratios obtained were
plotted against the corresponding concentrations of the analytes and the
calibration curves were constructed using linear least-squares regres-
sion. The limits of quantification (LOQ) and limits of detection (LOD)
were calculated by analysing 6 samples at different concentrations and
expressed as the analyte levels that give rise to peaks whose heights are
10 and 3 times the baseline noise, respectively.

2.5.2. Recovery and precision assays

Recovery and precision were evaluated by adding known amounts of
the analytes at three different concentrations (corresponding to the
lower limit, a middle point and a high value of each calibration curve) to
blank blood-FPSEs and then extracting and injecting them into the
HPLC-MS/MS system. The analyte peak areas were compared to those
obtained by injecting standard solutions at the same theoretical con-
centrations and recovery was calculated.

Precision assays were repeated six times within the same day to
obtain intraday precision and six times over six different days to obtain
interday precision, both expressed as relative standard deviation (RSD
%).

2.5.3. Selectivity

Blank blood-FPSE samples from six different volunteers underwent
the extraction procedure and were injected into the HPLC-MS/MS sys-
tem. The resulting chromatograms were checked for possible interfer-
ence from endogenous compounds. The acceptance criterion was no
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interfering peak higher than an analyte peak corresponding to its LOD.

2.5.4. Matrix effect and carryover

Blood matrix effect was evaluated by preparing blank blood-FPSEs.
Then, they were dried at RT and pretreated and extracted as described
in Sections 2.3 and 2.4. Afterwards, the extracts were fortified with 10
pL of fortifying solution. FPSE matrix effect was evaluated by carrying
out the same procedure on blank FPSE patches without adding any
blood.

Carryover was assessed by injecting a solvent blank immediately
after analysing extracted blood-FPSE samples fortified with the analytes
at a concentration equivalent to the upper limit of the linearity range.
The acceptance criterion was no analyte peak exceeding 5 % of LOQ
levels (1 % for ISs).

2.5.5. Stability

To evaluate analyte stability in blood-FPSEs, blank samples were
spiked with the analytes and the ISs and then analysed after 1 week and
1 month from sampling. During this time, FPSEs were stored at RT, in a
dark and dry place. The results obtained were compared to those of the
samples that were analysed immediately after spotting and drying.

3. Results and discussion
3.1. HPLC-MS/MS conditions

To establish suitable MS/MS conditions, analyte and IS working so-
lutions (1 pg/mL) were prepared in a mixture of 0.1 % FA in ACN and
0.1 % FA in water (1:1). These solutions were directly infused into the
electrospray ionisation (ESI) source at a flow rate of 20 pL/min to
generate mass spectra (50-600 m/z range). The most intense transitions
for each analyte and IS were selected for multiple reaction monitoring
(MRM). Negative ionisation mode (ESI-) was used for THC-COOH, 6a-
OH-CBD, 7-OH-CBD and 7-COOH-CBD, while positive ionisation mode
(ESI+) was applied for CBD, THC and THC-OH (Table 1).

The chromatographic method was developed to achieve optimal
separation of the target analytes, particularly the structural isomers 6a-
OH-CBD and 7-OH-CBD, which exhibit very similar retention times. Two
stationary phases were tested for method optimisation: a C8 column
(2.1 mm x 100 mm; 2.6 pym) and a C18 column (2.1 mm x 50 mm; 2.5
um). The rationale for testing these columns was their distinct selectivity
profiles and potential for resolving closely eluting isomers. For both
stationary phases, the mobile phase consisted of 0.1 % FA in water
(component A) and 0.1 % FA in ACN (component B). Gradient compo-
sition and flow rate were systematically optimised for each column. The
C8 sorbent provided slightly better performance for separating 6a-OH-
CBD and 7-OH-CBD, with a separation factor («) of 1.12 and resolution
(Rs) of 1.96, compared to 1.08 and 1.84, respectively, for the C18 sor-
bent. The optimised gradient program for the C8 column was as follows:
0 min, 30 % A; 2 min, 50 % A; 5 min, 50 % A; 6 min, 80 % A; 8 min, 80 %
A; 10 min, 30 % A; and 12 min, 30 % A, with a flow rate of 0.35 mL/min.

This method was developed specifically for the simultaneous deter-
mination of the two main cannabinoids and their endogenous metabo-
lites in FPSE microsamples, reflecting a systematic approach to method
development and addressing the challenges of isomer separation.

3.2. FPSE microsampling

Blood microsampling was performed using three types of FPSE
substrates, which differed in the nature, and thus polarity, of the sorbent
functional groups. CW20M-FPSE is based on a polar sol-gel Carbowax
20 M as the sorbent, PTHF-FPSE incorporates a medium-polar sol-gel
poly(tetrahydrofuran), and PDMS-FPSE features a relatively lipophilic
sol-gel poly(dimethyl siloxane) sorbent.

Before use, FPSE patches require a cleaning and activation step via
solvent soaking to ensure optimal analyte interaction. Six solvents
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(MeOH, ACN, H,0, DMSO, iso-PrOH and MeOH/ACN 1:1) were evalu-
ated for the pretreatment process, with soaking times of either 10 min or
1 h. The results varied depending on the sorbent polarity: CW20M-FPSE
showed the best activation with 10 min soaking in ACN, while PTHF-
FPSE and PDMS-FPSE were optimally activated with 10 min soaking
in MeOH.

Following the activation step, whole blood was applied to the FPSE
patches, which required 75 min to dry. Solvent-soaked FPSE patches
without blood dried within 15 min, as did the 10 pL of spiking solution
when added after whole blood had dried. This study marks the first
instance of using FPSE as a blood microsampling support medium: a
small volume of whole blood (20 pL) was loaded onto the wet FPSE
patch instead of immersing the device into the biological matrix, as
reported in previous studies [29,36]. Moreover, spotted and dried FPSE
patches do not require specific storage or transport conditions, such as
controlled temperature and humidity, making them highly convenient
to manage. Similarly to other microsampling techniques, the small size
of the patches facilitates space-efficient storage and promotes logistical
savings.

3.3. Analyte extraction

3.3.1. Extraction with organic solvents and basified organic solvents

Blood-loaded FPSE, with and without analyte fortification, were
extracted using four organic solvents (ACN, MeOH, MeOH/ACN 1:1 and
diethyl ether) and their basified equivalents (MeOH + 10 % NH4OH,
ACN + 10 % NH4OH and MeOH + 10 % NH4OH/ACN + 10 % NH4OH,
1:1).

In detail, the FPSE was cut with clean scissors in an amber glass vial
with 500 pL of the organic solvent and extracted by combining 1 min of
vortex and 15 min of UAE. The extract was filtered, dried and then
redissolved in 100 pL of a mixture of 0.1 % FA in ACN and 0.1 % FA in
water (1:1).

To assess the filtration step efficacy, the spiked blood FPSE was
extracted with 500 pL of MeOH following the procedure reported above,
omitting extract filtration.

Regarding the performance of the extraction solvents, results were
evaluated as the best compromise between recovery, matrix effect,
appearance and reproducibility of the chromatographic peaks. In these
terms, for both CW20M-FPSE and PDMS-FPSE, the best extraction
mixture was found to be MeOH/ACN 1:1, leading to mean recovery >
85 % and mean matrix effect < 13 % for CW20M-FPSE and to mean
recovery > 88 % and mean matrix effect < 8 % for PDMS-FPSE; on the
other hand, for PTHF-FPSE the best extraction mixture was MeOH + 10
% NH4OH, leading to mean recovery > 90 % and mean matrix effect <
15 %. From these results, it seems that the lipophilic-hydrophilic
balanced analytes can be consistently eluted from either hydrophilic
(CW20M) or lipophilic (PDMS) chemistries by simple treatment with
organic solvents, with hydrogen-bond formation (by both MeOH and
ACN) as a requisite. On the other hand, intermediate-lipophilicity
polymers (PTHF) seem to be able to retain more strongly the analytes,
possibly by multiple mechanisms. Thus, in addition to hydrogen
bonding, reliable analyte dissociation was presumably needed to fully
disrupt sorbent interaction.

Regarding the extract filtration step, it was found not to affect either
recovery or matrix effect. However, it proved essential for removing
potential particulate matter released by the matrix into the extracts.
Consequently, it was retained in the protocol to ensure the safeguard of
the chromatographic column.

3.3.2. Ultrasound-assisted extraction

To assess the efficacy of 1 min vortex agitation for analyte extraction
and to determine the optimal UAE extraction time, the procedure was
performed by removing the 1 min vortex step and using three different
UAE extraction times. In detail, the fortified blood FPSE was extracted
with 500 pL of the optimised extraction solvent by means of UAE for 5,
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10 and 15 min. Then, the extract was filtered, dried and redissolved in
100 pL of a mixture of 0.1 % FA in ACN and 0.1 % FA in water (1:1).

Ten minutes were selected as the optimal extraction time because,
while performance in terms of recovery increased from 5 to 10 min,
extending the extraction time to 15 min did not result in a substantial
further improvement in yield. Conversely, an increase in matrix effect
was observed at 15 min, likely due to the extraction of interfering
compounds. Therefore, 10 min was identified as the best compromise
between maximising recovery and minimising matrix effects.

Fig. 2 shows representative MRM HPLC-MS/MS chromatograms of a
blank FPSE-blood sample fortified with THC, 11-OH-THC, THC-COOH,
CBD, 60-OH-CBD, 7-OH-CBD and 7-COOH-CBD, subjected to the opti-
mised sample pretreatment protocol.

3.3.3. Winnoz HAIIM for blood collection

Whole blood samples were collected from drug-free healthy volun-
teers using the innovative and effective Winnoz HAIIM system: a
vacuum-assisted, minimally invasive, fluid capillary blood collection
small instrument, using microtubes containing EDTA as the anticoagu-
lant. A 100 pL aliquot of blood was fortified with 10 pL of a standard
fortifying mixture, and 20 pL of fortified blood was applied to wet FPSE
patches. After 75 min of drying, the FPSE patches were extracted with
500 pL of the optimised extraction solvent, combining 1 min of vortex
mixing and 10 min of UAE extraction. The resulting extract was filtered,
dried and redissolved in 100 pL of 0.1 % FA in ACN/water (1:1). The
effect of analyte and ISs fortification mode on blank blood samples was
evaluated during method validation, by comparing two approaches: pre-
collection fortification and post-collection fortification. In pre-collection
fortification, the analytes and ISs were added to fluid whole blood before
microsampling. This approach provides a comprehensive evaluation of
extraction efficiency, as the analytes and ISs are embedded within the
whole blood matrix and fully interact with the FPSE material during the
microsampling process. Conversely, post-collection fortification in-
volves fortifying dried FPSE-blood microsamples before the extraction
step. This approach is designed to mimic real-world scenarios where
blood is collected via finger prick, dried, shipped or stored, and later
fortified with ISs prior to pretreatment and analysis. Comparative re-
covery assays for these two fortification approaches revealed virtually
identical results (r*> > 0.9987, n = 3), confirming the quantitative reli-
ability and practical applicability of both methods. These findings
demonstrate the robustness and flexibility of the FPSE-based micro-
sampling approach for cannabinoid assessment.

3.4. Method validation

The developed FPSE-based method for cannabinoid assessment was
systematically validated according to standard guidelines, with a focus
on linearity, recovery, precision, selectivity, stability and matrix effects.
The results demonstrate the reliability and applicability of the method
for cannabinoid analysis in FPSE-blood microsamples.

3.4.1. Linearity and sensitivity

Calibration curves were constructed for all analytes over wide con-
centration ranges, with satisfactory linearity (r? > 0.9991) observed for
each compound (Table 2). The limits of detection (LOD) and quantifi-
cation (LOQ) were found to be < 0.5 ng/mL and < 1.5 ng/mL, respec-
tively, highlighting the satisfactory method sensitivity. These findings
underscore the method suitability for analysing cannabinoids at trace
levels, which is critical for forensic and clinical applications where low
analyte concentrations (especially those of metabolites) are common.

3.4.2. Recovery, precision and matrix effect

Recovery was consistently high across all tested analytes, always
exceeding 85 % (Table 3). Precision, evaluated as relative standard
deviation (RSD%), was satisfactory for both intraday and interday as-
sessments, always remaining below 9.7 % for all compounds. These
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Fig. 2. Representative MRM HPLC-MS/MS chromatograms of blank FPSE-blood sample fortified with THC, 11-OH-THC, THC-COOH, CBD, 6a-OH-CBD, 7-OH-CBD
and 7-COOH-CBD.

Table 2
Linearity data.
Compound Linearity range r LOQ LOD
(ng/mL) (ng/mL) (ng/mL)
CBD 0.5 - 500 0.9995 0.5 0.2
60-OH-CBD 1.0 - 500 0.9993 1.0 0.3
7-OH-CBD 1.5 -500 0.9991 1.5 0.5
7-COOH-CBD 0.5 - 500 0.9993 0.5 0.2
THC 0.5 -500 0.9996 0.5 0.2
11-OH-THC 1.0 - 500 0.9993 1.0 0.3
THC-COOH 0.5 -500 0.9996 0.5 0.2
Table 3
Recovery, precision and matrix effect.
Compound Recovery Intraday Interday FPSE FPSE-
(%) precision precision matrix blood
(RSD%) (RSD%) effect matrix
(%) effect
(%)
CBD >90 <7.1 <7.5 <5 <8
60-OH- >85 <8.5 <8.8 <8 <13
CBD
7-OH-CBD >87 <8.8 <9.2 <6 <11
7-COOH- >85 <9.2 <9.7 <7 <11
CBD
THC >93 <6.0 <6.2 <4 <6
11-OH- >89 <6.9 <7.1 <6 <8
THC
THC- >91 <6.3 <7.0 <5 <7
COOH
181 >93 <5.6 <5.7 <4 <5
152 >01 <5.8 <6.6 <5 <6
1S3 >89 <6.5 <6.6 <6 <8
1S4 >90 <6.6 <7.0 <5 <7

results confirm the reproducibility and efficiency of the FPSE-based
method, supporting its reliability for routine analyses. Matrix effect
was evaluated to ensure that blood components did not interfere with
analyte identification and quantitation. Matrix effect was consistently
low, with values < 13 % for all analytes (Table 3), indicating minimal
signal suppression or enhancement. This reinforces the consistent suit-
ability of the method in perspective, when applied to real-world blood
samples.

3.4.3. Selectivity, stability and carryover

The method demonstrated excellent selectivity, with no interference
observed from endogenous compounds in blank blood samples obtained
from six different volunteers. The absence of interfering peaks at analyte
retention times confirms that the method is highly specific for the target
cannabinoids. Stability assays revealed that all analytes remained stable
in FPSE-blood microsamplers stored at RT for up to one month, with a
maximum loss of < 10 % compared to freshly prepared samples
(Table 4). This highlights the practicality of FPSE devices for sample
storage and transport, without the need for strictly controlled condi-
tions. No carryover was observed: injection of solvent blank samples
right after the highest calibrators yielded signals lower than 5 % of the

Table 4
Stability assay results.

Compound Analyte recovery (%)
t =1 week t = 1 month

CBD 94 91
6a-OH-CBD 93 89
7-OH-CBD 94 90
7-COOH-CBD 94 91
THC 95 91
11-OH-THC 94 90

THC-COOH 95 91
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LOQ levels for all compounds (1 % for ISs).

These validation results highlight the significant potential of FPSE as
a novel microsampling technology for cannabinoid analysis. Its high
reliability positions it as an innovative alternative to traditional blood
sampling methods. The low analyte degradation observed during sta-
bility tests further enhances its suitability for real-world applications,
including forensic and clinical studies. Additionally, the method scal-
ability and compatibility with HPLC-MS/MS make it an excellent
candidate for high-throughput workflows. By integrating these findings
into a cohesive framework, the validation results not only establish the
method suitability but also emphasise its novelty and practical relevance
in the field of bioanalytical science.

Regarding method performance specifically, FPSE provides results
closely approaching the high current standards of other microsampling
techniques, such as DBS [6,19,40] and VAMS [11,24-26], despite its
relatively recent introduction and the consequent need for further
optimisation: for example, from the data obtained in this study, canna-
binoid and metabolite stability, extraction yields and accuracy results in
FPSE are similar to those obtained in DBS [6] and VAMS [11]. In
addition, FPSE offers good flexibility of application, since it can imple-
ment different chemistries, producing different selectivity toward a
potentially huge range of analytes and interfering compounds. More-
over, the sorbent-like properties of the FPSE patch fabric make the
microsampling procedure similar to a micro-SPE sorption step, thus
combining microsampling with sample preparation of sorts. Most dried
microsampling techniques provide this kind of combination, but to a
lesser degree and, again, with a less pronounced flexibility.

FPSE could be useful in obviating one of the main problems in
cannabinoid bioanalysis, i.e., analyte instability in fluid biological
matrices, even at freezing temperatures, also producing considerable
inconvenience in sample shipping and storage [16]. As demonstrated in
the present study, drying in a FPSE support greatly enhances the stability
of THC, CBD and their main metabolites at RT and is expected to pro-
duce similar results also for other cannabinoids and potentially their
metabolites.

4. Conclusions

In this study, an innovative and original procedure based on fabric-
phase sorptive extraction (FPSE) was developed and coupled to HPLC-
MS/MS to determine seven cannabinoids (THC, 11-OH-THC, THC-
COOH, CBD, 6a-OH-CBD, 7-OH-CBD and 7-COOH-CBD) in dried blood
microsamples. Three types of sol-gel sorbent coatings were selected and
tested, and the pretreatment procedures were validated. The best
extraction mixture was MeOH/ACN 1:1 for both CW20M-FPSE and
PDMS-FPSE, while MeOH + 10 % NH4OH was the optimal extraction
mixture for PTHF-FPSE, all allowing mean recovery values > 85 % and
mean matrix effect values < 13 %.

In previous papers, the sampling using FPSE was carried out by
immersing the device into the biological matrix. In this paper, we re-
ported for the first time the application of FPSE as a sampling platform
for miniaturised blood sampling, through the deposition of 20 pL of
whole blood onto the wet FPSE, obtaining a dried blood microsampling
platform. These devices have the same advantages as other dried
microsampling technologies, such as DBS or VAMS, particularly the
enhancement of analyte stability, the simplified sample storage and
transport and the minimal invasiveness. Stability studies over longer
time spans are currently underway. Finally, the possible functionalisa-
tion of the sorbent can provide enhanced selectivity and versatility of the
extraction and clean-up procedure.
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