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Abstract: In recent years, hemp oils have become ubiquitous in health products on the European
market. As the trend continues to grow and more cannabinoids are researched for their therapeutic
benefits, more academic and industrial interests are drawn to this direction. Cannabidiol, A9-
tetrahydrocannabinol, and their acidic forms remain the most examined cannabinoids in hemp and
cannabis oils, in the case of cannabidiol due to its proven health implications in numerous articles, and
in the case of A9-tetrahydrocannabinol, due to the legislation in the European area. These oils sold on
the internet contain a wide range of cannabinoids that could demonstrate their effects and benefits. As
a result of these claims, we developed a robust and rapid method that can identify and quantify 10 of
the most common cannabinoids found in hemp oils: cannabivarin, cannabidiolic acid, cannabigerolic
acid, cannabigerol, cannabidiol, cannabinol, A9-tetrahydrocannabinol, A8-tetrahydrocannabinol,
cannabichromene, and tetrahydrocannabinolic acid in less than 11 min, with reverse-phase-high-
performance liquid chromatography-photodiode matrix system (RP-UHPLC-PDA) equipped with
C18 column, eluting in a gradient using water and acetonitrile with formic acid as mobile phases.
The quantification of 9 sample products presented in different matrixes was performed using a
calibration curve obtained by analyzing standard solutions from a 10-cannabinoid-mix-certified
reference standard. The developed method demonstrated the ability to identify and quantify the
main cannabinoids in hemp oil and is a useful tool for pharmaceutical professionals.
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1. Introduction

Cannabis sativa L. (hemp), is an annual herbaceous plant belonging to the Cannabaceae
family and has been used for ages to produce hemp fiber (for clothing, rope, and paper),
seeds and also as a medicinal plant [1,2]. Cannabis sativa L. has also been used for recre-
ational and medical purposes [3,4]. Cannabis has a complex chemical composition, with ap-
proximately 540 metabolites reported, such as (phyto) cannabinoids, terpenoids, flavonoids,
and secondary metabolites used to treat epilepsy, Alzheimer’s disease, Parkinson’s disease,
multiple sclerosis, pain and nausea in cancer patients, diabetes, and eating disorders [5,6].
The most active of these are cannabinoids, a class represented by over 150 terpenophenolic
compounds that accumulate mainly in the resin secreted from the trichomes of female
plants [3,6,7]. The therapeutic properties of cannabis are attributed to cannabinoids [8].
According to its use, cannabis is divided into two distinct groups: marijuana (medicinal
and recreational) and industrial hemp. Hemp serves more as an agricultural commodity;,
being appreciated for its fibers and seeds and, recently, for the properties of cannabidiol
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(CBD) [9,10]. The two major neuroactive components in Cannabis plants are the main
psychoactive cannabinoid, A9-tetrahydrocannabinol (THC), and the non-psychoactive
cannabinoid, CBD [11]. THC and CBD are neutral homologues of tetrahydrocannabi-
nolic acid (THCA) and cannabidiolic acid (CBDA), respectively [12]. A classification of
cannabinoids can be made due to their chemical structure by dividing them into 11 groups,
including cannabigerol (CBG), THC, cannabichromene CBD, cannabichromene (CBC),
cannabinol (CBN), A8-tetrahydrocannabinol (A8-THC), cannabicyclol (CBL), cannabin-
odiol (CBND), cannabielsoin (CBE), cannabitriol (CBT), and miscellaneous types [13]. CBD
products have grown in popularity due to their low THC content, as well as due to the
medical benefits attributed to CBD [14]. As a result, a multitude of products are marketed
as supplements, improved formulas with CBD, the most marketed being CBD oils [14]. As
CBD oil consumers have limited means to analyze their chemical composition, they may
accidentally purchase products with undesirable properties given the different effects of
cannabinoids [15]. As a result, it is important to implement quality control methods so that
consumers are confident that CBD products have the desired effects [5,16,17]. The legal
status of Cannabis compounds is different from one country to another. There are countries
in which THC and CBD are classified in the same class of prohibited substances, while in
other countries CBD products are legal [1,18]. For this reason, it is becoming increasingly
important to have methods for quantifying the profile and cannabinoid content of CBD oils
to ensure product uniformity and quality [19,20]. Cannabinoids may be detected by many
and different analytical methods, including immunoassays (EMIT®, Elisa, fluorescent polar-
ization, radioimmunotest). Are used techniques of flat chromatography; classic thin layer
chromatography (TLC) [20], optimum performance laminar chromatography (OPLC) and
multiple development automatization (AMD), gas chromatography—mass spectrometry
(GC-MS) [21-23], high-performance liquid chromatography-mass spectrometry (HPLC-
MS) [20,24-27]. TLC is useful in the laboratory for rapid screening of cannabinoid content
in a sample [20]. Various analysis techniques are used in conjunction with HPLC to detect
cannabinoids [20,25,27-31]. Methods include MS and ultraviolet (UV) [19,20,24-27,31].
UV detection is less expensive and simpler than detecting MS [31]; therefore, it is used
for the quantification of major cannabinoids, and MS is used for the quantification of
minor cannabinoids. In general LC-MS/MS techniques are considered more sensitive and
selective analysis procedures than UHPLC analysis [20,27], but the UHPLC analysis is a
more economical and accessible procedure for quantifying 10 cannabinoids from hemp
oil [27,32]. Differences in cannabinoid concentrations justify the need to provide stronger
regulation and control over the composition of hemp oil and CBD oil [20,28]. Individual
doses throughout administration should be adjusted for CBD bioavailability [33]. This is
of fundamental importance for the safety of consumers, as hemp oil preparations are also
used for therapeutic purposes, regardless of whether they are registered as food supple-
ments [20,28,34,35]. In addition to the studied methods, it is necessary to develop new
procedures in the analysis of hemp oils for the identification and quantification of the
10 most relevant cannabinoids, which can be used in the pharmaceutical field. This study
describes the development of the method and validation, the separation and detection
of the main cannabinoids in hemp oil by reverse-phase ultra-high-performance liquid
chromatography using the photodiode matrix detector (RP-UHPLC-PDA) with a single
wavelength.

2. Materials and Methods
2.1. Chemicals and Materials

Analytical and chromatographic grade chemicals and solvents that were used for
validation and analysis include methanol, purchased from VWR Chemicals (Radnor, PA,
USA), acetonitrile from Merk (Darmstadt, Germany), and formic acid, purchased from
Fisher Chemicals (Pittsburgh, UK). A mix standard of 10 phytocannabinoids in acetonitrile
was provided at a concentration of 250 ug/mL for each component consisting of CBG,
A9-THC, CBD, CBC, CBN, A8-THC, CBL, CBND, CBE, CBT and was obtained from Cay-
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man Chemical (Ann Arbor, MI, USA). Ultrapure water was supplied by a Mili-Q water
purification system from Millipore (Bedford, MA, USA).

2.2. Instrumentation

PerkinElmer Flexar FX-15 UHPLC system was used, equipped with a photodiode
array detector (PDA), quaternary pump, column oven, and autosampler. Chromato-
graphic separation was performed using a PerkinElmer Brownlee™ SPP C18, 2.7 um,
3.0 mm x 150 mm column (PerkinElmer, Shelton, CT, USA). All data analysis, peak purity,
and processing were performed using the PerkinElmer Chromera® CDS software.

2.3. Chromatographic Condition

The analysis was performed using as mobile phases 100% ultrapure water + 0.1%
formic acid (solvent A) and 100% acetonitrile + 0.1% formic acid (solvent B) in a gradient
elution mode, starting from 33% A and 67% B, increasing to 95% B in 5.5 min and maintain-
ing at 95% B for 2 min. Equilibration time was 4.5 min at 33% A and 67% B before each
injection, 10 uL sample volume + 5 pL air volume was injected in partial-loop mode. The
flow rate was set at 1 mL/min, the temperature in the samples” compartment was 5 °C and
40 °C in the column oven. The acquisition was made at a wavelength of 228 nm.

2.4. Standard and Quality Control (QS) Solutions Preparation

A working stock solution of 50 pg/mL (also the first point on the calibration curve)
was prepared by diluting 200 pL of the 10 phytocannabinoids standard mix with 800 uL
acetonitrile. From this solution, serial dilutions were made at 25, 10, 5, and 2.5 pg/mL.
The stock solution was also diluted to 16.7 pug/mL with acetonitrile, representing de
QC solution.

2.5. Test Materials and Sample Preparation

Test materials consisting of 9 CBD (51-59) oils were obtained from reputable on-
line retailers in order to validate the method on the most common matrixes used in the
manufacturing process. Information about the composition and method employed in
oil production was taken from the product label, and the resulting data were as follows:
51,52, S5, and S6 were hemp extracts (HE) + hemp seed oil (HSO); S3 was produced by
infusion under pressure in extra virgin hemp oil (INF + HO); 5S4 was produced by mixing
HSO + CBD and terpenes (T); S7 by extracting with supercritical fluid CO2 (SCO2); S8
was CBD isolate + HSO and S9 is CBD isolate + medium-chain triglyceride oil (MCT). The
subsequent sample preparation was carried out as follows: 1000 mg of vegetal oil was
accurately weighted on a calibrated semi-micro balance in a 15 mL centrifuge tube. The
extraction was conducted by adding 10 mL of methanol over the sample and vortexing
at high speed for 3 min. A full 2 mL syringe was collected from the extract and filtered
through a 0.45 um nylon filter into a glass tube, and 1 mL was transferred in a new tube
and diluted with 2 mL of methanol; 1 mL was then transferred to a 10 mL volumetric flask,
which was brought to volume with methanol (300-fold dilution); the last step was repeated
for 3000-fold dilution.

2.6. Method Validation Parameters

The method was validated for specificity, precision, accuracy, linearity, the limit
of detection (LOD), and limit of quantification (LOQ), according to the International
Conference on Harmonization (ICH) guidelines (ICH Q2A 1994; ICH Q2B 1996) to assure
the reliability of the results.

2.6.1. Specificity

The specificity was determined by matching the acquired spectra and elution order of
the compounds from the reference solution with those from the sample solution considering
the available standard chromatogram and data from literature [36]; for this purpose, 10
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uL from blank, reference, and sample solutions were injected into the system. In order to
asset the matrix effect and interferences from other coeluting analytes, peak purity analysis
was performed.

2.6.2. Precision

The system precision or the agreement between the area values for each analyte was
evaluated as repeatability at the same concentration level following 6 successive injections
from individual 2.5 pg/mL reference solutions. It was expressed as relative standard
deviation (RSD%) with an acceptance criterion of <5% RSD.

2.6.3. Accuracy

The accuracy, as the measurement of the closeness of experimental value to the
actual amount, was established by injecting 3 standard solutions of known concentration
(16.7 ug/mL) and reporting the practical concentration determined by the system to the
theoretical one. The accuracy was expressed as percent recovery, where 100 & 10% was
considered acceptable.

2.6.4. Linearity

Linearity, defined as the ability of the method to obtain test results that are directly
proportional to the analyte concentration within a specific range [37], was assessed in
the range of 2.5-50 ug/mL (0.75-15 mg/g from 3000-fold dilution, or 7.5-150 mg/g for
300-fold dilution, in sample units) from three injections for each point on the curve using
the least-squares method and by calculating the coefficient of determination R?. An R?
coefficient higher than 0.99 is considered an acceptable criterion of linearity.

2.6.5. Limit of Detection (LOD) and Limit of Quantification (LOQ)

LOD, described as the smallest concentrations of an analyte that can be reliably
distinguished from zero, and LOQ), as the lowest concentration of the analyte that can
be determined with acceptable repeatability and trueness [38], were estimated using the
standard deviations of y-intercepts of the regression line (o) and calibration curve slope (S)
based on the following formulas:

LOD=3.30/S

LOQ =10 ¢/S

3. Results
3.1. Specificity

Spectra analysis and comparison confirmed the identity of each analyte in their eluting
order on the reported method. As cannabis and hemp oil matrices contain a wide range of
compounds that are extracted in the manufacturing process, good discrimination between
matrix compounds and the target analytes was obtained with a suitable resolution that
allows proper integration and quantification of each peak of interest, as shown in Figure 1.
Retention times used for the identification of the compounds in the samples are displayed
in Table 1.

At least 113 cannabinoids have been identified in cannabis and hemp plants. Due
to the high probability of being coextracted and because of the close homology between
the cannabinoid species, the risk of interferences and peak overlapping is increased. As
shown in the table below, Table 2, the purity index provided for each sample shows that the
method developed is capable of discriminating the target analytes from the sample matrix.

High values for CBCin S 2, CBN in S 4, and CBDV in S7 indicate a high probability
that matrix-specific interferences are present at those particular retention times.
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Figure 1. Chromatogram of 10 cannabinoids standard mix (16.7 ug/mL).
Table 1. Retention times (Rt) of cannabinoids identified in the standard mix.
Analyte CBDV CBDA CBGA CBG CBD CBN A9-THC A8-THC CBC THCA
Rt (min) 1.87 2.36 2.46 2.59 2.71 3.53 4.05 4.15 4.54 4.65
Table 2. Peak purity indexes of each peak from sample solutions (300 fold).

Analyte S1 S2 S3 S4 S5 S6 S7 S8 S9
CBDV 1.29 1.02 N/A 1.62 1.26 N/A 4.2 1.82 1.96
CBDA 1.09 1.45 N/A 1.36 1.48 1.68 1.33 1.57 N/A
CBGA 2.07 N/A N/A N/A 1.46 1.52 1.67 N/A N/A

CBG 1.23 1.05 N/A N/A 1.09 N/A 1.41 N/A N/A
CBD 1.29 1.06 1.12 2.21 1.13 1.09 1.29 1.33 1.07
CBN N/A 1.68 1.42 3.37 N/A N/A 1.19 N/A N/A

A9-THC 1.29 2.06 1.19 N/A 1.54 1.15 1.40 N/A N/A

A8-THC N/A N/A N/A 1.27 N/A N/A N/A N/A N/A

CBC 1.14 7.23 2.15 1.39 1.05 1.05 N/A N/A N/A
THCA 1.42 1.19 N/A N/A 1.15 1.21 N/A N/A N/A

3.2. Precision

Precision at the lowest point on the calibration curve (2.5 ug/mL) was evaluated based

on reported concentration RSD%. The method was found to be reproducible, with an RSD
value of 1.54% for CBDV; 0.45% for CBDA; 0.72% for CBGA; 1.88% for CBG; 1.63% for
CBD%; 1.14% for CBN; 3.77% for A9-THC; 4.25% for A8-THC; 3.38% for CBC; 2.79% for
THCA. These results indicate that the method is precise at the evaluated concentration.

3.3. Accuracy

To assess how close the values measured are from the true concentrations, accuracy at

16.7 ug/mL was calculated as percent recovery. The results indicated in Table 3 demonstrate
a good accuracy of the proposed method at the evaluated concentration.
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Table 3. Results for accuracy.

Theoretical Concentration =~ Amount Recovered Recovery
(ng/mL) (ug/mL) (Mean + %RSD)

16.69

THCA 16.69 16.75 100.12 £ 0.20
16.69
16.88

CBDV 16.71 16.97 101.38 £ 0.26
16.94
16.92

CBDA 16.70 16.92 101.38 £ 0.02
16.93
16.92

CBGA 16.71 16.92 101.29 £ 0.05
16.91
16.82

CBG 16.67 16.82 101.01 £ 0.12
16.85
16.83

CBD 16.71 16.86 100.89 £ 0.15
16.88
17.13

CBN 16.79 17.17 102.12 £ 0.15
17.13
17.01

A9-THC 16.65 16.96 102.00 £ 0.17
16.97
16.87

A8-THC 16.69 16.94 101.78 £ 0.80
17.13
16.88

CBC 16.67 16.82 101.05 £ 0.18
16.83

Analyte

3.4. Linearity

The calibration curves were linear within the concentration range of 2.5-50 ug/mL
(0.75-15 mg/g from 3000-fold dilution, or 7.5-150 mg/g for 300-fold dilution, in sample
units) for each analyzed compound. The calibration curve exhibited a good linear regres-
sion, and a value higher than 0.999 for R? (coefficient of determination) was obtained for
all cannabinoids, as shown in Table 4.

Given the variable range of concentrations at which cannabinoids from hemp and
cannabis oils are found at different manufacturers, a two-dilution system was implemented
that allows all the compounds analyzed to be included in the calibration curve domain
thus validated.
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Table 4. Results for linearity, regression equation, and R? for each analyte.

Analyte Regression Equation R2
CBDV y =22,747x + 11,129 0.9999
CBDA y = 37,845x + 26,076 0.9997
CBGA y = 39,081x + 26,087 0.9996

CBG y =21,367x + 11,536 0.9999
CBD y =21,100x + 10,921 0.9998
CBN y =47,883x + 51,955 0.9990
A9-THC y =18,904x + 14,026 0.9997
A8-THC y =17,184x + 10,464 0.9998
CBC y =44,184x — 6791.7 0.9998
THCA y =34,511x — 7682.5 0.9997

3.5. Limit of Detection (LOD) and Limit of Quantification (LOQ)

LOD and LOQ were estimated from the data acquired for linearity. It was found
that the main cannabinoids of interest can be detected at a concentration of 0.22 mg/g for
A9-THC (0.022%) and 0.19 mg/g for CBD (0.019%) and can easy be quantified at 0.68 mg/g
for A9-THC (0.068%) and 0.58 mg/g (0.058%) for CBD. The proposed method provides
sufficient sensibility for A9-THC, around 10 times lower than the legal limit imposed in
some countries (0.2%). Higher limits for CBN are probably due to different absorption at
228 nm. Limits for other cannabinoids that can be analyzed with this method are displayed

in Table 5.

Table 5. Limit of detection (LOD) and limit of quantification (LOQ), determined by the calibration
curves in standard units (1ug/mL) and sample units (mg/g).

Analyte LOD (ug/mL) LOQ (ug/mL) LOD (mg/g) LOQ (mg/g)
CBDV 0.70 2.12 0.21 0.64
CBDA 1.69 513 0.51 1.54
CBGA 1.78 5.39 0.53 1.62

CBG 0.67 2.03 0.20 0.61
CBD 0.63 1.92 0.19 0.58
CBN 3.31 10.04 0.99 3.01
A9-THC 0.75 227 0.22 0.68
A8-THC 0.82 2.50 0.25 0.75
CBC 1.30 3.93 0.39 1.18
THCA 1.84 5.59 0.55 1.68

3.6. Cannabinoids in Hemp Oil

The method developed in this study was applied to the qualitative-quantitative
analysis of the main cannabinoids from four samples of hemp oil. The amount of each
cannabinoid was calculated using the equation obtained from a freshly prepared calibration
curve. The following sequence was injected into the chromatographic system:

1x blank;

1x QC solution;

1x 3000-Fold samples;
1x 300-Fold samples;

1x Calibration solution 2.5 pg/mL;
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1x QC every 10 samples;

1x QC after all samples;

1x Blank;

1x Wash.

As system suitability criteria, we chose to verify the accuracy of the 2.5 ug/mL
calibration solution and QC solution; all the analyzed solutions passed the admissibility
criteria (£10%).

Concentration in mg/g was calculated by following formula:

C (mg/g) = C (ug/mL) x d/Swg x 1000

where C (ug/mL) is the concentration extrapolated on the calibration curve, d is dilution
factor (300 or 3000), Swg is sample weight in grams, and 1000 represents the transformation
factor from ng to mg.

The main components CBD and CBDA were found in all samples, except two for
CBDA in a concentration range of 1.42 to 166.32 mg/g for CBD and 1.62 to 18.80 mg/g
for CBDA. Other cannabinoids also present in oils were CBDV (2.52 to 14.70 mg/g),
CBGA, which was detected in two samples (1.19 to 2.64 mg/g) and as traces in the other
two samples, CBG, which was quantified in only one sample (2.13 mg/g) and detected
in other three, CBN (4.75 mg/g), which was found in one sample and identified in other
three, A9-THC (1.06 to 1.35 mg/g), A8-THC, which was detected only in one sample in
too low amount to be quantified, and CBC, which was present in six samples at a lower
concentration, suggesting the need to decrease the dilution fold in order to be quantified
and THCA (1.80-2.75 mg/g).

A more detailed view can be found in Table 6. Representative chromatograms of
sample solutions S5 are shown in Figure 2a,b, and the rest of the chromatograms can be
reviewed in the Supplementary Materials (Figures S1-S9).
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Table 6. Results for hemp oils, analyzed with the proposed method and regression equations used for quantification.

S1 S2 S3 S4 S5 Sé6 S7 S8 S9
HE + HSO HE + HSO INF + HO CBD + T + HSO HE + HSO HE + HSO SCO2 CBD + HSO CBD + MCT
Analyte Rt C Rt C Rt C Rt C Rt C Rt C Rt C Rt C Rt C

CBDV 1.84 <LOQ 1.89 14.70 N/A <LOD 1.96 <LOQ 2.09 <LOQ N/A <LOD 1.81 2.52 1.94 <LOQ 2.03 <LOQ
CBDA 2.38 50.06 2.38 18.77 N/A <LOD 2.38 1.62 2.54 17.81 2.54 14.65 2.38 6.79 2.34 <LOQ N/A <LOD
CBGA 248 1.19 N/A <LOD N/A <LOD N/A <LOD 2.64 0.98 2.64 <LOQ 247 <LOQ N/A <LOD N/A <LOD
CBG 2.61 <LOQ <L 261 2.13 N/A <LOD N/A <LOD 2.78 <LOQ N/A <LOD 2.60 <LOQ N/A <LOD N/A <LOD
CBD 2.73 2.34 2.73 70.09 2.73 2.53 2.73 <LOQ 2.90 4.37 2.90 1.42 2.73 166.32 2.80 89.88 2.90 50.67
CBN N/A <LOD 3.55 <LOQ 3.52 <LOQ 3.62 <LOQ N/A <LOD N/A <LOD 3.54 4.57 N/A <LOD N/A <LOD
A9-THC 4.07 <LOQ 4.07 <LOQ  4.06 <LOQ N/A <LOD 422 1.35 4.22 <LOQ  4.06 1.06 N/A <LOD N/A <LOD
A8-THC N/A <LOD N/A <LOD N/A <LOD 411 <LOQ N/A <LOD N/A <LOD 4.16 <LOD N/A <LOD N/A <LOD
CBC 4.55 <LOQ 4.55 <LOQ 455 <LOQ 4.55 <LOQ  4.69 <LOQ 470 <LOQ 455 <LOD N/A <LOD N/A <LOD
THCA 4.66 2.01 4.65 <LOQ N/A <LOD 4.67 <LOD 479 2.75 4.79 1.80 4.65 <LOD N/A <LOD N/A <LOD

Rt: retention time in min; S1-510: sample 1-sample 10; C: concentration in mg/g; <LOQ: peak detected but too low to be quantified; <LOD: no peak detected; N/A: not applicable.
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Figure 2. (a) Chromatographic trace of S5 D300 analyzed by RP-HPLC-PDA; (b) chromatographic trace of an S5 D3000

analyzed by RP-HPLC-PD.

4. Conclusions

The developed assay was validated by evaluating specificity, linearity, LOD, LOQ,
accuracy, and precision and it was successfully applied to the analysis of hemp oils. The
described method focuses on the quantification of major cannabinoids present in oils but
can also be applied to check THC and other cannabinoids at levels >0.075% in order to
assess the compliance with each country’s own jurisdiction. Phytocannabinoids screening
offers a unique view about the potency and health effects of hemp and cannabis oils that
implies a synergic action of many compounds at various concentrations.

High throughput of samples can be analyzed in a working day, leading to economies
of scale in regard to standards, solvents, energy, and analyst’s time. Additionally, even if
not all HPLC systems have the same performance, the proposed method can be operated
on a wide variety of high-pressure liquids chromatographs due to the acceptable pressure
generated by the system, solvents column, and temperature (around 5100 psi or 350 bar for
our system). The two dilutions of 300-fold and 3000-fold allow a wide range of unknown
samples to be analyzed within the method concentration range. If the proposed method
is intended to be used for quality control of finished products, the sample dilution can
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also be optimized for the desired purpose; with regard to the various compositions of the
extracts that can bring interferences, simple adjustments can be employed when validating
the method for a specific product.
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