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A B S T R A C T   

The scientific interest in Cannabis sativa L. analysis has been rapidly increasing in recent years, especially for 
what concerns cannabinoids, plant secondary metabolites which are well known for having many biological 
properties. High-performance liquid chromatography (HPLC) is frequently used for both the qualitative and 
quantitative analysis of cannabinoids in plant extracts from C. sativa and its derived products. Many studies have 
been focused on the main cannabinoids, such as Δ9-tetrahydrocannabinolic acid (Δ9-THCA), cannabidiolic acid 
(CBDA), cannabigerolic acid (CBGA) and their decarboxylated derivatives, such as Δ9-tetrahydrocannabinol (Δ9- 
THC), cannabidiol (CBD) and cannabigerol (CBG). In addition to the abovementioned compounds, the plant 
produces other metabolites of the same chemical class, and some of them have shown interesting biological 
activities. 

In the light of this, it is important to have efficient analytical methods for the simultaneous separation of 
cannabinoids, which is quite complex since they present similar chemical-physical characteristics. The present 
work is focused on the use of the Design of Experiments technique (DoE) to develop and optimise an HPLC 
method for the simultaneous separation of 14 cannabinoids. Experimental design optimisation was applied by 
using a Central Composite Face-Centered design to achieve the best resolution with minimum experimental 
trials. Five significant variables affecting the chromatographic separation, including ammonium formate con
centration, gradient elution, run time and flow rate, were studied. A multivariate strategy, based on Principal 
Component Analysis (PCA) and Partial Least Squared (PLS) regression, was used to define the best operative 
conditions. The developed method allowed for the separation of 12 out of 14 cannabinoids. Due to co-elution 
phenomena, HPLC coupled with a triple quadrupole mass analyser (HPLC-ESI-MS/MS) was applied, moni
toring the specific transitions of each compound in the multiple reaction monitoring (MRM) mode. Finally, the 
optimised method was applied to C. sativa extracts having a different cannabinoid profile to demonstrate its 
efficiency to real samples. 

The methodology applied in this study can be useful for the separation of other cannabinoid mixtures, by 
means of appropriate optimisation of the experimental conditions.   

1. Introduction 

Cannabis sativa L. is an annual herbaceous plant belonging to the 
Cannabaceae family. It has been used for recreational purposes over the 
centuries [1]. Nowadays, some varieties have been approved for medical 

use in many countries [1]. In addition, non-psychoactive varieties of the 
plant of C. sativa (also known either as industrial hemp or simply hemp) 
are a well-known source of both fibre and food [1]. 

C. sativa contains different classes of bioactive compounds, such as 
cannabinoids, terpenes, flavonoids and so on [2]. The most 
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representative ones are cannabinoids, a class of terpenophenolic com
pounds accumulated mainly in female inflorescences [3]. Currently, 
more than 500 natural compounds have been identified from C. sativa 
and, among them, more than 100 are cannabinoids [4]. In C. sativa, 
cannabinoids are biosynthesized and accumulated as cannabinoic acids, 
which are subsequently decarboxylated into their neutral forms [4]. 

Recreational-type varieties of C. sativa have a high content of Δ9- 
tetrahydrocannabinol (Δ9-THC) and its biosynthetic precursor Δ9-tet
rahydrocannabinolic acid (Δ9-THCA). Plants belong to “drug-type” va
rieties have a standard content of both Δ9-THC and cannabidiol (CBD), 
the second being the main non-psychoactive compound present in 
C. sativa. Fibre-type plants of C. sativa are characterized by a low content 
of Δ9-THC, typically below 0.2% w/w, and a high content of non- 
psychoactive compounds, mainly CBD and cannabigerol (CBG). 

In recent years, the use of C. sativa for medicinal purposes has rapidly 
grown. Cannabinoids have been investigated for many potential thera
peutic applications in the treatment of inflammation, pain, neurode
generative disorders, epilepsy, cancer and more [5–10]. In parallel, 
there has been an increasing demand for accurate analysis of cannabi
noids in various products from C. sativa and, for this reason, it is highly 
important to develop reliable and broad-spectrum methods for qualita
tive and quantitative analysis of these compounds. The two most com
mon instrumental techniques for the analysis of cannabinoids include 
gas chromatography (GC) and high-performance liquid chromatography 
(HPLC), the second being the most suitable one for cannabinoid analysis, 
since it does not involve thermal stress of the injected compounds [11]. 
Indeed, heat can cause the decarboxylation of the cannabinoic acids into 
their neutral form [11]. 

Several HPLC methods have been described in the literature for this 
purpose [12–14] and most of them have been focused on the separation 
of the main cannabinoids, including Δ9-THCA, cannabidiolic acid 
(CBDA), cannabigerolic acid (CBGA), cannabichromenic acid (CBCA) 
and their decarboxylated derivatives, such as Δ9-THC, CBD, cannabi
gerol (CBG) and cannabichromene (CBC). The crucial aspect of the 
methods is the separation of some critical pairs of cannabinoids, 
including CBD/CBG and Δ9-THC/Δ8-THC [12,14–18]. Moreover, few 
papers have included varinic cannabinoids, such as cannabigerovarin 
(CBGV) and cannabichromevarin (CBCV), while cannabinerol (CBNR), a 
geometric isomer of CBG, has never been taken into consideration in 
HPLC methods described up to now in the literature. 

In the light of all the above, the aim of this work was to develop an 
innovative HPLC method, providing a short run time and adequately 
resolving the analytes of interest, under reversed-phase conditions. For 
this aim, a Central Composite Face-Centered (CCF) design was applied, 
and the best experimental conditions were obtained considering the 
interaction between the significant factors and, therefore, their effects 
on the response (resolution of the different chromatographic peaks). 
Principal component analysis (PCA) was performed as an explorative 
analysis to obtain an overview on the whole data set without forcing any 
model and to extract relevant information. Partial Least Squared (PLS) 
regression was used to model the obtained results and the relevant ef
fects were chosen according to their variable influence on projection 
(VIP) value. 

The use of a Design of Experiment (DoE)-based analytical strategy to 
simultaneously balance chromatographic parameters to ensure optimal 
separation in HPLC has been already described in several studies 
[19–21]. However, to the best of our knowledge, this is the first study 
that aimed at the optimisation of a HPLC method by means of a syner
gistic use of DoE and PLS approaches for the multi-component analysis 
of different cannabinoids. Indeed, when more variables must be 
modelled, it could be more useful to fit a PLS model since, considering 
the covariance of the investigated matrices, it is able to simultaneously 
represent the variation of all responses. 

2. Material and methods 

2.1. Chemical and solvents 

Standard solutions of CBDA, CBD, CBGA, CBG, Δ9-THCA and CBN (1 
mg/mL either in acetonitrile or methanol) were purchased from Restek 
(Milan, Italy). Pure Δ8-THC, CBC, CBCA, CBDV, CBCV, CBGV and CBNR 
were provided by PlantaChem with a purity of 98%. A mixture of the 14 
cannabinoids at 40 µg/mL was prepared in methanol (MeOH) and used 
in all the analysis for the method optimisation. 

HPLC grade acetonitrile (ACN), MeOH, ethanol (EtOH), formic acid 
(HCOOH) and ammonium formate were from Sigma-Aldrich (Milan, 
Italy). Water (H2O) was purified using a MilliQ Plus185 system from 
Millipore (Milford, MA, USA). 

2.2. Plant samples 

Three ethanolic extracts from different C. sativa varieties were ana
lysed in this work for demonstration purposes, including one from a 
recreational-type variety, which was kindly provided by the Toxicology 
Laboratory of the Forensic Institute of the Department of Biomedical, 
Metabolic and Neurosciences of the University of Modena and Reggio 
Emilia, one from a medical-type variety, which was kindly provided by a 
local pharmacy and prepared under prescription, and one from a fibre- 
type variety (Bernabeo), belonging to those approved by the European 
Union (EU). All the extracts were prepared following a previously 
validated method for the extraction of cannabinoids [17]. 

2.3. HPLC-UV/DAD analysis 

The HPLC-UV/DAD analysis of pure cannabinoids was carried out on 
a Hewlett-Packard 1100 series system (Palo Alto, CA, USA), equipped 
with a quaternary pump, a manual injector, a thermostated column 
compartment and a Diode-Array detector (DAD). An Ascentis Express 
C18 column (150 mm × 3.0 mm I.D., 2.7 µm, Supelco, Bellefonte, PA, 
USA) at 25 ◦C was used. The injection volume was 6 µL. A mobile phase 
composed of 0.1% HCOOH in H2O with ammonium formate at different 
concentrations (2, 5 and 8 mM) (A) and 0.1% HCOOH in ACN (B) was 
selected. The DAD detector was set to acquire UV-Vis spectra in the 
range 200–500 nm and chromatograms were recorded at 210 nm for the 
analysis of decarboxylated cannabinoids and 220 nm for the analysis of 
cannabinoid acids. 

The concentration of the ammonium formate, the flow rate of the 
mobile phase, the duration of the run, and the initial and final concen
tration of solvent B were different for each of the chromatographic runs 
and were established by DoE. Each analysis was performed in duplicate. 

2.4. HPLC-ESI-MS/MS analysis 

The HPLC-ESI-MS/MS analysis was carried out on an Agilent Tech
nologies 1200 series LC system (Santa Clara, CA, USA), equipped with a 
degasser, a quaternary pump, an autosampler, a thermostated column 
compartment, and an Agilent Technologies 6410 series (Santa Clara, CA, 
USA) triple quadrupole mass analyser. The column and the chromato
graphic parameters applied were the same of those of the HPLC-UV/ 
DAD method. 

The MS acquisition was carried out with an electrospray ionisation 
source (ESI) operating both in the positive and in the negative ion mode. 
The source parameters for both polarities were set as follows: spray gas 
pressure (N2) 35 psi, gas temperature 300 ºC, gas flow 10 L/min, elec
trospray voltage 3.5 kV. The triple-quadrupole mass analyzer was 
operated in the Multiple Reaction Monitoring (MRM) mode. The tran
sitions of the individual compounds were first optimized. To do this, 
each standard was directly injected into the ESI source at the concen
tration of 2 ppm. Optimized MRM transitions for each cannabinoid are 
shown in Table 1. 
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2.5. Experimental design and data analysis 

Five main factors, including ammonium formate concentration, 
initial and final percentage of solvent B, gradient run time and flow rate, 
affecting the chromatographic separation of the investigated cannabi
noids, were optimised by means of a Central Composite Face-Centered 
design (CCF) [22,23]. The CCF design, composed by a Factorial 
Design and a Star Design, allowed us to estimate the linear terms, the 
interactions between variables and the quadratic terms. Twenty-seven 
experiments were planned, which consisted of 16 corner experiments, 
10 axials experiments and one central point. 

In this study, all the experiments were twice replicated with the aim 
to evaluate the significance of the effects of each term, and the different 
chromatographic runs were randomly performed to ensure a genuine 
replication [24]. 

Thirteen different responses, corresponding to resolution values 
computed for each pair of consecutive (in terms of retention time) 
investigated cannabinoids, were considered and a PLS algorithm was 
used to model the results obtained, allowing us to simultaneously 
represent the variation of all responses [25]. The obtained PLS regres
sion coefficients were considered as an estimate of the effect induced by 
the corresponding term on the response, and they were also used to 
point out the level (high or low) of the most influential parameters, to set 
the optimal chromatographic conditions. 

Since the model interpretation based on regression coefficients could 
be cumbersome with thirteen responses, the variable importance in the 
projection (VIP) scores [24] was used, and model terms with VIP-values 

higher than one were considered important in given model. 
To further evaluate whether the VIP selected model term had a sig

nificant effect on the response, a critical value was computed for each of 
the selected terms as well, considering an estimation of its error variance 
and standard errors from replicated runs [25]. In the specific case of 
performing duplicate runs, it is possible to obtain a pooled estimate of 
the experimental run variance, using the following equation [25]: 

s2 =

∑
d2

2g
(1)  

where d is the difference of duplicate and g the degrees of freedom (in 
this case equal to the number of experimental runs). To determine which 
model terms were certainly real, a significant value of Student’s t at the 
5% was used at g degree of freedom; thus the 95% confidence interval 
for each effect was given by product of Student’s t by the pooled estimate 
variance computed for each response. 

2.6. Software 

PCA and PLS regression were carried out by using PLS_Toolbox 8.9.2 
software (Eigenvector Research Inc., Manson, WA, USA) for MATLAB®. 
Designs of experiments were planned with MODDE 9.1 (Umetrics AB, 
Umeå, Sweden). 

Table 1 
Optimised MRM parameters for each compound.  

Peak number Compound tR (min) Ione mode Precursor ion (m/z) Fragmentor (V) Product ion (m/z) CE (eV) CAV (V) 

1 CBGV  6.4 + 289  100  165 
123 
108  

12 
32 
50  

1 
2 
4 

2 CBDV  6.5 + 287  100  231 
165 
135  

15 
18 
15  

2 
1 
2 

3 CBDA  8.4 –  357  120  339 
313 
245  

15 
15 
28  

2 
2 
4 

4 CBGA  8.9 –  359  130  341 
315 
297  

15 
18 
22  

2 
2 
2 

5 CBG  9.4 + 317  100  193 
123  

10 
35  

4 
2 

6 CBNR  9.4 + 317  100  193 
137 
123  

13 
35 
35  

4 
1 
2 

7 CBD  9.9 + 315  110  259 
193 
123  

15 
18 
32  

2 
4 
2 

8 CBCV  12.8 + 287  90  231 
205 
165  

12 
15 
20  

2 
4 
1 

9 CBN  13.7 + 311  100  293 
241 
223  

12 
18 
18  

1 
2 
8 

10 CBCA  14.2 –  357  120  339 
313 
243  

15 
20 
20  

2 
2 
2 

11 Δ9-THC  15.9 + 315  90  259 
233 
193  

18 
18 
25  

2 
2 
4 

12 Δ8-THC  16.3 + 315  100  259 
207 
193  

18 
20 
25  

6 
4 
1 

13 CBC  17.9 + 315  100  233 
193 
123  

12 
20 
35  

2 
4 
2 

14 Δ9-THCA  18.3 –  357  120  313 
245 
191  

22 
30 
35  

1 
4 
2  
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3. Results and discussion 

3.1. Optimisation of the chromatographic conditions by experimental 
design 

The aim of the present work was to define and optimize the experi
mental conditions to be used for the HPLC simultaneous separation of 14 
cannabinoids (Fig. 1). Δ9-THC and Δ8-THC are positional isomers. Δ9- 
THC, Δ8-THC, CBD and CBC have the same molecular weight and they 
are structural isomers, as well as Δ9-THCA, CBDA and CBCA. The same is 
for CBCV and CBDV, which have the same molecular weight and they 
are structural isomers. Finally, CBG and CBNR are geometric isomers. 

In the first part of the work, a DoE approach was employed with 
three main issues:  

1) using a minimum number of experiments to find the optimal 
experimental conditions;  

2) exploring the influence of the main investigated effects and their 
interactions on the chromatographic separation;  

3) generating a mathematical model able to describe the relation 
among the significant factors and investigated response. 

Before performing the DoE approach, an investigative analysis was 
carried out to evaluate the chromatographic profile of a standard 

mixture containing all the compounds of interest, by applying the con
ditions reported in the literature [15,26,27]. The identification of the 
different analytes was achieved by the comparison of retention time 
with those obtained by the analysis of pure standards under the same 
experimental conditions. Early eluting analytes (i.e. having tR around 
1.5–3.5 min) were poorly resolved, while CBN-CBNV-CBCA (tR 4.5 min) 
and CBC-Δ9-THCA (tR 9.0 min) were totally co-eluted. 

Therefore, a two levels CCF design was set up to investigate the 
following conditions:  

1) Addition of ammonium formate to the mobile phase A (AFconc) in a 
concentration ranging from 2 to 8 mM. Indeed, the presence of 
ammonium formate in mobile phase A at a different concentration 
could influence the selectivity factor, increasing the ionic strength 
and slightly changing the pH as well. Using 0.1% HCOOH and 
ammonium formate concentrations of 2, 5 and 8 mM, the pH values 
of mobile phase A were 2.8, 3.1 and 3.3, respectively.  

2) Influence of different flow rates, ranging from 0.3 to 0.6 mL/min.  
3) The gradient of the elution by simultaneously changing time (from 

10 to 20 min) and the initial (Bi%) and final (Bf%) percentage of 
solvent B, ranging from 70% to 80% and from 90% to 100%, 
respectively. 

For each experiment, the resolution values of CBGV (from CBDV, 

Major cannabinoids

Cannabinoic acids

Cannabidiolic acid
(CBDA)

Cannabigerolic acid
(CBGA)

Cannabichromenic acid
(CBCA)

Δ
9
-Tetrahydrocannabinolic acid

(Δ
9
-THCA)

Cannabidiol
(CBD)

Cannabigerol
(CBG)

Cannabichromene
(CBC)

Δ
9
-Tetrahydrocannabinol

(Δ
9
-THC)

Decarboxylated cannabinoids

Minor cannabinoids
Varinic cannabinoids

Cannabinoid isomers

Cannabidivarin
(CBDV)

Cannabigerovarin
(CBGV)

Cannabichromevarin
(CBCV)

Oxidation products

Cannabinerol
(CBNR)

Δ
8
-Tetrahydrocannabinol

(Δ
8
-THC)

Cannabinol
(CBN)

Fig. 1. Chemical structures of investigated cannabinoids.  
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R1), CBDV (from CBDA, R2), CBDA (from CBGA, R3), CBGA (from CBG, 
R4), CBG (from CBNR, R5), CBNR (from CBD, R6), CBD (from CBCV, 
R7), CBCV (from CBN, R8), CBN (from CBCA, R9), CBCA (from Δ9-THC, 
R10), Δ9-THC (from Δ8-THC, R11), Δ8-THC (from CBC, R12) and CBC 
(from Δ⁹-THCA, R13) were measured and the results obtained are shown 
in Table A (Supplementary Material). The factors investigated, their 
levels of variation and the experimental plan are shown in Tables 2 and 
3, respectively. 

To take into account the optimisation of all the investigated resolu
tions and their different range values, a desirability function [28] was 
built considering the minimum and the maximum value of each 
response across all the experiments (Eq. 2), and the geometrical mean of 
all the computed individual desirabilities Di (Eq. 3). 

dk

(
R(k)

i

)
= 0.8 ×

R(k)
i − Lk

Uk − Lk
+ 0.1 (2)  

Di =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∏N

k=1
dk

(
R(k)

i

)
N

√
√
√
√ (3)  

where: 

N is number of investigated responses; 

dk

(
R(k)

i

)
is the value of desirability function for the kth response in 

the ith experiment; 
R(k)

I is the kth resolution value of the ith experiment; 
Lk and Uk are the minimum and maximum values of the kth response 
across all the experiments, respectively. 

Each individual desirability function was normalised to vary be
tween 0.1 and 0.9 [28] and the geometrical means obtained were shown 
in Fig. 2, which describes them in the same order as that shown in 

Table 2 
Factors and levels used in the Central Composite Face-Centered (CCF) design.  

Factors Abbreviation Unit Lower level (–) Middle level (0) Higher level (+) 

Ammonium formate concentration AFconc mM  2  5  8 
Flow rate Flow mL/min  0.3  0.45  0.6 
Run time Time min  10  15  20 
Initial percentage of solvent B Bi% %  70  75  80 
Final percentage of solvent B Bf% %  90  95  100  

Table 3 
Experimental plan used for the optimisation of chromatographic procedure. The 
symbols (+) and (–) correspond to the high and low level for each factor, 
respectively.  

Run N◦ AFconc flow time Bi% Bf% 

N1 – – – – +

N2 + – – – – 
N3 – + – – – 
N4 + + – – +

N5 – – + – – 
N6 + – + – +

N7 – + + – +

N8 + + + – – 
N9 – – – + – 
N10 + – – + +

N11 – + – + +

N12 + + – + – 
N13 – – + + +

N14 + – + + – 
N15 – + + + – 
N16 + + + + +

N17 – 0 0 0 0 
N18 + 0 0 0 0 
N19 0 – 0 0 0 
N20 0 + 0 0 0 
N21 0 0 – 0 0 
N22 0 0 + 0 0 
N23 0 0 0 – 0 
N24 0 0 0 + 0 
N25 0 0 0 0 – 
N26 0 0 0 0 +

N27 0 0 0 0 0  

Fig. 2. Optimisation of the experimental conditions based on desirability function. For each run, the two replicates are labelled “a” and “b”.  
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Table A. From a first inspection of the results, it is worth to note that, 
among the different experiments, the conditions of run 5 (N5a and N5b) 
could allow to achieve the maximum resolution values, thus suggesting 
performing the chromatographic separation at a lower value for all the 
monitored factors, except for the gradient time. 

3.2. Principal component analysis (PCA) 

To obtain preliminary information on the relationship between the 
results from the DoE experiments and the goodness of the replicates, a 
PCA exploratory analysis was carried out on the data set arranged in a 
bi-dimensional matrix of 54 (DoE experiments) × 12 (resolution values) 
dimensions. The R5 value (i.e. CBG-CBNR resolution) was not included 
in data analysis, since it was always zero for all the experimental runs, 
showing an impossibility to resolve the respective two peaks with the 
adopted column and experimental conditions. The data matrix was auto- 
scaled and a 2 PCs model, which explained the 66% of the total variance 
in fit, was considered. 

The bi-plot, i.e. the joint scores (represented by grey triangles) and 
loading plot (represented by black circles) of the first principal compo
nent (PC1) vs. the second one (PC2), is shown in Fig. 3. To facilitate the 
reading and interpretation of the results, the outcomes of replicated are 
labelled as “a” and “b”, preceded by the same number. From a closer 
inspection of the figure, it is possible to point out a good reproducibility 
within the different replicates (same number in the label) along PC1. 
Notwithstanding a heterogeneous distribution of the samples in the 
whole PC subspace, some similarities emerge among different chro
matographic runs. In particular, N5 and N8 runs (characterised by low 

values for both initial and final percentage of solvent B) have the highest 
PC1 scores values. The PC2 components discriminated N9 and N15 runs 
(both performed at low level of AFconc and Bf% and at high level of Bi%), 
placed at highest PC2 scores, from N10, N12, N16, characterized by a 
setting of AFconc, Bi% at their high level. 

As far as the resolution values are concerned, differences in their 
distribution could be observed in the biplot as well. There are many 
resolution values which seems to be directly correlated and lied at 
positive values for PC1. Furthermore, these values are opposite with 
respect to R1 value. On the other hand, PC2 mainly discriminated R9 
and R13 (at positive PC2 values) from R10 (at negative PC2 values). 
Based on these results, it is evident that the investigated chromato
graphic conditions differently affect cannabinoid resolutions, and it 
could be further unlikely to find a unique optimal solution that is valid 
for all the investigated responses. Indeed, some resolutions (R2-R3-R7- 
R8) seem to be particularly influenced by low values for both initial and 
final percentage of solvent B, while R13 and R9 resolutions improve at 
low values of ammonium formate concentration and R10 has an oppo
site behaviour with respect the previous two responses. 

3.3. Partial least squared regression (PLS) 

Before starting the PLS analysis, the X matrix was arranged to 
consider the influence of five linear, ten two-factors interaction and five 
quadratic interaction terms. This was followed by twenty additional 
columns in the matrix obtaining a data matrix of 54 × 25 dimensions. 
On the other side, the Y matrix was composed of 12 resolution values 
obtained for the 54 experimental runs. 

Fig. 3. Biplot of PC1 vs. PC2 of the results obtained from the DoE experimental plan. Each experiment is shown as a grey triangle and it is labelled according to 
Table 3. Replicates are indicated as ‘a′ and ‘b′. The black circles indicate the variables, i.e. the computed resolutions. 
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A five latent variables PLS model was chosen (total Y explained 
variance, R2

Y: 78%), according to the lower values of root mean square 
errors in cross-validation (CV venetian bling procedure with six number 
of splits). The explained variance related to each individual factor in fit 
and the most influential parameters, selected considering as their VIP 
values (Fig. A1, Supplementary Material) as the standard errors of the 
selected effects from replicated runs, are summarized in Table 4. The 
symbols (+) and (− ) correspond to the high and low level for each 
factor, respectively, and they are individuated considering the sign of 

the respective regression coefficients (Fig. A2, Supplementary Material). 
A positive coefficient sign indicates that the best condition to obtain the 
maximum response is achieved when a high value of this factor is set. 
Besides, a term with a negative coefficient provides the maximum of the 
analytical response when its low value is considered. As regards the 
explained variance related to each individual response, R1, R6 and R10 
are poorly modelled with a value of explained variance equal or lower 
than 60%, while in the other cases satisfactory results are obtained with 
R2

Y higher than 70%. By looking at Table 4, the predominant effect could 

Table 4 
PLS Y explained variance in fit (R2

fit) and level of the significative regression coefficients.    

R1 R2
fit: 

60% 
R2 R2

fit: 
88% 

R3 R2
fit: 

95% 
R4 R2

fit: 
95% 

R6 R2
fit: 

42% 
R7 R2

fit: 
86% 

R8 R2
fit: 

93% 
R9 R2

fit: 
85% 

R10 R2
fit: 

56% 
R11 R2

fit: 
71% 

R12 R2
fit: 

82% 
R13 R2

fit: 
92% 

b1 AFconc n.s. n.s. n.s. (+) n.s. n.s. n.s. (–) n.s. n.s. (–) (–) 
b2 flow n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. (–) n.s. n.s. 
b3 time (+) n.s. n.s. n.s. (+) n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
b4 %Bi (+) (–) (–) (–) (–) (–) (–) (+) n.s. (–) n.s. (+) 
b5 %Bf (–) n.s. n.s. n.s. (–) n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
b8 AF×Bi (+) n.s. n.s. n.s. n.s. n.s. n.s. n.s. (–) (–) n.s. n.s. 
b9 AF×Bf n.s. n.s. n.s. n.s. (–) n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

n.s.: not-significant term; (–): lower level; (+): higher level. 

Fig. 4. Surface plots showing the effects of initial percentage of solvent B (%Bi) and ammonium formate concentration (AFconc) on R1 (A), R10 (B) and R11 (C) 
values and the effects of the final percentage of solvent B (%Bf) and AFconc on R6 (D) values. 
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be attributed to the initial percentage of solvent B (Bi%), since almost all 
the resolution values seem to be inversely affected by its value. To some 
extent, working at a low level of ammonium formate concentration 
(AFconc), flow and final percentage of solvent B (Bf%) appears to increase 
some resolution values. However, the effects of Bi%, Bf% and AFconc 
could not be separately interpreted, because of the importance of their 
interactions in some cases. Indeed, important issues can be deduced 
from the interactive terms (AF×Bi and AF×Bf) for R11 and R6 resolu
tions, where the negative sign suggests that the three factors behave in 
an opposite manner, i.e. to increase this response the initial and final 
percentages of solvent B must be used at low level, while keeping 
ammonium formate concentration at a high level. 

The positive sign of the interactive terms AF×Bi in the case of R1 
resolution reveals that the two factors behave in a positive manner, i.e. 
the ammonium formate concentration should be increased to increase 
the response, while keeping the final percentage of solvent B at a high 
level. 

However, in the case of multivariate models, it is of utmost impor
tance to consider the surface plots when interactions are significant, 
since the behaviour of two factors could be influenced by the optimal 
conditions of the same factors involved in other interactions and/or in 
prediction of other responses. Therefore, the surface plots showing the 
effects of ammonium formate concentration and initial and final per
centage of solvent B on R1, R6, R10 and R11 resolutions are shown in 
Fig. 4A-D. In all cases, the maximum of resolution is achieved by 
applying all these factors at their low values. 

The gradient run time plays an important role in the elution of 
cannabinoids represented by R1 and R6 responses: in particular, a high 
time of gradient is directly correlated to both resolution values. 
Although other terms were selected according to their VIP values higher 
than one, they are not included in the discussion of the results because 
not statistically significant (the values of their respective effects resulted 
to be lower than the critical values computed considering the standard 
errors on replicates). 

Finally, the critical resolution values (R1, R6 and R10), poorly 
explained by the previous model, were singularly modelled by means of 
a PLS model and the results, in terms of number of selected latent var
iables (LVs), explained variance and the most influent parameters are 
shown in Table 5. By looking at these results, it is possible to highlight an 
improvement in the explained variance for all the three models, con
firming the influence of the same parameters observed in the previous 
‘global’ model for R1 and R6 responses. As far as the R10 value is con
cerned, the effects of ammonium formate concentration and of the 
interaction AF×Bi are predominant and positive. Therefore, the surface 
plot, which shows the effects of ammonium formate concentration and 
initial percentage of solvent B, was considered (Fig. A3, Supplementary 
Material) and, as obtained in the previous model, the maximum of the 
resolution is achieved by assuming both the factors at their low values. 

3.4. Optimised HPLC conditions 

After the evaluation of PCA results and PLS coefficients, it was 
decided to consider the best compromise for the selection of the opti
mised experimental parameters, according to both the significance of 
the effects and the goodness of the fitted model. Therefore, to obtain the 
higher separation of the investigated cannabinoids, the following con
ditions were applied: low level for ammonium formate concentration 
(2 mM), low level for the flow rate (0.3 mL/min), high level for time 
(20 min) and low level for both initial and final percentage of solvent B 
(70% and 90%, respectively). 

The optimised parameters were then applied to the HPLC-UV/DAD 
analysis of a mixture of the 14 cannabinoids considered in the study. 
Fig. 5A shows the HPLC-UV/DAD chromatogram of the standard 
mixture obtained with the optimized experimental conditions. As it can 
be seen from the chromatogram, the analytical method developed 
allowed us to separate 12 out of the 14 compounds of interest. Indeed, as 
previously observed, the resolution R5 was always zero for all the 
experimental runs. CBG and CBNR are indeed geometric isomers; 
therefore, their separation on a C18 chromatographic column represents 
a critical issue. 

To discriminate CBG/CBNR, it was thus necessary to change the 
detector type and to use a triple quadrupole mass analyser, which was 
operated in the MRM mode, both in the positive and negative ion mode, 
depending on the chemical structure of the compound. The selected 
MRM transitions, together with the main HPLC-ESI-MS/MS parameters, 
are shown in Table 1. Two or three transitions were monitored for each 
precursor ion and, for each transition, the collision energy (CE) and the 
cell accelerator voltage (CAV) were optimised. 

Fig. 5B shows a representative Total Ion Current (TIC) chromato
gram of the cannabinoids analysed in this work under the optimised 
conditions. The chromatographic profile appears the same of that of the 
HPLC-UV/DAD analysis. Thanks to the optimisation of the MRM tran
sitions for each analyte, it was possible to discriminate between CBG and 
CBNR, and CBGV and CBDV, which partially co-eluted. As shown in 
Table 1, the product ions at 193 and 123 m/z were monitored for CBG. 
These ions are also characteristic for CBNR, which, however, differs 
from CBG for another peculiar product ion at 137 m/z. By monitoring 
these ions with their optimised parameters, it was possible to identify 
CBNR, thanks its product ion at 137 m/z and to distinguish it from CBG. 
Fig. 6 shows the representative product ions monitored for CBGV (m/z 
123), CBDV (m/z 135), CBG (m/z 193) and CBNR (m/z 137). 

Moreover, the HPLC-ESI-MS/MS method developed was applied to 
real samples of C. sativa extracts having a different phytochemical pro
file to demonstrate its suitability for the analysis of complex matrices. 
Fig. 7 shows the TIC chromatograms of the extracts analysed under the 
optimised conditions. The extract from the recreational-type variety 
(Fig. 7A) was mainly composed of Δ9-THCA and Δ9-THC. The extract 

Table 5 
Y-PLS explained variance in fit (R2

fit) and level of the significative regression coefficients.    

R1 R2
fit: 75% 2 LVs R6 R2

fit: 58% 2 LVs R10 R2
fit: 67% 2 LVs 

b1 AFconc n.s. n.s. (+) 
b2 flow n.s. n.s. n.s. 
b3 time n.s (+) n.s. 
b4 %Bi (+) (–) n.s. 
b5 %Bf n.s (–) n.s. 
b8 AF×Bi n.s n.s (+) 

n.s.: not-significant term; (–): lower level; (+): higher level. 
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Fig. 5. Representative HPLC-UV/DAD chromatogram of the cannabinoid mixture recorded at 210 nm, obtained under the optimised conditions (A). Representative 
Total Ion Current (TIC) chromatogram from the HPLC-ESI-MS/MS analysis of the cannabinoid mixture (B). For peak identification, see Table 1. 
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Fig. 6. Multiple Reaction Monitoring (MRM) chromatogram of the cannabinoid mixture, focused on the retention window of CBGV, CBDV, CBG and CBNR, with 
highlighted the ions at m/z 193 for CBG, m/z 137 for CBNR, m/z 135 for CBDV and m/z 123 for CBGV. 
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from the medical-type C. sativa variety (Fig. 7B) was rich in Δ9-THCA, 
Δ9-THC, CBDA and CBD. CBN, which is a metabolite derived from Δ9- 
THC, was also detected and it is usually found in cannabis samples that 
have been exposed to conditions of light and temperature [17]. Con
cerning the extract from the fibre-type C. sativa variety (Fig. 7C), the 
most representative cannabinoids were CBDA, CBD, CBGA and CBG. The 
peaks corresponding to CBGV and CBDV had very low intensity as these 
compounds are produced by the plant in small amounts, being minor 
cannabinoids. 

In general, the cannabinoid profiles of the different extracts from 
C. sativa varieties are in good agreement with the literature [18], un
derlying the reliability of the developed method in the analysis of these 
metabolites in plant extracts. 

4. Conclusions 

The aim of the present work was the optimisation of a new HPLC 
method for the simultaneous separation of fourteen cannabinoids, using 
the DoE technique. The CCF experimental design was applied to design 
the experiments to carry out and to evaluate the interactive effects of the 
five studied parameters. 

Data analysis was initially performed by PCA as an explorative 
analysis and, subsequentially, by PLS to model the obtained results. VIP 
scores were used for the selection of the most important terms. However, 
for the sake of clarity, it is important to highlight that, by considering the 
complexity of the nature of the analytes investigated, the highest 
response was not the optimal one, but the best compromise among the 
different experimental conditions. By applying the analytical strategy 
described in this work, it was possible to optimise the separation of all 
investigated cannabinoids except for CBG and CBNR, due to their geo
metric isomerism. The co-elution issue of these analytes was solved by 
using a triple quadrupole mass analyser and monitoring the specific 
MRM transitions for each compound. 

The developed method was used for the qualitative profiling of 
cannabinoids in extracts obtained from different C. sativa varieties, thus 
providing to be a valid tool for a subsequent application in multiple 
fields of cannabinoid analysis. 

Finally, the proposed analytical methodology can be surely useful for 
the separation of a larger number of cannabinoids, since it allows for the 
knowledge of the influence of experimental conditions and their inter
action on the chromatographic retention of the studied analytes, 
improving their resolution as well as supporting their identification and 

Fig. 7. Representative TIC chromatograms from the HPLC-ESI-MS/MS analysis of recreational-type (A), medical-type (B) and fibre-type (C) C. sativa extracts. For 
peak identification, see Table 1. 
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quantification. 
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