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a b s t r a c t

GC is commonly used for the analysis of cannabis samples, e.g. in forensic chemistry. However, as this
method is based on heating of the sample, acidic forms of cannabinoids are decarboxylated into their
neutral counterparts. Conversely, HPLC permits the determination of the original composition of plant
cannabinoids by direct analysis. Several HPLC methods have been described in the literature, but most
of them failed to separate efficiently all the cannabinoids or were not validated according to general
guidelines. By use of an innovative methodology for modelling chromatographic responses, a sim-
ple and accurate HPLC/DAD method was developed for the quantification of major neutral and acidic
cannabinoids present in cannabis plant material: �9-tetrahydrocannabinol (THC), THC acid (THCA),
HC
BD
BG

cannabidiol (CBD), CBD acid (CBDA), cannabigerol (CBG), CBG acid (CBGA) and cannabinol (CBN). �8-
Tetrahydrocannabinol (�8-THC) was determined qualitatively. Following the practice of design of
experiments, predictive multilinear models were developed and used in order to find optimal chromato-
graphic analytical conditions. The method was validated following an approach using accuracy profiles
based on �-expectation tolerance intervals for the total error measurement, and assessing the measure-
ments uncertainty. This analytical method can be used for diverse applications, e.g. plant phenotype

n of p
determination, evaluatio

. Introduction

Cannabis can be considered as the most controversial plant in
ur society: next to the important medical use, cannabis is also
he most frequently consumed drug of abuse in Europe. It has been
stimated that about four million European adults (∼1% of all 15- to
4-year-olds) are using cannabis each day or almost daily; and that
round 23 million Europeans (∼7% of all 15- to 64-year-olds) have
onsumed cannabis at least one time during the past year [1]. The
lant Cannabis sativa L. constitutes the basic material of all cannabis

roducts. C. sativa L. belongs to the family of the Cannabinaceae.
he current systematic classification of cannabis is listed in Table 1
2,3].

∗ Corresponding author at: Service de Toxicologie Clinique, Médicolégale, Envi-
onnementale et en Entreprise, Centre Hospitalier Universitaire Sart-Tilman B 35,
-4000 Liège, Belgium. Tel.: +32 43 668095; fax: +32 43 668889.

E-mail address: b.debacker@ulg.ac.be (B. De Backer).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2009.11.004
sychoactive potency and control of material quality.
© 2009 Elsevier B.V. All rights reserved.

1.1. Cannabinoids

The chemistry of cannabis has been studied extensively:
approximately 500 compounds have been identified. The most
interesting among these constituents are the cannabinoids; ter-
penophenolic compounds unique to cannabis and concentrated
in a resinous secretion produced by the trichomes of the plant.
These trichomes are particularly concentrated at specific parts of
the female inflorescence [2].

The cannabinoids form a group of related compounds of which
about 70 are known [2,4]. Of the major cannabinoids in C. sativa
L., �9-tetrahydrocannabinol (THC) is generally accepted to be the
compound that possesses the psychoactive properties [5,6]. In plant
tissues, cannabinoids are biosynthesized in an acidic (carboxy-
lated) form. The most common types of acidic cannabinoids found

are �9-tetrahydrocannabinolic acid A (THCA-A), cannabidiolic acid
(CBDA) and cannabigerolic acid (CBGA). THC acid exists under two
forms: THCA-A and THCA-B. However, only traces of THCA-B can
be detected in cannabis samples [3], THCA-A is the major form
and will be further referred to as THCA. CBGA is the direct pre-

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:b.debacker@ulg.ac.be
dx.doi.org/10.1016/j.jchromb.2009.11.004
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Table 1
Current systematic classification of Cannabis
sativa L. [2,3].

Division Angiosperms

Class Dicotyledon
Subclass Archichlamydeae
Order Urticales

c
T
u
t
[

Family Cannabinaceae
Genus Cannabis
Species sativa L.

ursor of THCA, CBDA and cannabichromenic acid (CBCA) (Fig. 1).

he carboxyl group is not very stable and is easily lost as CO2
nder influence of heat or light, resulting in the corresponding neu-
ral cannabinoids: THC, cannabidiol (CBD) and cannabigerol (CBG)
2,7]. These are formed during heating and drying of harvested

Fig. 1. Biosynthetic pathway for the production of cannabinoids and main break
r. B 877 (2009) 4115–4124

plant material, or during storage and when cannabis is smoked
[6,8,9].

The variable conditions during all stages of growing, harvesting,
processing, storage and use also induce the presence of breakdown
products of cannabinoids. The most commonly found degradation
product in aged cannabis is cannabinol (CBN), produced by oxida-
tive degradation of THC under the influence of heat and light [2,10].
THC can also be transformed by isomerization to �8-THC, which is
an artefact. In order to quantify the “total THC content” once present
in the fresh plant material, the concentrations of degradation prod-
ucts have to be added to THCA and THC contents.
1.2. Phenotypes

Hillig and Mahlberg [8] identified three chemotypes (chemical
phenotypes) of cannabis: drug-type plants (chemotype I) show a

down products of THC. (�T = heating, [O] = oxidation, [I] = isomerization).
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igh [total THC/total CBD] ratio (�1.0), intermediate type plants
chemotype II) have an intermediate ratio (close to 1.0), and fibre-
ype plants (chemotype III) exhibit a low [total THC/total CBD]
atio (�1.0). For forensic and legal purposes, the most impor-
ant classification of cannabis types is that into the drug-type
nd the fibre-type. The latter, usually called “hemp”, refers to
arieties that have low THC concentrations but generally con-
ain other non-psychoactive cannabinoids as major compounds,
ike CBD or CBG. In many countries, hemp cultivation is prohib-
ted by legislation because of the presence of the psychoactive
ompounds. In countries where hemp cultivation is allowed, the
ultivars are tested in order to verify that the psychoactive potency
s below a minimum acceptable level [5]. In Europe, the maxi-

um THC content allowed for the cultivation of hemp is either
.2% or 0.3% of the weight of dry matter, in function of the coun-
ry.

.3. Analytical methods

The analysis of the original composition of plant material is
ecessary for diverse purposes as phenotype determination and
uality control of medicinal cannabis used in therapeutic treat-
ent. In addition, it has been repeatedly suggested that the effects

f THC or other single cannabinoids are not equal to that of whole
annabis preparations [11,12]: some of the bio-activity observed
or these preparations could be due to acidic cannabinoids [13].
hat way, a method allowing the qualitative and quantitative deter-
ination of neutral as well as acidic cannabinoids in plant material
ust be available [2].
Gas Chromatography (GC) is the most commonly used method

or the analysis of cannabis products [5,8,14–18], but it does not
ermit the determination of acidic cannabinoids due to decarboxy-

ation into their neutral forms during analysis. Furthermore, this
hermal conversion of acidic cannabinoids seems to be incom-
lete [19]. In order to quantify neutral cannabinoids by GC, a
ime-consuming derivatization step is mandatory. On the con-
rary, High Performance Liquid Chromatography (HPLC) allows the
etermination of the neutral forms since no heating occurs dur-

ng separation. Use of HPLC is thereby the simplest method for
he determination of the original composition in cannabinoids
f plant material. Raharjo and Verpoorte [15] reviewed different
PLC methods for the analysis of cannabinoids. However, most of

hem were not validated according to the new guidelines using
he total error approach, or were not able to separate efficiently
ll the major cannabinoids [2,3,20,21]. Because of the complex
omposition of plant material, the analysis of major cannabi-
oids is not easily achieved and overlap of peaks occurs (between
BD/CBG and CBN/CBGA) [2,20]. Consequently, Hazekamp et al.
2,20] had to combine HPLC with a secondary analysis by GC in
rder to identify and quantify all major cannabinoids. The use of
ass spectrometry coupled to HPLC may be a solution in order to

esolve all peaks in a single analytical run [10,20]. However, this
ethod is expensive and not routinely available to most laborato-

ies.
The goal of the present study was therefore to develop and to

alidate a simple HPLC/DAD method, allowing a good separation
ollowed by a qualitative and quantitative determination of major
eutral and acidic cannabinoids present in plant material. Deter-
ination was performed on cannabinoids of potential interest for

he medicinal research community and cannabinoids used for the

lassification of cannabis phenotypes and for monitoring of the psy-
hotropic potency: THC, THCA, CBD, CBDA, CBG, CBGA, CBN and

8-THC. The method was validated within broad ranges of con-
entrations adapted to the levels found in the three cannabis plant
henotypes.
. B 877 (2009) 4115–4124 4117

2. Materials and methods

2.1. Chemicals and reagents

Cannabinoid reference standards for THC, CBD, CBN and �-
8-THC were purchased from LGC Standards (Molsheim, France).
Reference standards for THCA, CBDA, CBGA and CBG were pur-
chased from Echo Pharmaceuticals BV (Weesp, The Netherlands).
All standards had a purity of ≥98%. Prazepam was purchased
from Certa (Braine-l’Alleud, Belgium). For extractions, HPLC grade
methanol and chloroform were purchased from LabScan (Dublin,
Ireland). For the mobile phase, HPLC quality methanol was pur-
chased from Biosolve (Valkenswaard, The Netherlands); ultrapure
distilled water and deionized water were prepared in-house and
filtered prior to use; ammonium formate and formic acid were pur-
chased from Sigma (Bornem, Belgium). All reagents were at least of
analytical grade.

2.2. Cannabis samples

Eight samples of drug-type cannabis and one sample of
non-psychotropic cannabis were provided by police (confiscated
samples). Two other samples of fibre-type cannabis were gen-
erously provided by the laboratory of Ecophysiology and Plant
Breeding of the Université catholique de Louvain.

2.3. Sample preparation

Plant material samples were dried for 24 h in a 35 ◦C forced
ventilation oven. Crumbly samples were then grinded and mixed.
200 mg of this fine powder were weighed in a flask and extracted
with 20 mL of a mixture methanol/chloroform (v/v: 9/1) by agi-
tation during 30 min. The extract was filtered and appropriately
diluted in a small test tube. A 100 �L aliquot of the dilution was
evaporated under a gentle stream of nitrogen and redissolved
in 100 �L of a mixture of water/methanol (v/v: 5/5). Prazepam
(100 mg/L) was used as internal standard.

2.4. HPLC equipment and chromatographic conditions

All chromatographic runs were carried out using an Hewlett-
Packard (HP) HPLC System (Agilent Technologies, Böblingen,
Germany), consisting of a G1311A quaternary solvent pump
(1200 series), a G1322A solvent degasser (1200 series), a G1313A
autosampler (1100 series) and a G1316A column compartment
(1100 series). A Waters (Zellik, Belgium) 2996 photodiode-array
detector (DAD) was used for detection. Full spectra were recorded
in the range 200–400 nm. Chromatographic separations were
achieved using a Waters XTerra® MS C18 analytical column (5 �m,
250 mm × 2.1 mm i.d.), protected by a Waters XTerra® MS C18
guard column (5 �m, 10 mm × 2.1 mm i.d.). Equipment control,
data acquisition and integration were performed with Empower
Pro 2.0 software.

The mobile phase consisted of a mixture of methanol/water
containing 50 mM of ammonium formate (adjusted to pH 5.19). Ini-
tial setting was 68% methanol (v/v), which was linearly increased
to 90.5% methanol over 25 min, then increased to 95% in 1 min.
After maintaining this condition for 3 min, the column was set
to initial condition in 1 min and re-equilibrated under this condi-
tion for 6 min. The total runtime was 36 min. Flow-rate was set to
0.3 mL/min, the injection volume was 30 �L. All experiments were
carried out at 30 ◦C.
2.5. Method validation

In accordance to ISO17025 and the guidelines of the French Soci-
ety of Pharmaceutical Sciences and Techniques (SFSTP), the present
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Table 2
Description of the three factors involved in the experimental design.

Factors

pcI (%) pH TG (min)
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Table 3
Optimal factor setting maximizing the separation of the compounds.
Levels 40 6.3 20
75 8.15 30

10.0

ethod was fully validated using total error approach [22–25].
he e.noval software V2.0 (Arlenda, Liège, Belgium) was used to
ompute all validation results and build the accuracy profiles.

. Results

.1. Method optimization

.1.1. Experimental design
Three HPLC factors have been investigated: the percentage of

ethanol at the beginning of the gradient (pcI), the pH of the aque-
us part of the mobile phase (pH) and the gradient time to reach
5% of methanol (TG). Table 2 shows the levels of these three fac-
ors. Design of experiments (DoE) methodology has been used and
full factorial design was selected, which is convenient to explore

he space of factors. As such, a total of 45 experimental conditions
ere defined and a chromatogram was recorded at each of these.
t the central point (pcI = 40%, pH 6.3 and TG = 20 min), two inde-
endent repetitions (preparation of new buffer) were carried out
o estimate the reproducibility of the system.

.1.2. Statistical models
In the resulting chromatograms, the peaks were detected and

ndexed at their beginnings, apexes and ends. The retention factors
log(k)) have been used to create a multivariate responses sur-
ace model. Fig. 2 illustrates the fit of the observed retention times
ersus the predicted retention times using the statistical models.
esiduals are mainly located into the interval [−2, 2] min. As the
djusted r2 of each model were higher than 0.95, the overall quality
f the fit is good although some outliers are observed.

.1.3. Optimization — Design Space
The minimal separation (separation of the critical pair) is opti-

ized using the methodology presented by Lebrun et al. [26]. The
eparation is defined as the difference between the beginning of
peak and the end of the preceding peak. Consequently to the

esponse (retention times) modelling, the experimental domain is

nvestigated to encounter an optimal separation. The propagation
f the predictive error through the criterion (the separation, S) was
nalyzed to give confidence in this optimum. The Design Space (DS)
s defined as the set of factor conditions that are likely to provide
atisfactory results in the future use of the analytical method (e.g.

Fig. 2. Actual original responses (Apex) versus predicte
pcI (%) pH TG (min)

Optimal values P(separation > 0) > 0.4 68 5.2 30

routine). Mathematically, the DS applied in this case is defined as
in Eq. (1),

DS = {x0 ∈ �|E�[P(min(S) > �|�] ≥ �} (1)

where x0 is the set of factor conditions belonging to the exper-
imental domain �, for which the expected probability to have a
separation (S) higher than � is higher than �, given the uncertainty
of the estimation of the parameters � of the model. A separation of
at least 0 min (� = 0 min) should be obtained. Monte Carlo simula-
tions are performed to propagate uncertainty from parameters to
responses and criterion. A summary of the optimal values of factors
(the best probabilities to achieve a minimal separation of at least
0 min; baseline-resolved peaks) is shown in Table 3. Fig. 3 shows the
probability surfaces in different directions of the space of factors,
around the optimal solution and with, for each graph, two factors
that are fixed at optimal values.

The chromatograms predicted at the conditions described in
Table 3 can be seen in Fig. 4. Despite the poor DS probability (40%),
a good agreement between the predicted chromatogram and the
real processed chromatogram is observed. Separation of all of the
compounds is well achieved within the DS. A chromatogram exper-
imentally obtained with cannabinoid standards is shown in Fig. 5.
Qualitative HPLC profiles of herbal cannabis and cannabis resin
samples are provided in Figs. 6 and 7, respectively.

3.2. Method validation

3.2.1. Selectivity
The selectivity of detection of each compound was ensured by

the determination of the retention times and the recording of the
complete UV spectra of the cannabinoids. Spectra are shown in
Fig. 8.

3.2.2. Linearity
The response function is, within a certain range, the relation-

ship between the response observed and the concentration of the
analyte in the sample [27]. Calibration curves were obtained from
standard solutions in methanol containing eight different concen-
trations for each cannabinoid from 0.15 to 20% (percentage of
weight of dry plant material), corresponding to 0.375 to 50 �g/mL.
The concentration levels were chosen in order to cover the different
contents in cannabinoids in plant materials of diverse types. Each

calibration point was analyzed in duplicate on two consecutive
days. Calibration curves were calculated using unweighted linear
regression analysis and linearity was expressed by the r2-value.
The calibration parameters were stable with regression coefficients
always >0.99 for each cannabinoid studied. The regression coeffi-

d one (predapex). On the right are the residuals.
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Fig. 4. Predicted chromatogram at optimal solution.

Table 4
Linearity (expressed by the regression coefficient values, r2), limits of quantification
(LOQ), limits of detection (LOD).

r2 LOQ (%) LOD (%)

THCA 0.9969 0.05 0.025
THC 0.9940 0.05 0.025
CBDA 0.9939 0.05 0.05
CBD 0.9951 0.075 0.075

spiked for each cannabinoid are listed in Table 5. Each validation
standard was analyzed in triplicate on three consecutive days. The
concentrations of the validation standards were back-calculated
from the obtained results to determine the mean relative bias, the

Table 5
Mean introduced concentrations (%).

Concentration
level 1 (%)

Concentration
level 2 (%)

Concentration
level 3 (%)

THCA 1.83 3.06 6.12
THC 1.15 1.92 3.84
ig. 3. Representation of the Design Space of the method on the experimental
omain. Inside black lines, the expected probability to have well-separated peaks is
.9.

ients for each analyte are listed in Table 4. The curves were linear
n the concentration range studied for each analyte.

.2.3. Limit of quantification (LOQ), limit of detection (LOD)
The LOQ were experimentally determined by analyzing stan-

ard solutions at 0.025, 0.05, 0.075 and 0.1% (corresponding to
.0625, 0.125, 0.1875 and 0.25 �g/mL). The lower LOQ was deter-
ined as the concentration which provided measurements with an

ccuracy within the acceptance limits (±20%) from their nominal

alues. The LOD was determined as the smallest dilution that gave
good correlation between the compound UV–vis spectrum and

he spectra library. LOQ and LOD for each cannabinoid are listed in
able 4.
CBGA 0.9948 0.05 0.05
CBG 0.9959 0.15 0.1
CBN 0.9917 0.05 0.025

3.2.4. Trueness, precision and accuracy
A statistical approach based on the total error measurements

including both bias and standard deviation was applied to validate
the method.

Validation standards: because cannabis without major cannabi-
noids was not available, the validation standards were prepared
by spiking samples of nettle (Urtica dioica, which belongs to the
same order as C. sativa L.) with an extract of cannabis resin.
This hashish extract contained all the cannabinoids of inter-
est in significant amounts, except �8-THC. The method was
therefore not validated for the quantification of �8-THC. The
extract of hashish was quantified and used to prepare three
validation standards. The volumes added correspond to differ-
ent concentrations for each cannabinoid, in function of the
quantity initially present in the hashish sample. The concentrations
CBDA 1.00 1.67 3.33
CBD 0.549 0.917 1.834
CBGA 0.134 0.217 0.434
CBG 0.092 0.154 0.308
CBN 0.158 0.264 0.528
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Fig. 5. Example of chromatogram determined experimentally (with a concentration of 10% in each cannabinoid) and retention times of the compounds (prazepam is used
as internal standard).

ofile o

s
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t
a

Fig. 6. Qualitative HPLC pr
tandard deviation for intermediate precision and finally the upper
nd lower �-expectation tolerance limits at the 17.5% level.

Trueness and precision give information on respectively sys-
ematic and random errors. Trueness refers to the closeness of
greement between the exact concentration in spiked material and

Fig. 7. Qualitative HPLC profile
f herbal cannabis sample.
the obtained main results. Trueness is expressed in terms of relative
bias (%) and was calculated from the validation standards for each
compound [24,28]. Trueness was acceptable for all cannabinoids,
since the relative bias (%) were always smaller than 10%. Results
are presented in Table 6.

of cannabis resin sample.
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Fig. 8. UV spectra

The precision of the method was determined by computing the
elative Standard Deviations (RSDs) for repeatability and time-
ifferent intermediate precision at each concentration level of the
alidation standards [24,25,28], and did not exceed 11% for all of
he cannabinoids (Table 6).

Accuracy takes into account the total error (sum of the system-
tic and random errors) of the test results [24,25,28]. It refers to
he closeness of agreement between the test results and the accep-
ance reference value. The acceptance limits were set at ±30% as
ecommended [22]. As shown in Fig. 9, the relative upper and
ower �-expectation tolerance intervals (%) did not exceed the

cceptance limits (±30%) for each cannabinoid and each concentra-
ion level. The �-expectation tolerance limits are listed in Table 6.
he approach used guarantees that each further measurement of
nknown samples will be included within the tolerance limits at
he 17.5% level.
ied cannabinoids.

3.2.5. Recovery
The absolute recoveries of THCA, THC, CBDA, CBD, CBGA, CBG

and CBN were determined at the three different concentrations
listed in Table 5 [22,29]. The mean recoveries are shown in Table 7.
Those absolute recoveries were calculated by comparing peak areas
of each cannabinoid obtained from freshly prepared matrix sam-
ples treated according to the described procedure with those found
after the direct injection on the analytical column of standard solu-
tions at the same concentrations. All the recoveries were good
demonstrating the high extraction efficiency of the method.
3.2.6. Uncertainty assessment
The uncertainty characterizes the dispersion of the values

that could reasonably be attributed to the measurand. Several
uncertainty results were generated. The expanded uncertainty rep-
resents an interval around the results where the unknown true
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Fig. 9. Accuracy profiles of the cannabinoids. The plain line is the relative bias, the dashed lines are the �-expectation tolerance limits and the dotted lines represent the
acceptance limits (30%). The dots represent the relative back-calculated concentrations and are plotted with respect to their targeted concentration.
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Table 6
Method validation for seven cannabinoids in plant material. Trueness, precision, accuracy and uncertainty.

Level THCA THC CBDA CBD CBGA CBG CBN

Trueness

Relative bias (%)
1 −0.9 5.3 −2.3 6.6 −10.6 1.4 0.1
2 3.1 5.1 3.9 9.5 −1.1 1.8 8.9
3 4.0 1.6 6.1 11.1 3.4 9.1 8.8

Intra-assay precision

Repeatability (RSD %)
1 1.03 1.31 2.15 5.79 3.04 2.39 3.82
2 1.01 2.21 2.30 4.71 3.23 3.35 3.98
3 2.39 1.94 4.98 6.28 3.00 1.93 6.09

Between-assay precision

Intermediate
precision (RSD %)

1 3.97 3.80 3.89 7.52 3.64 5.34 4.46
2 3.14 4.32 2.30 6.01 3.79 7.78 6.84
3 3.26 2.12 5.69 6.28 10.94 1.93 6.09

Accuracy

�-Expectation
tolerance limits (%)

1 [1.64, 1.99] [1.11, 1.32] [0.90, 1.05] [0.51, 0.66] [0.11, 0.13] [0.08, 0.10] [0.14, 0.17]
2 [2.93, 3.38] [1.82, 2.22] [1.68, 1.80] [0.91, 1.10] [0.20, 0.23] [0.13, 0.19] [0.25, 0.33]
3 [5.91, 6.82] [3.66, 4.15] [3.22, 3.85] [1.86, 2.22] [0.34, 0.56] [0.32, 0.35] [0.50, 0.64]

Uncertainty

Relative expanded
uncertainty (%)

1 9.1 8.7 8.8
2 7.2 9.8 4.8
3 7.2 4.6 12.3

Table 7
Mean recoveries of cannabinoids.

Number of repetition (n) Recovery ± SD (%)

THCA 3 102.1 ± 2.6
THC 3 104.0 ± 2.1
CBDA 3 102.6 ± 4.3
CBD 3 109.1 ± 2.3
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CBGA 3 97.2 ± 7.2
CBG 3 104.1 ± 4.3
CBN 3 105.9 ± 5.1

alue can be observed with a confidence level of 95%. The rel-
tive expanded uncertainties (%) are obtained by dividing the
orresponding expanded uncertainties with the corresponding
ntroduced concentrations. Values for each cannabinoid are pre-
ented in Table 6 and were between 4.1 and 25.1%.

.3. Analysis

The present method was applied for the analysis of different
annabis products. The preparation of these samples was the same
s described above. Samples 1–8 were police confiscates of drug-
ype cannabis in which THCA and THC are the main cannabinoids.
amples 9 and 10 are fibre-type cannabis, respectively Fedora 17

nd Santhica 27 varieties. Fedora 17 is a “classical” fibre-type vari-
ty containing CBDA and CBD as major cannabinoids. Santhica 27
s a new variety of hemp in which the biogenesis of cannabinoids
eems to have stopped precociously: CBGA and CBG are the main
annabinoids [17]. Sample 11 is a non-psychotropic cannabis which

able 8
annabinoid concentrations found in different types of herbal cannabis products.

Sample Drug/fibre-type THCA (%) THC (%) CBN (%)

1 Drug 20.24 1.55 <LOD
2 Drug 5.40 3.23 0.06
3 Drug 22.92 2.58 <LOD
4 Drug 15.68 1.56 <LOD
5 Drug 15.81 1.21 <LOD
6 Drug 15.53 1.29 <LOD
7 Drug 8.18 4.05 0.33
8 Drug 10.79 3.20 0,08
9 Fibre 0.09 <LOQ <LOD

10 Fibre <LOQ <LOD <LOD
11 Fibre 0.57 0.10 <LOD
16.5 7.9 12.1 9.6
13.2 8.2 17.7 15.4
13.2 25.1 4.1 12.8

grew wild (seeds coming from bird food). Cannabinoid concentra-
tions of these samples of herbal cannabis are listed in Table 8.

4. Discussion

Gas Chromatography (GC) is the most commonly used method
for the analysis of cannabis products, e.g. in forensic chemistry
[5,8,14–18]. However, as this method is based on heating the sam-
ple, thermal conversion occurs and the acidic forms of cannabinoids
are converted into their decarboxylated counterparts. In order
to determine neutral cannabinoids, a time-consuming derivati-
zation step is mandatory. Conversely, High Performance Liquid
Chromatography (HPLC) permits the determination of the original
composition of the cannabinoids in the plant by direct analysis. In
contrast to GC, no decomposition of the cannabinoids occurs dur-
ing analysis by HPLC. Furthermore, THCA decarboxylation during
GC analysis is often supposed to be complete [5,14]; but Dussy et al.
[19] demonstrated in 2005 that this conversion is only partial. Vari-
ous analytical conditions were studied and a maximal conversion of
about 67% was obtained at an injector temperature of 220 ◦C. Lab-
oratories quantifying total THC by HPLC, building the sum of THCA
and the already present THC in the plant, get therefore a higher
value than those who quantify THC by GC [19].

Several HPLC methods have been described in the literature

[2,3,20,21], reviewed in 2004 by Raharjo and Verpoorte [15], but
most of them failed to separate efficiently all the cannabinoids or
were not validated according to the new guidelines using total error
approach. Some methods were not validated for acidic cannabi-
noids as these were, until recently, not commercially available.

Total THC (%) CBDA (%) CBD (%) CBGA (%) CBG (%)

21.79 <LOD <LOD 0.72 <LOQ
8.69 <LOD <LOD 0.12 <LOQ
25.51 <LOD <LOD 1.89 0.28
17.24 <LOD <LOD 0.30 <LOQ
17.02 <LOD <LOD 0,43 <LOD
16.82 <LOD <LOD 0.41 <LOD
12.56 <LOD <LOD 0,17 <LOQ
14.08 <LOQ <LOD 0.38 <LOQ
0.09 2.37 0.10 0.10 <LOQ
<LOQ <LOD <LOD 2.58 0.16
0.67 <LOD <LOD <LOQ <LOD
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Hazekamp et al. [2,20] described two methods (acidic or basic
luent) who did not permit a full separation of peaks for either
BGA/CBN or CBD/CBG. A secondary analysis by GC was necessary
o quantify those cannabinoids, causing a waste of time. Another
olution is the coupling of the HPLC system with a mass spectrome-
er. However, mass spectrometry is not routinely available to most
aboratories.

The selectivity of the compounds can be modified by adjust-
ng the pH of the eluent. The relative retention times of the acidic
annabinoids are influenced by changing the pH, while the order
f elution and the relative retention times for the neutral cannabi-
oids remain the same [2,20]. By adjusting the pH of our eluent (pH
.19) and the gradient elution slope, thanks to the optimization
ethod, we were able to modify precisely the relative retention

imes of the compounds in order to fully separate each of them
however, CBD and CBG may yet slightly overlap if present in high
oncentrations, >10%). Consequently, the method developed and
alidated allows a good separation of eight major cannabinoids of
nterest in a single run of 25 min (36 min with re-equilibration).

. Conclusion

Using original tools, a simple and accurate HPLC method for the
uantification of major cannabinoids in cannabis plant material has
een developed and validated. This analytical method can be used
or diverse applications, e.g. plant phenotype determination, eval-
ation of psychoactive potency and control of medicinal sample
uality. It could also be an aid for checking the identity of cannabis
pecimen of different origin, next to other techniques as determi-
ation of microelements or stable isotopes of carbon and nitrogen
30]. In addition, quantification of total CBG can be useful for the
dentification of different types of fibre hemp analyzed [17].
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