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ABSTRACT: Cannabis sativa L. represents one of the most
widely used source of drugs and drugs of abuse worldwide. Its
biologically active compounds are mainly cannabinoids,
including A’-tetrahydrocannabinol (THC), which is respon-
sible for the psychoactive effects, tetrahydrocannabinolic acid
(THCA), cannabinol (CBN), cannabidiol (CBD), and
cannabidiolic acid (CBDA). Together with recreational and
drug-type (or medicinal) Cannabis, some new products have
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been recently released into the market as fiber-type Cannabis variants (also known as hemp or industrial hemp) with low THC
content and high content of nonpsychoactive CBD. In this research work, the aim was to characterize Cannabis recreational and
drug-type samples by quantifying their active principles, after the development and validation of a suitable analytical method. In
addition to the Cannabis samples described above, fiber-type plant varieties were also analyzed to monitor their content of
nonpsychoactive compounds for both pharmaceutical and nutraceutical purposes. To do this, a highly efficient HPLC—DAD—
MS/MS method, with an electrospray ionization (ESI) source and a triple-quadrupole mass analyzer acquiring in the multiple
reaction monitoring (MRM) mode also coupled to a diode array detector (DAD), was developed and applied. Satisfactory
validation results were obtained in terms of precision (RSD < 6.0% for all the analytes) and accuracy (>92.1% for all the
compounds). The proposed methodology represents a versatile and reliable tool to assess both psychoactive and
nonpsychoactive cannabinoid levels in Cannabis samples for a more rational use in both medicinal chemistry and nutraceutics.
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Cannabis sativa L. represents by far the most widely produced
and consumed drug of abuse (DoA) worldwide; in particular,
the users represent the 3.9% of the global population aged 15—
64 years.'

The most representative class of Cannabis bioactive
compounds is composed of cannabinoids, which are
terpenophenolics.”> Among them (Figure 1), A’-tetrahydro-
cannabinol (THC) is responsible for Cannabis psychoactive
effects.””” Other main cannabinoids include tetrahydrocanna-
binolic acid (THCA), cannabinol (CBN), cannabidiol (CBD),
and cannabidiolic acid (CBDA) (Figure 1). As shown in
Figure 1, cannabigerolic acid (CBGA) is the biosynthetic
precursor of both THCA and CBDA. Cannabinoids are
biosynthesized in the acid form in plant tissues; then, they can
generate their decarboxylated counterparts under the action of
heat and light, by means of a spontaneous decarboxyla-
tion.”"*~'® CBN is the oxidative degradation product of A°-
THC present in aged Cannabis.”"*’

The vast majority of the psychoactive effects of THC are
mediated by CB, receptors, while nonpsychoactive cannabi-
noids, such as CBD, have low affinity for both CB, and CB,
receptors.” The interaction with CB; receptors is responsible
also for the analgesic effect of THC since their role in the
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transmission of the nociceptive information has been
demonstrated.” The immunomodulatory activity of THC can
be explained by its binding to CB, receptors, which are highly
expressed in some cells of the immune system and are believed
to have a role in the immune cell function.” In addition, CB,
receptors are also considered to be involved in neuro-
inflammation, atherosclerosis, and bone remodelling.3

Within nonpsychoactive cannabinoids, CBD has been found
to possess a high antioxidant and anti-inflammatory activity,'”
in addition to its antimicrobial, neuroprotective, anxiolytic, and
anticonvulsant properties.”'*~"” The mechanism of action of
CBD is believed to be multitarget.>"”

Recreational Cannabis, mainly marijuana, that it is usually
sold illicitly in the black market or in the darknet, has high level
of THC and low level of CBD. This type of Cannabis has been
traditionally used in its smokeable preparations because this is
the best way to achieve the wished psychoactive effects, but,
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Figure 1. Chemical structures of main cannabinoids present in Cannabis sativa L. Abbreviation: A = heating; ox = oxidation; is = isomerization.

Table 1. Optimized MRM MS/MS Parameters

compound MW ion mode precursor ion (m/z)
THC 314.46 + 315.52
THCA 358.47 - 357.46
CBD 314.46 + 315.42
CBDA 358.47 - 357.22
CBN 310.43 + 311.19
THC-d, 317.48 + 318.45
CBD-d, 317.48 318.39
CBN-d, 31345 314.21

“In italic, confirmatory daughter ion.

product ion” (m/z)

collision energy (V) cone voltage (V) dwell time (s)

193.25 45 45 0.300
122.87 S0 41
245.21 41 40 0.300
191.33 45 36
246.28 35 N 0.300
180.11 33 46
245.23 32 46 0.300
338.25 29 42
280.14 SS S1 0.300
172.08 S2 48
196.22 43 40 0.300
249.30 40 36 0.300
283.17 53 48 0.300

more recently, it has been employed in unconventional ways,
such as by means of vaporizers, edibles, beverages, or
transdermal products.'® The severe effects of Cannabis
consumption, mainly related to the presence of THC, include
perceptive alterations, euphoria, hallucinations, slowed down
reflexes, relaxation, and reduced coordination,”'® which, for
example, make driving under the influence of Cannabis
extremely dangerous.

Drug-type or medicinal Cannabis has been proposed for the
treatment of multiple sclerosis, neuropathic pain, chronic pain
associated with rheumatoid arthritis and migraine, in
oncological patients treated with chemotherapy, in mood
disorders and in inflammatory diseases.”” Cannabis for
medicinal use has high/medium level of THC and low/
medium level of CBD.

Recently, many countries have legalized also the use of fiber-
type Cannabis, known as hemp or industrial hemp, which has

to be characterized by a specific composition. In particular,
THC has to be under a very low level (usually, 0.2—0.3% w/w)
in order to obtain a product without psychoactive effects. The
main compound of fiber-type plants is usually represented by
CBD and its acidic precursor CBDA.>**~'" Due to the
biological activities previously described for CBD, extracts
obtained from fiber-type Cannabis have a great potential for a
possible use in pharmaceutical and nutraceutical products.

Cannabinoid profiling by means of advanced analytical
techniques is of primary importance for a rational use of
Cannabis for therapeutic purposes. The routine analysis of
cannabinoids in both plant and biological matrices has been
usually carried out by HPLC and GC methods.””®'%"!
Nevertheless, the HPLC methods described so far have been
mainly focused on a single class of cannabinoids (psychoactive
or nonpsychoactive).”'
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Table 2. Cannabinoid Levels in Recreational and Drug-Type Cannabis Samples

content (mg/g + SD)

sample type sample no. THC
hashish 1 152 +£ 03
2 86.2 + 0.7
marijuana 3 42 £ 0.1
4 28 +03
drug-type Cannabis S 323 + 04

THCA CBD CBDA CBN
26.1 + 0.6 8.6 +£ 0.8 18.5 + 0.4 1.3 £02
90.3 + 04 43 +£03 174 +£ 04 8.6 + 0.3

3.8 +£02 2.7 £02 15.8 £ 0.5 22+ 03

4.6 + 04 12 + 0.1 373 £ 0.5 48 + 04
27.1 £ 0.5 32.1 + 04 473 £ 0.5 1.1 £ 04

In the light of all the above, the aim of this study was to
develop a reliable and feasible analytical method based on
HPLC—DAD—-MS/MS to identify and quantify cannabinoids
in Cannabis products. The innovative method developed in
this study was successfully applied to the analysis of different
kinds of Cannabis samples belonging to the categories
mentioned above, i.e, recreational and drug-type. In particular,
these samples were extracted and analyzed, and their active
compounds were identified and quantified. In addition to these
products, fiber-type plant varieties were also analyzed to
monitor the content of nonpsychoactive compounds.

Results and Discussion. HPLC—DAD—MS/MS Condi-
tions. At first, MS and MS/MS spectra of the analytes of
interest and the ISs were acquired in the full-scan mode (m/z
range S0—600) by direct infusion of reference standard
solutions (1 pg/mL diluted using a mixture 50:50 of 0.1%
v/v formic acid (FA) in acetonitrile (ACN) and 0.1% v/v FA
in H,0) at 20 uL/min. In order to choose the most suitable
conditions for each analyte and IS, all the spectra were
acquired using both ESI+ and ESI—. A complete overview of
the precursor and the product ions, together with the cone
voltage, collision energy, and dwell time values for all the
analytes and ISs are shown in Table 1. After a careful
optimization of the MS/MS conditions, the most abundant
transition for each analyte was used for quantitative analysis,
while the second one for qualitative purposes (confirmatory
daughter ions).

Optimization of the Chromatographic Conditions. In
order to achieve the simultaneous analysis of all the analytes
considered in this study, an appropriate optimization of the
chromatographic conditions was performed. During prelimi-
nary assays, several reversed phase columns based on Cg and
Cys functionalized silica sorbents with different geometries
were screened, with the aim to provide satisfactory peak shape
and adequate retention time. A solid-core C;3 column with
medium particle size (2.7 m) and narrow bore diameter (2.1
mm) was selected: Waters Cortecs C18+ column (100 mm X
2.1 mm id., 2.7 ym). Its geometry and solid-core technology
increased peak resolution and symmetry, without the need of
adding amine modifiers to the mobile phase. In order to obtain
an acceptable total analysis time and avoid coelution with
residual matrix components, a gradient elution starting at 50%
of solvent A, linearly ramping up to 95% of the same solvent
over 5 min, and flowing at a constant rate of 0.3 mL/min was
used. The gradient was then restored to the starting conditions
over 1 min and kept constant for 2 min to re-equilibrate the
system. These conditions produced for each analyte
symmetric, sharp, and baseline resolved peaks and guaranteed
a total chromatographic run time of 13 min.

Optimization of the Extraction Conditions. Cannabis
samples were subjected to an extraction procedure before
being analyzed. The samples in the herbal form were finely cut
by means of a commercial grinder, while hashish was chopped
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using a knife. Different sample-to-solvent ratios were tested in
a range 1:1—1:10 (w/v) and finally the 1:5 (w/v) ratio was
selected. Several solvents were considered for the extraction of
the target analytes, such as pure MeOH, ethanol (EtOH),
ACN, and their mixtures. The best results in terms of yield of
cannabinoids were obtained by using 100% MeOH as the
extraction solvent, and, for this reason, it was selected for the
analytical method developed in this study. In addition,
different extraction times were evaluated; in detail, the
ultrasound-assisted extraction (UAE) was carried out up to 1
h, alternated to vortex mixing. The best combination between
vortex mixing and UAE that led to satisfactory results was
represented by 30 min UAE, followed by 1 min vortex mixing
and a final 15 min UAE. The supernatant was then filtered and
brought to dryness under vacuum by means of a rotary
evaporator. The dried extract was then redissolved with 1 mL
of a 50:50 (v/v) mixture of ACN and H,O containing 0.1%
FA, suitably diluted and injected in the chromatographic
system.

Validation Data. Complete validation data are shown in
Table S2 in the Supporting Information.

Satisfactory linearity results were obtained over the 0.1-200
ng/mL concentration range for CBD with a linear regression
correlation coefficient (r*) equal to 1.000. As to THCA and
CBN, good linearity parameters were achieved, with r* higher
than 0.9995, over the 0.2—100 and 0.5—-100 ng/mL
concentration ranges, respectively. Satisfactory linearity was
obtained for THC and CBDA over the 0.1—100 and 0.2—200
ng/mL concentration ranges, respectively (7 > 0.9992). LOQ
and LOD values were 0.1 and 0.03 ng/mL for CBD and THC,
0.2 and 0.06 ng/mL for THCA and CDBA, and 0.5 and 0.15
ng/mL for CBN, respectively.

Precision assays were carried out at three different levels
(corresponding to the lower, the middle, and the higher value
of each concentration range) to evaluate both the intra- and
interday precision, obtaining good results, in terms of
percentage relative standard deviation (%RSD): for all the
target analytes, the %RSD values for intra- and interday data
were found to be lower than 5.2 and 6.0%, respectively. The %
RSD values for ISs were lower than 1.9 and 2.7% with regard
to intra- and interday precision, respectively.

Accuracy was evaluated by means of the recovery assays:
standard solutions of all the analytes at three different
concentrations and IS at a constant concentration were
added to Cannabis extracts with known analyte levels. Added
concentrations corresponded to the lower limit, a middle
point, and the higher value of each calibration curve, and
percentage recovery of the standard addition was calculated.
The high recovery values (>99.8% for THC, >98.6% for
THCA, >99.4% for CBD, >98.5% for CBDA, and >92.1% for
CBN) obtained for the cannabinoids and the ISs demonstrated
that the developed analytical method is accurate.
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Matrix effect (e.g., due to ion suppression or enhancement)
was also investigated, and the data showed a negligible matrix
effect for all the analytes since the sample/standard peak area
ratios ranged between 86.7 and 99.0%.

Quantitative Results from Cannabis-Related Samples. An
overview of cannabinoid levels found in the analyzed samples
is shown in Tables 2 and 3, while a representative LC—MS/MS

Table 3. Cannabinoid Levels in Fiber-Type Cannabis
Samples

content (mg/g + SD)

sample type sample no. CBD CBDA
fiber-type Cannabis 1 24 +0.1 18.5 £ 0.7
2 6.0 + 0.3 22 +0.1
3 33+03 16.7 + 1.2
4 84 + 0.1 172 £ 0.8
S 98 +03 29+03
6 79 + 0.5 14.5 + 1.1
7 33 +0.1 33.8 £ 03
Cannabis liquid extract 1 2519 + 1.2° 601.8 + 1.6°
2 261.1 + 1.4 905.5 + 1.8°
“Content expressed as ug/mL.
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Figure 2. LC—MS/MS MRM chromatogram of a hashish sample.

chromatogram of a seized hashish sample is shown in Figure 2.
With regard to recreational and drug-type Cannabis-related
products, cannabinoid quantitative results are shown in Table
2. All the analytes of interest were effectively identified and
quantified.

With respect to recreational samples, the highest concen-
tration of psychoactive cannabinoids was found in hashish
samples, due to the fact that these nonherbal products
represent a concentrate from raw Cannabis, illegally produced
in order to obtain high-potency derivatives.”" With regard to
the levels of psychoactive cannabinoid THC and its precursor
THCA, they were found in such a concentration that the
hashish samples and recreational-type herbal products
considered for method application within this work resulted
above the legal limit allowed for marketing and consumption.
In particular, the two hashish samples have a considerably
different potency in relation with their THC content: in fact,
sample 2 showed a 5.7-fold higher level of THC and a 3.5-fold
higher level of THCA with respect to sample 1 (Table 2). With
regard to CBN levels in recreational-type Cannabis samples,
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they ranged from 1.1 to 8.6 mg/g in hashish and herbal
samples (Table 2), without evident correlations with respect to
the sample type and to other analyte levels. With CBN being
the oxidative degradation product of THC, these differences
could be due to different product aging and storage conditions
before sample reception and analysis.

As for the drug-type Cannabis sample (Table 2), the
contents found are in good agreement with those expected
from a medium THC and CBD medical Cannabis strain.”

As for the content of cannabinoids in samples of fiber-type
Cannabis, data are shown in Table 3. In general, the
quantitative data obtained are in agreement with what has
been previously described in the literature for this kind of
Cannabis sample.'”"" Tt is known from the literature that the
most abundant cannabinoid in this type of Cannabis is CBDA,
followed by its neutral counterpart CBD.'”'" As a matter of
fact, CBDA was found to be the most abundant cannabinoid in
five samples out of the seven analyzed in this study, with a
content from 2 to 10 times higher than that of CBD. These five
samples of fiber-type Cannabis characterized by a remarkably
high content of CBDA should be taken into consideration for
the preparation of extracts to be used both in the
pharmaceutical and the nutraceutical fields. In two fiber-type
samples CBD had a content higher than CBDA, meaning that
a decarboxylation process of the native compound in favor of
CBD had occurred. With regard to THC, it was found to be
under the legal limit of 0.2% in all the fiber-type samples
analyzed in this work.

In the commercial liquid extracts derived from Cannabis,
high amounts of CBD and CBDA were found (Table 3). This
is probably due to the type of the starting raw plant material
(fiber-type Cannabis) or to the technique used to obtain the
extracts; anyway, without detailed information about these
liquid products, it is not possible to hypothesize significant
correlations.

Conclusions. The aim of this work was to characterize
Cannabis recreational and drug-type samples by the analysis of
both their psychoactive and nonpsychoactive cannabinoids. In
addition, fiber-type plant varieties were also taken into account
in this study to monitor their content of nonpsychoactive
compounds.

To do this, a new and highly efficient HPLC—DAD—-MS/
MS method was developed, coupled with a simple extraction
procedure for the compounds of interest, based on UAE with
MeOH. The overall analytical method was submitted to
validation to show compliance with international requirements,
and it was successfully applied to recreational, drug-type, and
fiber-type Cannabis samples, providing a reliable cannabinoid
profiling for a rational use of this plant, its extracts, and purified
compounds in medicinal chemistry and other fields, including
the nutraceutical one for fiber-type varieties.

B EXPERIMENTAL PROCEDURES

Chemicals, Solutions, and Equipment. Stock methanolic
solutions (1.0 mg/mL) of (—)-A’-tetrahydrocannabinol (THC),
cannabidiol (CBD), and cannabinol (CBN) and stock acetonitrile
solutions (1.0 mg/mL) of tetrahydrocannabinolic acid (THCA) and
cannabidiolic acid (CBDA) were purchased from Cerilliant
Corporation (Round Rock, TX, USA). THC-d;, CBD-d;, and CBN-
dy (used as the internal standards IS1, 1S2, and IS3, respectively)
stock methanolic solutions (100 yg/mL) were also purchased from
Cerilliant Corporation. HPLC-grade methanol (MeOH), ACN
(>99.9%) and 95% FA were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Ultrapure water (H,0) (182 MQ cm) was

DOI: 10.1021/acsmedchemlett.8b00571
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obtained by means of a Milli-Q apparatus by Millipore (Milford, MA,
USA).

THC, CBD, CBN, and IS stock solutions were stable for 3 months
when stored at —20 °C, while THCA and CBDA ones only if stored
at —80 °C; working solutions were prepared fresh every day in mobile
phase.

Cannabis Samples. Two types of seized recreational Cannabis-
related products were analyzed to ascertain their cannabinoid levels,
including two herbal products consisting of dried female inflor-
escences and two hashish samples. With regard to drug-type medical
Cannabis, one sample of a variety with medium CBD and THC
content was also analyzed. Recreational and drug-type herbal samples
were treated and stored the same way as the fiber-type hemp, while
hashish samples were stored at +4.0 °C until pretreatment and
analysis.

Seven samples of fiber-type hemp female inflorescences were also
analyzed in this study, including Antal, Carma, Carmagnola, China,
Codimono, Fibrante, and Futura. These samples (about 100—500 g
dry material each) were cultivated under the same agronomic
conditions; they were kindly provided by Dr. Gianpaolo Grassi of the
research center CREA-CIN (Rovigo, Italy), and they were certified
for a content of THC below 0.2%. For each sample, hemp
inflorescences were manually separated from twigs and seeds. After
this procedure, the samples were stored at +4.0 °C until required for
chemical analysis. Hemp inflorescences were ground in a mortar
before the extraction.

The methodology developed in this work was also applied to two
liquid hydroalcoholic herbal extracts obtained from fiber-type
Cannabis to assess their cannabinoid content and their compliance
with the legal limit for psychoactive compounds.

HPLC—-DAD-MS/MS. The HPLC instrument was a Waters
Alliance €2695 chromatographic pump system equipped with an
autosampler. Chromatographic separation was carried out on a
reversed phase Waters Cortecs C18+ column (100 mm X 2.1 mm i.d.,
2.7 ym), maintained at room temperature, and equipped with a guard
column. The mobile phase was a mixture of 0.1% FA in ACN (solvent
A) and 0.1% FA in H,O (solvent B) at a constant flow rate of 0.3 mL/
min. The mobile phase composition gradient program started with a
50/50 solvent A/solvent B ratio, linearly ramping up to 95% of
solvent A over S5 min, and this ratio was maintained for 5 min. The
gradient was then changed to the starting conditions over 1 min and
kept constant for 2 min to re-equilibrate the system. The total run
time was 13 min, and injection volume was 10 uL.

Mass spectrometry acquisition was performed on a Waters
Micromass Quattro Micro triple quadrupole in multiple reaction
monitoring (MRM) mode, and the analytes were acquired both in
positive (ESI+) and negative (ESI—) ion mode with ionization
polarity switching, under the following optimized settings: ion source
voltage, 4.0 kV; ion source temperature, 1250 °C; desolvation
temperature, 250 °C; desolvation gas (nitrogen) flow, 250 L/h; argon
was used as the collision gas. The dwell times per channel were set at
300 ms for each analyte and IS. Precursor and product ions, with cone
voltage and collision energy values for each analyte and IS, are
reported in Table 1. Data were acquired in multiple reaction
monitoring (MRM) mode and processed by using Waters MassLynx
4.1 software.

Sample Preparation. Cannabis products were extracted and then
analyzed by means of the developed method. The sample preparation
from herbal products consisted of an extraction of 50 mg of the finely
cut herb with 10 mL of MeOH (containing IS) by means of an
ultrasonic bath for 30 min. The solution was agitated by vortex for
one min and then the ultrasonic bath was used for other 15 min. The
supernatant was filtered through an Agilent (Palo Alto, USA)
membrane filter (13 mm membrane, 0.20 um, nylon) and then
evaporated through a rotary evaporator. The dry extract was dissolved
in 1 mL of a 50:50 (v/v) mixture of ACN and H,OThe liquid
Cannabis products were filtered through a 0.20 ym porosity nylon
membrane filter and properly diluted with a 50:50 (v/v) mixture of
ACN and H,O containing 0.1% FA and ISs before analysis.
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Method Validation. Method validation was carried out according
to United States Pharmacopeia (USP) and International Conference
on Harmonization (ICH) guidelines. More details on the test
performed for the method validation are included in the Supporting
Information.

B ASSOCIATED CONTENT
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