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a b s t r a c t 

The characterisation of cannabis plants, especially the determination of specific phytocannabinoids, has 

gained enormous importance in the last decade, mainly due to the recent changes in cannabis control 

in several countries or states. This is particularly relevant for the forensic, medical or recreative industry 

to have a rapid, inexpensive, and reliable methodology to identify and quantify phytocannabinoids. 

Furthermore, spiking cannabis products with �8 -tetrahydrocannabinol (THC) is a contemporary trend 

that demands improving or replacing current methods to include this cannabinoid. The current study 

presents an ultrasound-assisted solid-liquid extraction followed by high-performance liquid chromatog- 

raphy with diode array detection (HPLC-DAD) methodology to identify and quantify �9 -THC, �8 -THC, 

cannabidiol, cannabinol, �9 -tetrahydrocannabinolic acid and cannabidiolic acid in cannabis products. 

The herbal samples were extracted with ethanol:acetonitrile (50:50, v:v) by ultrasonication using only 

50 mg of sample. The plant oils were diluted in ethanol. The optimised procedure allowed ≈100% 

extraction efficiency of the target cannabinoids. The validation assays showed that the method is linear 

(R 2 > 0.997), selective, sensitive, precise and accurate, with suitable limits of detection (0.125–0.250 μg 

mL −1 ) and quantification ( 0.500 μg mL −1 ). The method was successfully applied to cannabis samples, 

demonstrating its suitability for routine analyses. This contribution follows the current demand for fast 

and straightforward analysis services of this plant and its derivatives, using small amounts of sample. 

The present study compares very favourably against other works, particularly in regards to the extraction 

efficiency, speed of the overall procedure, method sensitivity, and ability to monitor �8 -THC spiked 

samples using a novel solvent mixture. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The cannabis plant has been used by humankind for several 

illennia. Its use by ancient civilisations to produce textile fibres 

nd therapeutic purposes dates back more than 50 0 0 years [ 1 , 2 ].

annabis has many chemical compounds, with over 120 classified 

s phytocannabinoids, primarily responsible for its pharmacological 

roperties [ 3 , 4 ]. Within this broad set, �9 -tetrahydrocannabinol 

 �9 -THC) and cannabidiol (CBD) are present in higher amounts, 

rimarily concentrated in the female inflorescences in their acidic 

orms, �9 -tetrahydrocannabinolic acid (THCA) and cannabidiolic 

cid (CBDA) [5–7] . While �9 -THC is primarily responsible for the 
∗ Corresponding author at: Campus Universitário—Quinta da Granja, Monte da 

aparica, 2829-511, Caparica, Portugal. 
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sychoactive activity, which may lead to euphoria and relaxation in 

umans [8–10] , CBD is associated with anti-inflammatory, anticon- 

ulsant, anxiolytic and analgesic properties, attenuating the psy- 

hoactive effects caused by �9 -THC consumption [ 11 , 12 ]. However, 

annabis use can lead to undesirable effects such as cognitive im- 

airment, paranoia, anxiety, chronic psychosis, or drug addiction 

 8 , 13 , 14 ]. 

The acid forms can be readily decarboxylated into their neutral 

orms, namely �9 -THC and CBD. Over time, �9 -THC can be con- 

erted to CBN or �8 -tetrahydrocannabinol ( �8 -THC) [ 15 , 16 ]. CBN 

ontent in cannabis mainly depends on time and storage condi- 

ions [17] . CBN is highly stable against oxidative degradation and 

as been used as a marker to identify cannabis in archaeological 

ndings [18] . Interestingly, �8 -THC has already been synthetically 

onverted from CBD [19] and can be used to spike hemp plants 

20] . This is particularly important, since it has psychoactive poten- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ial and is not controlled in several countries. Moreover, there is a 

ack of public awareness that this compound is spiked in samples 

o circumvent the law. Nevertheless, in some countries, �8 -THC is 

ecoming a controlled molecule. 

In the forensic context, in 2018, a report from the European 

onitoring Centre for Drugs and Drug Addiction (EMCDDA), at- 

ributes 71% of registered seizures to cannabis products [21] . In 

020, cannabis remained the most commonly seized illicit sub- 

tance (66% of seizures). To this end, there was a substantial con- 

ribution from an increased liberalisation of cannabis (or hemp) 

roducts available at "Cannabis shops" [22] . 

Regulatory legislation for substance abuse in the European 

nion is essentially based on the United Nations Conventions of 

961, 1971 and 1988 [23] . However, the legal penalties for the illicit 

se and supply of cannabis vary substantially between Member 

tates. In Portugal, as well as in other European countries, Cannabis 

ativa L. , as well as a set of THC isomers, including �9 or �8 , are

nder strict control [24] . According to most EU laws, cannabis is 

llowed for industrial purposes as long as THC levels do not ex- 

eed 0.2% (w/w) [25] , and according to the new Common Agri- 

ultural Policy, since January 1st 2023, this value must increase to 

.3% [26] . For this reason, there is a need for analytical strategies 

hat enable fast and reliable determination of cannabinoid content 

n the cannabis plant. 

Solid-liquid extraction (SLE) [27–29] , followed by reverse-phase 

igh-performance liquid chromatography with ultraviolet (HPLC- 

V) or diode array detection (HPLC-DAD) are the most commonly 

sed approaches to simultaneously quantify neutral and acidic 

annabinoids in cannabis plant materials [ 30 , 31 ]. The main advan- 

age of HPLC is the ability to separate and quantify cannabinoids 

n neutral and acidic forms without the need for a derivatisation 

tep [ 10 , 32 , 33 ] and with a much lower risk of sample decompo-

ition. Sonication uses sound energy above 20 kHz (ultrasonic) to 

ause air bubbles in a liquid to implode in a process called cavi- 

ation. Moreover, US-SLE is considered a green method due to in- 

reased extraction efficiency, resulting in low solvent use [ 29 , 34 ]. 

inally, US-SLE reduces the time required for extraction, decreases 

he cost of analysis and lowers potential cannabinoid loss due to 

egradation, which markedly benefits forensic science laboratories. 

In the present study, we propose the development, optimisa- 

ion and validation of an analytical methodology to monitor the six 

ost significant cannabinoids in cannabis plant material, including 
9 -THC and CBD, their acid forms, CBN and �8 -THC. To this end, 

LE supported by sonication was used, with subsequent detection 

nd quantification by HPLC-DAD. 

. Materials and methods 

.1. Reagents, standards and solutions 

HPLC-grade absolute anhydrous ethanol (EtOH, 99.9%) and 

ormic acid (COOH, 99.0%) were supplied by Carlo Erba (France). 

PLC-grade methanol (MeOH, 99.9%), acetonitrile (ACN, 99.9%), 

nd propan-2-ol (2-PrOH, 99.9%) were obtained from Honeywell 

France). The ultrapure water type I used was obtained from a 

inergy-UV water purification system (Merck Millipore, Portugal). 

ll certified reference materials (CRM), i.e. cannabinoids in solu- 

ion, �9 -THC, CBD, �8 -THC and CBN, in methanol and �9 -THCA, 

BDA in acetonitrile, were obtained from Dr Ehrenstorfer (UK) at a 

oncentration of 1 mg mL −1 . Phemprocoumon (97.1%), used as an 

nternal standard (IS), was obtained by Dr Ehrenstorfer (UK). Each 

alibration standard (0.5; 2.5; 5.0; 10.0; 15.0, and 25.0 μg mL −1 ) 

as prepared individually from standard mixtures, thus avoiding 

rror propagation. All solutions were prepared in methanol and IS 

o obtain a final IS concentration of 50.0 μg mL −1 and then stored 
2

nd preserved in amber glass vials at recommended temperatures 

 −80 °C for mixtures containing �9 -THCA). 

.2. Cannabis samples 

Cannabis herbal samples (7 dried flower tops) were provided by 

osmicare (Lisbon, Portugal), a non-profit organisation dedicated to 

rug Checking services for healthy consumption, from the recre- 

tional use samples submitted for analysis. The other herbal sam- 

les (8 dried flower tops) and two "CBD oils" were purchased from 

Cannabis shops" available to the public from different local stores 

n Almada (Portugal). The dried hop flowers were purchased from 

ovadiet (Spain). 

.3. Extraction optimisation 

To optimise the extraction process, several parameters were 

valuated using different design of experiment (DoE) approaches 

nd assays to facilitate sample handling and decrease the volume 

f solvents and time needed for cannabinoid extraction. After the 

election of the best solvent mixture to recover the target com- 

ounds, using a single centroid mixture design, another experi- 

ental design was performed to establish other relevant extraction 

onditions. In this case, we used a full factorial design with two 

ontinuous (2 levels each) and one categorical (with three levels) 

actors. The considered parameters were the solvent type (ACN, 

ethanol and ethanol) and extraction volume (0.5 - 15 mL), the 

umber of steps (1–3 extraction cycles) and the required sonica- 

ion time (1 and 20 min). Full factorial design was used to deter- 

ine the volume of extractant, ultrasonication time and the num- 

er of extraction steps. 

The experiments were performed in duplicate (24 trials), test- 

ng 3 mL and 10 mL of acetonitrile: ethanol (50:50, v:v). For the 

xtraction time, 1 min was compared with 20 min. The number 

f extraction cycles (1, 2 or 3) was also analysed. The optimisation 

rocedures were performed using street samples previously anal- 

sed in preliminary studies to consider possible interferences of 

he matrix components. DoE analysis was performed using Minitab 

7 Statistical Software (version 17.1.0, 2013). 

.4. Sample preparation 

Sample preparation was carried out according to the United Na- 

ions Office on Drugs and Crime (UNODC) guidelines and other sci- 

ntific literature [ 3 , 35 , 36 ], with several adaptations and after care-

ul optimisation. All herbal samples were obtained already dried, 

nd therefore it was only necessary to ground them manually us- 

ng mortar and pliers, followed by IS spiking, to get a concentration 

f 50 μg mL −1 . 50 mg of sample was used since, in preliminary

tudies, it was determined that this small amount was suitable for 

nalysis [ 20 , 37 ]. The resulting powder was subjected to 1 min of

ltrasound-assisted solid-liquid extraction (US-SLE) (TPC UC-10 0 0 

ltrasonic Cleaner, 40 kHz, 180 W, USA) using 10 mL of acetoni- 

rile:ethanol (50:50, v:v). The final solution was filtered through a 

.2 μm PTFE filter, and 1 mL was placed in a vial for subsequent 

nstrumental analysis. For cannabis oils, a simple dilution of the 

ample with ethanol containing the IS (50 μg mL −1 ) was adequate 

38–40] . 

.5. HPLC-DAD analysis 

The HPLC-DAD analysis was carried out on a benchtop Agi- 

ent 1100 series LC chromatographic system (Agilent Technologies, 

ermany) equipped with an autosampler (G1313A), thermostated 

olumn compartment (G1316A), quaternary pump (G1311A) and a 

iode array detector (G1315B). The data acquisition and system 
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ontrol were performed using the Clarity Chromatography Station 

oftware (versão 7.4.1.88; DataApex). Multiples mobile phases com- 

ositions were tested, using different solvent (ACN, MeOH) at dis- 

inct ratios, with organic phases ranging from 65- 90%. Isocratic 

eparation was performed for 30 min using a flow rate of 0.5 mL 

in 

−1 , composed of 75% acetonitrile and 25% ultrapure water with 

.1% formic acid (pH ≈ 2.8), always degassed before use through 

ltrasonic treatment (TPC UC-10 0 0 Ultrasonic Cleaner, 40 kHz, 

80 W, USA). A Kinetex 2.6 μm C18 (octadecyl) 150 mm x 2.1 mm 

everse phase column equipped with a guard column C18, 2.1 mm 

SecurityGuard ULTRA Cartridge, AJ0–8782, Phenomenex, USA) was 

sed to separate the target compounds. The thermostated column 

ompartment and the injection volume were set at 20 °C and 

0 μL, respectively. The DAD was set at wavelengths of 230, 280, 

54 and 320 nm, previously selected according to the literature re- 

iew and by confirmation of the maximum absorbance of the com- 

ounds’ spectra [ 20 , 41 ]. A wavelength of 230 nm was selected for

uantification purposes since it maximised the instrument signal- 

o-noise ratio (S/N). 

.6. Method validation 

The proposed methodology was validated in accordance with 

he guiding principles of Eurachem and UNODC [ 42 , 43 ]. This in-

luded sensitivity, selectivity, working range, linearity, precision, 

rueness, sample repeatability, and analytical standards stability. 

lank assays were also performed using neat methanol (with and 

ithout IS). Except when specified, all validation assays were per- 

ormed in triplicate. 

The validation assays were performed using neat standard so- 

utions since the proposed extraction process showed that all tar- 

et cannabinoids were fully recovered from spiked hops ( Humu- 

us lupulus ) at two concentration levels. This was used as a surro- 

ate matrix for the cannabis plant since both are members of the 

annabaceae family [ 44 , 45 ]. 

Next, calibration standards prepared in methanol at different 

oncentrations were analysed in triplicate to establish linearity. 

he acceptance criteria included a determination coefficient (R 

2 ) 

reater than 0.99, residual plots showing model adequacy and ho- 

oscedasticity assays. Goodness-of-fit (GoF) tests were performed 

ith a 95% confidence interval. Selectivity was assessed by deter- 

ining the resolution of the analyse peaks in standard mix solu- 

ions and cannabis extracts with different cannabinoid contents. 

urthermore, selectivity was evaluated by analysing hops, which 

ad been processed as described for cannabis flowers. 

The sensitivity of the methodology was ascertained through the 

imits of detection (LODs) and quantification (LOQs) for a concen- 

ration having a S/N of 3/1 and 10/1, respectively. The lower limit 

f quantification (LLOQ) was also evaluated and defined as the 

owest concentration value within acceptable levels of trueness and 

recision, corresponding to the lowest concentration standard of 

he calibration plot (0.5 μg mL −1 ). The LODs were estimated by vi- 

ual examination of chromatograms from standard solutions con- 

aining decreasing concentrations of the target phytocannabinoids. 

Intra and inter-day precision and trueness were evaluated for 

hree levels of quality controls (1.0, 12.5 and 20.0 μg mL −1 ) in pen-

aplicate. Precision was calculated as the relative standard devia- 

ion (RSD) for each quality control of individual cannabinoid on a 

ingle day (intraday precision) or on three consecutive days (inter- 

ay precision). Interday precision was calculated as RSD pooled . In- 

ra and interday trueness was calculated as the relative error per- 

entage (or bias). The acceptance criteria for precision and trueness 

ere that bias and RSD should both be less than 15.0%. 

In order to ensure the repeatability of sample results, two dis- 

inct samples of previously analysed cannabis plant material with 

ifferent phytocannabinoids content were selected. For each, anal- 
3 
ses were performed in triplicate, on the same day (intraday) or on 

hree different days (interday). For intraday repeatability, RSD was 

etermined, and for interday repeatability, RSD pooled was calculated 

s described for precision. The acceptance criteria were that both 

SD values should be less than 15.0% [46] . 

To assess the standard solutions stability, a standard mixture 

f the six target cannabinoids at 10.0 μg mL −1 was analysed by 

he described instrumental methodology several times for three 

onths. 

An assay was carried out with hops as a surrogate matrix to 

valuate extraction efficiency. Spiking assays were performed with 

he six target cannabinoids as well as IS. The spiked extracts were 

ompared with a standard mixture of the same cannabinoids in 

ethanol at the same concentration and chromatographic condi- 

ions. 

.7. Application of the study in real samples 

The developed methodology was applied to the analysis of 16 

annabis samples for recreational use, including eight herbal sam- 

les bought from "Cannabis shops", which claimed to be "legal" 

 < 0.2% THC), commercially available CBD-rich cannabis flowers, 

nd 2 "CBD oils". Every sample was analysed in duplicate. 

. Results and discussion 

.1. Method development and instrumental optimisation 

In order to obtain the best instrumental conditions using HPLC- 

AD, the cannabinoids under study were analysed individually to 

heck their retention times and UV/Vis spectra. Different param- 

ters were studied to obtain the best resolution, selectivity and 

ensitivity. Based on the literature [ 36 , 47 ], several methods, us- 

ng gradient and isocratic separation, were tested using differ- 

nt mobile phases with distinct solvent ratios. The choice of 75% 

CN resulted in a more stable baseline and optimal separation 

f the target cannabinoids compared to the other compositions. 

avelengths of 230, 280, 254 and 320 nm were tested using the 

AD, in accordance with the literature [ 20 , 41 ]. From our stud- 

es, 230 nm was selected for the target phytocannabinoids quan- 

ification since it provided the best S/N. The remaining wave- 

engths proved to be quite useful, permitting an increased speci- 

city of the method and allowing the identification of interfering 

ompounds. 

.2. Extraction optimisation 

The UNODC has already established an US-SLE based method- 

logy to extract the target cannabinoids from herbal matrices ef- 

ciently. However, this approach uses large amounts of sample 

500 mg) and solvent, as well as several analytical cycles. In or- 

er to circumvent these limitations, we decided to develop an opti- 

ised US-SLE approach based on the UNODC guidelines using only 

0 mg of herbal cannabis sample. This included selecting the best 

xtraction solvent to extract the target compounds, and to min- 

mise solvent consumption. Moreover, the number of extractions 

nd sonication time was also optimised. 

According to UNODC recommended methods for neutral and 

cidic cannabinoids analysis [35] , the most suitable extraction sol- 

ents are methanol, ethanol and mixtures with chloroform or ace- 

onitrile [48] . Chloroform was not included in this study since it is 

ncompatible with the employed chromatographic conditions and 

ould add unnecessary analytical steps. Thus, ethanol, methanol 

nd acetonitrile were selected for a single centroid mixture design 

o maximise extraction yields. 
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Fig. 1. Contour Plot of the solvent mixture for �9 -THCA. The areas represented in 

darker colour reflect greater extraction yields, suggesting that the best results were 

obtained using an equivolume mixture of acetonitrile and methanol. 
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The choice of single centroid mixtures design resulted from the 

umber of solvents used. This allowed to test each solvent individ- 

ally, and also mixtures of two or more solvents (DoE in Table A1 

f the supplements). Fig. 1 shows the contour plot for �9 -THCA, 

here the ideal mixture is ethanol:acetonitrile (50:50, v/v). Simi- 

ar results were obtained for all compounds (see Figure A1 in sup- 

lemental files). This data suggests that the combined use of po- 

ar aprotic and protic solvents positively contributed to maximising 

he extraction yields of all target compounds. 

This result was quite surprising since the use of acetonitrile for 

hytocannabinoid extraction is scarce in the literature [29] . Previ- 

usly, just two studies used water: acetonitrile [37] and methanol: 

cetonitrile [49] mixtures. To the best of our knowledge, the cur- 

ent study is the first using the mixture of ACN and ethanol, en- 

uing a novel approach and more successful analysis of phyto- 

annabinoids in plant material, particularly in herbaceous samples. 

Fig. 2 shows the results of the performed factorial design. As it 

an be observed, and according to the significance values (P-value) 

f each factor and respective interactions for each of the cannabi- 

oids in herbaceous sample, the only significant factor affecting 

he extraction performance was the volume used, for a 95% con- 

dence interval (see Figure A2 as an example). Thus, an approach 

as established using only one cycle with just one minute in the 

onication step, significantly accelerating the extraction procedure. 

Finally, since the extraction volumes proved to be the most 

imiting factor in the proposed method, five different volumes 

ere tested to maximise the extraction yields and, at the same 

ime, minimise the usage of organic solvents. Five values, includ- 

ng 0.5 mL, 2 mL, 6 mL, 10 mL, and 15 mL of solvent were tested

n triplicate. The obtained signal, up to 6.0 mL, was slightly lower 

han those for greater solvent volumes. There was no significant 

ifference between 10.0 and 15.0 (Figure A3). Thus, the optimum 

olume of extracting solvent was set at 10.0 mL. 

For cannabis oils a simple dilution step using ethyl alcohol was 

erformed prior to instrumental analysis. The addition of methanol 

esulted in an emulsion. The use of the other two alcohols (ethanol 

nd isopropanol) resulted in transparent and translucent samples, 

ith no need for extraction and centrifugation steps. Comparing 

he peak areas obtained by each solvent, results were quite similar, 

ith ethanol giving a slightly higher signal, thus being defined as 

he solvent to be used for the dilution for the cannabis oil samples. 

.3. Extraction efficiency assays 

The data shows that the target cannabinoids were fully ex- 

racted using the optimised approach, with efficiency values rang- 
4 
ng from 98.8% to 105.6%. A comparison between the spiked and 

on-spiked hop matrix, and IS spiked, showed that no co-elutions 

ccurred on the expected retention times of the target compounds. 

The proposed fast US-SLE method (1 min) and the ob- 

ained high extraction efficiencies clearly show that the devel- 

ped approach compares very favourably with previous works. 

.e. , the average time of extraction times reported in the litera- 

ure was above ten minutes [ 3 , 20 , 37 , 50 ]. Moreover, the present

ethod uses only one extraction cycle, greatly increasing sample 

hroughput. 

.4. Method validation 

The working range was defined to take into account that 

annabis samples must always be submitted to a dilution step 

o reduce possible interference from the matrix and avoid sat- 

ration of the chromatographic column. Thus, the linearity was 

stablished between 0.5 and 25.0 μg mL −1 for all target com- 

ounds. The R 

2 values were between 0.9978 and 0.9988 for 

he six analysed cannabinoids, indicating optimum linearity. Ho- 

oscedasticity tests were also performed (as an example, CBD 

resented F calc of 0.0044 in contrast with F tab of 19) for each 

annabinoid and residual plots, validating homoscedasticity for all 

ompounds. 

Precision and trueness were evaluated using quality control 

amples (QC) at three concentration levels, i.e. , 1.0, 12.5, and 

0.0 μg mL −1 in pentaplicates. The RSD and the resulting bias val- 

es below ( ±)15% showed that the developed methodology meets 

he requirements of international guidelines ( Table 1 ). The LODs 

nd LLOQs were determined experimentally, obtaining similar re- 

ults amongst the various cannabinoids. The LLOQ was 0.5 μg mL −1 

or all compounds, and LOD was 0.250 μg mL −1 for CBDA and �9 - 

HCA, while for the rest of the cannabinoids was 0.125 μg mL −1 . 

An independent standard mixture was quantified under the 

reviously described conditions for three months. The variation be- 

ween the first and last analysis was minimal ( < 1.8%), for all com- 

ounds under study. This result shows long-term stability of the 

tandard mixtures and the instrumental system. 

The low intra and inter-day RSD values obtained in the repeata- 

ility assays demonstrate that, despite the common variability as- 

ociated with the complex nature of these matrices, the method, 

rom sampling to the chromatographic detection of cannabinoids, 

howed suitable repeatability (intraday precision and intraday) and 

nterday precision, as it was performed on similar aliquots. All RSD 

alues were below 6%. 

Overall, the validation parameters met the guidelines criteria, 

hile presenting lower LOD and LLOQ values when compared to 

revious similar work [ 3 , 37 , 50 ]. 

.5. Analysis of street samples 

The developed methodology was applied to 17 herbal and oil 

annabis samples. The results are displayed in Table 2 . 

�8 -THC was only identified in sample A3, with a content of 

,06%. Therefore, this cannabinoid was not represented in Fig. 4 . 

he amount of each cannabinoid in the samples (%, w/w for herbal, 

/v for oil) was calculated using the applied dilution factor in 

he initial weighed herbal sample. Fig. 3 shows overlayed chro- 

atograms from three different sources: a standard mixture of the 

ix target cannabinoids, high �9 -THC herbal sample (A8) and a 

BDA rich oil sample (B1), with a dilution factor of 250 and 10 0 0,

espectively. 

Sample A8, shows a relatively high peak of �9 -THCA, but in 

ontrast, low levels of CBDA and �9 -THC. CBD, CBN and �8 -THC 

ere not detectable under these conditions. The "CBD" oil sam- 
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Fig. 2. DoE results for the determination of the necessary volume of extraction solvent (left), extraction time (middle) and number of extraction cycles (right). The 10 mL 

volume resulted in a higher signal for all cannabinoids. The number of extractions as well as the ultrasonic extraction time did not show significant variation. 

p

c

y

p

a

g

T

a

w

a

(  

h

i

s

D

t

i

t

i

t

t

a

y

le, as labelled, was shown to have CBDA but residual levels of the 

ompound in its neutral form. 

Fig. 4 shows the target phytocannabinoids content in all anal- 

sed samples. There is one set of �9 -THC / �9 -THCA-rich sam- 

les, represented in dark and light blue, all from Kosmicare ( A ), 

nd a second set of store-bought, CBD/CBDA-rich, dark and light 

reen samples. Kosmicare street samples main compound, �9 - 

HCA, comprised contents from 0.45% (A1) to 17.43% (A3), with an 

verage of 8.67%. Store-bought samples’ main compound was CBD, 

ith content ranging from 1.32% (A10) to 13.58% (A11), with an 

verage of 6.17%. For the "CBD-rich" oils, labelled values were 5% 

g mL −1 ) for B1 and 10% for B2, of CBD, respectively. These values

ave not matched the quantified ones since CBD appears in min- 
5 
mal quantities and CBDA is the predominant compound in both 

amples (green%). 

Given the 11% average THC content reported in the European 

rug Report (EMCDDA, 2022) for herbal samples analysed in 2020, 

he amount of �9 -THC T (acid and neutral forms) that appeared 

n the samples supplied by Kosmicare, with an average of 12.36%, 

urns out to be slightly higher. Noteworthy are samples A3 and A8, 

n which the quantified �9 -THC T content was over 18%, illustrating 

he high phytocannabinoid content that the samples can have, and 

he heterogeneity of values that can exist in these substances of 

buse available on the illegal market. 

Regarding the contents indicated on their labels, both for anal- 

sed oils and herbaceous samples, only one of the quantifications 
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Table 1 

Inter and intra-day precision, trueness, LOD and LOQ values for each cannabinoid at each Quality Control (QC) level. 

Trueness (%bias) Precision (%RSD) Inter-day 

Cannabinoid QC (μg/mL) Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Trueness 

(%bias) 

Precision 

(%RSD pooled) 

CBD 1,00 11,64 14,49 14,49 8,02 1,83 3,51 −13,00 4,90 

12,50 2,32 −5,30 −5,30 0,36 4,43 0,94 4,00 2,90 

20,00 −2,75 −2,22 −2,22 1,39 0,59 0,32 2,60 1,00 

CBDA 1,00 −0,53 −9,61 −9,61 6,96 6,48 4,60 5,80 6,90 

12,50 0,99 −3,54 −3,54 1,74 3,02 0,65 2,80 2,30 

20,00 −0,70 −0,41 −0,41 1,23 0,49 0,44 0,20 0,90 

CBN 1,00 12,30 13,02 13,02 0,20 0,82 3,16 −13,30 4,40 

12,50 2,88 −4,81 −4,81 0,04 4,91 0,62 2,70 3,20 

20,00 −3,17 −2,91 −2,91 0,02 0,09 0,34 3,10 0,80 

�9-THC 1,00 7,68 4,42 4,42 12,72 11,38 10,67 −6,40 13,00 

12,50 1,89 −1,15 −1,15 1,29 2,90 1,52 1,10 2,30 

20,00 −1,24 −0,06 −0,06 2,03 0,87 0,53 0,90 1,50 

�8-THC 1,00 −1,95 2,21 2,21 0,30 11,10 12,84 1,10 3,60 

12,50 1,72 3,39 3,39 0,01 0,76 1,95 −3,30 1,60 

20,00 0,41 −0,55 −0,55 0,02 0,29 0,70 0,10 0,80 

�9-THCA 1,00 14,50 9,03 9,03 0,05 10,45 8,78 −10,10 8,90 

12,50 0,66 −6,84 −6,84 0,01 4,20 0,60 5,90 2,70 

20,00 −4,61 −3,97 −3,97 0,03 0,32 0,32 4,50 0,90 

Table 2 

Herbaceous (A) and oil (B) samples analysed by HPLC-DAD and respective contents in each of the phytocannabinoids analysed by 

the method developed. The cases of non-quantifiable contents are indicated, as they are below the LOQ or not detectable when 

below the LOD. 

Sample CBD CBDA CBN �9 -THC �9 -THCA CBD T �9 -THC T 

A1 0,03% 2,38% 1,48% 11,81% 0,45% 2,41% 12,26% 

A2 0,05% 2,22% 0,69% 2,23% 8,61% 2,27% 10,83% 

A3 0,04% 0,48% 0,02% 0,81% 17,43% 0,51% 18,24% 

A4 0,02% < LOD 0,86% 0,07% 0,45% 0,02% 0,52% 

A5 7,87% 2,02% 0,02% 0,19% 0,25% 9,89% 0,45% 

A6 0,08% 1,38% 0,04% 1,98% 13,63% 1,46% 15,61% 

A7 0,04% 0,78% 0,09% 2,26% 7,94% 0,83% 10,20% 

A8 0,04% 0,74% 0,02% 6,68% 12,18% 0,78% 18,86% 

A9 7,36% 2,33% < LOD 0,20% 0,15% 9,69% 0,35% 

A10 1,32% 5,69% < LOD 0,05% 0,05% 7,01% 0,09% 

A11 13,58% 1,87% < LOD 0,21% 0,60% 15,46% 0,81% 

A12 9,93% 2,68% < LOD 0,28% 0,26% 12,61% 0,54% 

A13 2,68% 1,12% < LOD 0,11% 0,06% 3,80% 0,17% 

A14 2,72% 1,85% < LOQ 0,12% 0,06% 4,57% 0,18% 

A15 3,89% 7,38% 0,03% 0,30% 0,05% 11,27% 0,35% 

B1 < LOQ 2,59% 0,01% 0,11% < LOD 2,59% 0,11% 

B2 0,03% 3,78% 0,08% 0,02% < LOD 3,82% 0,02% 

Fig. 3. Overlayed chromatograms of standard mix containing the 6 target cannabi- 

noids at 5.0 μg mL −1 (solid line), as well as the analysis of a herbal cannabis sample 

(dotted) and a "CBD" oil sample (dashed). 
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esulted in information in agreement with the labelled one. For 

he oils, the levels of �9 -THC were found to be within the le- 

al limits ( < 0.2% THC), but in the herbal samples, less than half

omplied. Regarding CBD/CBDA levels, most sample contents were 
6 
ar below the information provided on the product packaging, as 

eported by Hädener and Zivovinovic and collaborators on legally 

old and recreational use cannabis samples [ 3 , 37 ]. These results 

emonstrate the need to control the products available in these 

hops and the importance of services providing analysis and infor- 

ation to the general public. These products are sold as "collector’s 

tems" and are not "fit for human consumption", although they 

uarantee “relaxing sensations” and being the “cure” for "pain, 

tress, PTSD and nausea". Nevertheless, following Regulation (EU) 

o. 1307/2013 if plant varieties do not have THC levels exceed- 

ng 0.2%, they are considered fit for industrial use. What is less 

lear is what the term "THC levels" indicates. If only the neutral 

orm of �9 -THC is considered, the compound from which it pre- 

edes, �9 -THCA, is left aside. This compound is found in larger 

uantities in plants, making it extremely important to establish 

he total ( �9 -) THC content. It should be emphasised that when 

ubjected to heat, by smoking or being cooked, this compound 

ecarboxylates and is converted to its neutral form [ 51 , 52 ], with

he known psychoactive effects attributed. In practical terms, us- 

ng samples A4, A5 and A9 as examples, taking or not taking the 

cid form into account, changes their disposition in legal terms 

see appendices). 
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Fig. 4. Samples analysed and their quantified levels of cannabinoids. “A” represents herbal samples while “B” refers to oil samples. “A ” refers to street samples. Blue values 

(%(w/w)) represent total �9 -THC while green ones refer to CBDA only (w/v). (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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. Conclusions 

In the present work, we propose a new US-SLE/HPLC-DAD 

ethod that meets the increasing demand for fast, cost-effective, 

nd reliable cannabis monitoring. The developed method proved to 

e linear, sensitive, selective, true, and precise, with high extrac- 

ion efficiencies, allowing effective discrimination of the six main 

hytocannabinoids in real herbal and oil cannabis samples. Overall, 

he developed method reduces the sample preparation time and 

he amount of solvents used, increasing the laboratorial efficiency 

n cannabis analysis. Additionally, the disparity of contents found, 

how the need for established analytical techniques that can mon- 

tor, not only the main compounds in these products (i.e., �9 -THC 

nd CBD), but other substances that can be used to circumvent le- 

al loopholes (ex. �9 -THCA and �8 -THC). It’s necessary rigorous 

ontrol of phytocannabinoids content in cannabis samples, namely 

hose available to the community, due to consequences for public 

ealth while posing an economic and legal issue. Furthermore, the 

ack of clear and objective legal definitions, that allows for misin- 

erpretation of analytical results, must be revised. In the future, it 

s intended to extend the study to a larger number and nature of 

amples. 
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