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Abstract 

Introduction: 

Organic molecules that bind to cannabinoid receptors are known as cannabinoids. These 

molecules possess pharmacological properties similar to those produced by Cannabis sativa 

L. High-performance liquid chromatography (HPLC) and ultra-performance liquid 

chromatography (UPLC, also known as ultra-high-performance liquid chromatography, 

UHPLC) have become the most widely used analytical tools for detection and quantification 

of phytocannabinoids in various matrices. HPLC and UPLC (or UHPLC) are usually coupled to 

an ultraviolet (UV), photodiode array (PDA) or mass spectrometric (MS) detector. 

Objective: 

To critically appraise the literature on the application of HPLC and UPLC (or UHPLC) methods 

for the analysis of phytocannabinoids published from January 2020 to December 2023. 

Methodology: 

An extensive literature search was conducted using Web of Science, PubMed and Google 

Scholar, and published materials including relevant books. In various combinations, using 

cannabinoid in all combinations, cannabis, hemp, hashish, Cannabis sativa, marijuana, 

analysis, HPLC, UHPLC, UPLC, quantitative, qualitative and quality control were used as the 

keywords for the literature search. 

Results: 

Several HPLC and UPLC (or UHPLC)-based methods for the analysis of phytocannabinoids 

were reported. While simple HPLC-UV or HPLC-PDA-based methods were common, the use 

of HPLC-MS, HPLC-MS/MS, UPLC (or UHPLC)-PDA, UPLC (or UHPLC)-MS and UPLC (or UHPLC)-

MS/MS, was also reported. Applications of mathematical and computational models for 

optimization of protocols were noted. Pre-analyses included various environmentally friendly 

extraction protocols. 

Conclusion: 

During the last four years, HPLC and UPLC (or UHPLC) remained the main analytical tools for 

phytocannabinoid analysis in different matrices.  
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Short abstract 

HPLC and UPLC (or UHPLC) are versatile analytical tools for the analysis of phytocannabinoids. 

This review critically appraises the literature on the application of HPLC and UPLC (or UHPLC) 

methods for the analysis of phytocannabinoids published from January 2020 to December 

2023. During this period, HPLC and UPLC (or UHPLC) remained the main analytical tools for 

phytocannabinoid analysis. Applications of mathematical and computational models for 

optimization of protocols were noted. Pre-analyses included various environmentally friendly 

extraction protocols. 
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1 INTRODUCTION 

 Organic molecules of plant origin that bind to the cannabinoid receptors 

(endocannabinoid system) are known as phytocannabinoids1-6; these molecules display 

similar pharmacological properties as produced by Cannabis sativa L. Major 

phytocannabinoids are presented in Figure 1. There are well over a hundred 

phytocannabinoids discovered to date, and 9-tetrahydrocannabinol (14, 9-THC or THC) and 

cannabidiol (5, CBD) are two main phytocannabinoids found in C. staiva2. The psychoactive 

property of C. sativa is mainly owing to the presence of 9-THC (14), but cannabidiol (5) is the 

main compound that offers antipsychoactive properties of this plant1-6. Phytocannabinoids 

are accumulated in viscous resins produced mainly in the glandular trichomes of C. sativa and 

can be structurally classified into eight major classes1-4: cannabichromenes (1, CBC), 

cannabicyclols (3, CBCL), cannabidiols (5, CBD), cannabigerols (8, CBG), cannabinols (10, CBN) 

and tetrahydrocannabinols (14, THC), cannabielsoins (20, CBE), iso-tetrahydrocannabinols 

(13, 8-THC) and cannabicitrans (22, CBT)1-4. Phytocannabinoids are known for their 

therapeutic and cosmeceutical values; cannabis is often indicated for the treatment of pain, 

glaucoma, nausea, depression, and neuralgia, and is used in various cosmeceutical products1-

6. Cannabis can be of two types: medicinal cannabis and recreational cannabis. Medicinal 

cannabis has a higher level of CBD (>20%, 5) than THC (~1%, 14), and recreational cannabis 

possesses a higher amount of THC (>20%, 14) than CBD (~2%, 5). The pharmacological 

properties of phytocannabinoids vary considerably between cultivars1-4,7. It is not only C. 

sativa that produces phytocannabinoids, but there are several other plant species including 

Acmella oleraceae, Echinacea angustifolia, E. purpurea, Helichrysum umbraculigerum and 

Radula marginata that produce phytocannabinoids1-4. However, phytocannabinoids 

produced by other species than C. sativa are of different structural classes, e.g., alkamides. 

Since the discovery of the first phytocannabinoid (cannabinol, 10, CBN) in 1940 by 

Robert S. Cann and subsequently, tetrahydrocannabinol (14, THC) and many other 

phytocannabinoids, many analytical tools and methods have been applied for the detection, 

identification, quantification and analysis of phytocannabinoids in plants as well as in various 

biological matrices like human blood, urine, hair and nails, often involving pharmacokinetic 

studies and/or forensic analysis1-4,7.  LC-based techniques using HPLC and UPLC (or UHPLC)2, 

hyphenated with several detection methods, e.g., UV-Vis (ultraviolet-visible), PDA 
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(photodiode array) and MS (mass spectrometry), have become popular over the years and 

are preferred techniques for the analysis of phytocannabinoids in various matrices1-4.  

Since the publication of the review article2 on the application of LC methods in the 

analysis of phytocannabinoids covering the period 2010-2019, there has been a large number 

of publications published on this topic, and this has prompted the need for the publication of 

another review article. Therefore, this review article critically appraises the publications on 

HPLC and UPLC (or UHPLC)-based analysis of phytocannabinoids related to forensic, 

pharmaceutical, food, pharmacokinetic and phytochemical analysis published during 2020-

2023. This review also captures the advancement of computational tools, MS databases, and 

various advanced detection technologies for LC-based analysis of phytocannabinoids.  

2   HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) AND ULTRA- 

PERFORMANCE LIQUID CHROMATOGRAPHY (UPLC)/ULTRA-HIGH- 

PERFORMANCE LIQUID CHROMATOGRAPHY (UHPLC) 

High-performance liquid chromatography or high-pressure liquid chromatography 

(HPLC), is a popular, modern, powerful and versatile chromatographic separation technique. 

This analytical technique has been routinely used for the separation, identification and 

quantification of various compounds present in complex mixtures like an herbal extract or 

product, and also to obtain chemical profiles or fingerprints of crude mixtures2,8,9. Usually in 

a standard HPLC operation, a column is of 2.0-4.6 mm in diameter, and 20-250 mm in length, 

packed with a stationary phase, e.g., reversed-phase C18 silica (2-10 m particle size).  While 

UV-Vis and photodiode array (PDA) detectors are the two most widely used detectors in HPLC, 

hyphenation with more sophisticated detection techniques, e.g., mass spectrometer (MS) 

and nuclear magnetic resonance (NMR) spectrometer, has become popular in recent years, 

as these hyphenations enhance detection efficiency and precision, particularly for unknown 

phytochemicals8. Mass spectrometric (MS) detection has emerged as the most efficient 

detection technology for the analysis of natural products, e.g., phytocannabinoids, as it offers 

useful structural information for unambiguous identification of compounds.  

For MS detection, the most common ionization technique used in HPLC-MS for 

phytochemical analysis is a soft ionization technique like electrospray ionization mass 

spectrometry (ESI-MS) that reveals the molecular ion species with only a few fragment ions8,9. 
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Tandem mass spectrometry (MS/MS) provides fragments through collision-induced 

dissociation of the molecular ions, and the use of LC-MS/MS has considerably increased over 

the years for the detection of phytochemicals in different matrices10. NMR, albeit the least 

sensitive of all detection techniques, is coupled with an HPLC to obtain detailed structural 

information that cannot be obtained by any other detection technologies2,8,9. There are also 

other detectors that can be hyphenated to an LC system, and the examples could include 

evaporative light scattering detector (ELSD), infrared (IR) detector, electrochemical detector, 

and fluorescent detector2.  

Aiming at the improvement of separation efficiency and shorter run time in an HPLC 

operation, UPLC was introduced in 2004 by Waters based on sub 2-micron porous particles2. 

This advanced liquid chromatographic technique could offer a remarkably short analysis time 

and require a small amount of solvent(s) as a mobile phase11.  A much better separation 

efficiency and resolution of analyte mixtures could also be achieved by UPLC.  As UPLS is a 

trademark registered by Waters, similar advanced LC systems using sub 2-micron particle size 

and smaller columns that were introduced by other manufactures could not be called UPLC, 

and therefore, the term UHPLC emerged. So, UHPLC and UPLC are essentially the same 

techniques, and should never be confused as different techniques2. In fact, UPLC and UHPLC 

are synonyms.  

One should remember that the fundamental characteristic feature of UHPLC and UPLC 

instruments is the sub 2-micron particles as opposed to particle size between 2.0-10 microns 

in conventional HPLC systems2. As the column particles are quite small (<2 m), they generate 

a significantly higher back pressure, and consequently, UHPLC or UPLC systems must be able 

to cope with a pressure above 6,000 psi, which may be the upper limit of classical HPLCs. UPLC 

(or UHPLC) could adequately address analytical challenges linked to separation, detection and 

quantification of secondary metabolites from various matrices more quickly than was 

previously possible. It can be noted that in a UPLC (or UHPLC), the run time could be up to three 

and nine fold shorter than that of conventional HPLC systems using 3 and 5 m columns, 

respectively2. Owing to several advantages of UPLC (or UHPLC) over conventional HPLC, UPLC 

(or UHPLC) has been increasingly becoming a routine technique for chemical, biomedical and 

pharmaceutical analysis as well as for the analysis of phytochemicals including 

phytocannabinoids. However, despite a series of advantages, the major disadvantage of UPLC 
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(or UHPLC) is the higher back pressure compared to conventional HPLC, which decreases the 

life of the columns, and the particles of less than 2 μm cannot be regenerated and, therefore, 

have a limited use2. The detection methods that can be hyphenated with a UPLC (or UHPLC) 

system are similar to those of HPLC methods as outlined above. However, because of the 

richness of structural information that one could have from MS data, UPLC (or UHPLC) is often 

coupled with an MS detector.  

In the following sections/subsections various specific HPLC and UPLC (or UHPLC)-

based analytical methods for the analysis of phytocannabinoids in various matrices published 

during 2020-2023 are discussed. 

3   HPLC and UPLC (or UHPLC) ANALYSIS OF PHYTOCANNABINOIDS 

 Since the publication of the review article2 on the application of HPLC and UPLC (or 

UHPLC) methods in the analysis of phytocannabinoids covering the period 2010-2019, several 

publications have appeared in the literature on this topic12-185. All these publications highlight 

the importance of HPLC and UPLC (or UHPLC) techniques as well as showcase remarkable 

advancements in sensitivity and versatility associated with these techniques in relation to 

phytocannabinoid analysis12. While the use of conventional HPLC methods still dominate this 

area of analysis, a steady increase in the methods using UPLC (or UHPLC) in the analysis of 

phytocannabinoids in C. sativa L. plant parts, commercially available cannabis products, and 

in forensic samples of human origins. Publications during the period covered by this review 

article also demonstrate that despite the availability of several detection technologies that 

could be hyphenated with an HPLC or a UPLC (or UHPLC)  system, the PDA and the MS/MS 

technologies are still the two most popular detection methods for phytocannabinoid analysis. 

The introduction and application of different mathematical and computation modelling 

methods as well as chemometric tools have enhanced the quality of HPLC and UPLC (or 

UHPLC)-based analysis of phytocannabinoids, while the impact of artificial intelligence and 

robotics in HPLC and UPLC (or UHPLC) has begun to emerge. 

There are different types of columns available for HPLC and UPLC (or UHPLC)  analysis, 

but reversed-phase C18 packed columns are still the most popular choice, with some use of C8 

or phenyl columns, for phytocannabinoid analysis. Like the previous years, acetonitrile (ACN), 

methanol (MeOH) and water, with small percentage, usually 0.1%, of formic acid (HCOOH) or 
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acetic acid (CH3COOH), or various formate or acetate buffers, most often form the mobile 

phase, running with a flow rate ranged from 0.2-1.5 mL/min, depending on the use of HPLC 

or UPLC (or UHPLC). The applications of HPLC and UPLC (or UHPLC)-based methods in the 

analysis of phytocannabinoids are discussed in the following subsections under different 

classes of matrices. 

3.1 HPLC and UPLC (or UHPLC) analysis of cannabinoids in Cannabis sativa L. plant 

samples and cannabis consumer products   

 A large volume of HPLC and UPLC (or UHPLC) methods that have been reported for 

the analysis of cannabinoids in C. sativa L. plant samples13-94 and cannabis consumer products, 

e.g., hashish, marijuana and cannabis oils95-137, since 2020 are presented in Tables 1 and 2, 

and discussed in the following subsections.  

3.1.1 Cannabis sativa L. plant samples 

 Both HPLC and UPLC (or UHPLC) methods have been applied for the separation, 

identification and quantitation of cannabinoids in C. sativa L. samples, mainly including aerial 

parts, biomass, flowers, inflorescences and leaves13-93 (Table 1). However, simple HPLC-based 

methods have remained more dominant than UPLC (or UHPLC)-based methods for the 

analysis of C. sativa plant samples during 2020-23. While UV-Vis detectors (usually set at 210-

220 nm) including photodiode array detector (PDA) or simply diode array detectors (DAD) are 

extensively used in plant analysis for phytocannabinoids, the use of various MS detectors has 

increased in recent years. Various Agilent, Dionex (Thermofisher), Waters and Shimadzu LC-

systems have appeared as the most popular choice among the researchers. However, there 

were a couple of reports on the use of a Jasco LC system in the analysis of phytocannabinoids.  

It has also been noted that instead of conventional 5 m particle size, much smaller particle 

sizes (<5 m) have been used in HPLC operations.  Some of the methods in the analysis of 

plant samples, despite being termed as  UPLC or UHPLC methods, were strictly HPLC methods 

as the particle size of the column used in those experiments were not sub-2 m. A classic 

example could be the work published by Deidda et al.13, where they used a  Poroshell 120 EC-

C18 column (150 mm × 2.1 mm, 2.7 μm) coupled with a Poroshell 120 EC-C18 guard column (5 

mm × 2.1 mm, 2.7 μm) to detect CBC (1), CBD (5), CBDA (6), CBG (8), CBGA (11), CBN (10), 8 

-THC (13), 9 -THC (14) and 9-THCA (15) in the aerial parts of C. sativa, but the separation 
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was claimed as a UHPLC separation. The confusion might have come from the fact that they 

performed the analysis on an Acquity UPLC H-class system coupled with a PDA detector. The 

main objective of their study was to compare the HPLC method with a less frequently used 

UHPSFC (ultra-high-performance supercritical-fluid chromatography) method for the analysis 

of phytocannabinoids. Recently, an Agilent 1200 series HPLC coupled with DAD and Poroshell 

column 120 SB-C18 (150 mm x 4.6 mm, 2.7 µm), eluted with a mobile phase gradient 

comprising 0.1% formic acid (HCOOH) in water and acetonitrile (ACN), have been used for the 

straightforward detection of CBD (5), CBG (8), CBN (10), Δ9-THC (14) and Δ9-THCA (15) in the 

aerial parts14 (Table 1). There have been several other HPLC-based analyses of cannabinoids 

in the aerial parts of this plant, either using a DAD or an MS detector or in combination of 

both, reported in the literature15-23 (Table 1). In all those studies15-22, the column length, 

diameter and particle size ranged, respectively, 100-250 mm, 2.1-4.6 mm and  2.7-5 m. 

Several acidic phytocannabinoids, e.g., CBCA (2), CBDA (6), CBGA (9), and CBNA (11), were 

identified in the aerial parts using a Shimadzu Nexera ×2 UHPLC system coupled with an SPD-

M20A PDA in series with a Shimadzu LCMS8040 triple quadrupole system with an ESI source 

employing an Ascentis Express RP-C18 column (150 mm × 2.1 mm, 2.7 µm) and a simple water-

ACN gradient (both containing 0.1% HCOOH)16. Treyer et al.18 have recently reported a similar 

HPLC method, but incorporating multiple detectors, e.g., PDA, ELSD (evaporative light 

scattering detector) and ESI-MS, for the detection of CBC (1), CBD (5), CBDA (6), CBG (8), Δ9-

THC (14) and Δ9-THCA (15). A simple isocratic HPLC method using 80% ACN in 25 mM 

ammonium formate solution at a flow rate of 1 mL/min and a total run time of 15 min 

afforded separation and identification of CBC (1), CBD (5), CBDA (6), CBG (8), CBGA (9), 9 -

THC (14) and 9-THCA (15)22. A Luna C18  column (150 mm × 4.6 mm, 5 m) and PDA detection 

at 228 nm were employed in this study. The aerial parts from the in vitro cultivated C. sativa 

plant have recently been analysed by an HPLC-DAD method, where a Phenomenex Kinetex 

C18 column (100 mm × 2.1 mm, 5 μm) was used employing a gradient elution with a mobile 

phase comprising 0.1% HCOOH in water and MeOH23. This method was found to be simple, 

efficient and cost-effective, and could successfully separate and identify CBD (5), CBDA (6), 

CBN (10), Δ8-THC (13), Δ9-THC (14) and Δ9-THCA (15). 

In addition to HPLC methods as discussed above there have been at least four UPLC 

or UHPLC methods applied for the cannabinoid analysis involving the aerial parts of C. sativa24-
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27. In those analyses, the column length was 100 or 150 mm, and the particle size was 1.7 m 

in all cases25-27 except one, where it was 1.8 m24 (Table 1). A MeOH-water (containing 0.1% 

HCOOH) gradient was employed for successful separation and PDA-based identification  of 

CBD (5), CBDA (6), CGB (8), CBGA (9), CBN (10),  9-THC (14) and 9-THCA (15)24, while a similar 

HPLC method, but using an ESI-MS/MS detection, was used to analyse the aerial parts of C. 

sativa revealing the presence of CBD (5), CBG (8), CBN (10) and 9-THC (14)26. Maly et al.25 

have recently reported a UHPLC method using both a DAD (monitored at 220 nm) and an 

HRESI-MS (both positive and negative ion modes) detection for the analysis of aerial part 

samples (Table 1). Using a Dionex Ultimate 3000 UHPLC system, an Acquity UPLC BEH C18 

column (150 mm ×2.1 mm, 1.7 µm) and a gradient elution with a mobile phase comprising 5% 

MeOH in water, and isopropanol-MeOH-water (65:30:5), both containing 5 mM ammonium 

formate and 0.1% HCOOH, afforded an excellent separation and unambiguous identification 

of CBC (1), CBCA (2), CBCL (3), CBLA (4), CBD (5), CBDA (6), CBGA (9), CBN (10), CBNA, CBDV 

(18), CBDVA (19), 8-THC (13), 9-THC (14), 9-THCA (15), 9-THCA-COOH and 9-THCVA (17). 

A similar LC-MS method using an Acquity UPLC I-Class coupled with a Xevo TQ-S Micro™ 

triplequadrupole mass spectrometer (MS/MS), but a mobile phase comprising 0.1% HCOOH 

in water and MeOH:ACN (50:50) provided detection of CBC (1), CBCL (3), CBD (5), CBDA (6), 

CBG (8), CBGA (9), CBN (10), CBDV (18), 8-THC (13), 9-THC (14), 9-THCA (15), 9-THCA-

COOH and 9-THCV (16) in the aerial parts of industrial hemp27. 

During the period covered by this review article, cannabis biomass has been almost 

exclusively analysed by HPLC, not UPLC or UHPLC28-31. CBC (1), CBCA (2), CBD (5), CBDA (6), 

CBDV (18), CBDVA (19), CBG (8), CBGA (9), Δ9-THC (14) and Δ9-THCA (15) were successfully 

identified in cannabis biomass using an Agilent 1290 Infinity II LC System, and combination of 

an isocratic and a linear gradient in a 17 min run28,29.  A simple isocratic elution with 75% ACN 

in water containing 0.1% HCOOH, using a Luna C18 column afforded PDA-based detection (220 

nm) of several phytocannabinoids, e.g., CBC (1), CBCA (2), CBCL (3), CBD (5), CBDA (6), CBDV 

(18), CBDVA (19), CBG (8), CBGA (9), CBN (10), Δ8-THC (13)  Δ9-THC (14), Δ9-THCA (15), THCV 

(16) and THCVA (17)30. A water-MeOH (both containing 0.1% HCOOH) gradient could separate 

CBC (1), CBCA (2), CBD (5), CBDA (6), CBDV (18), CBDVA (19), CBG (8), CBGA (9), CBN (10),  Δ9-

THC (14), Δ9-THCA (15), THCV (16) and THCVA (17) in cannabis biomass samples extracted 

with a pressurized solvent extraction method31, where an Accucore C18 Polar Endcapped 
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column (100 mm × 2.1 mm, 2.6 μm) was used.  A PDA detector set at 230 and 306 nm, 

together with a heated electrospray ionization mass analyzer (HESI-MS) in positive ion mode 

was used with a Vanquish core LC system and a Poroshell EC-C18 column (100 mm x 3 mm, 2.7 

µm) for the analysis of phytocannabinoids in biomass samples. This method differentially 

identified isomeric phytocannabinoids (Table 1) together with other cannabinoids, e.g., CBC 

(1), CBCA (2), CBD (5), CBDA (6), CBG (8), CBGA (9), Δ9-THC (14), Δ9-THCA (15), Cis-Δ9-THC and 

Cis-Δ9-THCA32.  

While flowers or inflorescences of C. sativa are generally analysed for 

phytocannabinoids (Table 1), it is not common to separate buds from flowers in such an 

analysis. It can be clarified here that an inflorescence is a cluster of flowers arranged on a 

stem that is composed of a main branch or a system of branches, while a flower is simply 

without any stem or branches with it.  In some studies flowers were separated from the stem 

and then analysed. Botanically, an inflorescence is defined as a cymose panicle, formed in the 

axil of the leaves on several stem segments. Chen et al.33 achieved simultaneous separation 

and identification of CBC (1), CBD (5), CBDA (6), CBDV (18), CBG (8), CBGA (9), CBN (10), Δ8 -

THC (13), Δ9 -THC (14), Δ9-THCA (15) and THCV (16) in buds. In this study, over one hundred 

bud samples from 20 different varieties of C. sativa, collected from the state of Maryland, 

were analyzed. Using a NexLeaf CBX for Potency C18 column (150 mm x 4.6 mm, 2.7 m) 

coupled with a Zorbax Eclipse Plus-C18 narrow bore guard column (12.5 mm x 2.1 mm, 5 μm), 

eluted with gradient run with 0.085% phosphoric acid in water and MeOH, the order of 

elution of these phytocannabinoids were as follows (as detected by DAD set at 220 nm): CBDV 

(18), THCV (16), CBD (5), CBG (8), CBDA (6), CBGA (9), CBN (10), Δ9 -THC (14), Δ8 -THC (13), 

CBC (1) and Δ9-THCA (15). CBDV (18) was the first eluted at ca. 5 min, while Δ9-THCA (15) was 

the last to come off the column (tR = ca. 17 min). Later, a simple isocratic HPLC-PDA method 

was described for the determination of CBD (5) and Δ9-THC (14) content in dried female flower 

buds of C. sativa; the isocratic elution was performed with 80% MeOH in water with a flow 

rate of 1 mL/min34. 

 Flowers or inflorescences of C. sativa are one of the most significant plant parts for 

cannabinoid contents1-4. Several HPLC methods have been described in the literature for the 

identification of cannabinoids from flowers35-44 (Table 1). A straightforward isocratic elution 

with 0.1% HCOOH/0.5 mM ammonium formate in water: 0.1% HCOOH/0.5 mM ammonium 
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formate in ACN (1:3) at a flow rate of 1.5 mL/min afforded an excellent separation and PDA-

based identification of CBC (1), CBCA (2), CBCL (3), CBG (8), CBN (10), CBNA (11), Δ9-THC (14), 

THCV (16) and THCVA (17) in hemp flowers36. This was the first study that aimed at direct 

comparison of the cannabinoid composition of floral extracts from unpollinated and 

pollinated flowers from hemp plants grown under identical conditions; it was concluded that  

pollination did not cause the total loss of measurable cannabinoids like CBD (5), albeit there 

were some differences between the phytocannabinoid composition of extracts from 

pollinated and nonpollinated flowers. CBC (1), CBD (5), CBDA (6), CBDV (18), CBG (8), CBGA 

(9), Δ9-THC (14) and Δ9-THCA (15) were identified using a simple gradient HPLC method 

utilising water and MeOH (with 0.07% phosphoric acid) and monitoring by UV detection at 

220 nm; a Shim-pack XR-ODSII C18 chromatographic column (150 mm x 3 mm, 2.2 m) was 

used (Table 1)37. It can be noted that the column diameter (3 mm) and the particle size (2.2 

m) were almost like UPLC or UHPLC columns and thus increased efficiency in separation in 

this method. A similar gradient HPLC-PDA method (25 mM ammonium acetate solution-

MeOH as the mobile phase), but with a standard column diameter of 4.6 mm and 5 m 

particle size, has recently been reported for the identification of CBD (5), CBDA (6), CBN (10), 

Δ9-THC (14),  and Δ9-THCA (15) in flower samples38. Interestingly, the detection wavelength 

was set pretty low (at 205 mm) in this HPLC run. Earlier, a much shorter column [Shim-pack 

XR ODS-II (75 mm x 3 mm, 2.2 µm)] eluted with a gradient  comprising 0.07% phosphoric acid 

in water and MeOH was used for the analysis of flower samples identifying CBC (1), CBD (5), 

CBDA (6), CBDV (18), CBG (8), CBGA (9), CBN (10),  Δ8-THC (13), Δ9-THC (14), Δ9-THCA (15), 

THCV (16)39. 

 While the use of PDA or DAD in the HPLC analysis of C. sativa flower samples is quite 

common40,42,43, MS detection was applied in the quantitative determination of CBC (1), CBCA 

(2), CBCL (3), CBCLA (4), CBD (5), CBDA (6), CBDVA (19), CBG (8), CBGA (9), CBN (10), CBNA 

(11), Δ9-THC (14), Δ9-THCA (15), THCV (16) and THCVA (17) in flowers41. In this study, an 

Agilent 1290 Infinity UHPLC system coupled with a TSQ Quantiva triple quadrupole mass 

spectrometer, an Ace-3, C18-amide column (100 mm × 2.1 mm, 3 μm) with a guard column 

(Ace-3, C18-amide, 10 mm × 2.1 mm, 3 μm) and a gradient elution with water-ACN (both 

containing 0.1% HCOOH) over 21 min were used. For the detection of phytocannabinoids, an 

ESI-MS/MS was used in positive ion mode. The unique feature of this study was the use of an 
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amide column. Recently, Correia et al.44, have reported a simple isocratic HPLC method (75% 

ACN in water with 0.1% HOCOOH; flow rate = 0.5 mL/min; run time = 30 min, column 

temperature = 20 °C and injection volume = 10 μL) for the simultaneous  identification of CBD 

(5), CBN (10), CBDA (6), 8-THC (13), 9-THC (14) and Δ9-THCA (15) in flower tops of C. sativa. 

An Agilent 1100 series LC chromatographic system with PDA detector, and a Kinetex C18 

column (150 mm x 2.1 mm, 2.6 μm) equipped with a C18 guard column (2.1 mm) were used in 

this study. The small column diameter and small particle size afforded significant efficiency 

and precision in this HPLC method. 

 There are at least four UPLC (or UHPLC) methods for the analysis of cannabinoids in C. 

sativa flowers available in the literature45-48. Of them, three used UV-based detection46-48, 

while one used ESI-MS/MS detection45. Two of these studies used column particle size of 1.6 

m46,47, whereas the other two used 1.7 m particle size45,48. All columns were 100 mm in 

length and the diameter was 2.1-3.0 mm (Table 1). Three of these analyses were UPLC45-47, 

i.e., the instrument was from Waters, and one UHPLC (an Agilent instrument)48. Eleven 

phytocannabinoids, e.g., CBC (1), CBD (5), CBDA (6), CBDV (18), CBG (8), CBGA (9), CBN (10), 

Δ8 -THC (13), Δ9 -THC (14), Δ9 -THCA (15) and THCV (16), were successfully determined, as a 

part of the quality control of hemp products (flowers), using a UPLC-MS/MS method using ESI 

in both positive and negative ion modes.45 This UPLC-MS/MS method was fast (only 13 min 

run time) sensitive, accurate and precise. An Acquity Classic UPLC coupled with a Xevo TQ MS 

detector, an Acquity UPLC BEH C18 column (100 mm x 2.1 mm, 1.7 mm) connected to an 

Acquity UPLC BEH C18 VanGuard precolumn (5 mm x 2.1 mm) and a water-ACN (containing 

0.1% HCOOH) gradient were employed in this study. Among the three PDA-based 

identification methods of phytocannabinoids using a UPLC or UHPLC46-48, two used an 

isocratic46,47 and one used a gradient elution method48 using a mobile phase composed of 

water and ACN (Table 1). The method described by Mudge and Brown48, was quite 

comprehensive, albeit it was a simple isocratic elution, as it successfully identified CBC (1), 

CBD (5), CBDA (6), CBG (8), CBGA (9), CBN (10),  ∆9-THC (14), ∆9-THCA (15), THCV (16) and 

THCVA (17) in dried flower samples. 

 Inflorescences are the most studied parts of the plant C. sativa49-76, and HPLC-based 

methods with DAD or PDA detection remain the most sought after method for analysis of 

phytocannabinoids in inflorescences (Table 1). An effective HPLC-PDA method, although it 
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was described as a UPLC-PDA method, for the determination of the principal non-

psychoactive cannabinoids, e.g., CBD (5), CBDA (6) and 9-THC (14), in the inflorescences of 

fibre-type  C. sativa was reported where an Acquity UPLC-PDA, a Fortis Speed Core C18 PFP 

column (100 mm x 2.1 mm, 2.6 m) and a gradient elution (flow rate = 0.4 mL/min) with 

water-ACN (both containing 0.1% HCOOH) were used (Table 1)49. As the particle size of the 

column was not sub-2 m, this method is an HPLC method. An isocratic HPLC method with 

UV detection and using a Raptor ARC-18 column (150 mm × 4.6 mm, 2.7 µm) afforded precise 

identification of CBC (1), CBCA (2), CBD (5), CBDA (6), CBG (8), CBGA (9), 9-THC (14) and Δ9-

THCA (15) in the inflorescences of hemp50
. A similar isocratic method was also described for 

the identification of CBC (1) and 9-THC (14) in the inflorescences of C. sativa51. Both DAD and 

ESI-MS detection were applied in the gradient HPLC method for the analysis of acidic and 

neutral phytocannabinoids, e.g., CBD (5), CBDA (6), 9-THC (14) and Δ9-THCA (15)52. ESI-MS 

was used in both positive and negative ion modes, respectively, for neutral cannabinoids and 

acidic cannabinoids (Table 1). The mobile phase was composed of three different solvents, 

0.1% HCOOH in water, ACN and MeOH. Jokic et al.53 used a similar UHPLC method, but with 

UV detection at 201 and 230 mm, and an InfinityLab Poroshell 120-C18 column (4.6 mm × 150 

mm, 4 µm) to identify CBC (1), CBCA (2), CBD (5), CBDA (6), CBG (8), CBGA (9), CBN (10), CBDV 

(18) and CBDVA (19), Δ9-THC (14), Δ9-THCA (15) and THCVA (17). The use of 4 m particle size 

was rather unusual for HPLC-based phytocannabinoid analysis. There are several similar 

HPLC-based analyses of inflorescences of C. sativa using UV, DAD or PDA detection54-64,66,69-

71,73-76, which are summarized in Table 1, where various columns, e.g., Accucore C18 column 

(100 mm × 2.1 mm, 2.6 μm), ACE 3 C18-PFP column (150 mm × 3.0 mm, 3 µm), Ascentis Express 

C18 column (150 mm x 3.0 mm, 2.7 m), Agilent XDB column (250 mm × 4.6 mm, 5.0 µm), 

Discovery C18 column (250 mm × 4.6 mm, 5 µm), Dr Maisch ReproSil XR 120 (3.5 mm × 50 mm, 

3 μm) column, Fortis Speed Core C18 PFP column (100 mm x 2.1 mm, 2.6 m), Infinity Lab 

Poroshell 120 EC-C18 column (150 mm x 3 mm, 2.7 μm), Phenomenex Luna C18 column (150 × 

4.6 mm, 5 μm), Phenomenex Kinetex C18 column (100 mm x 2.1 mm, 2.6 m) and Restek 

Raptor ARC-18 column (150 mm x 4.6 mm, 2.7 µm), were used. In all those methods, the use 

of 0.1% HCOOH has been quite common, with occasional use of phosphoric acid and trifluoro 

acetic acid (TFA) with the main solvents of the mobile phase, e.g., water, ACN and MeOH. 
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 While the use of reversed-phase HPLC is wide-spread in the analysis of 

phytocannabinoids in various matrices, De Luca et al.60 investigated the effect of polarity of 

stationary and mobile phases in the retention behaviour of phytocannabinoids in normal-

phase HPLC. The extracts from inflorescences of C. sativa were examined. Four normal-phase 

columns: 150 mm × 4.0 mm Eurospher II 100-5 columns packed with 5 μm fully porous 

particles: (i) NH2, (ii) Diol, (iii) CN and iv) Si (bare silica) were employed. Similarly, four different 

mobile phase compositions 95:5 were used, isocratic: (i) Hept/IPA, (ii) Hept/EtOH, (iii) Hex/IPA 

and (iv) Hex/EtOH. The analyses were conducted on an AZURA HPLC system, and CBC (1), CBD 

(5), CBDV (18), CBG (8), CBN (10) and 9-THC (14) were analyzed in those normal-phase 

conditions. CBC (1),  CBD (5), CBDA (6), CBG (8), CBN (10), Δ9-THC (14) and Δ9-THCA (15) were 

identified in inflorescence samples using both UV and ESI-MS detections61. For the HPLC-MS 

analysis, a tertiary solvent system with multistep gradient was used (Table 1). CBD (5), CBDA 

(6), CBN (10), Δ9-THC (14) and Δ9-THCA (15) were analysed by HPLC-DAD and HPLC-MS, where 

two different HPLC systems were used: Agilent 1200 Series Gradient HPLC System and 

Surveyor HPLC system coupled to a linear ion-trap mass spectrometer (Linear Trap 

Quadropole)62. Two different columns, Luna C18 column (150 × 4.6 mm, 5 μm) and Discovery 

C18 column (250 mm × 4.6 mm, 5 µm) were used, respectively, for the HPLC-DAD and HPLC-

MS analyses. A similar dual detection approach (UV and MS) using HPLC was also adopted 

previously to identify CBD (5) and CBDA (6)64. A Dionex Ultimate 3000 UHPLC coupled with a 

UV 6000LP Photodiode array UV/vis detector and MS detector Finnigan LQT (XL) equipped 

with Heated Electro Spray Ion source (HESI II) was used in that study.  

CBD (5), CBG (8), cannabidihexol (CBDH) and Δ9-THC (14) were identified in 

inflorescences of C. sativa by a HPLC-MS method, where a heated ESI-MS (HESI) in positive 

and negative ion modes was used65, while CBC (1), CBD (5) and Δ9-THC (14) were 

simultaneously identified using an HPLC-MS method, where an ESI was used on negative ion 

mode and a tertiary multistep gradient with the mobile phase comprising water (with 0.1% 

acetic acid), ACN and MeOH was used67. In a similar HPLC-MS study of inflorescences, CBD 

(5), Δ9-THC (14) and Δ9-tetrahydrocannabiphorol (Δ9-THCP) were successfully identified using 

a Shimadzu Nexera XR HPLC coupled with a Shimadzu triple-quadrupole LCMS-8040, with an 

electrospray ionization (ESI) source and a Restek Raptor ARC C18 column (150 mm x 2.1 mm,  

2.7 μm) coupled with a guard column (5 mm × 2.1 mm, 2.7μm)68. In this experiment, a 
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gradient elution was conducted with a mobile phase composed of water with 5 mM 

ammonium formate and MeOH (Table 1). CBC (1), CBCA (2),  CBD (5), CBDA (6), CBDV (18), 

CBDVA (19), CBG (8), CBGA (9), CBN (10), CBNA (11), Δ9-THC (14) and Δ9-THCA (15) were 

identified by a heated ESI-MS detector used with a Thermo Fisher Surveyor HPLC; a 

Phenomenex Synergi Hydro RP column (150 mm x 2 mm, 4 m) with a C18 guard column (4 

mm x 3 mm) was used72. An HPLC-UV-MS-based enantioseparation of chiral 

phytocannabinoids in medicinal cannabis has recently been reported by Russo et al.73. A 

Vanquish Core HPLC System was used, and two different detectors, DAD and ESI operating in 

both positive and negative ion modes were used. For the DAD-based analyses, four different 

columns, CHIRALCEL OD-R [cellulose tris (3,5-dimethylphenylcarbamate)] (250 mm × 4.6 mm, 

10 µm), CHIRALCEL OB-H [cellulose tribenzoate] (250 mm × 4.6 mm, 5 µm), CHIRALCEL OJ-H 

[cellulose tris (4-methylbenzoate)] (250 mm × 4.6 mm, 5 µm), CHIRALPAK AD [amylose tris 

(3,5-dimethylphenylcarbamate)] (250 mm × 4.6 mm, 10 µm), and CHIRALPAK AD-RH [amylose 

tris (3,5-dimethylphenylcarbamate)] (150 mm × 4.6 mm, 5 µm) columns, were employed and 

the mobile phase comprised ACN, EtOH and isopropanol. The use of EtOH in HPLC runs is 

rather rare nowadays. The enantiomers of trans-CBD (5) and trans-Δ9 -THC (14) were 

separated with 60% ACN, column temperature at 30◦C and a flow rate of 1.5 mL/ min. 

However, the HPLC-MS operation utilized an usual solvent system comprising water-ACN 

(both containing 0.1% HCOOH).  

Several UPLC or UHPLC-based methods have been presented in the literature for the 

analysis of cannabinoids in inflorescences of C. sativa77-84. Like the HPLC analyses outlined 

above, both PDA or DAD and MS detection technologies have been used with UPLC or UHPLC 

systems. However, the use of MS detection appears to be more popular with UPLC or UHPLC 

systems for the analysis of inflorescences for phytocannabinoids. CBCA (2), CBDA (6), CBGA 

(9), Δ9-THC (14) and Δ9-THCA (15) were identified with an isocratic run with 30% HCOOH and 

20 mM ammonium formate buffer at pH 2.9 and 70% ACN for a 16 min run at a flow rate of 

0.3 mL/min and PDA detection at 228 nm77,78. An Acquity Arc FTN-R UPLC system and a 

Kinetex 1.7-μm XB-C18 column (150 mm x 2.1 mm, 1.7 μm) were used in this analysis. Two 

other UHPLC-PDA methods were quite similar82,84, which employed a gradient elution with 

water-ACN, both containing 0.1% TFA to identify CBC (1), CBD (5), CBDA (6), CBDV (18), CBG 

(8), CBN (10), ∆9-THC (14) and ∆9-THCA (15). A Titan C18 column (100 mm × 3 mm, 1.9 µm) was 
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used in both studies. There are at least four UHPLC-MS methods available in the literature 

published using 2020-2379-81,83. An Agilent 1290 UHPLC system coupled with a 6530 accurate 

mass quadrupole time-of-flight mass spectrometer was used for the identification of CBD (5), 

CBDA (6), CBE (20), CBEA (21) and 9-THC (14) in inflorescence extracts79. A Luna Omega polar 

C18 column (100 mm × 2.1  mm, 1.6  µm) was employed with a gradient elution with 0.1% 

HCOOH in water and 10% MeOH in ACN. This method was developed to study the thermal 

decarboxylation of acidic cannabinoids in Cannabis species and to identify transformed 

cannabinoids based on their MS/MS data. CBD (5) and CBG (8) could easily be identified and 

quantified using simple gradient elution with water-ACN (both containing 0.1% HCOOH) and 

A Hypersil Gold RP column (100 mm × 3 mm, 1.8 μm) on an Agilent 1290 UHPLC coupled to 

an Agilent 6410 triple quadrupole mass spectrometer80. A more comprehensive UHPLC-MS 

method was developed on a Dionex Ultimate 3000 Thermo Fisher UHPLC coupled with a Q-

Exactive Plus quadrupole Orbitrap MS allowing the identification of CBDA (6), CBDV (18), CBG 

(8), CBGA (9), CBNA (11), ∆9-THC (14) and  THCV (16) in inflorescences81. This method also 

employed principal component analysis (PCA) in the analysis of data. An Acquity UPLC BEH 

C18 column (150 mm x 2.1 mm, 1.7 µm) was used with a water-ACN (both containing 0.1% 

HCOOH) gradient elution. A series of less-common and common phytocannabinoids, e.g., 

butyl-cannabidiolic acid (CBDA-C4), CBC (1), CBCA (2), CBD (5), CBDA (6), CBDV (18), CBDVA 

(19), cannabidicannabidiorcolic acid (CBDOA), cannabifuranic acid (CBFA), CBN (10), 

tetrahydrocannabinolic acid B (THCA-B), ∆9-THC (14), ∆9-THCA (15) and ∆9-THCVA (17), were 

successfully identified by a UHPLC-TOF-MS/MS, Luna Omega C18 column (50 mm × 2.1 mm, 

1.6 m) and a gradient elution with water-ACN (both containing 0.1% TFA)83. 

There have been several HPLC-based studies performed with the leaves of C. sativa 

for the presence of cannabinoids during 2020-2385-90. UV detection has been found to be most 

common in leaf analysis by HPLC (Table 1), with only one case of the use of MS detection90. 

CBD (5) and CBDA (6), and unusual cannabinoids like α-cannabispirol (25), β-cannabispirol 

(26), cannabiripsol (27) and cannabitriol (28) were successfully identified in the extracts of 

leaves of C. sativa using a simple isocratic elution with 30% MeOH in water and 0.1% TFA at a 

flow rate of 1.0 mL/min on a Luna C18 (250 mm × 4.6 mm, 5 µm), where a UV detector at 225 

was used86. A similar isocratic HPLC-UV method (0.1% CH3COOH  in both water and ACN (1:1) 

at a flow rate of 1 mL/min) afforded identification of CBD (5) and Δ9-THC (14) (Table 1)87. 
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However, the run time was unusually quite long (65 min). A Waters Bondapak C18 column (300 

mm x 3.9 mm, 10.0 m), an unusual column in the sense of length and particle size for an 

analytical column, was used to identify CBC (1), CBD (5), CBDV (18) and Δ9-THC (14) using a 

Shimadzu HPLC-UV system88, while an isocratic elution with 80% MeOH in water at a flow rate 

of 1 mL/min over 55 min afforded detection of CBD (5) and CBDA (6), CBG (8), CBN (10), Δ8-

THC (13) and Δ9-THC (14) on the leaves in the vegetative stage, inflorescence in the flowering 

stage, inflorescence of seeds in the seeding stage and the mature seeds89. Leaves, roots, stem, 

inflorescences and seeds from industrial hemp were analyzed by a Hewlett-Packard HPLC HP 

1050 coupled with an LCQ Accela Fleet atmospheric pressure chemical ionization (APCI), using 

a Phenomenex Luna C18 (2) column (150 mm x 2 mm, 3 m) eluted with an isocratic mobile 

phase comprising 5% ACN (containing 0.1% o-phosphoric acid) as solvent A and  80% ACN in 

water (containing 0.1% o-phosphoric acid) as solvent B, running 83% B in A at a flow rate of 

0.25 mL/min90. Both UV and APCI-MS detection were used, but for the MS detection instead 

of phosphoric acid HCOOH was used. This method afforded the identification of CBD (5), CBDA 

(6) and CBGA (9). 

There are only three reports available on the UHPLC analysis of leaves, leaves and 

flowers, and hemp microgreens published during 2020-2391-93. Li et al.91 conducted an LC-MS-

based untargeted metabolomics which revealed chemical differences of cannabis leaves from 

different regions of China. An Agilent 1290 infinity UHPLC system coupled with a 6530 QTOF 

system with a Dual AJS ESI source operating in positive ionization mode was used in this study, 

a Zorbax Eclipse Plus C18 column (100 mm x 2.1 mm, 1.8 µm) was employed and gradient 

elution with water-CAN (both containing 0.1% HCOOH) afforded identification of CBD (5) and 

∆9-THC (14). A similar UHPLC-MS analysis was performed on hemp microgreens using a 

Dionex Ultimate 3000 UHPLC coupled with an Orbitrap Q-Exactive mass spectrometer93. 

CBDA (6), CBG (8), CBGA (9), CBN (10), CBNA (11), Δ9-THC (14) and Δ9-THCA (15) were 

successfully identified using a Luna Omega column (50 mm x 2.1 mm, 1.6 m) eluted with 

water-ACN (both containing 0.1% HCOOH). Toloza et al.92 have recently reported the only 

UHPLC-PDA-based analysis cannabinoids, CBD (5) and CBN (10), in leaves during 2020-23. It 

was a simple isocratic elution with a mixture of 0.1% HCOOH in water and ACN (49:51) at a 

flow rate of 0.45 mL/min and a total run time of 25 min; a Hypersil Gold RP column (150 mm 

× 2.1 mm × 1.9 μm) was employed. 
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There is only one study on cannabinoids in seeds of C. sativa reported in the literature 

during 2020-2394. In this study, in situ decarboxylation-pressurized hot water extraction for 

selective extraction of phytocannabinoids from the seeds of this plant was examined, and a 

part of that an HPLC-MS analysis was performed identifying CBD (5), CBN (10) and Δ9-THC 

(14). Dionex UltiMate 3000 HPLC and UHPLC System coupled with a Bruker-Compact-QQTOF-

MS/MS equipped with an electrospray ionization (ESI) and an Agilent C18 Wate column (100 

mm x 4.6 mm, 3.5 µm) were employed. The mobile phase comprised water and ACN, both 

containing 0.1% HCOOH. 

3.1.2 HPLC and UPLC (or UHPLC) analysis of cannabis consumer products 

 Various HPLC- and UPLC (or UHPLC)-based analytical techniques have become popular 

in the analysis of phytocannabinoids in cannabis consumer products2 (Table 2). These 

consumer products include smoking products, e.g., hashish and marijuana, cannabidiol oil, 

cannabis oil, cannabis olive oil, infusions and liquids, tinctures, cannabis food products and 

cannabis-containing cosmeceuticals (Table 2)95-137. In the HPLC and UPLC (or UHPLC) methods, 

the use of PDA or MS detection technologies has become routine for the analysis of these 

consumer products2. The use of HPLC as opposed to UPLC (or UHPLC) has remained the 

method of choice during 2020-23, but the use of UPLC (or UHPLC) has increased considerably 

over the last few years (Table 2). Appropriate quality control methods are essential for 

ensuring the quality of cannabis consumer products and thus optimizing the therapeutic 

outcome in certain cases2.   

 A large quantity of illicit hashish is seized every year in Algeria95. As a result, it is 

necessary to investigate the total content of major cannabinoids. In a recent investigation 

involving 3265 hashish samples, a standard HPLC-DAD method (Thermo Finnigan Surveyor 

HPLC system with DAD) was applied for the successful simultaneous detection of CBD (5), 

CBDA (6), CBN (10), CBNA (11), Δ9-THC (14) and Δ9-THCA (15) in investigated samples95. A 

Phenomenex C18 analytical column (150 mm x 4.6 mm, 5 μm) and mobile phase comprising 

ACN, MeOH and 0.1% aqueous o-phosphoric acid were used. (THC + CBN)/CBD ratio revealed 

two hashish chemotypes: the traditional one (chemotype II) included most of the studied 

samples and could be characterized by the THC:CBD:CBN proportions of about 60:35:5, 

whereas, chemotype I included all hashish samples that possessed high THC and low CBD 

content, characterized by THC:CBD:CBN proportions of about 85:13:2. An identical HPLC-DAD 
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study was also conducted in the following year which identified CBD (5) and Δ9-THC (14) in 

seized hashish samples96. 

Johnson et al.97 have recently compared the advertised versus actual CBD (5) contents 

in various consumer products including CBD oils, aqueous tinctures, e-liquids and drinks sold 

in the UK. An Agilent 1260 HPLC-DAD was employed with a Raptor ARC-18 LC reversed-phase 

column (150  mm ×  4.6  mm, 2.7 μm) and an isocratic elution with 75% of ACN containing 

0.1% of HCOOH in aqueous ammonium formate (5mM) containing 0.1% HCOOH. CBD (5) and 

CBDA (6) could successfully be quantified in the investigated products. In most of these 

products over-labelling of CBD concentration was observed, which highlighted the fact that 

in the UK, there is a need for improved product standards, and clear legislative guidance on 

permitted tolerance limits for advertised concentrations. 

Cannabis-based products like edible extracts, infusions and liquids were studied by 

Viviers et al.98 and Elhendawy et al.30 using HPLC-DAD  methods (Agilent Infinity 1260 HPLC) 

involving a simple isocratic run with 75% ACN in 75% ACN in water (containing 0.1% HCOOH). 

In one study30, several phytocannabinoids, e.g., CBC (1), CBCA (2), CBCL (3), CBD (5), CBDA (6), 

CBDV (18), CBDVA (19), CBG (8), CBGA (9), CBN (10), Δ8-THC (13),  Δ9-THC (14), Δ9-THCA (15), 

THCV (16) and THCVA (17), could be detected in the investigated products (Table 2), whereas 

the other study98 detected only CBD (5) and Δ9-THC (14). In recent years, there has been a 

steady increase in the availability of formulations with high concentration of Δ8-THC (13), 

which is only about 33% as active as Δ9-THC (14)99. The World Antidoping Agency prohibited 

the use of Δ8-THC (13), and as such, the need for determining the composition of doping is 

obvious. An investigation of doping samples by Agilent 1290 HPLC coupled with a QTRap 6500 

MS employing an Eclipse XDB-C8 column (100 mm x 2.1 mm, 3.5 μm), and Eclipse XDB-C18 

column (100 mm x 2.1 mm, 3.5 μm) and a gradient elution revealed the presence of Δ8-THC 

(13), Δ9-THC (14) and Δ9-THCA (15) in the investigated samples. In this study, ES-MS/MS was 

used in negative ion mode and utilized multiple reaction monitoring (MRM) option. It can be 

noted that, because of structural similarities, in  many LC-based analyses, Δ8-THC (13) and Δ9-

THC (14) coelute, but the method presented opportunities for differentiating between these 

two. A simple HPLC-PDA gradient method was developed for the detection of CBD (5), CBDA 

(6), CBN (10), Δ9-THC (14) and Δ9-THCA (15) in cannabis light preparations containing dried 

female inflorescences of C. sativa chemotype III100, while cannabis seized products were 
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analysed by an isocratic run with MeOH and 10 mM ammonium acetate at pH 5.2 (80:20) at 

a flow rate of 0.5 mL/min and a column temperature of 30°C, employing a Kinetex C18 (100 

mm × 4.6 mm, 2.6 μm) column, and identified CBD (5), CBDA (6), CBG (8), CBGA (9), CBN (10), 

Δ8-THC (13), Δ9-THC (14) and Δ9-THCA (15)101.  

Cannabis oil and/or cannabidiol (CBD, 5)-based oil preparations have become one of 

the most popular consumer products because of a variety of beneficial effects of CBD (5), 

which is not a controlled substance, on human health1-4. There are several studies on the 

HPLC-based analysis of cannabis oil or CBD (5)-rich oil available in the literature for the period 

covered in this article44,97,102-112. However, the analysis of cannabis oil using UHPL or UPLC has 

been limited to a few studies reported in the literature (Table 2).  

A simple UV-based detection was successful in identifying CBD (5), CBDA (6), Δ9-THC 

(14), Δ9-THCA (15) in pharmaceutical grade cannabis oil, where Poroshell 120 EC-C18 column 

(50 mm x 3 mm, 2.7 µm) column was used with gradient elution comprising 0.1% HCOOH in 

water and 0.05% HCOOH in MeOH and a run time of only 11 min102. While the use of particle 

sizes much smaller than the usual particle size of 5 m in analytical HPLC has increased in 

recent years, the use of columns of various lengths with 5 m particle size appears to be quite 

common in cannabis oil analysis103-106,108 (Table 2). In cannabis oil analysis, the most 

commonly used detector has been a UV detector including a PDA, but the use of MS 

detector104 has also been observed. Analakkattillam et al.108 reported an isocratic HPLC run 

(20 min) for the detection of CBD (5) and 9-THC (14) in cannabis oil-infused products, while 

a gradient elution was conducted with water and MeOH, both containing 0.1% HCOOH and 2 

mM ammonium formate, to identify CBC (1), CBD (5), CBDA (6), CBDVA (18), CBG (8), CBGA 

(9), cannabigerovarinic acid (CGBVA), CBN (10), cannabivarin (CBV), 9-THC (14), Δ9-THCA 

(15), THCV (16) and THCVA (17) in cannabis oil and oil-containing capsules using an ESI-MS 

detector operated in positive ion mode109. The use of the isocratic mobile phase in HPLC-UV 

(or PDA) analysis of CBD-oil has been quite popular as the analysis generally targets the 

detection of CBD (5) and a few other cannabinoids44,97,111. Li et al.111 have recently reported 

the analysis of CBD (5) full spectrum oil revealing the presence of CBD (5), CBDA (6), CBDV 

(18), CBDVA (19), CBGVA, CBG (8), CBGA (9), CBN (10) and CBT (22) in the oil sample; a simple 

isocratic elution with 87% MeOH in water at a flow rate of 0.2 mL/min and a column 

temperature of 35oC was used along with a MultoHigh 100 RP C18 column (125 mm x 4.6 m, 3 
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L). They used both the UV detection at 212 nm (Agilent 1260 HPLC system coupled with a 

UV-vis), and the ESI-MS in positive ion mode (Dionex Ultimate 3000 UHPLC coupled with a 

UV/vis detector and a TSQ Quantum Access MAX triple quadrupole (TQD) mass spectrometer 

detector). Similarly, CBD (5) was quantified in powder and sunflower oil samples containing CBD (5) 

using both a DAD and an MS detector112 (Table 2). Analysis of essential oil from inflorescences of 

C. sativa is not that common, but Piani et al.110 analysed cannabis essential oil and detected 

CBD (5), CBDA (6), CBN (10), 9-THC (14) and Δ9-THCA (15) in the samples using a simple UV 

detector. 

Reddy et al.113 employed a simple isocratic HPLC-UV method for the quantification of 

CBD salt, and two other HPLC-based methods have been reported for the quantification and 

profiling of commercially available cannabinoids114,115 (Table 2). An isocratic elution with 80% 

ACN in water over 8 min at a flow rate of 1 mL/min on a reversed-phase C18 column afforded 

the identification of CBD (5) and 9-THC (14) in commercial industrial hemp products116. CBD-

containing e-liquids has become quite popular recently, and often they contain other minor 

cannabinoids or contaminants prompting the need for HPLC-based quality control of the 

product. Johnson et al.97 reported a straightforward isocratic HPLC-UV method using 75% 

ACN/HCOOH (0.1%) in aqueous ammonium formate (5mM)/HCOOH (0.1%) for the 

quantification of CBD (5) and CBDA (6) in e-liquid.  

The use of phytocannabinoids, particularly CBD (5) or CBD oil, in cosmetics and 

cosmeceutical products has gained remarkable popularity over the past decade, and CBD (5) 

or CBD oil has routinely been used in many mainstream cosmetic products. The increase in 

popularity of using CBD (5) in such products comes with the risk of adulteration and 

associated quality issues of these consumer products. CBD (5), CBDA (6), CBN (10), 9-THC 

(14) and Δ9-THCA (15) were detected in hemp cosmetic products using an HPLC-UV 

method117.  A HPLC-DAD-HRMS isocratic method was developed for the detection of CBG (8), 

cannabigerobutol (CBGB) and cannabigerovarin (CBGV) in hemp products118. A similar HPLC 

method with dual detection, i.e., UV and MS, was employed for the identification of CBD (5), 

CBDA (6), CBN (10), 9-THC (14) and 9-THCA (15) in various CBD-infused consumer products 

like cream, lip balm, lotion and shampoo119 (Table 2). The particle size of 3.5 m used in the 

column in this study was quite unusual. MS detection was in multiple reaction monitoring 
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(MRM) mode. An isocratic HPLC-UV method was reported for the detection and 

quantification of CBD (5), CBN (10) and 9-THC (14) in lotion samples120.  

There are at least three reports on the analysis of phytocannabinoids in medical 

cannabis oil samples published since 2020 57,69,121. One used a UV57, one used a PDA69 and one 

an MS/MS121 detection method with the HPLC method for the analysis of various 

phytocannabinoids in medical cannabis oil samples. Among these methods, the method 

described by Hall et al., 202269, simultaneously identified at least two phytocannabinoids, i.e., 

CBC (1),  CBD (5), CBDA (6), CBDV (18), CBG (8), CBGA (9), CBN (10), Δ8-THC (13), Δ9-THC (14) 

and Δ9-THCA (15) in the medical oil samples (Table 2).  

CBD (5), CBDA (6), CBN (10), 9-THC (14) and 9-THCA (15) were identified in medicinal 

cannabis products using an ACE C18 column (150 mm x 4.6 mm, 5 m) on a Shimadzu HPLC-

UV system122. A mobile phase composed of water (A) and ACN (B), both containing 0.1% 

HCOOH and a gradient elution: 0-16 min 5-95% B in A, and then coming back to 5% B in 16-

17 min at a flow rate of 0.6 mL/min, a column temperature of 25oC and a run time of 18 min 

were used. A more comprehensive isocratic HPLC-UV method affording identification of 

seventeen phytocannabinoids, i.e., CBC (1), CBCA (2), CBCL (3), CBCLA (4), CBD (5), CBDA (6), 

CBDV (18), CBDVA (19), CBG (8), CBGA (9), CBN (10), CBNA (11), 8-THC (13), 9-THC (14), 9-

THCA (15), THCV (16) and THCVA (17) in medical cannabis products including flos and oil was 

reported by Galetis et al.123 (Table 2). 

Nonprescription commercial CBD products were subjected to HPLC-DAD analysis 

affording successful quantification of CBD (5), CBN (10) and 9-THC (14) in the samples124,125. 

Similarly, CBD (5), CBDA (6), 9-THC (14), 9-THCA (15) were detected in the nonpsychotropic 

cannabis oil using a HPLC-UV method that employed a ZORBAX Eclipse XDB C18 column (250 

mm x  3 mm, 5 m) on a Dionex UltiMate 3000 system coupled with a UV-Vis detector126 

(Table 2). 

Cannabis resin is a compressed sticky brown solid made from the resinous parts 

(stalked resin glands called trichomes) of the plant, and it is commonly known as hashish. 

Cannabis resin has been the subject to HPLC analysis, and there are at least three reports on 

the HPLC analysis of cannabis resin published in the literature since 2020 38,127,128 (Table 2); all 

used a UV or PDA detection method and 5 m particle size for C18 column packing. 
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The use of UPLC (or UHPLC) along with PDA and MS detections in the analysis of 

cannabis oil and other cannabis products has been on the increase in recent years (Table 2). 

The particle sizes of the column ranged from 1.6 to 1.8 m. Duzan et al.45 reported the UPLC-

MS analysis of cannabis extract, tincture and cream revealing the presence of CBC (1), CBD 

(5), CBDA (6), CBDV (18), CBG (8), CBGA (9), CBN (10), Δ8 -THC (13), Δ9 -THC (14), Δ9 -THCA (15) 

and THCV (16) in the samples; the mobile phase comprised water and ACN, both containing 

0.1% HCOOH, and an Acquity UPLC BEH C18 column (100 mm x 2.1 mm, 1.7 mm) connected 

to an Acquity UPLC BEH C18 VanGuard precolumn (5 mm x 2.1 mm) were used. 

While a simple UV-Vis detector was coupled to a UPLC system to determine CBD (5) 

and Δ9-THC (14)129, a DAD was used for the identification of CBC (1), CBD (5), CBDA (6), CBG 

(8), CBGA (9), CBN (10),  ∆9-THC (14), ∆9-THCA (15), THCV (16) and THCVA (17)48 in cannabis 

oil samples. Manca et al.130 used an UHPLC-MS for the identification of CBD (5), CBDA (6), CBN 

(10), Δ9-THC (14) and Δ9-THCA (15); in this piece of work, the noticeable things were the length 

of the column, which was just 30 mm, and the use of isopropanol in the mobile phase, in 

addition to water and ACN and HCOOH (Table 2). Almost an identical UPLC-MS method was 

reported for the detection of CBD (5), CBDA (6), 9-THC (14) and Δ9-THCA (15) in cannabis oil 

galenic preparations131; these researchers also used a UHPLC-MS system but only using 0.1% 

HCOOH in water and 0.1% HCOOH in ACN in the gradient mobile phase. CBC (1), CBD (5), 

CBDV (18), CBG (8), CBN (10) and cis- and trans-9-THC (14) were successfully determined in 

CBD oil samples using a UHPLC-DAD system where a Shimadzu Nexera UHPLC system, a 

Phenomenex XB-C18 column (50 mm × 2.1 mm, 1.7 μm) and a gradient elution with 0.1% 

HCOOH in water (A) and 0.1% HCOOH in ACN (B), starting with 5% B, increasing to 100% B 

over 18 min were employed132. A UPLC-MS method was applied for the detection of CBD (5), 

CBDA (6), 9-THC (14), 9-THCA (15) and 9-THC conjugates in cannabis decoction and oil 

samples133, while a UHPLC-HRMS/MS was used for the identification of CBD (5), CBG (8), CBN 

(10) and 9-THC (14) in cannabis resins and cannabis oil samples26 (Table 2). 

There have been at least two UHPLC-based methods published since 2020 for the 

simultaneous analysis of commercially available phytocannabinoids, one used dual detection 

(UV and MS)134, and one used a PDA (Table 2). Sixteen phytocannabinoids, CBC (1), CBCA (2), 

CBD (5), CBDA (6), CBDV (18), CBDVA (19), CBG (8), CBGA (9), CBCLA (4), CBN (10), CBT (22), 

8-THC (13), 9-THC (14), 9-THCA (15), THCV (16) and THCVA (17) were successfully analysed 
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by a UHPLC-MS method134, while the UV-based detection allowed simultaneous identification 

of at least ten phytocannabinoids including CBC (1), CBD (5), CBDA (6), CGB (8), CBGA (9), CBN 

(10), Δ8-THC (13), Δ9-THC (14), Δ9-THCA (15) and THCV (16)135. The latter135 study also used 

normal phase isocratic elution with n-hexane/isopropanol/ethanol/trifluoroacetic acid (TFA) 

(96: 3: 1: 0.1), at a flow rate of 0.21 mL/min at 25oC with an injection volume of 0.5 L, as well 

as a reversed phase system comprising water/ACN/TFA (45: 55: 0.1), isocratic elution at a flow 

rate of 0.8 mL/min at 25oC with an injection volume of 0.5 L. Various column packings were 

exploited in this analysis. 

A UPLC-PDA (UV detection at 228 nm)method was described for the identification of 

CBD (5), CBDA (6), CBGA (9), CBN (10), 9-THC (14) and Δ9-THCA (15) in ground cannabis 

inflorescences samples packaged in tamper-proof cartridges (Syqe cartridges)136. The 

gradient mobile phase comprised water and ACN, both containing 0.1% HCOOH, and an 

Acquity UPLC C18 column (150 mm x 2.1 mm, 1.7-μm) was used. The presence of CBD (5), 7-

OH-CBD, 6-OH-CBD, CBDV (18)  and CBE (20) was detected by a UHPLC-MS method where 

ESI-MS interface was used both in positive and negative ion modes 137 (Table 2). 

3.2 HPLC and UPLC (or UHPLC) analysis of cannabinoids in biological samples 

Marijuana or hashish, a cocktail of at least 30 different major cannabinoids, generally 

prepared from crushing the leaves, flowers (inflorescences) and even stem of C. sativa, is one 

of the oldest recreational and addictive natural products used by the humans for centuries1-4 

In many countries, however, the non-medical consumption of cannabis or marijuana or 

hashish is illegal.  This demands the use of appropriate analytical tools, like HPLC and UPLC 

(or UHPLC), for the analysis of biological and forensic samples, e.g., blood, oral liquid, hair and 

urine, to confirm marijuana usage (Tables 3-7)133, 138-167. After consumption of marijuana, 

THCA (13), is converted to THC (12) by heat during smoking, but after metabolism, this 

compound is excreted in the urine mainly as its glucuronide conjugate1-4.  

3.2.1 Human blood samples 

Among the biological and forensic samples, the blood (whole blood, plasma or serum) 

is one of the most favoured samples for cannabinoid analysis1,2. Human blood, plasma and 

serum samples are quite extensively used in forensic analysis to detect the consumption of 

cannabinoids1,2. HPLC and UPLC methods are commonly used for the analysis of 
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phytocannabinoids and their metabolic products in blood samples133, 138, 139, 141-152. Table 3 

lists various HPLC and UPLC (or UHPLC)-based methods for the analysis of phytocannabinoids 

and their metabolic products in human blood samples. During 2020-23, all reported HPLC or 

UPLC/UHPLC analyses of phytocannabinoids almost exclusively used C18 columns of various 

dimensions (Table 3), with the exception of one, where an Ascentis Express RP-Amide 

analytical column (150 mm x 3 mm, 2.7 µm)139 was used. A clear shift from the use of 

conventional HPLC to UPLC/UHPLC could be observed during this period. Plasma still remains 

the major blood component that is routinely used for the analysis of phytocannabinoids in 

blood. In human blood samples, various unaltered phytocannabinoids and their conjugates 

derived from Phase I and phase II metabolism, e.g., 11-OH-THC (12), THC-COOH (29), THC-

glucuronide, THCA-glucuronide and THC-COOH-glucuronide have been detected by various 

LC-based methods using, almost exclusively, an MS detector employing ESI-MS/MS method. 

It can be noted that glucuronidation is an established phase II metabolic pathway for several 

drugs including phytocannabinoids and endogenous substances140. Despite being a secondary 

metabolic pathway for a compound preceded by phase I hydroxylation, glucuronidation alone 

can serve as the main metabolic pathway for compounds, including some highly hydrophilic 

compounds. 

CBD (5), CBDA (6), CBN (10), 11-OH–Δ9-THC (12), Δ8-THC (13), Δ9-THC (14), Δ9-THCA 

(15),  11-nor-9-carboxy-Δ9-THC and 9-THCA-glucuronide were successfully determined in 

human plasma samples using an Acquity H-Class PLUS coupled with a XEVO TQ-S micro MS 

detector with an ESI interface and a Phenomenex Kinetex C18 column (100 mm x 2.1 mm, 2.6 

m) (Table 3)138. The particle size of the column was close to UHPLC or UPLC columns and 

afforded excellent separation of these phytocannabinoids and their conjugates. A similar 

HPLC method, but instead of using an ESI-MS/MS, an atmospheric pressure chemical 

ionization (APCI) in combination with multiple reaction monitoring in positive ion mode, was 

applied for the separation and identification of CBC (1), CBD (5) and its metabolites including 

CBD-glucuronide (CBD-glu), CBDA (6), 6-hydroxy-CBD (CBD-6-OH), 7-hydroxy-CBD (CBD-7-

OH), CBN (10), 9-THC (14) and its metabolites including 9-THCA-glucuronide, 11-OH-9-THC 

(12), and THCVA (17)139 . The mobile phase used in this study was also different; instead of a 

gradient elution using a mixture of water-ACN (both containing 0.1% HCOOH), 0.04% formic 

acid in water and ACN:MeOH:isopropanol (3:1:1) was used (Table 3). In both these HPLC 
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analyses, the total run time was 10 min. Dybowski et al.141 have recently reported an HPLC-

MS/MS method using a column with a slightly larger particle size (3 m instead of 2.6 or 2.7 

m as in the previous methods) and an isocratic elution, and affording identification of CBD 

(5), CBG (8), CBN (10) and 9-THC (14). These are the only three HPLC-based analyses of 

human blood samples (plasma) reported in the literature during the period covered by this 

review. However, the use of UPLC/UHPLC for the analyses of phytocannabinoids in human 

blood has been well documented in at least 12 different published papers during 2020-

23.133,142-152. Among them, there are four reports on the analysis of blood plasma samples for 

phytocannabinoids and their conjugates (Table 3).  

Blood plasma samples are quite often used in forensic analysis for the detection of 

illegal cannabinoid consumption1,2. An Acquity UPLC H-Class system coupled to the Xevo® TQ-

D tandem quadrupole MS equipped with a Z-spray source and a Coreshell Kinetex C18 UPLC 

column (100 mm x 2.1 mm, 1.7 m) were used detect CBD (5) and 9-THC (14) in the human 

plasma samples146. An isocratic elution with 5 mM ammonium acetate and ACN with 0.1% 

formic acid, at a flow rate of 0.3 mL/min and a column temperature of 40oC afforded 

successful analysis of these phytocannabinoids (Table 3). However, the main highlight of this 

study was the use of an in-tube solid-phase microextraction with a dummy molecularly 

imprinted monolithic capillary coupled to UPLC-MS/MS; the novel MIP monolithic capillary 

synthesized with hydrogenated CBD (5) as dummy template presented adequate mechanical 

resistance meaning long lifetime and good tolerance to organic solvents and used a small 

mass of template molecule. The method was found to be easy to use, cost-effective, high 

reproducibility and high selectivity. The coupling of the sample preparation step to main UPLC 

operation enhanced the efficiency of analysis and reduced the potential sources of errors, 

and thus could be applied for the analysis of plasma samples from patients receiving CBD as 

a part of their treatment. A similar UPLC-MS/MS method was also published where instead 

of an isocratic elution, a gradient elution for less than 10 min as the run time was used for the 

detection of the same phytocannabinoids, CBD (5) and 9-THC (14) in human plasma 

samples147. Two UHPLC methods, one using a Dionex Ultimate 3000 UHPLC system coupled 

with a TSQ Quantiva™ Triple Quadrupole MS detector and the other using a Shimadzu Nexera 

X2 UHPLC system coupled with a tandem MS detector, were reported; the first one detected 

CBD (5) and 9-THC (14)148, and the second one identified 7-COOH-CBD and 9-THC 
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metabolites, both using an Acquity UPLC BEH C18 column (50 mm x 2.1 mm, 1.7 m), eluted 

with a water/ACN gradient149 (Table 3). 

Phytocannabinoids, e.g., CBD (5), CBG (8), CBN (10) and 9-THC (14) and 9-THCA (15) 

and their conjugates, e.g., 7-COOH-CBD (7), 7-OH-CBD, 6-OH-CBD, 6-OH-CBD, 9-THC (14), 

11-OH-9-THC and (11-COOH-THC (or THC-COOH, 29), were analysed in human whole blood 

samples using an Acquity UPLC H-Class System coupled with an MS detector (Table 3)142,143. 

An Acquity BEH C18 column (150 mm × 2.1 mm, 1.7 µm), with or without, a guard column was 

used. In a recent study, a Sciex Exion LC system coupled with a QTRAP® 6500+ triple 

quadrupole linear ion trap MS equipped with a TurboIonSpray interface has been used for the 

detection of 9-THC (14), 9-THC-OH and 9-THC-COOH (29), where an Acquity UPLC HSS T3 

C18 column (100 mm x 2.1 mm, 1.8 m) was used144. The MS detection was in two modes, 

MRM and MS3. Similarly, a UHPLC-MS/MS method using a Dionex Ultimate 3000 UHPLC 

coupled to a TSQ Quantiva™ Triple Quadrupole and an atmospheric pressure chemical 

ionization (APCI) in the positive ion mode was successful in analyzing CBD (5) and 9-THC (14) 

in human capillary blood samples145. In this study, a shorter column (50 mm) was used. 

Since 2020, there have been four UPLC (or UHPLC) methods published in the literature 

for the analysis of human serum samples for phytocannabinoids and their conjugates.150-152. 

In all those studies, ESI-MS/MS detection technology was utilized. Pichini et al.150 used an 

Acquity UPLC I-Class coupled with a Waters Xevo TQ-S micro mass spectrometer (triple 

quadrupole) equipped with an electrospray ionization source operating in negative-ion mode 

(ESI-) and an Acquity UPLC BEH C18 column (100 mm x 2.1 mm, 1.7 μm), eluted with a gradient 

comprising ammonium formate 5 mM at pH 7.5 and ACN to determine CBD (5), CBDA (6), 7-

hydroxycannabidiol (CBD-7-OH) and 6-hydroxycannabidiol (CBD-6-OH). Earlier, the same 

group reported the detection of CBD (5), CBDA (6), 9-THC (14), 9-THCA (15) and 9-THC 

conjugates in human serum samples using the same UPLC system but employing a shorter 

column (50 mm)133 (Table 3). Both methods could potentially be applied to clinical trials on 

the use of different medical cannabis preparations. CBD (5), CBDA (6), 7-COOH-CBD (7), 6-

OH-CBD, 6-OH-CBD and 7-OH-CBD were successfully analysed in human serum samples 

using the same Acquity UPLC-MS system and using the same column [Acquity UPLC BEH C18 

column (100 mm x 2.1 mm, 1.7 m)]151.  In all three cases an elevated column temperature 

was used (50oC). A UHPLC-MS/MS method using a Phenomenex Onyx monolithic C18 column 
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(100 mm x 3 mm, 1.5 m) and a gradient elution with 2% MeOH in water containing 10 mM 

ammonium formate and 0.1% formic acid, and MeOH/CAN/isopropanol (80:10:10) containing 

8 mM ammonium formate and 0.08% formic acid to identify CBD (5)  and 7-OH-CBD in human 

serum samples152. 

3.2.2 Human sweat, oral fluid and breast milk samples 

Human breast milk is a highly complex biological fluid, and is not routinely used for 

forensic analysis of phytocannabinoids, but is used to detect cannabinoids to protect breast-

fed infants from possible toxicities of cannabinoids1,2. Extraction of phytocannabinoids and 

their conjugates from this matrix is challenging owing to its high lipid and protein contents 

(up to 5% by weight). However, it is essential for monitoring cannabinoids in breast milk 

resulting from passive or nonrecent active maternal exposure. CBD (5), CBG (8), 11-OH-9- 

THC (12), 9-THC (14), 9-THCA (15) and 9-THC-glucuronide were successfully identified in 

human breast milk samples using an Agilent 1200 series LC system coupled with a Sciex 

API5000 tandem mass spectrometer and employing a Poroshell Eclipse C18 column (50 mm x 

4.6 mm, 2.7 m), eluted with a mobile phase comprising isopropanol, MeOH and water 

containing 0.1% HCOOH153 (Table 4). The reported validated method was efficient and 

sensitive; it was found to be able to simultaneously quantify several phytocannabinoids and 

their conjugates in human breast milk using a sample volume of only 200 L, and to support 

both clinical studies and routine screening analysis of donated breastmilk. It was assumed 

that this LC-MS/MS method could significantly improve the safety of donated breastmilk and 

provide a suitable platform to quantify cannabinoids in pharmacokinetic studies in breast 

milk153. 

The analysis of human oral fluid samples for phytocannabinoids and their metabolites 

by HPLC or UPLC/UHPLC is quite common2. Human oral fluid samples are routinely used in 

forensic analysis to ascertain illegal cannabis consumption. However, during the period 

covered in this review article, there have been only one HPLC154 and three UPLC (or UHPLC)133, 

155, 156 methods appeared in the literature (Table 4). An HPLC-MS/MS method for the analysis 

of phytocannabinoids along with several other drugs of abuse was validated where CBD (5), 

CBN (10), 9-THC (14), and 9-THC-COOH (29) were successfully detected using an Agilent 

1100 series equipped with a Sciex API4000 TurboIonSpray interface for pneumatically assisted 
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electrospray, and employing an Agilent Pursuit XRs Ultra 2.8 C18 column (100 mm × 2.0, 2.8 

m)154. The mobile phase used in this study comprised 10 mM formic acid in water and 5% 

ACN in MeOH with 10 mM formic acid, and a gradient elution was performed (Table 4). A 

significant relative matrix effect was observed but this effect was minimised by adopting a 

sample pretreatment step and prior evaluation of the matrix protein content. This method 

was found to be sensitive, simple, reliable, and rapid with a simple sample preparation step, 

and could be used in the analysis of forensic samples.  

A Cortecs C18 UPLC column (50 mm x 2.1 mm, 1.6 m) was used with the Acquity UPLC 

coupled with Xevo TQ-S instrument for the LC-MS/MS analysis of human oral fluid samples 

for the determination of CBC (1), CBD (5), CBDA (6), CBG (8), CBN (10), ∆8-THC (13), ∆9-THC 

(14), 11-OH-∆9-THC (12), ∆9-THCA (15), THCV (16), CBDV (18) and cannabidiorcol (CBD-C1), 

where a water-ACN (both containing 0.1% HCOOH) gradient was employed (Table 4)155. A 

solid-phase extraction (SPE) step was used prior to UPLC operation, and a total of 200 human 

oral fluid samples, collected within the States of Michigan, Indiana, Wisconsin, Ohio and 

Illinois, were analysed by this method, where all the above cannabinoids were detected on at 

least one sample, ∆8-THC (13), was confirmed in 11 samples, with or without the presence of 

∆9-THC (14), a high concentration (>400 ng/mL) of 11-OH-∆9-THC (12) or THC-COOH (29) was 

found in three samples,  CBD (5),  CBG (8), CBN (10), ∆9-THCA (15), THCV (16) were confirmed, 

respectively, in 74, 39, 44, 107 and 112 of the 179 confirmed ∆9-THC (14)-positive samples. 

Apparently, this published method was the first method for oral fluid analysis for 

simultaneous detection of ∆8-THC (13) along with several other cannabinoids and their 

metabolites. As simultaneous quantitation of multiple phytocannabinoids and metabolites in 

human oral fluid offers valuable information related to cannabinoid consumption and 

interpreting cannabinoid-induced driving impairment, the validated method described by Lin 

et al.155 could be used in forensic analysis of human oral fluids. Samples of oral fluid after 

repeated intake of CBD-rich cannabis smoking were analysed by a UHPLC-MS method 

employing an Agilent Infinity 1290 UHPLC system coupled with a 4500 QTRAP hybrid triple 

quadrupole/linear ion trap MS with a Turbo V ion source and an Ace Excel Super C18 column 

(75 mm × 2.1 mm, 2 μm) linked to a C18 guard column to efficiently detect CBD (5), 9-THC 

(14) and 9-THCA (15) within a short run time of only 5 min (Table 4)156. Earlier, Pichini et al.133 

reported a UPLC-MS/MS analysis of CBD (5), CBDA (6), 9-THC (14), 9-THCA (15) and 9-THC 
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conjugates in samples of human oral fluid and sweat.   While oral fluid is a routinely used 

sample for such analysis, the use of human sweat samples for the analysis of 

phytocannabinoids is quite unusual. When dealing with sweat, phytocannabinoids and their 

metabolites were extracted from the sweat patch absorbent pad samples with MeOH spiked 

with ISs. The UPLC-MS/MS method reported here allowed the identification and 

quantification of phytocannabinoids and their metabolites in conventional and 

nonconventional human biological samples.  

Although the use of human saliva samples for the analysis of cannabinoids is not that 

common, an online SPE-UHPLC-MS/MS method for the therapeutic monitoring of CBD (5) and 

7-OH-CBD in human saliva was reported by Franco et al.152 (Table 4). In this study, a UHPLC 

ExionLC 100 integrated system coupled with a 3200 QTRAP® triplequadrupole linear ion trap 

mass spectrometer fitted with a TurboIonSpray interface was used, and a Phenomenex Onyx 

monolithic C18 column (100 mm x 3 mm, 1.5 m), eluted with a gradient comprising ACN, 

MeOH and water was employed (Table 4). This method was demonstrated as a simple, 

selective, sensitive and accurate for the analysis of the aforementioned cannabinoids in a low 

volume of saliva sample (50 L). This method was also found to be easy to implement in a 

clinical setting as it required a minimum processing and hands-on time, there was no 

evaporation or concentration step, and it involved a direct injection of the sample in the 

UHPLC-MS/MS system after a simple protein precipitation step with extremely low matrix 

effect and automated online SPE. 

3.2.3 Human hair and nail samples 

Human hair samples are one of the most commonly used samples for forensic analysis 

for drugs of abuse or illegal drugs like cannabis1,2. Hair analysis is usually performed to 

monitor and detect long-term usage of drugs. While the use of nail samples in forensic 

analysis for illegal drugs is not that common, these samples can also provide useful 

information like hair samples in the case of long-term drug usage. Both hair and nail samples 

are keratinized biological matrices that offer notable advantages over traditional matrices, 

particularly, wider time window, non-invasive sampling and good stability of the analytes over 

time. However, there are some difficulties or disadvantages in using hair or nail samples for 

the analysis of phytocannabinoids and their conjugates, which mainly include low 
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concentrations of the major metabolite, THC-COOH (29). So, it is necessary to employ an 

effective extraction method prior to any LC or GC-based analysis of human hair or nail 

samples. In recent years, solid-phase microextraction (SPME) has enhanced the extraction 

efficiency from small samples. During the period of 2020-23, only four publications dealing 

with hair and nail samples using HPLC and UPLC (or UHPLC) have been published156-159.  

Among the two HPLC-based analyses, while the publication by Faro et al.157 reported 

the analysis of human hair samples collected from patients treated with medical cannabis 

identifying CBD (5) and its metabolites, 11-OH-THC (12) 7-COOH-CBD (7), 7-

hydroxycannabidiol (7-OH-CBD), 6α-hydroxycannabidiol (6α-OH-CBD) and 6β-

hydroxycannabidiol (6-β-OH-CBD), 9-THC (14) and 9-THCA (15) in the samples, Mannocchi 

et al.158, analysed both hair and nail samples for the detection of 9-THC (14) along with 

several other drugs of abuse using rather an Oasis HLB column with an unusual column length 

of only 20 mm and at an elevated column temperature of 50oC (Table 5). In both cases, ESI-

MS was used for detection and identification of phytocannabinoids in the samples. It is 

interesting to note that despite the method described by Faro et al.00 (2022) was mentioned 

as a UHPLC-MS method, a column with 2.6 m particle size was used (Table 5). So, technically 

it was not a UHPLC method as UHPLC or UPLC columns should have a particle size of 2 m or 

less. In a similar fashion, Mannocchi et al.158 also claimed that their method was a UPLC-

MS/MS method (Acquity I Class coupled with a Waters XEVO TQ-S Micro tandem quadrupole 

mass spectrometer) but used a column with 5 m particle size [Oasis HLB column (20 mm x 

4.6 mm, 5 m]. It appears that clearly there are some misunderstandings among researchers 

about the definition of UPLC or UHPL. 

Since 2020, only two UPLC (or UHPLC) methods have been published for the 

determination of phytocannabinoids, one in human hair samples, and the other in human nail 

samples156,159.  CBD (5), 9-THC (14) and 9-THCA (15) were successfully identified in human 

hair samples collected after repeated intake of CBD-rich cannabis smoking156 (Table 5). In this 

study, an Agilent Infinity 1290 UHPLC system coupled with a 4500 QTRAP hybrid triple 

quadrupole/linear ion trap MS with a Turbo V ion source was used with an Ace Excel Super 

C18 column (75 mm × 2.1 mm, 2 μm) linked to a C18 guard column, eluted with a gradient 

elution comprising water/formic acid 5 mM and ACN. ESI-MS was in negative ion mode, and 

MS/MS (MS2) selected reaction monitoring (SRM) acquisition was employed. The highlight of 
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this method was its short run time (5 min). Head and pubic hair collected one week after the 

exposure revealed the presence of CBD (5) at concentrations of 312 and 178 pg/mg, 

respectively, but the same samples were found to be negative for THC (14) and THC-COOH 

(29). This study demonstrated that hair analysis is effective in the discriminating between the 

repeated consumption of CBD-rich cannabis and THC-prevalent products. A UPLC-MS/MS 

with high-throughput sample preparation step was applied for the analysis of 106 different 

drug samples including 9-THC (14) in human nail samples159. The sample preparation step in 

this study involved efficient cryogenic grinding coupled with room temperature zircon beads 

grinding for the extraction of drugs from nail samples. An Acquity UPLC coupled to a Waters 

Xevo TQ-XS triple quadrupole spectrometer (QQQ-MS/MS) with an ESI source, and an Acquity 

UPLC HSS column (150 mm x 2.1 mm, 1.8 m) were used. ESI-MS in positive ion operating in 

multiple reaction monitoring (MRM) mode was employed. This quantitative data evaluation 

of authentic nail samples collected from drug addicts under withdrawal treatment in 

community rehabilitation centers could detect drugs in the lower pg/mg range, and thus, this 

nail analysis method could be a useful tool for the large-scale monitoring of drugs abuse 

including phytocannabinoids. 

3.2.4  Human urine samples 

Human urine samples are extensively used in forensic toxicological analysis for the 

determination of illegal drugs, including phtocannabinoids, and their metabolites1,2. Table 6 

presents the applications of HPLC and UPLC-based analytical methods for the analysis of 

phytocannabinoids and their biotransformation products in human urine samples133, 150, 156, 

160-162. ESI-MS/MS methods have been used almost exclusively for the detection of 

phytocannabinoids in these LC operations. When it comes to urine analysis for the presence 

of phytocannabinoids and their conjugates, during the last three years, there has been a clear 

shift from the use of standard HPLC to UPLC or UHPLC instrumentation, and to the use of MS-

based detection technology. It can be noted that the use of MS detectors has become routine 

in most of the laboratories dealing with cannabinoids analysis in human urine samples, 

because of the increased availability and reduced cost, and obviously owing to the richness 

of structural information that this detection may provide2. There is only one report on the use 

of an HPLC method for the detection of phytocannabinoids, e.g., 9-THCA (15) along with 

several other drugs of abuse, in human urine samples, where an Agilent Infinity 1290 II LC 
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system coupled with a 6470 Triple Quadrupole MS (UHPLC-QQQ-MS) was used160. A standard 

reversed-phase C18 column (150 mm x 4.6 mm), but with smaller particle size (3 m), and a 

Jet Stream Technology Ion Source (AJS) ESI in positive and negative ion modes were employed in 

this study. The mobile phase combination used in this work was slightly different because 

instead of 0.1% HCOOH, only 0.05% HCOOH was used with 10 mmol/L ammonium formate 

solution as solution A, where MeOH was used as solution B in the gradient elution over 17 

min total run time (Table 6). However, additionally Liu et al.160 used a Dionex Ultimate 3000 

UHPLC coupled with Q Exactive Plus Hybrid Quadrupole-Orbitrap MS (UHPLC-QE Plus-HRMS) 

system and a Hypersil GOLD column (100 mm × 2.1 mm, 1.9 m) to analyze human urine 

samples for the detection and quantification of 9-THCA (15). In both cases, prior to HPLC and 

UHPLC analyses, a liquid-liquid extraction protocol was introduced for sample preparation. 

There are at least five different UPLC (or UHPLC) methods reported for the analysis of 

phytocannabinoids and their metabolic products during 2020-23133, 150, 156, 160-162. Waters 

Acquity UPLC system appears to be the most popular choice, followed by Agilent UHPLC and 

Dionex UHPLC systems (Table 6). Pichini et al.133 used a short UPLC column (50 mm x 2.1 mm, 

1.7 m) for the detection of CBD (5), CBDA (6), 9-THC (14), 9-THCA (15), 11-OH-THC (12), 

THC-COOH (29) and 9-THC conjugates, e.g., 9-THC-glucuronate and THC-COOH-

glucuronate,  in human urine samples (Table 6). The UPLC run was conducted with an elevated 

column temperature at 50oC and at a flow rate of 0.4 mL/min. The use of a short column 

reduced the total run time to only 10 min. Among the detected cannabinoids, THC-COOH-

glucuronate was the first metabolite eluted from the column (tR = 4.27 min), whereas 9-THCA 

(15) was the last emerge from the column (tR = 6.29 min)133. In this study, urine samples were 

collected prior to experiment and then each 2 h for the next 24 h. Each single analyte 

concentration measured in the different urine samples multiplied for the collected volume 

and summed together represented the 0–24 h amount excreted in urine. In this experiment. 

A year later, the same group of researchers reported the comprehensive identification of CBD 

(5), CBDA (6), 7-carboxycannabidiol (CBD-7-OH), 7-hydroxycannabidiol (CBD-7-OH) and 6-

hydroxycannabidiol (CBD-6-OH) in human urine samples obtained from an individual 

treated with medicinal cannabis using a similar Waters UPLC-MS system, but using a longer 

column (100 mm)150. However, the total run time was only 8 min despite a longer column. 

The ESI ionization was performed in negative mode to reach the sensitivity required to detect 
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trace amounts, with limits of quantification ranging from 0.05 to 0.1 ng/mL. This method was 

found to be accurate, precise and rapid for the detection of phytocannabinoids and their 

conjugates in human urine samples.  

Analysis of phytocannabinoids, e.g., CBD (5), 8-THC (13), 9-THC (14), 10-THC, 8-

THC-COOH, 9-THC-COOH (29), in human urine samples in forensic toxicology casework by 

isomer-selective UPLC-MS/MS has recently been reported, where a Waters Cortecs UPLC C18 

Plus analytical column (50 mm x 2.1 mm, 1.6 m) was used161. In this study, instead of a linear 

gradient, a step gradient for near isocratic separation of cannabinoids was used (Table 6). All 

these cannabinoids were eluted between 1,94 and 4.87 min. This method was proved to be a 

simple, and rapid method for routine and high-volume testing of forensic urine samples. 

Gerace et al.156 used an Agilent Infinity 1290 UHPLC system coupled with a 4500 QTRAP hybrid 

triple quadrupole/linear ion trap MS with a Turbo V ion source for the analysis of CBD (5), 9-

THC (14), 9-THCA (15) in human urine samples obtained after repeated intake of CBD-rich 

smoking. An Ace Excel Super C18 column (75 mm × 2.1 mm, 2 μm) linked to a C18 guard column 

was used, and the gradient mobile phase comprised 5 mM formic acid in water and ACN. With 

a flow rate of 0.6 mL/min and a column temperature of 45oC, the total run time was 

impressively short (5 min). In this study, ESI-MS/MS was in negative ion mode, and MS/MS 

(MS2) selected reaction monitoring (SRM) acquisition was used. A similar method, but utilizing 

a longer column (100 mm) and multiple reaction monitoring (MRM) transitions, has recently 

been published for the analysis of several phytocannabinoids and their conjugates including 

CBD (5), 6-OH-CBD, 7-OH-CBD, 7-COOH-CBD (7), 8-THC (13), 9-THC (14), 9-11-OH-THC, 8-

THC-COOH, 9-THC-COOH (11-COOH-THC, 29) and 9-THC-COOH-glucuronide,  in urine 

samples from laboratory staff with no prior experience of cannabis consumption162. However, 

the run time was a bit long (19 min). In this method, an automated micro solid-phase 

extraction (MSPE) was used online for sample cleanup prior to LC-MS analysis. Seventy eight 

forensic urine samples were analysed with this method and CBD (5), 8-THC (13) and 9-THC 

(14) metabolites were effectively detected in 54 samples. 9-THC (14) metabolites were also 

identified in 15 samples containing 8-THC-COOH. This piece of work established an analytical 

method that could offer continuous treatment of specimens and the detection for 

metabolites of CBD (5), 8-THC (13) and 9-THC (14) in urine samples by incorporating an 
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online SPME-UHPLC-MS/MS. This method has the potential for use in the determination of 

legal limits for CBD (5), 8-THC (13) and 9-THC (14). 

3.2.5 Miscellaneous biological samples from human 

There are at least five reports published during 2020-23 on HPLC and UPLC (or UHPLC)-

based analysis of phytocannabinoids in various nonconventional biological samples obtained 

from humans, including dry bone, liver fraction, cerumen (ear wax) and cell free matrices 

(Table 7). Giordano et al.163 reported the analysis of 11-COOH-THC or THC-COOH (29) in 

human dry bone samples from cranium, ribs and vertebrae using a Thermo-Fisher HPLC 

system coupled with a Q-Exactive Orbitrap–mass spectrometer with a heated ESI ionization 

source and a Synergi Hydro-RP column (150 mm x 2 mm, 4 m) coupled to a C18 guard column 

(4 mm x 3 mm, 4 m). A gradient elution with ammonium formate in water and MeOH, at a 

flow rate of 0.7 mL/min and a run time of 22 min was employed in this study. This study 

opened up a new possibility in forensic analysis of decomposed or skeletonized human 

remains, where conventional matrices like blood, oral fluid or urine are no longer available. 

Prior to LC analysis, accelerated solvent extraction (ASE) was carried out to extract 

cannabinoids from bone samples. Earlier. A similar HPLC-MS method, but using a column with 

smaller particle size (3 m), and a gradient elution (flow rate = 0.3 mL/min) with ammonium 

acetate buffer containing 0.1% formic acid and 0.1% HCOOH in ACN were used for the analysis 

of S9 liver fraction leading to successful identification of 11-OH-THC (12) and its glucuronide, 

11-COOH-THC or THC-COOH (29) and its glucuronide, and 9-THC-glucuronic acid164 (Table 7). 

In this study, the HESI-MS detector was used in both positive and negative ion modes, and 

investigated phase II metabolism of 11-OH-THC (12) in vitro and in vivo. 

A sensitive, reliable and efficient UHPLC-ESI-MS/MS method has recently been 

reported for the analysis of CBC (1), CBD (5), CBDV (18), CBG (8) and CBN (10) in cell free or 

extracellular matrices165. Positive electrospray ionization and multiple reaction monitoring 

(MRM) modes were used. This method showed good linearities over a concentration range 

of 0.025 – 40 g/mL and was shown to be applicable to the analysis of hemp ethanolic 

extracts. An optimized protein precipitation step was introduced in this study to achieve 

efficient cleanup and high recoveries of the phytocannabinoids, i.e., CBC (1), CBD (5), CBDV 

(18), CBG (8) and CBN (10), from different matrices, and to avoid matrix composition that 
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could potentially interfere with the chromatographic separations and ESI operation. Overall, 

this method was found to be highly efficient because of the less complicated preparation 

process, small sample size, short run time (14 min), enhanced detection sensitivity, accuracy 

and broad application range. 

Another nonconventional and less frequently exploited biological sample for forensic 

analysis is cerumen, which is commonly known as earwax. In recent years, this biological 

matrix has been used for biomonitoring, aiming at the detection of psychotropic drugs 

including cannabinoids166,167. Several phytocannabinoids and their metabolites, e.g., CBD (5), 

CBN (10), 9-THC (14), 11-OH-THC (12) and 11-COOH-THC or THC-COOH (29), were effectively 

detected and quantified in cerumen samples by using an Acquity I-Class UPLC coupled with a 

Xevo TQ-XS triple quadrupole MS, establishing the fact that cerumen samples could be 

successfully used as an alternative forensic sample for the analysis of drugs of abuse166. A 

short column (Acquity UPLC BEH C18 column; 50 mm x 2.1 mm, 1.7 μm) and a gradient elution 

with water and ACN, both containing 0.1% HCOOH, were applied in this study. One of the 

main advantages of using a cerumen sample is that unlike hair samples, it is less prone to 

external contamination caused by ambient air and cosmetics, and therefore, is more reliable 

for detection of drugs of abuse. Prior to UPLC analysis, cerumen samples were extracted with 

1% acetic acid in ACN, by centrifugation. Later, almost an identical method was reported for 

the determination of phytocannabinoids, i.e., CBC (1), CBD (5), CBG (8), CBN (10), 9-THC (14), 

and 11-COOH-THC or THC-COOH (29), in human cerumen samples obtained from 14 cannabis 

users using UPLC-MS/MS167. Δ9-THC (14) was detected in twelve samples, and CBG (8), CBN 

(10) and Δ9-THC (14) were quantified at concentrations 0.02–0.21, 0.01–0.24 and 0.01–4.86 

μg/g, respectively, in six samples. A significant inter-individual variation in detected 

cannabinoid concentration dependent on age, sex and time of use was observed. 

3.3 UPLC (or UHPLC) analysis of cannabinoids in animal samples 

 Table 8 displays the summary of all LC-based analytical methods for the quantification 

of phytocannabinoids and their conjugates in various animal samples published during 2020-

2023168-174. There were only seven reports on the analysis of phytocannabinoids in various 

animal samples available in the literature during this period, and all these studies involved 

the use of UPLC (or UHPLC) rather than standard HPLC methods, and ESI-MS as the detection 
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technology. Almost exclusively all studies used a Waters UPLC-MS/MS system, except one, 

where a Vanquish UHPLC Q-Exactive system coupled with a Hybrid Quadrupole-Orbitrap MS 

was used. Cattle plasma samples following oral administration of hemp were analysed by a 

Waters Acquity H UPLC coupled with a TQ-S triple quadrupole MS detector for the detection 

of cannabinoids and their conjugates derived from metabolism, including CBC (1), CBCA (2), 

CBD (5), CBDV (18), CBDVA (19), CBG (8), CBN (10), 11-OH-9-THC (12), 8-THC (13) 9-THC 

(14), 9-THC-COOH (29), 9-THC-glucuronic acid and, 9-THCV (16),  9-THCA (15), aiming at 

establishing plasma pharmacokinetics of phytocannabinoids168. This study demonstrated that 

acidic cannabinoids, e.g., CBDA (6), were rapidly absorbed from the rumen and distributed in 

the body. A twelve minute gradient using the mobile phase ACN-water (both containing 0.1% 

HCOOH) at an elevated column temperature of 55oC, and a flow rate of 0.5 mL/min was used. 

A similar UPLC method to establish pharmacokinetics involving blood samples from healthy 

dogs after intranasal, intrarectal and oral administration of CBD (5) was reported by Polidoro 

et al.169; instead of ACN, methanol (MeOH) was used in the mobile phase. In this study, a Xevo 

TQ-XS triple quadrupole mass spectrometer was used to obtain ESI-MS/MS data in positive 

ion mode. It was observed that intranasal, intrarectal and oral administration of, respectively, 

20, 100 and 100 mg CBD (5) was well tolerated by the dogs. This study recommended the use 

of intranasal delivery of CBD (5) in veterinary medicine over oral administration because of 

faster absorption of CBD (5). Earlier, a UPLC-MS based analysis of dog serum and urine 

samples successfully detecting 11-OH-9-THC (12), 9-THC (14), 9-THCA (15), and 9-THC-

glucuronide in serum, and CBD (5), 11-OH-9-THC (12), 9-THC (14), 9-THCA (15), 9-THC-

glucuronide and 9-THCA-glucuronide in urine170. A shorter column (50 mm) was used with 

an ACN-water based linear gradient elution at a 0.4 mL/min flow rate and column 

temperature of 40oC. This piece of work demonstrated that a UPLC-MS/MS method using 

multiple reaction monitoring (MRM) could be useful in the diagnosis of marijuana toxicosis in 

dogs. Plasma samples from donkeys were analysed by UPLC-MS/MS using an Acquity UPLC HSS-

T3 column (100 mm x 2.1 mm, 1.8 m) for the separation and identification of 11-OH-9-THC (12), 

9-THC (14) and 9-THCA (15)171. This was the first report on marijuana toxicosis in donkeys. 

 There are at least three reports172-174 on the analysis of mice samples for detecting 

cannabinoids during the period covered in this review article, and all of these articles were 

published in 2023 (Table 8). Upadhyay et al.172 used an Acquity BEH C18 column (50 mm × 2.1 
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mm, 1.7 μm) and an ACN-water (both containing 0.1% HCOOH) gradient at a flow rate of 0.6 

mL/min for the detection of 9-THC (14) and 9-THCA (15) in the brain and peripheral tissues 

of mice after intranasal instillation of a nanoformulation ,while 8-THC (14), 9-THC (14), 11-

OH-9-THC (12) and 9-THC-COOH (29) were successfully determined in the brain and plasma 

samples from mice after being exposed to cannabis smoke establishing differential 

pharmacokinetics of 9-THC (14) based on sex, age and strain173. In both cases, ESI-MS/MS 

was used for the detection of cannabinoids. 9-THC (14), 9-THCA (15) and 9-THCV (16) and 

their metabolites were successfully detected in primary hepatocytes of mice using a Vanquish 

UHPLC Q-Exactive system coupled with a Hybrid Quadrupole-Orbitrap MS174. In this study, an HSS 

T3-C18 column (100 mm x 2.1 mm, 1.8 m) and a gradient elution with ACN-water (0.1% 

HCOOH) were employed with a  flow rate of 0.3 mL/min. This study established the link 

between metabolism and biological activity of phytocannabinoids. 

3.4 HPLC and UPLC (or UHPLC) analysis of cannabinoids in dietary supplements, food 

and beverages 

Cannabinoids may be present in food and beverages, either as contaminants or as 

food additives2,175,176 (Table 9).  Cannabis seeds have long been used as a food source and 

there are several food products available in the marker that contain purified cannabinoids or 

cannabis extracts175-181. Therefore, the qualitative and quantitative analysis of cannabinoids 

in food and food supplements, and beverages is essential for quality assurance and the 

control of dietary intake of cannabinoids-containing food items.2 An HPLC-DAD method, 

employing a simple isocratic elution with 80% ACN in water (both containing 0.1% formic acid, 

HCOOH) at 1 mL/min, has recently been reported for the analysis of cannabinoids, particularly 

CBD (5) and THC (14) in cannabis-infused ice cream103 (Table 9). The retention times for CBD 

(5) and THC (14), respectively, were ca. 3 and 6.5 min.  This study also looked at the stability 

of these cannabinoids in ice cream over period of as long as 270 days. A similar isocratic HPLC-

DAD method was used for the determination of CBD (5) in various food supplements that 

contain CBD (5)178 (Table 9). Dawson and Martin177 investigated chocolate matrix interference 

on cannabinoid analytes, e.g., CBD (5), CBG (8), CBN (10) and THC (14), using an HPLC-DAD 

method with a much shorter run time (7 min), using an ACN-water gradient and at a slightly 

higher temperature (40oC)  than the room temperature (Table 9). In this study, a reversed-

phase column (150 mm x 4.6 mm) packed with 2.7 mm C18 silica was used. It is well-known 
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that chocolate is an extremely complex food matrix for analyte extraction and quantification, 

mainly because of high fat content and presence of polyphenolic compounds177. However, 

the method described by these authors was found to be successful in the analysis of 

cannabinoids in three different chocolate matrices, i.e., milk chocolate, dark chocolate and 

unsweetened non-Dutch process cocoa powder. It was observed that chocolate matrix could 

inhibit the complete extraction of cannabinoids in solution.  

An reversed-phase HPLC-PDA (set at 228 nm for monitoring the chromatogram) 

together with HPLC-MS has recently been used for the comprehensive identification of a 

series of phytocannabinoids, e.g., CBD (5), CBDA (6), CBDV (18), CBDVA (19), CBGA (9), CBN 

(10), Δ9-THC (14), Δ9-THCA (15), Δ9-THCV (16), Δ9-THCVA (17), in hemp-seed based food 

products, such as, oil, flour, flour by-product179.  It can be noted that the term hemp, industrial 

hemp or fibre-type cannabis is only used to describe some Cannabis sativa varieties, where 

CBD (5) and its acid precursor CBDA (6) are the main components. An ESI-MS detector was 

employed in positive ion mode. 

During the past three years, there appears to be only two true UPLC (or UHPLC) 

methods reported for the analysis of cannabinoids in dietary supplements, food and 

beverages180,181 (Table 9). A Waters Acquity UPLC coupled with an MS detector (negative ion 

mode using multiple reaction monitoring, MRM) has been employed in a recent study to 

detect CBD (5), CBDA (6), CBDV (18), CBG (8), CBN (10), D9-THC (14), D9-THCA (15), THCV (16), 

and D9-THC-COOH (29) in cannabinoids containing food products including chocolate, 

fondant, biscuits, beverages, cookies and baijiu180.  In this study, an ACN-water (both 

containing 0.1% HCOOH) gradient was used at a flow rate of 0.3 mL/min and a run time of 12 

min and Waters Acquity UPLC BEH Shield C18 column (100 mm x 3 mm, 1.7 mm) was used as 

the stationary phase. A tandem ESI-MS using MRM in negative ion mode was applied. Three 

moka coffee drinks, enriched with shredded inflorescences of different cultivars of hemp, 

marketed in southern Italy, were analysed by a UHPLC-HRMS (Shimadzu Nexera UHPLC) 

method for qualitative and quantitative phytocannabinoid profiles181. The reversed-phase C18 

silica column used in this study was much shorter than the columns mentioned earlier; the 

length of the column was just 50 mm and the diameter was 2.1mm with a particle size of 1.6 

m. Cannabidiolic acid (CBDA, 6) and THCA (15) emerged as the major phytocannabinoids 

present in those coffees. Interestingly, no trace of CBN (10) and THC (14) could be detected 
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in the samples examined. This study pointed a new direction for the exploitation of hemp 

processing by-product to obtain high value-added drinks. In this study, an ESI probe was used 

in both positive and negative ion modes and the Atmospheric Pressure Chemical Ionization 

(APCI) probe was used for fully automatic mass calibration using the Calibrant Delivery System 

(CDS). It can be mentioned that the fragmentation pattern of each detected metabolite was 

investigated, not only in terms of m/z ratio but also taking into consideration of the 

fragments’ intensity, obtained during the collision-induced dissociation (CID) of the precursor 

ions as it would be helpful in the case of constitutional isomers that usually produce 

qualitatively similar MS/MS spectra. The use of QqTOF (quadrupole-quadrupole-time-of-

flight) mass analyzer was found to be effective in this study. 

3.5 HPLC and UPLC (or UHPLC) analysis of cannabinoids in waste water and sewage 

 LC-based methods are routinely used for the detection of phytocannabinoids present 

in various other matrices, e.g., waste water samples2. It can be noted that waste water based 

epidemiological studies are generally conducted to monitor the presence of cannabis-derived 

psychoactive substance, e.g., 9-THC (14) or other illicit drugs, and the use of LC-based 

analysis often encounters various problems, especially related to a limit of quantification at 

low ng/L concentration182. Only four research papers have been published during 2020-23 on 

the LC-based analysis of waste water samples for the detection of phytocannabinoids, two 

involving HPLC and two other using UPLC (or UHPLC) systems182-185 (Table 10). In all those 

cases, ESI-MS/MS was used for the detection of cannabinoids. 9-THC (14) was successfully 

detected from unfiltered sewage with an LLQ of 5.17 ng/L as quantified by an HPLC-MS/MS 

system using a standard analytical HPLC column with particle size of 5 m182. This piece of 

work demonstrated the real-word application of LC-MS/MS methods for illicit drug 

surveillance in waste water-dependent epidemiology.  Foppe et al.183 reported the analysis of 

39 different drugs and metabolites, including 9-THCA-glucuronide and THC-COOH-

glucuronide, in an upstream waste water network in Massachusetts, using an HPLC-MS/MS 

method. A reversed-phase biphenyl column with much smaller particle size (2.6 m) was used 

in that study and a solid-phase-extraction (SPE)-based pretreatment of waste water samples 

was incorporated in the protocol. Waste water collected from the waste water treatment 

plant, located along the Febros River shoreline in Vila Nova de Gaia, Porto, was analysed for 

the presence of cannabinoids by a UPLC-MS/MS using a multiple reaction monitoring (MRM) 
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mode; an SPE-based pretreatment was also used184. Several phytocannabinolids, e.g., CBDV 

(18), CBN (10), CBD (5), CBG (8), THCV (16), CBDA (6),  9-THC (14), 9-THCA (15) and THC-

COOH (29) (in the order of increasing retention time between 6.58 and 7.75 min), could 

successfully be detected in urban effluent waste water samples using this method. A similar 

UPLC-based method185 has recently been reported for the detection of 9-THC-COOH (29) in 

waste water collected from urban waste water treatment plants in China, where a reversed-

phase C18 column with 1.7 m particle size and a pretreatment step involving magnetic solid-

phase extraction (MSPE) were employed. It can be noted that a new type of SPE using 

magnetic nanoparticles as sorbents was used in this study, which allowed enhance separation 

of cannabinoids from a complex matrix in the presence of an external magnetic field. This 

method appears to be a simple, rapid and sensitive method for the analysis of cannabinoids 

and their metabolites or conjugates in waste water. 

4. CONCLUSIONS 

During the period 2020-23, HPLC and UPLC (or UHPLC)]-based analytical methods, 

particularly LC-MS/MS techniques, have continued to dominate the analytical methods for 

phytocannabinoids in various matrices, mainly biological matrices. However, HPLC-PDA 

methods are still popular for the analysis of cannabinoids in plant matrices. The ever-

increasing popularity of UPLC (or UHPLC) is mainly because of better precision, shorter run 

time, less use of solvent (mobile phase), and increased affordability. Besides, the price 

difference between a UPLC (or UHPLC) and a standard HPLC system has decreased 

considerably over the last few years. While water and ACN, both containing 0.05-0.1% HCOOH 

or CH3COOH or phosphoric acid, are still the most widely used mobile phase combination, the 

use of MeOH instead of ACN has also been observed.  Most of the methods reported for the 

analysis of phytocannabinoids are gradient methods, but the use of isocratic methods, 

especially for the analysis of a few phytocannabinoids, is still observed. Application of various 

mathematical models and computational techniques for process optimization and  accurate 

quantification of phytocannabinoids in different matrices has been observed. 
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Cannabichromene (1, CBC) R = H 

Cannabichromenic acid (2, CBCA) R = COOH 
Cannabicyclol (3, CBCL) 

Cannabicyclolic acid (4, CBCLA) 
 

Cannabidiol (5, CBD) R = H, R’ = Me 
Cannabidiolic acid (6, CBDA) R = COOH, R’ = Me 
7-Carboxy-cannabidiol (7, 7-COOH-CBD) R = H, 

R’ = COOH 

 
 

Cannabigerol (8, CBG) R = H  
Cannabigerolic acid (9, CBGA) R = COOH 

 
 Cannabinol (10, CBN) R = H 

Cannabinolic acid (11, CBNA) R = COOH 

 
11-Hydroxy-tetrahydrocannabinol  

(12, 11-OH-THC; R = CH2OH) 
11-Nor-9-carboxy-THC (29, 11-COOH-THC or 

THC-COOH; R = COOH) 

 
trans-(8)-Tetrahydrocannabinol  

(13, 8-THC) 

   

9-Tetrahydrocannabinol  

 
Cannabidivarin (18, CBDV) R = H  

Cannabidivarinic acid (19, CBDVA) R = COOH 
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(14, 9-THC or THC) R = H, R ‘ = C5H11 

9-Tetrahydrocannabinolic acid  
(15, THCA)  R = COOH, R’ = C5H11  

Tetrahydrocannabivarin (16, THCV) R = 
H, R‘ = C3H7 

Tetraydrocannabivarinic acid (17, 
THCVA) R = COOH, R‘ = C3H7 

 
Cannabielsoin (20, CBE) R = H 

Cannabielsoic acid (21, CBEA) R = COOH 

 
Cannabicitran (22, CBT) 

 
Hexahydrocannabinol (23, HHC) R = C5H11 

Hexahydrocannabiphorol (24, HHCP) R = C7H15 

 
-Cannabispirol (25) R = -OH 

-Cannabispirol (26) R = -OH 
Cannabiripsol (27)  

Cannabitriol (28) 

 

FIGURE 1 Major phytocannabinoids in different matrices analysed by HPLC 
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TABLE 1 HPLC and UPLC (or UHPLC) methods for the analysis of cannabinoids in Cannabis sativa L. plant samples 

Plant parts Instrumentation Column Mobile phase Detection Cannabinoids 

analysed/detected 

HPLC methods 

Aerial parts 

 

Acquity UPLC H-

class system 

Poroshell 120 EC-C18 column 

(150 mm × 2.1 mm, 2.7 μm) 

coupled with a Poroshell 120 

EC-C18 guard column (5 mm × 

2.1 mm, 2.7 μm) 

Column 

temperature = 

30oC; injection 

volume = 1 L. 

PDA set at 214 

nm 

CBC (1), CBD (5), CBDA (6), 

CBG (8), CBGA (11), CBN 

(10), 8 -THC (13), 9 -THC 

(14) and 9-THCA (15)13  

Agilent 1200 

series HPLC 

coupled with a 

DAD 

Poroshell column 120 SB-C18 

(150 mm x 4.6 mm, 2.7 µm) 

Mobile phase: A = 

0.1% HCOOH in 

water and B = 0.1% 

HCOOH in ACN. 

Gradient elution: 0–

8 min, 65% B in A; 

8–12 min, 65–95% 

B in A; and 12–13 

min, 95% B in A. 

After each run, a 5 

min column re-

equilibration was 

carried out. Flow 

rate = 0.5 mL/min; 

injection volume = 2 

L 

DAD set at 214 

nm 

CBD (5), CBG (8), CBN (10), 

Δ9-THC (14) and Δ9-THCA 

(15)14  
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Hewlett-Packard 

1100 HPLC 

Ascentis Express C18 column 

(150 mm × 3.0 mm, 2.7 µm) 

A mobile phase 

composed of 0.1% 

formic acid in water 

with ammonium 

formate at different 

concentrations (2, 5 

and 8 mM) (A) and 

0.1% HCOOH in 

ACN (B). Column 

temperature = 250C 

and injection 

volume 6 L. 

DAD at 210 

and 220 nm 

using (Design 

of Experiment) 

DoE 

CBC (1), CBCA (2), 

cannabichromevarin (CBCV), 

CBD (5), CBDA (6), CBDV 

(18), CBG (8), CBGA (9), 

cannabigerovarin (CBGV), 

CBN (10), cannabinerol 

(CBNR), Δ8-THC (13),  Δ9-THC 

(14) and Δ9-THCA (15).15  

Agilent 

Technologies 1200 

series LC system 

equipped with an 

Agilent 

Technologies 6410 

series triple 

quadrupole mass 

analyzer 

ESI-MS/MS 

(negative ion 

mode) using 

DoE 

Shimadzu Nexera 

×2 UHPLC system 

coupled with an 

SPD-M20A PDA in 

series with a 

Shimadzu 

LCMS8040 triple 

quadrupole 

system with an ESI 

source 

Ascentis Express RP-C18 

column (150 mm × 2.1 mm, 

2.7 µm) 

Mobile phase A = 

water/HCOOH 

(99.9:0.1) and B = 

ACN/HCOOH 

(99.9:0.1). Gradient 

elution: 0 to 2 min 

15% B in A, 2 to 52 

min 15% to 86% B, 

and 52 to 55 min 

86% B. The total 

analysis time, 

including pre- and 

DAD set at 220 

nm. ESI-MS in 

positive and 

negative ion 

modes 

CBCA (2), CBD (5), CBDA (6), 

CBG (8), CBGA (9), CBNA 

(11) and ∆9-THC (14)16  
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post-running, was 

67 min. Flow rate = 

0.4 mL/min; column 

temperature = 

30oC. 

Shimadzu HPLC Ascentis C18 column (250 mm 

× 2.1 mm, 5 μm) 

The mobile phase 

consisted of water 

and MeOH. The 

column was 

equilibrated with 

68% MeOH and 

then eluted with a 

linear gradient, 

increasing from 68 

to 90.5% MeOH in 

water over 35 min, 

then 95% over 

1 min. After 3 min, 

the column was 

adjusted to the 

initial conditions 

and re-equilibrated 

under that 

condition for 

16 min. Run time = 

56 min; flow rate = 

UV detection 

at 230 nm 

CBD (5) and 9 -THC (14)17  
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0.3 mL/min; column 

temperature = 

30oC; injection 

volume = 30 L. 

Shimadzu HPLC SunFireTM C18 column (150 mm 

x 3 mm, 3.5 μm) connected to 

a guard column (10 mm x 3 

mm) 

Mobile phase: 

water containing 

0.1% formic acid 

(A), CAN containing 

0.1% formic acid 

(B); 70% B (0–2 

min), 70–77% B (2–

20 min), 77–100% B 

(20– 25 min), 100% 

B (25–29 min) at a 

flow rate of 0.3 

mL/min. Injection 

volume 2 L. 

HPLC-PDA-

ELSD-ESIMS 

detection. PDA 

set at 225 nm 

CBC (1), CBD (5), CBDA (6), 

CBG (8), Δ9-THC (14) and Δ9-

THCA (15).18  

Aerial parts 

(Hemp) 

 

Finnigan Surveyor 

HPLC system 

equipped with a 

PDA detector 

Luna C18 (2) column (150 mm × 

3 mm, 3 µm) 

The mobile phase 

was isocratic and 

consisted of 

water/ACN (9:31), 

with 0.1% HCOOH 

and 10 mM 

ammonium 

formate. Column 

temperature = 

PDA set at 275 

nm 

CBC (1), CBD (5), CBDA (6), 

CBDV (18), CBG (8), CBGA 

(9), CBN (10), Δ8-THC (13), 

Δ9-THC (14), Δ9-THCA (15) 

and THCV (16).19  
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37oC; flow rate = 

0.8 mL/min; 

injection volume = 5 

L; run time = 8.5 

min. 

Shimadzu Nexera-i 

LC-2040C UHPLC 

coupled to an 

LCMS-8040 

tandem mass 

spectrometry 

detection with an 

ESI source 

Raptor ARC-18 column (150 

mm × 3.0 mm, 2.7 μm) 

connected to a Restek guard 

column 

The mobile phase 

comprised A = 

water with 0.1% 

HCOOH and 4 mM 

ammonium formate 

and B = ACN with 

0.1% HCOOH.  

Gradient elution: 0–

15 min, 75% B in A; 

15–18 min, 75–100% 

B in A; 18–20 min, 

100–75% B in A; 20–

23 min, 75% B in A. 

Column 

temperature = 

30oC; injection 

volume = 10 L; 

flow rate = 0.4 

mL/min; run time = 

23 min. 

ESI-MS/MS in 

positive and 

negative ion 

mode 

CBD (5), CBDA (6), Δ9-THC 

(14), Δ9-THC-d3 and Δ9-THCA 

(15).20  
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Aerial parts 

(fibre-type 

Cannabis sp.) 

Shimadzu UHPLC XR 

coupled to a PDA 
Ascentis Express RP-C18 

column (100 mm × 2.1 mm, 

2.7 µm) 

Mobile phase A = 

0.1% HCOOH in 

water and B = 0.1% 

HCOOH in ACN. 

Gradient elution: 0–

3 min 5% B in A, 3–

20 min 5–15% B in 

A, 20–30 min 15–

25% B in A, 30–42 

min 25–75% B in A, 

42–52 min 75–

100% B in A, 52–53 

min 100% B with a 

flowrate of 0.4 

mL/min. 

PDA at 220 nm CBD (5) and Δ9-THC (14).21  

Aerial parts of 

the hemp plant 

comprising the 

inflorescences, 

maturing seed 

heads and some 

upper leaves at 

three growth 

stages 

Shimadzu HPLC-

PDA 

Luna C18 column (150 mm × 

4.6 mm, 5 m) 

The mobile phase 

comprised an 80% 

ACN in 25 mM 

ammonium formate 

solution, and an 

isocratic run was 

performed. Flow 

rate = 1 mL/min; 

run time = 15 min; 

column 

PDA set at 228 

nm 

CBC (1), CBD (5), CBDA (6), 

CBG (8), CBGA (9), 9 -THC 

(14) and 9-THCA (15).22 
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temperature = 

30oC. 

Aerial parts 

from in vitro 

cultivation 

Shimadzu 

Proeminence UFLC 

coupled with an 

SPD-M20A PDA 

Kinetex C18 column (100 mm × 

2.1 mm, 5 μm) 

Mobile phase: A = 

0.1% formic acid in 

water and B = MeOH. 

Gradient elution: 0–1 

min, 60% B in A; 1–

3 min, 80% B in A; 

3–5 min, 85% B in 

A; 5–6.5 min, 90% B 

in A, 6.5–7.0 min, 

60% B in A. Flow 

rate = 0.5 mL/min; 

injection volume = 5 

L. 

DAD set at 220 

nm 

CBD (5), CBDA (6), CBN (10), 

Δ8-THC (13), Δ9-THC (14) and 

Δ9-THCA (15).23  

Biomass 

 

Agilent 1290 

Infinity II LC 

System 

Poroshell 120 EC-C18 column 

(150 mm × 2.1 mm, 2.7 mm) 

linked to a Poroshell 120 EC-

C18 guard column (5 mm × 2.1 

mm, 2.7 µm) 

Mobile phase: 0.1% 

HCOOH in water (A) 

and 01.% HCOOH in 

ACN (B). HPLC run 

commenced with 

isocratic elution 

with 66% B for 8 

min, a linear 

gradient to 95% B 

over the next 4 min, 

maintained at 95% 

DAD at 214 nm CBC (1), CBCA (2), CBD (5), 

CBDA (6), CBDV (18), CBDVA 

(19), CBG (8), CBGA (9), Δ9-

THC (14) and Δ9-THCA 

(15).28,29   
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B for 1 min, and 

then the column 

was re-equilibrated 

at 66% B for 4 min. 

Injection volume = 

1.5 L; flow rate = 

0.5 mL/min; run 

time = 17 min. 

Agilent 1260 HPLC Reversed-phase Luna C18(2) 

column 

Isocratic elution. 

75% ACN and 0.1% 

HCOOH in water. 

PDA set at 220 

nm 

CBC (1), CBCA (2), CBCL (3), 

CBD (5), CBDA (6), CBDV 

(18), CBDVA (19), CBG (8), 

CBGA (9), CBN (10), Δ8-THC 

(13)  Δ9-THC (14), Δ9-THCA 

(15), THCV (16) and THCVA 

(17).30  

Dionex Ultimate 

3000 HPLC-DAD 

system 

Accucore C18 Polar Endcapped 

column (100 mm × 2.1 mm, 

2.6 μm) 

The mobile phase 

comprised 0.1% 

HCOOH in both 

water (A) and 

methanol (B). 

Gradient elution: 

started at 62% B, 

increasing to 66% B 

at 13.75 min, 

followed by an 

increase to 80% B at 

DAD set at 210 

and 220 nm 

CBC (1), CBCA (2), CBD (5), 

CBDA (6), CBDV (18), CBDVA 

(19), CBG (8), CBGA (9), CBN 

(10),  Δ9-THC (14), Δ9-THCA 

(15), THCV (16) and THCVA 

(17).31  
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20 min. This was 

maintained for 4 

min before 

returning to 62% B 

and equilibrating 

for 3 min. Column 

temperature = 

50oC; flow rate 0.45 

mL/min; injection 

volume = 2 L; run 

time = 24 min. 

Vanquish core 

system coupled 

with an Exploris 

120 Orbitrap mass 

spectrometer 

Poroshell EC-C18 column (100 

mm x 3 mm, 2.7 µm) 

A gradient elution 

starting from 95% 

solvent A (0.1% 

aqueous HCOOH) 

and 5% B (ACN with 

0.1% HCOOH), 

linearly increased to 

95% B in 20 min and 

held for 3 min; after 

a washing step at 

98% B for 7 min, the 

system was re-

equilibrated at the 

initial condition for 

6 min. The flow rate 

PDA set at 230 

and 306 nm. 

HESI-MS in 

positive ion 

mode 

CBC (1), CBCA (2), CBD (5), 

CBDA (6), CBG (8), CBGA (9), 

Δ9-THC (14), Δ9-THCA (15), 

Cis-Δ9-THC and Cis-Δ9-

THCA.32 
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= 0.5 mL/min, run 

time of 36 min and 

column 

temperature 30oC. 

Buds Shimadzu 

Prominence-i LC-

2030C Plus system 

NexLeaf CBX for Potency C18 

column (150 mm x 4.6 mm, 2.7 

m) coupled with a Zorbax 

Eclipse Plus-C18 narrow bore 

guard column (12.5 mm x 2.1 

mm, 5 μm) 

Mobile phase: 

0.085% Phosphoric 

acid in water (A) 

and 0.085% 

phosphoric acid in 

MeOH (B). 

Gradient: 0−9 min, 

isocratic 68% B; 

9.0−16.0 min, 

68−92% B; 

16.0−17.0 min 

92−100% B. Column 

temperature = 

50oC; flow rate =  

1.6 mL/min; run 

time = 18 min. 

DAD detection 

at 220 nm 

CBC (1), CBD (5), CBDA (6), 

CBDV (18), CBG (8), CBGA 

(9), CBN (10), Δ8 -THC (13), 

Δ9 -THC (14), Δ9-THCA (15) 

and THCV (16).33  

Dried female 

flower buds 

Smartline model 

HPLC system 

Knauer 

Reversed-phase C18 column, 

coupled with a KNAUER guard 

column and pre-column 

Isocratic elution 

with 80% MeOH in 

water with a flow 

rate of 1 mL/min. 

Injection volume = 

PDA set at 220 

nm 

CBD (5) and Δ9-THC (14).34   
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20 L; column 

temperature 30oC. 

Flowers 

 

Agilent 1260 

Infinity II HPLC 

system equipped 

with DAD  

Reversed-phase C18 silica 

column (150 mm x 4.6 mm, 5 

m) 

Gradient elution 

with water and 

ACN, both 

containing 0.1% 

HCOOH. 

DAD set at 240 

nm 

Δ9-THC (14), and Δ9-THCA 

(15).35  

Agilent 1260 

Infinity HPLC 

system equipped 

with VWD 

detector 

Restek Raptor ARC18 reversed-

phase column (150 mm x 4.6 

mm, 2.7 m) 

Isocratic elution 

with 0.1% 

HCOOH/0.5 mM 

ammonium formate 

in water: 0.1% 

HCOOH/0.5 mM 

ammonium formate 

in ACN (1:3) at a 1.5 

mL/min flow rate. 

UV-PDA at 220 

nm 

CBC (1), CBCA (2), CBCL (3), 

CBG (8), CBN (10), CBNA 

(11), Δ9-THC (14), THCV (16) 

and THCVA (17).36   

Shimadzu HPLC Shim-pack XR-ODSII C18 

chromatographic column (150 

mm x 3 mm, 2.2 m) 

Mobile phases A 

and B were a 

mixture of water 

and MeOH, with 

phosphoric acid 

(99.93/0.07%). It 

started with 65% B 

(for 1 min, then, it 

gradually increased 

to 72% over 25 min, 

UV detection 

at 220 nm 

CBC (1), CBD (5), CBDA (6), 

CBDV (18), CBG (8), CBGA 

(9), Δ9-THC (14) and Δ9-

THCA (15).37  
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and after that, it 

increased to 95% 

for 5 min. After 

maintaining these 

conditions for 2 

min, the initial ratio 

of mobile phases 

was adjusted and 

the column was re-

equilibrated for 12 

min. Flow rate = 1 

mL/min; run time = 

45 min; injection 

volume = 10 L; 

column 

temperature = 50oC 

Shimadzu LC-20A 

coupled with PDA 

Hypersil BDS C18 column (150 

mm x 4.6 mm, 5 m) 

The mobile phase 

comprised A = 

MeOH and B = 25 

mM ammonium 

acetate solution. 

Gradient elution: 

75% A: 1 min, 75% 

to 95% A in 15 min, 

95% A: 2 min, 95% 

to 75% A in 2 min, 

DAD set at 205 

nm 

CBD (5), CBDA (6), CBN (10), 

Δ9-THC (14) and Δ9-THCA 

(15).38  
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and 75% A: 5 min. 

Total run time was 

25 min. Flow rate = 

1mL/min; run time 

= 25 min 

 Shimadzu 

Prominence-I 

LC2030 C3D 

Shim-pack XR ODS-II (75 mm x 

3 mm, 2.2 µm) 

Mobile phase: A = 

0.07% phosphoric 

acid in water and B 

= 0.07% phosphoric 

acid in MeOH. 

Gradient elution: 

started with 65% B, 

increased to 72% B 

in 25 min, then to 

95% in 5 min, and 

after maintaining 

these conditions for 

2 min the initial 

ratio of mobile 

phases was 

adjusted and re-

equilibrated the 

column for 12 min. 

Column 

temperature = 

50oC; flow rate = 1 

DAD set at 224 

nm 

CBC (1), CBD (5), CBDA (6), 

CBDV (18), CBG (8), CBGA 

(9), CBN (10),  Δ8-THC (13), 

Δ9-THC (14), Δ9-THCA (15) 

and THCV (16).39  
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mL/min; injection 

volume = 10 L; run 

time = 45 min. 

Dried flowers 

 

Agilent 1200 

Series HPLC 

Kinetex Evo C18 column (100 

mm × 2.1 mm, 5 μm) 

connected to a Security Guard 

Ultra guard column  

The mobile phase 

comprised 50 mM 

ammonium formate 

in water (A) and 100% 

MeOH (B). Injection 

volume = 2 L; flow 

rate = 0.3 mL/min. 

UV-DAD at 230 

and 280 nm 

CBD (5), CBDA (6), CBG (8), 

CBGA (9), Δ9-THC (14) and 

Δ9-THCA (15).40   

Agilent 1290 

Infinity UHPLC 

system coupled 

with a TSQ 

Quantiva triple 

quadrupole mass 

spectrometer 

Ace-3, C18-amide column (100 

mm × 2.1 mm, 3 μm) with a 

guard column (Ace-3, C18-

amide, 10 mm × 2.1 mm, 3 

μm) 

Mobile phase: A = 

0.1% HCOOH in water 

and B = 0.1% HCOOH 

in ACN.  Gradient 

elution: 0–5 min, 57–

70% B in A; 5.0–11.0 

min, 70– 75% B in A; 

11.0–13.0 min, 75–

80% B in A; 13.0–14.0 

min, 80–95% B in A, 

followed by a 4.0-min 

wash at 98% B in A 

and column re-

equilibration at 57% B 

in A for 4.0. Column 

temperature = 

40oC; injection 

volume = 1 L; flow 

ESI-MS/MS in 

positive ion  

mode 

CBC (1), CBCA (2), CBCL (3), 

CBCLA (4), CBD (5), CBDA 

(6), CBDVA (19), CBG (8), 

CBGA (9), CBN (10), CBNA 

(11), Δ9-THC (14), Δ9-THCA 

(15), THCV (16) and THCVA 

(17).41   
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rate = 0.5 mL/min; 

run time = 21 min. 

Waters 2695 

separations HPLC 

module coupled to 

a Waters 2996PDA 

detector  

Luna C18(2) column (150 mm x 

4.6 mm, 3 m) 

Isocratic elution 

with ACN–water–

HCOOH 77:23:0.1. 

Flow rate = 1.2 

mL/min; injection 

volume 10 L and 

run time = 20 min. 

UV-PDA at 220 

nm 

CBD (5), CBDA (6), Δ9-THC 

(14) and Δ9-THCA (15).42   

Dried flowers 

and leaves 

Thermo Fisher 

Scientific HPLC-

PDA 

C18 column (250 mm × 4.6 

mm, 5.0 µm) from Advanced 

Chromatography Technologies 

Mobile phase A = 

50 mM ammonium 

formate buffer, pH 

5.19, and B = 

MeOH. A gradient 

elution: a linear 

increase of 68%-

85% B (0-10 min), 

85%-92% B (10-20 

min) and finally 95% 

B over 5 min. After 

25 min, the column 

was set to the initial 

condition and re-

equilibrated for 5 

min. Run time = 30 

min; flow rate = 1 

UV-PDA at 240 

nm 

CBD (5), CBDA (6), CBN (10), 

Δ9-THC (14) and Δ9-THCA 

(15).43   
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mL/min; column 

temperature = 30oC 

Flower tops Agilent 1100 

series LC 

chromatographic 

system 

Kinetex C18 column (150 mm x 

2.1 mm, 2.6 μm) equipped 

with a C18 guard column (2.1 

mm) 

Isocratic elution: 

75% ACN in water 

with 0.1% HCOOH. 

Flow rate = 0.5 

mL/min; run time = 

30 min; column 

temperature = 20 °C 

and injection 

volume = 10 μL. 

PDA detection 

at 230 nm 

CBD (5), CBN (10), CBDA (6), 

8-THC (13), 9-THC (14) 

and Δ9-THCA (15).44  

Inflorescences 

 

Acquity UPLC-PDA  Fortis Speed Core C18 PFP 

column (100 mm x 2.1 mm, 2.6 

m) 

Mobile phase = 

water (A) and ACN 

(B) both containing 

0.1% HCOOH. 

Gradient elution: 

started with 60% B 

in A maintained for 

0.5 min, then 

increased to 72% B 

in A in 3 min, 

further increased to 

90% B in A in 2 min 

and maintained for 

1.5 min, and finally 

decreased to 60% B 

PDA at 210 

and 225 nm 

CBD (5), CBDA (6) and 9-

THC (14).49  
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in A in 0.1 min. The 

solvent composition 

was held at the 

initial conditions 

until 10.0 min for 

re-equilibration of 

the column. Column 

temperature = 

25oC; flow rate = 

0.4 mL/min; 

injection volume = 

0.3 L. 

Agilent 1200 HPLC Raptor ARC-18 column (150 

mm × 4.6 mm, 2.7 µm) 

The mobile phase 

comprised 5 mM 

ammonium formate 

and 0.1% HCOOH in 

water (A) and 0.1% 

HCOOH in ACN (B). 

Isocratic elution 

with 75% B at a 1.5 

mL/min flow rate. 

Injection volume = 

5 L; run time = 15 

min. 

UV-Vis 

detection at 

228 nm 

CBC (1), CBCA (2), CBD (5), 

CBDA (6), CBG (8), CBGA (9), 

9-THC (14) and Δ9-THCA 

(15).50  
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Agilent 1260 

Infinity II HPLC 

system 

Raptor ARC-18 column (150 

mm x 4.6 mm, 2.7 μm) 

Isocratic elution 

with 20% ACN in 

water with 5 mM 

ammonium formate 

and 0.1% HCOOH at 

a flow rate of 1.5 

mL/min. Injection 

volume = 20 L. 

UV detection 

at 220 nm 

CBC (1) and 9-THC (14).51  

Agilent 1260 LC 

coupled with a 

Varian MS 500 ion 

trap mass 

spectrometer 

Agilent XDB (250 mm × 4.6 

mm, 5 µm) 

Gradient elution: 

1% HCOOH in water 

(A), ACN (B) and 

MeOH (C). The 

gradient started 

with 30% A and 

70% B, and in 20 

min arrived at 70% 

B and 30% C; in 23 

min it reached 

100% C and stayed 

isocratic up to 33 

min. 

DAD at 299-

400 nm, and 

ESI-MS in 

positive (for 

neutral 

cannabinoids) 

and negative 

ion  (for acidic 

cannabinoids) 

modes 

CBD (5), CBDA (6), 9-THC 

(14) and Δ9-THCA (15).52  

Agilent 1260 

Infinity II 

InfinityLab Poroshell 120-C18 

column (4.6 mm × 150 mm, 4 

µm)  

Phase A = 0.1% 

HCOOH in water 

and phase B = 

0.05% HCOOH in 

MeOH. Gradient 

UV at 210 and 

230 nm 

CBC (1), CBCA (2), CBD (5), 

CBDA (6), CBG (8), CBGA (9), 

CBN (10), CBDV (18) and 

CBDVA (19), Δ9-THC (14), Δ9-

THCA (15) and THCVA (17).53  
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elution: 0.00–7.05 

min 40% A; 7.05–

49.37 min 23% A; 

49.37–67.00 min 

5% A, followed by a 

post-run time of 10 

min during which 

conditions were 

reset to baseline. 

Flow rate = 1 

mL/min; injection 

volume = 35 µL; 

column 

temperature = 

50oC.  run time = 67 

min. 

 Accucore C18 column (100 mm 

× 2.1 mm, 2.6 μm) 

Phase A = 0.01% 

HCOOH in ACN and  

B = 0.01% HCOOH 

in water. Gradient 

elution: start when 

35% A, after 8 min 

decrease to 20% A, 

and 4 min later 

decrease to 0% 

A. Column 

PDA set at 230 

nm 

CBD (5), CBDA (6), Δ9-THC 

(14) and Δ9-THCA (15).54  
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temperature = 

50oC; injection 

volume 1 L; flow 

rate = 0.3 mL/min. 

Agilent 1200 Poroshell 120 EC-C18 column 

(150 mm x 3 mm, 2.7 μm) 

Aqueous o-

phosphoric acid 

(8.64 g/L) (solvent 

A) and ACN (solvent 

B). A gradient 

elution: 0 – 16 min 

from 36% to 18% A 

linear gradient, 16 – 

17 min 18% to 36% 

A linear gradient 

and from 17 to 30 

min re-equilibration 

of the column with 

a flow rate of 0.7 

mL/min. Column 

temperature = 40OC 

PDA set at 225 

and 306 nm 

Δ9-THC (14).55  

Agilent HPLC with 

DAD 

Agilent XDB column (250 mm × 

4.6 mm, 5.0 µm) 

The mobile 

phase comprised 

water (A) and ACN 

(B), both containing 

0.1% trifluoro acetic 

acid (TFA). Gradient 

DAD set at 215 

nm 

CBD (5), CBDA (6), Δ9-THC 

(14) and Δ9-THCA (15).56  
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elution: 80% B in A 

for 3 min; 100% B at 

20 min; held for 5 

min. Rune time = 20 

min; flow rate = 1 

mL/min. 

Agilent 1260 HPLC ACE 3 C18-PFP column (150 

mm × 3.0 mm, 3 µm) 

Isocratic elution. 

75% ACN and 0.1% 

HCOOH acid in 

water. 

UV detection 

at 228 nm 

CBC (1),  CBD (5), CBDA (6), 

CBG (8), CBN (10), Δ9-THC 

(14) and Δ9-THCA (15).57  

Agilent 1260 

Infinity II HPLC 

system 

Ascentis Express C18 column 

(150 mm x 3.0 mm, 2.7 m) 

Mobile phase: 0.1% 

HCOOH in water (A) 

and 0.1% HCOOH in 

ACN (B) Gradient 

elution: 0–13 min 

60% B, 13–17 min 

from 60% to 80% B, 

17–22 min from 

80% to 90% B, 

which was kept for 

8 min. The post-

running time = 10 

min; flow rate = 0.4 

mL/min; injection 

volume = 3 L 

DAD detection 

at 210 and 220 

nm 

CBD (5), CBDA (6), CBG (8), 

CBGA (9), CBN (10), 9-THC 

(14) and Δ9-THCA (15).58  

Agilent 1260 

Infinity 

ACE 3 C18-PFP column (150 

mm × 3.0 mm, 3 µm) 

Isocratic elution.  UV detection 

at 222 nm 

CBD (5), CBN (10) and Δ9-

THC (14).59  
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Water and 

Methanol (17:83). 

Flow rate = 0.4 

mL/min; temp = 

25oC; injection 

volume = 5 L; run 

time 20 min. 

AZURA HPLC 

system 

Four normal-phase columns: 

150 mm × 4.0 mm Eurospher II 

100-5 columns packed with 5 

μm fully porous particles (100 

A pore size) have been ˚ 

tested: (i) NH2, (ii) Diol, (iii) CN 

and iv) Si (bare silica). 

Four mobile phase 

compositions 95:5 

were used, 

isocratic: (i) 

Hept/IPA, (ii) 

Hept/EtOH, (iii) 

Hex/IPA and (iv) 

Hex/EtOH. Column 

temperature = 25oC 

and injection 

volume 5 L. 

UV detection 

at 228 nm 

CBC (1), CBD (5), CBDV (18), 

CBG (8), CBN (10) and 9-

THC (14).60  

Agilent 1260 

Infinity II LC 

system coupled 

with a variable 

wavelength UV 

detector 

Ascentis Express C18 column 

(150 mm x 3.0 mm, 2.7 μm) 

Mobile phase: 1% 

HCOOH in water (A) 

and 1% formic acid 

in ACN (B). Gradient 

elution: 0–13 min 

60% B in A, 13–17 

min from 60 to 80% 

B in A, 17–22 min 

UV detection 

at 210 and 220 

nm 

CBC (1),  CBD (5), CBDA (6), 

CBG (8), CBN (10), Δ9-THC 

(14) and Δ9-THCA (15).61  
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from 80 to 90% B in 

A, which was kept 

for 8 min. Flow rate 

= 0.4 mL/min; run 

time = 15 min; 

injection volume = 3 

L. 

Dionex Ultimate 

3000 UHPLC 

coupled with a Q-

Exactive Orbitrap 

mass 

spectrometer with 

a heated electro-

spray ionization 

(HESI) source 

A ternary (A/B/C) 

multistep gradient 

(solvent A: 0.1% 

HCOOH in water, 

solvent B: 0.1% 

HCOOH in ACN and 

solvent C: MeOH). 

Gradient 

programme: 0–2 

min from 50 to 67% 

B in A, kept for 4 

min, 6–10 min from 

67 to 90% B in A, 

kept for 4 min,14–

15 min from 90% to 

50% B in A, kept for 

5 min for re-

equilibration. 

Solvent C was 

ESI-MS in 

positive and 

negative ion 

mode 
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constant at 5% 

throughout the run. 

Flow rate 0.3 

mL/min; column 

temperature = 

30oC; injection 

volume = 1 L. 

Agilent 1200 

Series Gradient 

HPLC System  

Luna C18 column (150 × 4.6 

mm, 5 μm)  

Linear gradient 

elution. A = water 

containing 0.1% 

HCOOH and B = 

ACN. 0–17 min (35–

5% A), 17–22 min 

(5% A), 22–24 min 

(5–35% A), and 24–

28 min (35% 

A). Column temp.= 

25 °C; flow rate = 1 

mL/min; injection 

volume = 20 L 

DAD set at 210 

and 220 nm 
CBD (5), CBDA (6), CBN (10), 

Δ9-THC (14) and Δ9-THCA 

(15).62  

Surveyor HPLC 

system coupled to 

a linear ion-trap 

mass 

spectrometer 

Discovery C18 column (250 mm 

× 4.6 mm, 5 µm) 

A = water 

containing 0.1% 

HCOOH and B = 

ACN containing 

0.1% HCOOH. 

Gradient elution. 0–

ESI(+) was for 

the detection 

of CBD (5), 

THC (14), and 

CBN (10), and 

ESI(−) was for 
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(Linear Trap 

Quadrupole) 

17 min from 35:65 

(A:B) to 5:95, 17–22 

min from 5:95 to 

5:95, and 22–24 

min from 5:95 to 

35:65. The flow 

rates were 1 

mL/min in the 

column and 200 

μL/min in the 

electrospray 

ionization (ESI) 

source (split ratio 

4:1). Column 

temp.= 45 °C; 

injection volume = 

200 L 

CBDA (6), and 

THCA (15). 

Dionex Ultimate 

3000 UHPLC 

coupled with a 

DAD 

Restek Raptor ARC-18 column 

(150 mm x 4.6 mm, 2.7 µm) 

Mobile phase: A = 5 

mM ammonium 

formate and 0.1% 

HCOOH, and B = 

0.1% HCOOH in 

ACN. Isocratic 

elution with 75% B 

in A. Run time = 9 

min; flow rate = 1.5 

UV-DAD at 220 

and 280 nm  

CBD (5), CBG (8) and Δ9-THC 

(14).63  
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mL/min; Injection 

volume = 5 L. 

Dionex Ultimate 

3000 UHPLC 

coupled with a UV 

6000LP 

Photodiode array 

UV/vis detector 

and MS detector 

Finnigan LQT (XL) 

equipped with 

Heated Electro 

Spray Ion source 

(HESI II) 

Kinetex C18 column (100 mm x 

2.1 mm, 2.6 m) 

Mobile phase: A = 

89% water, 1% 

HCOOH and 10% 

ACN and B = 0.1% 

HCOOH, 99.1% 

ACN. Gradient 

elution: started 

with 2% B in A; 

increased to 95% B 

in A in 35 min, kept 

for 5 min; re-

equilibrated under 

initial conditions 

resulting in a total 

runtime of 40 min. 

Flow rate = 0.35 – 

0.5 mL/min; column 

temperature = 

45oC; injection 

volume = 2 L. 

DAD set at 220 

nm; heated 

ESI-MS (HESI) 

in positive and 

negative ion 

modes 

CBD (5) and CBDA (6).64  

Dionex Ultimate 

3000 UHPLC 

coupled with a 

heated ESI source 

Poroshell 120 SB-C18 column 

(100 mm x 3 mm,  2.7 µm) 

The mobile phase 

was composed of 

0.1% HCOOH in 

both water (A) and 

Heated ESI-MS 

(HESI) in 

positive and 

CBD (5), CBG (8), 

cannabidihexol (CBDH) and 

Δ9-THC (14).65  
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and a Q-Exactive 

Orbitrap mass 

spectrometer   

ACN (B). Isocratic 

elution with 70% B 

in A for 10 min, 

then 95% B in A for 

5 min and re-

equilibration of the 

column for 2 min. 

Run time = 17 min; 

flow rate = 0.5 

mL/min.  

negative ion 

modes 

Dionex Ultimate 

3000 

Dr Maisch ReproSil XR 120 (3.5 

mm × 50 mm, 3 μm) column 

A = water + 0.1% 

HCOOH, B = MeOH 

+ 0.05% HCOOH. 

The elution: 1–6.8 

min, 60% B→73% B; 

6.8–9.3 min, 73% 

B→95% B; 9.3–9.4 

min, 95% B→60% B; 

9.4–10 min, 60% B. 

Injected sample: 1 

μL; flow rate = 1  

mL/min; the 

column 

temperature = 

40°C. 

DAD with 

detection at 

228 nm 

CBC (1), CBD (5), CBDA (6), 

CBG (8), CBN (10), Δ9-THC 

(14) and Δ9-THCA (15).66  
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Dionex Ultimate 

3000 coupled with 

a coupled with a Q 

Exactive™ Hybrid 

Quadrupole-

Orbitrap MS 

Kinetex C18 core-shell column 

(150 mm × 2.1 mm, 2.6 μm) 

with a guard column (0.5 μm 

depth filter × 0.1 mm) 

A ternary multistep 

gradient (solvent A: 

0.1% acetic acid 

(CH3COOH) in 

water, solvent B: 

0.1% CH3COOH in 

ACN, and solvent C: 

MeOH). Solvent C 

was kept constant 

at 5% throughout 

the run. Multistep 

gradient program: 

initial conditions 

were 50% B raised 

to 67% B until 2 

min, held at 67% B 

for 4min, and then 

raised to 90% B 

until 10 min, held at 

90% B until 14 min, 

decreased to 50% B 

over the next min, 

and held at 50% B 

until 20 min for re-

equilibration of the 

system prior to the 

ESI in negative 

ion mode. 

CBC (1), CBD (5) and Δ9-THC 

(14).67  
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next injection at a 

flow rate of 0.3 

mL/min. Comin 

temperature = 30oC 

and injection 

volume = 1 mL. 

Shimadzu Nexera 

XR HPLC coupled 

with a Shimadzu 

triple-quadrupole 

LCMS-8040, with 

an electrospray 

ionization(ESI) 

source 

Restek Raptor ARC C18 column 

(150 mm x 2.1 mm,  2.7 μm) 

coupled with a guard column 

(5 mm × 2.1 mm, 2.7μm) 

Mobile phase A = 

water with 5 mM 

ammonium 

formate, and B = 

MeOH. Gradient 

elution: 20% B in A 

at 0 min with a 1 

min hold, 70% B in 

A at 17.5 min, 98% 

B in A at 17.5 min 

with a 5 min hold, 

and 20% B in A at 

23.75 min with a 

4.25 min hold. Flow 

rate = 0.5 mL/min; 

column 

temperature = 

45°C; injection 

volume = 5 L 

ESI-MS in 

positive ion 

mode 

CBD (5), Δ9-THC (14) and Δ9-

tetrahydro-cannabiphorol 

(Δ9-THCP).68  
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Shimadzu 

Prominence-i LC-

2030C 3D Plus 

HPLC-PDA 

Luna C18(2) column (150 mm × 

4.6 mm × 5 μm) coupled who a 

Security C18 guard column (20 

mm × 4.6 mm × 5 μm)  

Mobile phase: A = 

water buffered with 

20 mM ammonium 

formate and 0.1% 

formic acid, B = ACN 

and C = MeOH 

buffered with 10 

mM ammonium 

formate and 0.05% 

HCOOH. Gradient 

elution: started 

with 50% B in A, 

increased to 53% B 

in A in 17 min, 17-

30 min 25% A, 30% 

B and 45%C, 30.01 

min 10% A, 45% B 

and 45%C, held 

until 32.00 min, 

32.01 min 50% B in 

A, and held until 34 

min. Column 

temperature = 

40oC; flow rate = 

2.5 mL/min; 

PDA detection 

at 232 nm 

CBC (1),  CBD (5), CBDA (6), 

CBDV (18), CBG (8), CBGA 

(9), CBN (10), Δ8-THC (13), 

Δ9-THC (14) and Δ9-THCA 

(15).69  
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injection volume 10 

L. 

Shimadzu 

Prominence 

coupled with a 

Shimadzu LC-

2030C DAD 

Kinetex C18 column (150 mm x 

4.6 mm. 2.6 μm) connected to 

a Phenomenex Security Guard 

Ultra C18 guard-column 

Mobile phase A = 

0.05% CH3COOH in 

water adjusted to 

pH 4.40 ± 0.05 with 

ammonium 

hydroxide (30% 

solution), and 

mobile phase B = 

ACN. Gradient 

elution: 0–15 min, 

56–61% B; 15–19 

min, 61% B; 19–23 

min, 61–75% B; 23–

30 min, 75% B; 30-

31 min 56% B, 

followed by 4 min 

equilibration. Total 

run time = 35 min, 

injection volume 5 

mL, flow rate = 0.8 

mL/min and column 

temperature = 

25oC. 

UV-PDA at 220 

nm 

CBD (5), CBDA (6), CBN (10), 

Δ9-THC (14) and Δ9-THCA 

(15).70  
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Shimadzu DGU-

205R Ultra HPLC-

PDA system 

Hypersil C18 (150 mm × 4.6 

mm, 3.0 m) column linked to 

a Hypersil BDS C18 (10 mm × 4 

mm, 3 3.0 m) guard column 

Solvent gradient 

composed of 1.0 

mM HCOOH buffer 

at pH 3.53 (solvent 

A) and ACN (solvent 

B) at a flow rate of 

1 mL/min. The 

gradient started 

with 70% B for 7 

min, increased to 

83.5% B and held 

constant for 1 min, 

then increased to 

88.5% B over a 3 

min period, one 

additional min to 

reach 99% B, then 

kept constant for 2 

min followed by a 2 

min to lower B to 

70%, and 

finally held constant 

for 2 min. Run time 

= 18 min, column 

temp = 25oC, 

PDA set at 220 

nm 

CBC (1), CBCA (2), CBD (5), 

CBDA (6), CBDV (18), CBDVA 

(19), CBG (8), CBGA (9), CBN 

(10), Δ8-THC (13), Δ9-THC 

(14), Δ9-THCA (15), THCV 

(16) and THCVA (17).71  
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injection volume = 

10 L. 

Thermo Fisher 

Surveyor HPLC 

coupled to a Q-

Exactive-Orbitrap 

MS analyser 

Synergi Hydro RP column (150 

mm x 2 mm, 4 m) with a C18 

guard column (4 mm x 3 mm) 

Mobile phase 

comprised water 

and ACN, both 

containing 0.1% 

HCOOH. Gradient 

elution: started with 

5% B in A; increased 

to 95% B in A in 30 

min; returned to 

initial conditions at 35 

min, followed by a 5-

min re-equilibration 

period. Flow rate = 

0.3 mL/min; column 

temperature = 

30oC. 

Heated 

electrospray 

ionization 

(HESI) 

CBC (1), CBCA (2),  CBD (5), 

CBDA (6), CBDV (18), CBDVA 

(19), CBG (8), CBGA (9), CBN 

(10), CBNA (11), Δ9-THC (14) 

and Δ9-THCA (15).72  

Vanquish Core 

System coupled to 

a interfaced to an 

Exploris 120 

Orbitrap HRMS 

CHIRALCEL OD-R [cellulose tris 

(3,5-

dimethylphenylcarbamate)] 

(250 mm × 4.6 mm, 10 µm), 

CHIRALCEL OB-H [cellulose 

tribenzoate] (250 mm × 4.6 

mm, 5 µm), CHIRALCEL OJ-H 

[cellulose tris (4-

methylbenzoate)] (250 mm × 

ACN, EtOH and 

isopropanol (i-

PrOH) (all with 0.1% 

of HCOOH); their 

percentage with 

respect to water 

was selected 

according to the 

DAD set at 274 

and 306 nm. 
CBD (5), CBDA (6), Δ9-THC 

(14) and Δ9-THCA (15).73  
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4.6 mm, 5 µm), CHIRALPAK AD 

[amylose tris (3,5-

dimethylphenylcarbamate)] 

(250 mm × 4.6 mm, 10 µm), 

and CHIRALPAK AD-RH 

[amylose tris (3,5-

dimethylphenylcarbamate)] 

(150 mm × 4.6 mm, 5 µm) 

columns 

lipophilicity of the 

compound. 

 

The enantiomers of 

trans-CBD (5) and 

trans-Δ9 -THC (14) 

were separated 

with 60% ACN, 

column 

temperature at 

30◦C and a flow rate 

of 1.5 mL/ min. 

 Poroshell 120 EC-C18 (100 mm 

× 3.0 mm, 2.7 µm) with guard 

column (5 mm × 3 mm, 2.7 

µm) 

Water and ACN 

(both with 0.1% 

HCOOH) as mobile 

phase in a linear 

gradient from 60% 

to 95% ACN (with 

0.1% formic acid) in 

15 min, followed by 

isocratic elution at 

95% ACN, washing 

step at 98% ACN for 

3 min and re-

equilibration with 

the initial 

ESI-MS in both 

positive and 

negative ion 

modes 



101 
 

conditions. Run 

time = 26 min, flow 

rate = 0.5 mL/min 

and injection 

volume = 5 L. 

Inflorescences 

(Hemp) 

Acquity UPLC-PDA Fortis Speed Core C18 PFP 

column (100 mm x 2.1 mm, 2.6 

m) 

Mobile phase = 

water (A) and ACN 

(B) both containing 

0.1% HCOOH. 

Gradient elution: 

started with 60% B 

in A until 0.5 min; 

increased to 68% B 

in A in 2.9 min and 

maintained there 

until 5.5 min; 

increased again to 

90% B in A in 5.5-

7.8 min and kept 

until 9 min; the 

initial composition 

was restored in 0.1 

min and maintained 

over 1.9 min for 

column re-

equilibration. 

PDA set at 210 

and 225 nm 

CBC (1), CBD (5), CBDA (6), 

CBE (20), CBGA (9), CBN 

(10), CBT (22), CBDV (18), 

CBDVA (19) 9-THC (14), cis-

9-THC and 9-THCA (15).74  
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Column 

temperature = 

25oC; flow rate = 

0.4 mL/min; 

injection volume = 

0.3 L; run time = 

11 min. 

Inflorescences 

and leaves 

 

Shimadzu Ultra 

Fast LC 

Prominence 

System 

Cortecs Shield RP18 column 

(150 mm x 4.6 mm, 2.7 µm) 

0.1% TFA (41%), 

and ACN (41:59), 

isocratic, flow rate = 

2 mL/min. Temp. = 

35oC; injection 

volume: 10 L. 

DAD set at 228 

nm 

CBD (5) and CBDA (6).75  

Shimadzu 20AD XR 

UFCL XR system 

Kinetex C18 column 2.6, 100A, 

(100 mm × 4.6 mm, 2.7 µm) 

A =  2% ACN and 

0.1% 3-fuoro-acetic 

acid; B = ACN with 

2% water and 0.1% 

3-fuoro-acetic acid. 

Gradient elution. 

0.01–0.20 min 61% 

B, 0.20–0.21 min 

61–43% B, 0.21–

50 min 43–56% B. 

Flow rate = 2 

mL/min; temp. = 

PDA set at 220 

and 280 nm 

CBD (5) and CBDA (6).76 
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40oC; injection 

volume: 10 L. 

Leaves 

 

Agilent 1100 

series HPLC 

Luna C18 column (150 mm × 

4.6 mm, 5 μm)  

Mobile phase: 0.1% 

of HCOOH in water 

(A) and ACN (B). 

Gradient elution: 

initial ratio 5% B in 

A, maintained for 

10 min, changed to 

10% B in A in 10 

min, changed to 

30% B in A in 10 

min, to 50% B in A in 

10 min, maintained 

for 0.5 min, and back 

to initial ratio in 0.5 

min. Flow rate = 1 

mL/min, column; 

injection volume = 

20 L;  temperature 

= 30oC 

PDA set at 254 

nm 

CBD (5) and Δ9-THC (14).85 

 

Shimadzu HPLC Luna C18 (250 mm × 4.6 mm, 5 

µm) 

Isocratic elution 

with 30% MeOH in 

water and 0.1% TFA 

at a flow rate of 1.0 

mL/min. 

UV detector 

set at 225 nm. 

CBD (5) and CBDA (6), α-

cannabispirol (25), β-

cannabispirol (26), 

cannabiripsol (27) and 

cannabitriol (28).86  
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Waters HPLC ACE-5 C18 column (250 mm × 

4.6 mm, 5 m) 

Isocratic run with 

0.1% CH3COOH  in 

both water and ACN 

(1:1). Flow rate = 1 

mL/min; run time = 

65 min; injection 

volume = 20 L; 

Column 

temperature = 

30oC. 

UV detector 

set at 210 nm 

CBD (5) and Δ9-THC (14).87  

Leaves and 

vegetative 

shoots 

Shimadzu HPLC Bondapak C18 column (300 mm 

x 3.9 mm, 10.0 m)  

0.1% HCOOH in 

water (phase A) and 

0.1% HCOOH in 

ACN (phase B). A 

gradient elution: 

25% B for 5 min, 

increased to 50% B 

and maintained for 

10–15 min, 

increased to 70% B 

and maintained for 

20–30 min, 

increased to 100% 

B, maintained for 

33–37 min, and 

subsequently 

UV detector at 

225 nm 

CBC (1), CBD (5), CBDV (18) 

and Δ9-THC (14).88  
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restored to 25% B 

and maintained for 

10–45 min. 

Injection volume = 

10 µL, and the flow 

rate = 2 mL/min. 

Leaves in the 

vegetative 

stage, 

inflorescent in 

the flowering 

stage, 

inflorescent of 

seeds in the 

seeding stage 

and the mature 

seeds 

HPLC System 

Knauer 

MZ-C18 ODS column (250 mm × 

4.6 mm, 3.5 μm) 

Isocratic elution 

with 80% MeOH in 

water. Flow rate = 1 

mL/min; run time = 

55 min. 

UV detector 

set at 220 nm 

CBD (5) and CBDA (6), CBG 

(8), CBN (10), Δ8-THC (13) 

and Δ9-THC (14).89  

Leaves, roots, 

stem, 

inflorescences 

and seeds from 

industrial 

hemp 

Hewlett-Packard 

HPLC HP 1050 

coupled with a 

LCQ Accela Fleet 

atmospheric 

pressure chemical 

ionization (APCI) 

interface and PDA 

detector. 

Luna C18 (2) column (150 mm x 

2 mm, 3 m) 

Mobile phase: A = 

5% ACN + 0.1% o-

phosphoric acid, 

and  B = 80% ACN in 

water + 0.1% o-

phosphoric acid. 

Isocratic elution 

with 83% B in A at a 

flow rate of 0.25 

PDA at 220 

nm, and APCI-

MS 

CBD (5), CBDA (6) and CBGA 

(9).90  
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mL/min. For LC-MS, 

HCOOH was used 

instead of o-

phosphoric acid. 

Seeds Dionex UltiMate 

3000 HPLC and 

UHPLC System 

coupled with a 

Bruker-Compact-

QQTOF-MS/MS 

equipped with an 

electrospray 

ionization (ESI) 

Agilent C18 Wate column (100 

mm x 4.6 mm, 3.5 µm) 

Mobile phase 

comprised water 

and ACN, both 

containing 0.1% 

HCOOH. Flow rate = 

0.3 mL/min; run 

time = 15 min; 

injection volume 10 

L; column 

temperature = 

30oC. 

ESI-MS in 

positive ion 

mode 

CBD (5), CBN (10) and Δ9-

THC (14).94  

UPLC (or UHPLC) methods 

Aerial parts 

 

Acquity UPLC-PDA Acquity UPLC HSS C18 SB 

column (100 mm x 2.1 mm, 1.8 

m) 

Mobile phase: A = 

MeOH and B = 0.1% 

HCOOH in water. 

Gradient elution: 

started with 65% of 

A and held for 1 

min, linearly 

increased to 78% of 

A in 8 min, then 

95% of A in 1 min, 

PDA set at 211 

and 220 nm 

CBD (5), CBDA (6), CGB (8), 

CBGA (9), CBN (10),  9-THC 

(14) and 9-THCA (15).24  
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held for 2 min. 

Finally, the gradient 

returned to the 

initial condition and 

was maintained for 

3.5 min before the 

next injection. 

Column 

temperature = 

45oC; flow rate = 

0.35 mL/min; run 

time = 16 min 

Dionex Ultimate 

3000 UHPLC 

coupled with a 

DAD 

Acquity UPLC BEH C18 column 

(150 mm ×2.1 mm, 1.7 µm) 

Flow rate = 0.5 

mL/min; column 

temperature = 45oC 

DAD set at 220 

nm 

CBC (1), CBCA (2), CBCL (3), 

CBLA (4), CBD (5), CBDA (6), 

CBGA (9), CBN (10), CBNA, 

CBDV (18), CBDVA (19), 8-

THC (13), 9-THC (14), 9-

THCA (15), 9-THCA-COOH 

and 9-THCVA (17).25  

Dionex Ultimate 

3000 UHPLC 

coupled with an 

HRMS/MS 

Mobile phase: A = 

5% MeOH in water, 

and B = 

isopropanol-MeOH-

water (65:30:5), 

both containing 

5 mM ammonium 

formate and 0.1% 

HCOOH. Gradient 

elution: 60% B in A in 

HRESI-MS in 

positive and 

negative ion 

modes 
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1 min at a flow rate of 

0.3 mL/min, followed 

by a gradual change 

to 70% B in A in 

10 min, and change 

to 100% B in 0.5 min 

simultaneously with a 

flow rate increase to 

0.4 mL/min. The 

column was then 

washed with 100% B 

for 5 min 

and reconditioned to 

initial conditions for 

2.5 min. Run time = 

19 min; injection 

volume = 3 L. 

Dionex Ultimate 

3000 UHPLC 

system coupled 

with a Q-Exactive 

Plus orbital trap 

mass 

spectrometer 

Acquity UPLC BEH C18 column 

(100 mm × 2.1 mm, 1.7 µm)  

Mobile phase: A = 

5% MeOH in water 

and B = isopropanol-

MeOH-water 

(65:30:5); both A 

and B with 5 mM 

ammonium formate 

and 0.1% HCOOH. 

Gradient elution: 

started with 5% B, 

ESI-MS/MS in 

positive ion 

mode 

CBD (5), CBG (8), CBN (10) 

and 9-THC (14).26  
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increasing to 60% B 

within the first 

minute, followed by 

a gradual change to 

70%  B in 10 min, 

rising sharply to 

100% B in 0.5 min, 

washing with 100% 

B for 5 min and 

reconditioning to 

initial conditions for 

2.5 min. Run time = 

19 min; flow rate = 

0.3 and 0.4 mL/min; 

injection volume 3 

L 

Aerial parts 

(industrial 

hemp) 

Acquity UPLC I-

Class coupled with 

a Xevo TQ-S 

Micro™ 

triplequadrupole 

mass 

spectrometer 

(MS/MS) 

Acquity UPLC BEH C18 column 

(100 mm x 2.1 mm, 1.7 μm) 

Mobile phase: 0.1% 

HCOOH in water (A) 

and MeOH + ACN 

(50:50) (B). 

Gradient elution:  

started with 89% B 

in A,  held for 30 s, 

linearly increased to 

100% B until 5.5 

min, and then 

ESI-MS in 

positive and 

negative ion 

modes 

CBC (1), CBCL (3), CBD (5), 

CBDA (6), CBG (8), CBGA (9), 

CBN (10), CBDV (18), 8-THC 

(13), 9-THC (14), 9-THCA 

(15), 9-THCA-COOH and 9-

THCV (16).27  
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sharply decreased 

back to the initial 

conditions for the 

final 30 s to re-

equilibrate the 

column. Flow rate = 

0.35 mL/min; 

injection volume = 2 

L; column 

temperature = 

400C. 

Flowers Acquity Classic 

UPLC coupled with 

a Xevo TQ MS 

detector 

Acquity UPLC BEH C18 column 

(100 mm x 2.1 mm, 1.7 mm) 

connected to an Acquity UPLC 

BEH C18 VanGuard precolumn 

(5 mm x 2.1 mm) 

Mobile phase 

comprised water 

(A) and ACN (B), 

both containing 

0.1% HCOOH. 

Gradient elution: 

50% B in A for 1 

min; 100% B for 8 

min; 50% B in A for 

3 min; and 

equilibration of the 

column for 1 min. 

Injection volume = 

5 L; flow rate = 0.5 

mL/min; column 

ESI-MS/MS in 

positive and 

negative ion 

modes 

CBC (1), CBD (5), CBDA (6), 

CBDV (18), CBG (8), CBGA 

(9), CBN (10), Δ8 -THC (13), 

Δ9 -THC (14), Δ9 -THCA (15) 

and THCV (16).45  
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temperature = 

45oC. 

Acquity UPLC-PDA Cortecs UPLC Shield RP18 

column (100 mm x 2.1 mm, 

1.6 µm) 

Isocratic elution at a 

flow rate of 

0.7 mL/min, with 

mobile phase 

consisting of 48% 

water containing 

0.1% formic acid 

and 52% ACN. 

Injection volume = 

5 L; column 

temperature = 

35oC; run time = 18 

min. 

PDA set at 228 

nm 

CBD (5), CBDA (6), ∆9-THC 

(14) and ∆9-THCA (15).46  

Flowers (hemp) Acquity UPLC-PDA Cortecs UPLC Shield RP18 

column (100 mm x 2.1 mm, 

1.6 µm) 

Isocratic elution at a 

flow rate of 

0.7 mL/min, with 

mobile phase 

consisting of 48% 

water containing 

0.1% formic acid 

and 52% ACN. 

Injection volume = 

5 L; column 

PDA set at 228 

nm 

CBD (5) and 9-THC (14).47  
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temperature = 

35oC. 

Dried flowers Agilent 1200 RRLC 

system coupled to 

a diode array 

detector (DAD) 

Kinetex C18 column (100 mm × 

3.0 mm, 1.7 μm) 

Mobile phase: A = 

10 mM ammonium 

formate and B = 

ACN. Gradient 

elution: 0–8 min, 

52–66% B in A; 8–

8.5 min, 66–70% B 

in A; 8.5–13 min, 

70–80% B in A; 13–

15 min, 80% B in A; 

a 7-min column 

equilibration after 

each run. Flow rate 

= 0.6 mL/min; 

injection volume = 5 

L. 

DAD at 220 nm CBC (1), CBD (5), CBDA (6), 

CBG (8), CBGA (9), CBN (10),  

∆9-THC (14), ∆9-THCA (15), 

THCV (16) and THCVA (17).48  

Inflorescences 

 

Acquity Arc FTN-R 

UPLC 

Kinetex 1.7-μm XB-C18 LC 

column (150 mm x 2.1 mm, 1.7 

μm) 

Isocratic elution 

with 30% HCOOH 

and 20 mM 

ammonium formate 

buffer at pH 2.9 and 

70% ACN for a 16 

min run at a flow 

rate of 0.3 mL/min. 

UV-PDA at 228 

nm 

CBCA (2), CBDA (6), CBGA 

(9), Δ9-THC (14) and Δ9-

THCA (15).77,78    
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Injection volume = 

2 μL and column 

temperature = 

25oC. 

Agilent 1290 

UHPLC system 

coupled with a 

6530 accurate 

mass quadrupole 

time-of-fight mass 

spectrometer 

Luna Omega polar C18 column 

(100 mm × 2.1  mm, 1.6  µm) 

Mobile phase 

comprised 0.1% 

HCOOH in water (A) 

and 10% MeOH in 

ACN (B). Gradient 

elution:  50% B in A 

for 0.0–15.0 min, 

50–75% B in A for 

15–34.5 min, 75–

95% B in A for 34.5–

35.0 min, 95% B in 

A for 35–37 min, 

95–50% B in A for 

37–37.5 min, and 

50% B in A for 37.5–

40 min. Flow rate = 

0.4 mL/min; 

injection volume = 2 

L; column 

temperature = 

40oC. 

HR-ESI-MS/MS 

in positive ion 

mode 

CBD (5), CBDA (6), CBE (20), 

CBEA (21) and 9-THC 

(14).79  
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Agilent 1290 

UHPLC coupled to 

a Agilent 6410 

triple quadrupole 

mass 

spectrometer 

Hypersil Gold RP column 

(100 mm × 3 mm, 1.8 μm) 

Mobile phases A 

(0.1% HCOOH in 

water) and B (0.1% 

HCOOH in ACN) 

were used for 

separation using 

the following 

gradient elution 

program: 0–

14  min, 70%–80% 

B; 14–17 min, 80–

100% B; 17–20 min, 

100% B. Column 

temperature = 

30oC, flow rate = 

0.25 mL/min and 

injection volume = 1 

L. 

ESI operating 

in both 

positive and 

negative ion 

modes 

CBD (5) and CBG (8).80  

Dionex UltiMate 

3000 Thermo 

Fisher UHPLC 

coupled with a Q-

Exactive Plus 

quadrupole 

Orbitrap MS 

Acquity UPLC BEH C18 column 

(150 mm x 2.1 mm, 1.7 µm) 

Mobile phase = 

water (A) and ACN 

(B), both containing 

0.1% HCOOH. 

Gradient elution: 

started with 30% B 

in A, maintained 

constant for 3 min, 

ESI-MS in 

positive and 

negative ion 

modes and 

principal 

component 

analysis (PCA) 

CBDA (6), CBDV (18), CBG 

(8), CBGA (9), CBNA (11), ∆9-

THC (14) and THCV (16).81  
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increased to 60% B 

in A in 50 min and 

then raised again 

up to 90% B in A, 

maintained at 90% 

B for other 2 min 

and then came back 

to the initial 

conditions. Flow 

rate = 0.2 mL/min; 

injection volume = 

10 L; column 

temperature = 

50oC. 

Dionex Ultimate 

3000 Thermo 

Fisher UHPLC 

coupled with a 

PDA detector 

Titan C18 column (100 mm × 3 

mm, 1.9 µm) 

Mobile phase = 

water (A) and ACN 

(B), both containing 

0.1% TFA. Gradient 

elution: 0–14 min 

from 65 to 100% B 

in A, 15–16 min 

isocratic elution 

with 100% B, 17–22 

min from 100 to 

65% B in A. Run 

time = 22 min; flow 

PDA set at 214 

nm 

CBC (1), CBD (5), CBDA (6), 

CBDV (18), CBG (8), CBN 

(10), ∆9-THC (14) and ∆9-

THCA (15).82  
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rate = 0.5 mL/min 

column 

temperature = 

35oC; injection 

volume = 10 L. 

Shimadzu NEXERA 

UHPLC system 

coupled with TOF-

MS and TOF-

MS/MS 

Luna Omega C18 column (50 

mm × 2.1 mm, 1.6 m) 

Mobile phase = 

water (A) and ACN 

(B), both containing 

0.1% TFA. Gradient 

elution: 0→1 min, 

25–55% B in A; 

1→8.5 min, 55–95% 

B in A; 8.5→9.5 

min, 95% B in A. 

Then the starting 

conditions were 

restored and kept 

for 2 min. Run time 

= 11.5 min; flow 

rate = 0.5 mL/min; 

injection volume = 2 

L. 

TOF-MS/MS Butyl-cannabidiolic acid 

(CBDA-C4), CBC (1), CBCA 

(2), CBD (5), CBDA (6), CBDV 

(18), CBDVA (19), 

cannabidicannabidiorcolic 

acid (CBDOA), 

cannabifuranic acid (CBFA), 

CBN (10), 

tetrahydrocannabinolic acid 

B (THCA-B), ∆9-THC (14), ∆9-

THCA (15) and ∆9-THCVA 

(17).83  

Shimadzu NEXERA 

UHPLC system-

PDA 

Titan C18 column (100 mm × 3 

mm, 1.9 m) 

Mobile phase = 

water (A) and ACN 

(B), both containing 

0.1% TFA. Gradient 

PDA set at 214 

nm 

CBC (1), CBD (5), CBDV (18), 

CBG (8), CBN (10) and Δ9-

THC (14).84  
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elution: 50% B (0 

min), 50% B (1 min), 

100% B (16 min), 

100% B (20 min), 

50% B (21 min) and 

50% B (30 min). 

Flow rate = 0.5 

mL/min; column 

temperature = 30 

◦C; injection volume 

= 1 L. 

Leaves Agilent 1290 

infinity UHPLC 

system coupled 

with a 6530 QTOF 

system with a Dual 

AJS ESI source 

operating in 

positive ionization 

mode 

Zorbax Eclipse Plus C18 column 

(100 mm x 2.1 mm, 1.8 µm) 

Mobile phase: 0.1% 

HCOOH in water (A) 

and ACN (B). 

Gradient elution: 0–

11 min, 5–35% B in 

A; 11–12 min, 35–

65% B in A; 12–15 

min, 65–70% B in A; 

15–21 min, 70–80% 

B in A; 21–25 min, 

80–100% B; 25–27 

min, 100% B; and 

post time, 3 min. 

Column 

temperature = 

ESI-MS in 

positive ion 

mode 

CBD (5) and ∆9-THC (14).91  
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30oC; flow rate = 

0.4 mL/min; 

injection volume = 

1.5 L. 

Leaves and 

flowers 

Agilent 1290 

UHPLC 

Hypersil Gold RP column (150 

mm × 2.1 mm × 1.9 μm)  

Isocratic elution 

using a mixture of 

0.1% formic acid in 

water and ACN 

(49:51). Flow rate = 

0.45 mL/min; temp. 

35oC; run time: 25 

min. 

PDA set at 280 

nm 

CBD (5) and CBN (10).92  

Hemp 

microgreens 

Dionex Ultimate 

3000 Thermo 

Fisher UHPLC 

coupled with an 

Orbitrap Q-

Exactive mass 

spectrometer 

Luna Omega column (50 mm x 

2.1 mm, 1.6 m) 

The eluent phase 

consisted of phase 

A: 0.1 % HCOOH in 

water and phase B: 

0.1 % HCOOH in 

ACN. Injection 

volume = 1 μL, flow 

rate = 0.5 mL/min 

and column 

temperature = 

30oC. 

ESI-MS 

positive ion 

mode, and 

MS/MS 

CBDA (6), CBG (8), CBGA (9), 

CBN (10), CBNA (11), Δ9-THC 

(14) and Δ9-THCA (15).93  
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TABLE 2  HPLC and UPLC (or UHPLC) methods for the analysis of phytocannabinoids in cannabis consumer products 

Consumer 

products 

Instrument Column Mobile phase Detection Cannabinoids 

analysed 

HPLC methods 

Algerian seized 

hashish  

Thermo 

Finnigan 

Surveyor HPLC 

system with 

DAD 

Phenomenex C18 analytical 

column (150 mm x 4.6 

mm, 5 μm) 

Mobile phase: A = ACN, B = MeOH and C 

= 0.1% o-phosphoric acid. Gradient 

elution: started with 38% A, 33% B and 

29% C for 1 min; increased to 53% A, 47% 

B and 0% C over 20 min; column was set 

to initial condition in 0.5 min and re-

equilibrated for 5 min. Flow rate = 1.2 

mL/min; injection volume = 10 mL; 

column temperature = 30oC. 

DAD set at 

220 nm 

CBD (5), CBDA (6), 

CBN (10), CBNA 

(11), Δ9-THC (14) 

and Δ9-THCA 

(15).95  

The mobile phase consisted of ACN (A), 

MeOH (B), and 0.1% o-phosphoric acid 

(C). The initial setting was 38% A, 33% B, 

and 29% C for 1 min, which linearly 

increased to 53% A, 47% B, and 0% C 

over 20 min. Then, the column was set to 

initial conditions in 0.5 min and re-

equilibrated under these conditions for 5 

min. Flow rate = 1.2 mL/min, injection 

volume = 10 μL and column temperature 

= 30°C. 

CBD (5) and Δ9-

THC (14).96  
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Aqueous 

tinctures (CBD 

containing) 

Agilent 1260 

HPLC 

Raptor ARC-18 LC 

reversed-phase column 

(150  mm ×  4.6  mm, 

2.7 μm) 

Mobile phase A = aqueous ammonium 

formate (5mM)/HCOOH (0.1%) and B = 

ACN/HCOOH (0.1%). Isocratic elution 

with 75% B in A. Column temperature = 

30oC; flow rate = 1.5 mL/min; run time = 

10 min; injection volume = 5 L. 

UV 

detection 

at 228 nm 

CBD (5) and CBDA 

(6).97  

Cannabis-based 

products like 

edible extract, 

infusion and 

liquid 

Agilent Infinity 

1260 HPLC 

Agilent Core-shell C18 

column (150 mm × 2.1 

mm, 2.7 µm) 

Isocratic elution. 75% ACN in water 

(containing 0.1% HCOOH). 

PDA 

detection 

at 220 nm 

CBD (5) and Δ9-

THC (14).98  

Reversed-phase 

Luna C18(2) column 

CBC (1), CBCA (2), 

CBCL (3), CBD (5), 

CBDA (6), CBDV 

(18), CBDVA (19), 

CBG (8), CBGA (9), 

CBN (10), Δ8-THC 

(13),  Δ9-THC (14), 

Δ9-THCA (15), 

THCV (16) and 

THCVA (17).30  

Cannabis 

doping samples 

Agilent 1290 

HPLC coupled 

with a QTRap 

6500 MS 

Eclipse XDB-C8 column 

(100 mm x 2.1 mm, 3.5 

μm), and Eclipse XDB-C18 

column (100 mm x 2.1 

mm, 3.5 μm) 

Mobile phase: A = 5% ACN in water and 2 

mmol/L ammonium acetate and B = 95%  

ACN in water and 2 mmol/L ammonium 

acetate. Gradient elution: 0 min 40% B, 

0.5 min 40% B, 3 min 100% B and 6 min 

100%. Flow rate = 0.25 mL/min; injection 

ESI-

MS/MS in 

negative 

MRM 

mode 

Δ8-THC (13), Δ9-

THC (14) and Δ9-

THCA (15).99  
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volume = 3 mL. Also, isocratic elution 

with 58% B in A. 

Cannabis light 

preparation 

(products 

containing 

dried female 

inflorescences 

of Cannabis 

sativa of 

Chemotype III) 

Shimadzu 

Prominence-I 

HPLC-UV 

Shimadzu NexLeaf CBX for 

Potency C18 column (150 

mm x 4.6 mm, 2.7 m) 

The mobile phase comprised water (A) 

and ACN (B), both containing 0.085% 

phosphoric acid. Gradient elution: 0-7 

min (70–85% B in A), 7.0–7.1 min (85–95% B 

in A), 7.1–8.0 min (95% B in A), 8.0–8.1 min 

(95-70% B in A) and 8.1-10 min (70 % B in A). 

Flow rate = 1.6 mL/min; column 

temperature = 35oC. 

UV 

detection 

at 220 nm 

CBD (5), CBDA (6), 

CBN (10), Δ9-THC 

(14) and Δ9-THCA 

(15).100  

Cannabis seized 

products 

Agilent 1260 

Infinity Series 

Kinetex C18 (100 mm × 

4.6 mm, 2.6 μm) 

Isocratic elution with MeOH and 10 mM 

ammonium acetate at pH 5.2 (80:20). 

Fow rate = 0.5 mL/min and column 

temperature = 30°C. 

PDA set at 

228 nm 

CBD (5), CBDA (6), 

CBG (8), CBGA (9), 

CBN (10), Δ8-THC 

(13), Δ9-THC (14) 

and Δ9-THCA 

(15).101  

Cannabis oil Agilent 1220 

Infinity II LC 

coupled with a 

variable 

wavelength UV 

detector 

Poroshell 120 EC-C18 

column (50 mm x 3 mm, 

2.7 µm) 

Mobile phase: A = 0.1% HCOOH in water 

and B = 0.05% HCOOH in MeOH. Gradient 

elution started with 60% B in A for 0-1 

min, increased to 77% B in A in 1-7 min, 

again increased to 95% B in A in 7.0-8.2 

min, came back to 60% B in 8.2-9.5 min, 

and finally column equilibration until 11 

min. Column temperature = 50oC, 

UV 

detection 

at 230 nm 

CBD (5), CBDA (6), 

Δ9-THC (14) and 

Δ9-THCA (15).102  
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injection volume = 5 L; run time = 11 

min. 

Flexar HPLC 

system - Perkin 

Elmer 

Purospher STAR RP-18 

column (120 mm x 4.6 

mm, 5 m) 

Isocratic elution with 80% ACN in water 

with HCOOH (0.1%) at a flow rate of 1 

mL/min. Column temperature = 25oC and 

injection volume = 10 L. 

UV-PDA 

detection 

at 208 and 

280 nm 

CBD (5) and Δ9-

THC (14).103  

 Agilent 1200 

series HPLC 

coupled with an 

AB SCIEX API 

4000 QTRAP 

triple 

quadrupole 

mass analyzer 

equipped with 

an ESI source 

operating in the 

negative ion 

mode 

Kinetex EVO C18 column 

(100 mm × 2.1 mm, 5 m)  

Mobile phase: A = 20 mM ammonium 

acetate and B = ACN. Gradient elution: 30 

to 90% B in A in 10 min, kept at 90% B for 

5 min, and decreased to 30% of B in 3 min. 

The post-running time was set at 2 min. 

Flow rate = 0.35 mL/min; column 

temperature = 40oC; injection volume = 

25 mL. 

ESI-

MS/MS in 

negative 

ion mode 

CBD (5), CBDA (6), 

CBG (8), CBGA (9), 

CBN (10), 9-THC 

(14) and Δ9-THCA 

(15).104  

Cannabis 

(hemp) oil 

LaChrom D-

7000 LC system 

Spheri-5 C18 column (250 

mm × 4.6 mm, 5 µm) 

Mobile phase: 0.5% CH3COOH in water (A) 

and ACN (B). Isocratic elution with 34% B 

in A.  Flow rate = 1 mL/min; column 

temperature 25oC. 

PDA 

detection 

at 220 and 

240 nm 

CBD (5) and CBDA 

(6).105  

LaChrom D-

7000 LC system 

Spheri-5 C18 column (250 

mm × 4.6 mm, 5 µm) 

Mobile phase: 0.5% CH3COOH in water (A) 

and ACN (B) The gradient started from 

70% B in A, then 80% B in A for 5 min, and 

PDA 

detection 

CBD (5), CBDA (6), 

CBN (10) and Δ9-

THC (14).106  
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finally the gradient returned to the 

starting conditions for 5 min. Flow rate = 

1 mL/min; run time = 20 min; column 

temperature 25oC; injection volume = 20 

L. 

at 220 and 

240 nm 

PerkinElmer 

Flexar FX-15 

UHPLC system 

coupled with a 

PDA detector 

PerkinElmer Brownlee SPP 

C18 column (150 mm x 3 

mm, 2.7 µm)  

The mobile phase comprised water (A) 

and ACN (B) both containing 0.1% 

HCOOH. Gradient elution: started with 

67% B in A, increasing to 95% B in A in 5.5 

min and maintaining at 95% B for 2 min. 

Equilibration time was 4.5 min at 67% B in 

A before each injection. Injection volume 

= 10 L; flow rate = 1 mL/min; column 

temperature = 40oC. 

PDA set at 

228 nm 

CBC (1), CBD (5), 

CBDA (6), CBDV 

(17), CBG (8), 

CBGA (9), CBN 

(10), 8-THC (13), 

9-THC (14) and 

Δ9-THCA (15).107  

Cannabis oil 

infused 

products 

Jasco Extrema 

HPLC system 

coupled with a 

UV-Vis detector 

Solas C18 column (150 mm 

× 4.6 mm, 5 µm) 

Isocratic elution with 75% ACN in water at 

a 1.5 mL/min flow rate. Column 

temperature = 25oC; injection volume = 

10 L; run time = 20 min. 

UV 

detection 

at 214 nm 

CBD (5) and 9-

THC (14).108  

Cannabis oil 

and oil 

containing 

capsules 

Sciex ExionLC 

coupled with a 

Sciex Triple 

QuadTM 5500+ 

triple-

quadrupole MS 

Kinetex C18 column (100 

mm × 3 mm, 2.6 µm) 

Mobile phase comprised water (A) and 

MeOH (B), both containing 0.1% HCOOH 

and 2 mM ammonium formate. Gradient 

elution: started with 60% B in A, increased 

to 90% B in A in 7 min, kept for 2 min at 

90% B in A, and dropped back to initial 

condition and re-equilibrated for 3.5 min. 

Column temperature = 35oC; injection 

ESI-MS in 

positive 

ion mode 

CBC (1), CBD (5), 

CBDA (6), CBDVA 

(18), CBG (8), 

CBGA (9), 

cannabigerovarini

c acid (CGBVA), 

CBN (10), 

cannabivarin 
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volume = 20 L; flow rate = 0.5 mL/min; 

run time = 13 min. 

(CBV), 9-THC 

(14), Δ9-THCA 

(15), THCV (16) 

and THCVA 

(17).109  

Cannabis 

essential oil 

from 

inflorescences 

Shimadzu 

Prominence LC 

Poroshell 120 EC-C18 

column (150 mm x 4.6 

mm, 2.7 μm) 

A binary gradient of 0.1% HCOOH in water 

(A) and 0.1% HCOOH in ACN (B) at a flow 

rate of 0.40 mL/min. The gradient started 

at 70% of B for 5 min, and then increased 

linearly to 77% of B in 7 min and at 90% of 

B in 0.10 min. This composition was kept 

constant for up to 30 min before a linear 

decrease to the initial conditions (70% of 

B) in 0.10 min and held up to 60 min for 

the equilibration of the column. 

UV-PDA at 

220 nm 

CBD (5), CBDA (6), 

CBN (10), 9-THC 

(14) and Δ9-THCA 

(15).110  

Cannabidiol oil 

(CBD oil) 

Agilent 1100 

series LC 

chromatographi

c system 

Kinetex C18 (150 mm x 2.1 

mm, 2.6 μm) column 

equipped with a guard 

column C18, 2.1 mm 

Isocratic elution: 75% ACN in water with 

0.1% HCOOH. Flow rate = 0.5 mL/min, run 

time = 30 min, column temperature = 20 

°C and injection volume = 10 μL. 

UV-PDA 

detection 

at 230 nm 

CBD (5), CBDA (6), 

CBN (10), 8-THC 

(13), 9-THC (14) 

and Δ9-THCA 

(15).44  

Agilent 1260 

HPLC 

Raptor ARC-18 LC reversed-

phase column (150  mm 

×  4.6  mm, 2.7 μm) 

Mobile phase A = aqueous ammonium 

formate (5 mM)/HCOOH (0.1%) and B = 

ACN/formic acid (0.1%). Isocratic elution with 

75% B in A. Column temperature = 30oC; 

flow rate = 1.5 mL/min; run time = 10 min; 

injection volume = 5 L. 

UV 

detection 

at 228 nm 

CBD (5) and CBDA 

(6).97  
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Cannabidiol full 

spectrum oil 

Agilent 1260 

HPLC system 

coupled with a 

UV-vis 

MultoHigh 100 RP C18 

column (125 mm x 4.6 m, 

3 L) 

Isocratic elution with 87% MeOH in water 

at a 0.2 mL/min flow rate. Column 

temperature = 35oC. 

UV 

detection 

at 212 nm  

CBD (5), CBDA (6), 

CBDV (18), 

CBDVA (19), 

CBGVA, CBG (8), 

CBGA (9), CBN 

(10) and CBT 

(22).111  

Dionex 

Ultimate 3000 

UHPLC coupled 

with a UV/vis 

detector and a 

TSQ Quantum 

Access MAX 

triple quadrupole 

(TQD) mass 

spectrometer 

detector 

ESI-MS in 

positive 

ion mode 

Cannabidiol-

containing 

powder and 

sunflower oil 

Dionex 

Ultimate 3000 

HPLC coupled 

with a DAD and 

a 3200 Q TRAP 

MS system 

Eclipse C18 Plus column (50 

mm x 2.1 mm, 5 m) 

coupled with a guard 

column (5 mm x 2.1 mm, 5 

m) 

Mobile phase = 0.1% HCOOH both in 

water (A) and ACN (B). Gradient elution: 

0.0–10.0 min linearly from 5% to 100% B; 

100% B was maintained from 10.0 to 12.0 

min; then from 12.0 to 12.5 min 100% to 

5% B. Finally, 5% B was maintained at 20.0 

min. 

Column temperature = 25oC; flow rate = 

0.2 mL/min; injection volume = 5 L. 

DAD and 

ESI-MS in 

positive 

ion mode 

CBD (5).112  

Cannabidiol salt HPLC-UV Reversed-phase C18 

column (250 mm x 4.6 mm 

x 5 m) 

Isocratic elution with ACN in water. UV 

detection 

at 225 nm 

Cannabidiol 

phenolate 

salts.113  
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Commercial 

cannabinoids 

Agilent UHPLC 

Infinity 1290 

Nine polysaccharide-based 

columns (250 mm × 4.6 

mm), namely Chiralpak IA, 

IB-N, IC, ID, IE, IF, IG, IH and 

IJ 

Mobile phase = ACN and orthophosphoric 

acid (pH = 2.2). The amount of ACN varied 

in the range of 55–80%. Flow rate = 1 

mL/min, injection volume 5 L and 

column temperature = 25oC. 

UV 

detection 

at 228 and 

306 nm 

CBC (1), CBD (5), 

CBDA (6), 9-THC 

(14) and Δ9-THCA 

(15).114  

Acquity UPLC H-

class system 

coupled with a 

PDA detector 

Poroshell 120 EC-C18 

column (150 mm × 2.1 mm, 

2.7 µm) 

Mobile phase: A = 0.1% formic acid in 

water and B = 0.1% formic acid in ACN. 

Gradient elution: 0-2.8 min 68% B in A, 

increased to 73% B in A in 0.5 min, held 

for 3.7 min, then increased to 95% B in A 

in 5.0 min, and held for 1.0 min, back to 

68% B in A in 0.5 min and maintained for 

4.5 min to re-equilibrate the system. Flow 

rate = 0.5 mL/min; injection volume = 1 

L. 

PDA set at 

220 nm. 

Design by 

Experimen

t (DoE) 

CBC (1), CBD (5), 

CBDA (6), CBG (8), 

CBGA (9), CBN 

(10), 8-THC (13), 

9-THC (14) and 

9-THCA (15).115  

Commercial 

industrial hemp 

products 

HPLC-DAD Reversed-phase C18 

column  

Isocratic elution with 80% ACN in water 

over 8 min. Flow rate = 1 mL/min 

UV 

detection 

at 220 and 

240 nm 

CBD (5) and 9-

THC (14).116  

e-Liquid (CBD 

containing) 

Agilent 1260 

HPLC 

Raptor ARC-18 LC 

reversed-phase column 

(150  mm ×  4.6  mm, 

2.7 μm) 

Mobile phase A = aqueous ammonium 

formate (5mM)/HCOOH (0.1%) and B = 

ACN/HCOOH (0.1%). Isocratic elution with 

75% B in A. Column temperature = 30oC; 

flow rate = 1.5 mL/min; run time = 10 min; 

injection volume = 5 L. 

UV 

detection 

at 228 nm 

CBD (5) and CBDA 

(6).97  
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Hemp 

cosmetics 

iChrom5100 

analytical 

domestic LC 

Supersil-ODS2 column 

(250 mm x 4.6 mm, 5 μm) 

Mobile phase: 0.1% HCOOH acid in water 

(A) and ACN (B). Gradient 1: 80 – 85% B 

for 0 – 10 min; 85 – 90% B for 10 – 15 min; 

90% B for 15 – 18 min; 90 – 80% B for 18 

– 22 min; 80% B for 22 – 25 min. Gradient 

2:  70 – 90% B for 0 – 20 min; 90%B for 20 

– 22 min; 90 – 70% B for 22 – 24 min; 70% 

B for 24 – 30 min. Flow rate = 1 mL/min. 

DAD set at 

220 nm  

CBD (5), CBDA (6), 

CBN (10), 9-THC 

(14) and Δ9-THCA 

(15).117  

Hemp products Thermo Fisher 

Scientific 

Vanquish Core 

HPLC coupled 

with a DAD and 

Orbitrap 

Exploris 120 MS 

Poroshell 120 EC-C18 

column (100 mm × 3 mm, 

2.7 m) coupled with a 

guard column (50 mm × 3 

mm, 2.7 m) 

Mobile phase: 0.1% HCOOH in water (A) 

and ACN (B). Isocratic elution with 75% B 

for 6 min, washing with 98% B for 6-8 min, 

column re-equilibration at 75% B for 8-13 

min. Flow rate = 0.5 mL/min. 

DAD at 

210 nm 

and HRMS 

CBG (8), 

cannabigerobutol 

(CBGB) and 

cannabigerovarin 

(CBGV).118  

Infused 

consumer 

products 

containing 

cannabis 

(cream, lip 

balm, lotion, 

shampoo) 

Shimadzu LC-

20A 

Prominence 

HPLC 

Harmony Secure RP C18 

column (150 mm x 4.6 

mm, 3.5 m) 

Isocratic elution with 80% ACN with 0.1% 

formic acid and 20% water with 5 mM 

ammonium formate with 0.1% formic 

acid at a flow rate of 1.00 mL/min over 15 

min. Column temperature = 40oC; 

injection volume = 50 L 

UV 

detection 

at 210 and 

228 nm 

CBD (5), CBDA (6), 

CBN (10), 9-THC 

(14) and 9-THCA 

(15).119  

Agilent 1200 

HPLC paired to 

Agilent 6460 

triplequadrupol

e MS 

Raptor TM C18 column 

(150 mm x 4.6 mm, 3.5 

m) 

Elution with 0.1% HCOOH in water (A) and 

0.1% HCOOH in ACN (B) over 16 min 

gradient with a flow rate of 1 mL/min. The 

gradient started at 35% B in A and 

increased to 55% B in A in 2 min and held 

MS in 

multiple 

reaction 

monitorin
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for 1 min, increased to 80% B in A in 7 min, 

increased again to 95% B in A in 8 min and 

100% B in A at 10 min, held for 3 min 

before decreasing to 35% B in A at 13.5 

min and equilibrating until 16 min. 

Column temperature = 40oC; injection 

volume = 50 L 

g (MRM) 

mode 

Lotions Reversed-phase 

HPLC 

C18 column with a column 

guard 

Isocratic elution with, 80% ACN with 0.1% 

HCOOH and 20% water with 5 mM 

ammonium formate and 0.1% formic acid. 

Run time 10 min; column temperature = 

40oC 

UV 

detection 

at 210 and 

228 nm 

CBD (5), CBN (10) 

and 9-THC 

(14).120  

Medical 

cannabis oil 

HPLC–MS-MS 

TSQ Fortis II 

Poroshell 120 C-18 (150 

mm x 4.6 mm, 2.7 µm) 

A gradient elution with 0.1% HCOOH in 

water (A) and MeOH (B), starting at 10% B 

in A, rising to 90% B in A in 2 min, 2-5 min 

at the same composition, then coming 

back to 10% A in 01.1 min and 

equilibration until 7 min 

MS/MS CBD (5) and 9-

THC (14).121  

Agilent 1260 

HPLC 

ACE 3 C18-PFP column (150 

mm × 3.0 mm, 3 µm) 

Isocratic elution. 75% ACN and 0.1% 

formic acid in water. 

UV 

detection 

at 228 nm 

CBC (1),  CBD (5), 

CBDA (6), CBG (8), 

CBN (10), Δ9-THC 

(14) and Δ9-THCA 

(15).57  

Shimadzu 

Prominence-i 

Luna C18(2) column (150 

mm × 4.6 mm × 5 μm) 

coupled who a Security C18 

Mobile phase: A = water buffered with 20 

mM ammonium formate and 0.1% 

HCOOH, B = ACN and C = MeOH buffered 

PDA 

detection 

at 232 nm 

CBC (1),  CBD (5), 

CBDA (6), CBDV 

(18), CBG (8), 
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LC-2030C 3D 

Plus HPLC-PDA 

guard column (20 mm × 

4.6 mm × 5 μm)  

with 10 mM ammonium formate and 

0.05% HCOOH. Gradient elution: started 

with 50% B in A, increased to 53% B in A 

in 17 min, 17-30 min 25% A, 30% B and 

45%C, 30.01 min 10% A, 45% B and 45%C, 

held until 32.00 min, 32.01 min 50% B in 

A, and held until 34 min. Column 

temperature = 40oC; flow rate = 2.5 

mL/min; injection volume 10 L. 

CBGA (9), CBN 

(10), Δ8-THC (13), 

Δ9-THC (14) and 

Δ9-THCA (15).69  

Medicinal 

cannabis 

products 

Shimadzu HPLC 

system 

ACE C18 column (150 mm x 

4.6 mm, 5 m) 

The mobile phase was composed of water 

(A) and ACN (B), both containing 0.1% 

HCOOH. Gradient elution: 0-16 min 5-95% 

B in A, and then coming back to 5% B in 16-17 

min. Flow rate = 0.6 mL/min; column 

temperature = 25oC; run time = 18 min. 

DAD set at 

220 nm 

CBD (5), CBDA (6), 

CBN (10), 9-THC 

(14) and 9-THCA 

(15).122  

Medicinal 

cannabis 

products 

including flos and 

oils 

Shimadzu HPLC 

system 

Restek Raptor ARC-18 

column (150 mm x 4.6 mm, 

2.7 mm) 

Isocratic elution with 75% ACN containing 

0.1% HCOOH in water containing 5 mM 

ammonium formate and 0.1 % HCOOH at a 

flow rate of 0.5 mL/min. Run time = 11 min 

UV 

detection 

at 228 nm 

CBC (1), CBCA (2), 

CBCL (3), CBCLA 

(4), CBD (5), CBDA 

(6), CBDV (18), 

CBDVA (19), CBG 

(8), CBGA (9), CBN 

(10), CBNA (11), 

8-THC (13), 9-

THC (14), 9-

THCA (15), THCV 
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(16) and THCVA 

(17).123  

Nonprescriptio

n commercial 

CBD products 

Dionex Ultimate 

3000 HPLC 

system 

Waters XTerra MS C18 

column (250 mm x 

2.1 mm, 5 μm) 

A gradient elution with the mobile phases 

consisted of a 50 mM aqueous solution of 

ammonium formate, pH 5.19 (phase A) 

and MeOH (phase B).  

DAD 

detection 

at 235 nm 

CBD (5), CBN (10) 

and 9-THC 

(14).124,125  

Nonpsychotropi

c cannabis oil 

Dionex Ultimate 

3000 coupled 

with a UV-Vis 

detector 

ZORBAX Eclipse XDB C18 

column (250 mm x  3 mm, 

5 m) 

The mobile phase was composed of A = 

0.1% formic acid in water, and B = ACN. 

Isocratic elution with 80% B in A over 25 

minutes. Flow rate = 0.5 mL/min; column 

temperature 30oC. 

UV 

detection 

at 220 nm 

CBD (5), CBDA (6), 

9-THC (14) and 

9-THCA (15).126  

Resins Jasco reversed-

phase HPLC 

coupled with a 

UV-Vis detector 

C18 Agilent column (150 

mm x 46 mm, 5 µm) 

The mobile phase comprised water (A) 

and ACN (B). A linear gradient elution 

started with 10% B in A and increased to 

90% B in A in 20 min. Injection volume = 

10 L; column temperature = 35oC 

UV set at 

220 nm 

CBD (5), CBN (10) 

and Δ9-THC 

(14).127  

Resins and 

cannabis oil 

Shimadzu LC-

20A coupled 

with PDA 

Hypersil BDS C18 column 

(150 mm x 4.6 mm, 5 m) 

The mobile phase comprised A = MeOH 

and B = 25 mM ammonium acetate 

solution. Gradient elution: 75% A: 1 min, 

75% to 95% A in 15 min, 95% A: 2 min, 

95% to 75% A in 2 min, and 75% A: 5 min. 

Total run time was 25 min. Flow rate = 

1mL/min; run time = 25 min 

UV set at 

205 nm 

CBD (5), CBDA (6), 

CBN (10), Δ9-THC 

(14),  and Δ9-

THCA (15).38  

Resins and 

medicinal 

Thermo-Fisher 

HPLC with PDA 

detector 

ACE C18 column (250 mm x 

4.6 mm, 5 m). 

Mobile phase: A = 50 mM ammonium 

formate, and B = MeOH. Step-gradient 

elution.  Column temperature = 30oC; run 

PDA 

detection 

at 240 nm. 

CBD (5), CBN (10) 

and Δ9-THC 

(14).128  
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cannabis 

extract 

time = 30 min; flow rate = 1 mL/min; 

injection volume = 10 L. 

UPLC (or UHPLC) methods 

Cannabis 

extract, tincture 

and cream 

Acquity Classic 

UPLC coupled 

with a Xevo TQ 

MS detector 

Acquity UPLC BEH C18 

column (100 mm x 2.1 mm, 

1.7 mm) connected to an 

Acquity UPLC BEH C18 

VanGuard precolumn (5 

mm x 2.1 mm) 

The mobile phase comprised water (A) 

and ACN (B), both containing 0.1% 

HCOOH. Gradient elution: 50% B in A for 

1 min; 100% B for 8 min; 50% B in A for 3 

min; and equilibration of the column for 

1 min. Injection volume = 5 L; flow rate 

= 0.5 mL/min; column temperature = 

45oC. 

ESI-

MS/MS in 

positive 

and 

negative 

ion modes 

CBC (1), CBD (5), 

CBDA (6), CBDV 

(18), CBG (8), 

CBGA (9), CBN 

(10), Δ8 -THC (13), 

Δ9 -THC (14), Δ9 -

THCA (15) and 

THCV (16).45  

Cannabis oil Acquity UPLC H-

Class coupled 

with a tunable 

UV detector 

(TUV) 

Cortecs C18 UPLC column 

(150 mm x 2.1 mm, 1.6 m) 

Mobile phase: A = 0.1% acetic acid in 

water and B = ACN. Gradient elution: 0–

16 min, 53% B in A; 17–31 min, 62% B  in 

A; and 31–33 min, 95% B in A, the 

conditions were reset at 53% B (3 -35 

min). Column temperature = 40oC; flow 

rate = 0.4 mL/min; injection volume = 2 

L 

UV set at 

230 nm 

CBD (5) and Δ9-

THC (14).129  

Agilent 1200 

RRLC system 

coupled to a 

diode array 

detector (DAD) 

Kinetex C18 column (100 

mm × 3.0 mm, 1.7 μm) 

Mobile phase: A = 10 mM ammonium 

formate and B = ACN. Gradient elution: 

0–8 min, 52–66% B in A; 8–8.5 min, 66–

70% B in A; 8.5–13 min, 70–80% B in A; 

13–15 min, 80% B in A; a 7-min column 

equilibration after each run. Flow rate = 

0.6 mL/min; injection volume = 5 L. 

DAD set at 

220 nm 

CBC (1), CBD (5), 

CBDA (6), CBG (8), 

CBGA (9), CBN 

(10),  ∆9-THC (14), 

∆9-THCA (15), 

THCV (16) and 

THCVA (17).48  
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Shimadzu 

Nexera X2 LC 

system coupled 

with a LCMS-

8050 tandem 

mass 

spectrometer 

Acquity UPLC HSS T3 

column (30 mm x 2.1 mm, 

1.8 m) 

Mobile phase A (ACN:water 75:25 + 

0.05% HCOOH) and B (isopropanol:ACN 

80:20 + 0.05%). Gradient elution started 

with 0% solution B, which was linearly 

increased to 100% over 1.5 min, this 

condition was maintained for 1 min, and 

then the column was re-equilibrated to 

initial conditions for 1 min Injection volume 

= 5 L; flow rate = 0.4 mL/min; run time = 

3.5 min; column temperature = 30oC. 

ESI-MS in 

positive 

ion mode 

CBD (5), CBDA (6), 

CBN (10), Δ9-THC 

(14) and Δ9-THCA 

(15).130  

Cannabis oil 

galenic 

preparations 

Acquity UPLC 

coupled with a  

triple 

quadrupole 

detector (TQD, 

MS/MS) 

Acquity UPLC HSS-T3 

column (30 mm x 2.1 mm, 

1.8 µm) 

Mobile phase A consisted of 0.05% 

HCOOH acid in water:ACN (30:70), and 

mobile phase B of 0.05% HCOOH in 

isopropanol:ACN (80:20). Gradient 

elution: started with 100% A for 4.6 min, 

reached 100% B phase and kept for 1.5 

min, then the column was reconditioned 

at 100% B. Run time =  7 min; flow rate = 

0.4 mL/min; injection volume = 4 L. 

ESI-MS in 

positive 

ion mode 

CBD (5), CBDA (6), 

9-THC (14) and 

Δ9-THCA (15).131  

Agilent 1200 

series HPLC 

coupled to a 

6430 Triple 

Quad MS 

Zorbax Eclipse Plus C18 

column (50 mm x 2.1 mm, 

1.8 µm) 

Mobile phase: 0.1% HCOOH in water (A) 

and 0.1% HCOOH in ACN (B). Gradient 

elution: started with 50% B in A for 0.2 

min, increased to 100% B in 2.8 min, kept 

for 2 min, and came back to 50% B for 

column reconditioning. Run time =  8.5 
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min; flow rate = 0.3 mL/min; injection 

volume = 5 L. 

Cannabidiol oil Shimadzu 

Nexera UHPLC 

system 

Phenomenex XB-C18 

column (50 mm × 2.1 mm, 

1.7 μm) 

A gradient elution with 0.1% HCOOH in 

water (A) and 0.1% HCOOH in ACN (B), 

starting with 5% B, the gradient was 

increased to 100% B over 18 min. 

Injection volume 1-10 L and flow rate = 

0.3 mL/min 

DAD 

detection 

at 201 and 

273 nm 

CBC (1), CBD (5), 

CBDV (18), CBG 

(8), CBN (10) and 

cis- and trans-9-

THC (14).132  

Commercial 

cannabinoids 

Agilent 1260 

Infinity II LC 

coupled with an 

Agilent 6545 

quadrupole 

time-of-flight 

(Q-TOF) mass 

spectrometer, 

equipped with a 

Dual AJS 

(Agilent Jet 

Stream) ESI 

source 

operating in 

positive-ion 

mode 

Luna Omega Polar C18 

column (150 mm × 2.1 mm, 

1.6 μm) 

Isocratic elution with 73% B (ACN) in A 

(0.028% HCOOH in water at pH 3.6). 

Column temperature = 30oC, run time = 

15 min, injection volume 3 L and flow 

rate = 0.3 mL/min 

PDA at  

223, 230, 

251, 269 

and 285 

nm, and 

ESI-TOF 

(time of 

flight) in 

positive 

ion mode 

CBC (1), CBCA (2), 

CBD (5), CBDA (6), 

CBDV (18), 

CBDVA (19), CBG 

(8), CBGA (9), 

CBCLA (4), CBN 

(10), CBT (22), 8-

THC (13), 9-THC 

(14), 9-THCA 

(15), THCV (16) 

and THCVA 

(17).134  

Agilent 1290 

Infinity II UHPLC 

Daicel’s immobilized sub-2 

µm chiral column series: 

Both normal and reversed-phase 

solvents. Normal phase: n-

DAD set at 

220 nm 

CBC (1), CBD (5), 

CBDA (6), CGB (8), 
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equipped with a 

DAD 

Chiralpak IA-U [amylose 

tris (3,5- dimethyl-

phenylcarbamate)], IB-U 

[cellulose tris (3,5-

dimethylphenylcarbamate

)], IC-U [cellulose tris (3,5-

dichloro-

phenylcarbamate)], ID-U 

[amylose tris (3-chloro-

phenylcarbamate)], IG-U 

[amylose tris (3-chloro-5-

methyl-

phenylcarbamate)], and 

IH-U [amylose tris (S)-α-

methyl-benzylcarbamate. 

All columns were 100 mm 

x 3 mm. 

hexane/isopropanol/ethanol/trifluoroace

tic acid (TFA) (96: 3: 1: 0.1), isocratic 

elution at a flow rate of 0.21 mL/min at 

25oC with an injection volume of 0.5 L. 

Reversed-phase: water/ACN/TFA (45: 55: 

0.1), isocratic elution at a flow rate of 0.8 

mL/min at 25oC with an injection volume 

of 0.5 L. 

CBGA (9), CBN 

(10), Δ8-THC (13), 

Δ9-THC (14), Δ9-

THCA (15) and 

THCV (16).135  

Decoction and 

oil 

Acquity UPLC I-

Class coupled 

with a Xevo TQ-

S micro mass 

spectrometer 

Acquity UPLC BEH C18 

column (50 mm x 2.1 mm, 

1.7 m) 

Mobile phase = ammonium formate 50 

mM pH 3 (A) and MeOH (B). Gradient 

elution: started with 40% B in A, held for 

0.5 min, increased to 100% B within 7.0 

min, decreased to 40% B within 8.0 min, 

held for 2.0 min. Run time = 10 min; 

injection volume = 10 L; flow rate = 0.4 

mL/min; column temperature = 50oC. 

ESI 

positive 

ion mode 

CBD (5), CBDA (6), 

9-THC (14), 9-

THCA (15) and 9-

THC 

conjugates.133  
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Ground 

cannabis 

inforescence 

packaged in 

tamper-proof 

cartridges (Syqe 

cartridges) 

Acquity UPLC H-

Class 

Acquity UPLC C18 column 

(150 mm x 2.1 mm, 1.7-

μm) 

Mobile phase: water (A) and ACN (B), 

both containing 0.1% HCOOH. Gradient 

elution: 70% to 100% B 10.5 min, held for 

0.5 min, and returned to the initial 

conditions. Column temperature = 30oC; 

flow rate = 0.4 mL/min; run time = 14 

min 

PDA 

detection 

at 228 nm 

CBD (5), CBDA (6), 

CBGA (9), CBN 

(10), 9-THC (14) 

and Δ9-THCA 

(15).136  

e-Liquid Agilent 1290 

HPLC coupled to 

a TIMS-TOF Pro 

MS detector 

Poroshell EC-C18 column 

(150 mm x 3 mm, 1.9 µm) 

Mobile phase A = 0.1% formic acid in water 

and B = 0.1% formic acid in ACN. Isocratic 

elution with 75% B in A for 24 min. Injection 

volume = 5 L; flow rate = 0.5 mL/min; 

column temperature = 30oC. 

ESI-MS in 

positive 

and 

negative 

ion mode 

CBD (5), 7-OH-

CBD, 6-OH-CBD, 

CBDV (18)  and 

CBE (20).137  

Resins and 

cannabis oil 

Dionex Ultimate 

3000 UHPLC 

system coupled 

with a Q-

Exactive Plus 

orbital trap 

mass 

spectrometer 

Acquity UPLC BEH C18 

column (100 mm × 2.1 

mm, 1.7 µm)  

Mobile phase: A = 5% MeOH in water and 

B = isopropanol-MeOH-water (65:30:5); 

both A and B with 5 mM ammonium 

formate and 0.1% formic acid. Gradient 

elution: started with 5% B, increasing to 

60% B within the first minute, followed 

by a gradual change to 70%  B in 10 min, 

rising sharply to 100% B in 0.5 min, 

washing with 100% B for 5 min and 

reconditioning to initial conditions for 2.5 

min. Run time = 19 min; flow rate = 0.3 

and 0.4 mL/min; injection volume 3 L 

HRMS/MS

; ESI-MS in 

positive 

ion mode 

CBD (5), CBG (8), 

CBN (10) and 9-

THC (14).26  
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TABLE 3 HPLC and UPLC (or UHPLC) methods for the analysis of phytocannabinoids and their conjugates in human blood samples 

Matrices/sources Instrumentation Column Mobile phase Detection Cannabinoids 

analysed/detected 

HPLC methods 

Plasma Acquity H-Class PLUS 

coupled with a XEVO 

TQ-S micro MS detector 

with an ESI interface 

Kinetex C18 

column (100 

mm x 2.1 mm, 

2.6 m) 

Mobile phase: water (A) and 

ACN (B), both containing 0.1% 

formic acid. Gradient elution: 0-

0.6 min 18% B in A, 0.6-5.5 min 

72% B in A, 5.5-6.5 min 72% B in 

A, 5.5-7.3 min 79% B in A, 7.0-

7.8 min 79% B in A, 7.8-8.8 min 

95% B in A, 8.8-9.2 95% B in A, 

9.2-10 min 82% B in A. Column 

temperature = 40oC; flow rate = 

0.5 mL/min; run time = 10 min. 

ESI-MS/MS in 

positive and 

negative ion 

modes 

CBD (5), CBDA (6), CBN 

(10), 11-OH–Δ9-THC (12), 

Δ8-THC (13), Δ9-THC (14), 

Δ9-THCA (15),  11-nor-9-

carboxy-Δ9-THC and 9-

THCA-glucuronide.138  

Agilent 1250 HPLC 

coupled with an AB 

Sciex API5500 triple 

quadrupole mass 

spectrometer with a 

Turbo V Ion Spray 

source 

Ascentis 

Express RP-

Amide 

analytical 

column (150 

mm x 3 mm, 2.7 

µm) 

Mobile phase A = 0.04% formic 

acid in water and B = 

ACN:MeOH:isopropanol (3:1:1). 

Gradient elution:  60% B for 1.1 

min, to 100% B at 5.0 min, 

holding for 3.5 min, re-

equilibrated to 60% B over 0.1 

min and held for 2.4 min. Run 

time = 10 min; column 

temperature = 60oC; flow rate = 

0.55 mL/min 

Atmospheric 

pressure 

chemical 

ionization 

(APCI) in 

combination 

with multiple 

reaction 

monitoring in 

positive ion 

mode 

CBC (1), CBD (5) and its 

metabolites including 

CBD-glucuronide (CBD-

glu), CBDA (6), 6-

hydroxy-CBD (CBD-6-

OH), 7-hydroxy-CBD (CBD-

7-OH), CBN (10), 9-THC 

(14) and its metabolites 

including 9-THCA-

glucuronide, 11-OH-9-
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THC (12) and THCVA 

(17).139  

Dionex Ultimate 3000 

UHPLC coupled with a 

linear trap 

quadrupole-Orbitrap 

mass spectrometer 

(LTQ-Orbitrap Velos) 

Gemini C18 

column (100 mm 

x 4.6 mm, 3 µm) 

Mobile phase: A = 25 mM formic 

acid in water and B = 25 mM formic 

acid in ACN. Isocratic elution with 

40% B in A. Flow rate = 0.5 mL/min; 

run time = 15 min. 

ESI-MS/MS in 

positive ion 

mode 

CBD (5), CBG (8), CBN (10) 

and 9-THC (14).141  

UPLC (or UHPLC) methods 

Blood Acquity UPLC H-Class 

System coupled with 

an MS detector  

Acquity BEH C18 

column (150 

mm × 2.1 mm, 

1.7 µm) 

connected to an 

Acquity BEH C18 

VanGuard pre-

column (5 mm × 

2.1 mm, 1.7 

µm) 

Mobile phase: 0.1% formic acid 

in water (A) and 0.1% formic 

acid in MeOH. Multiple gradient 

elution started with 10% B in A. 

Flow rate 0.3 mL/min; runtime = 

17 min; injection volume = 5 L. 

ESI-MS/MS in 

positive and 

negative ion 

modes 

CBD (5), CBN (10), 9-THC 

(14) and 9-THCA (15).142  

Acquity UPLC I-Class 

System coupled with 

a Xevo® TQ-S micro 

MS equipped with an 

ESI source operating in 

both negative and 

positive-ion modes 

Acquitytm 

Premier UPLC 

BEH C18 column 

(100 mm x 2.1 

mm, 1.7 m) 

The mobile phase comprised A = 

water with ammonium formate 

5 mM pH 7.5 and B = ACN. 

Gradient elution: from 5% B in A 

for 0.25 min to 30% B in A after 

1 min, 80% B in A after 11.5 min 

and held for 0.5 min, 100% B 

ESI-MS/MS in 

positive and 

negative ion 

modes 

CBD (5), 7-COOH-CBD (7), 

7-OH-CBD, 6-OH-CBD, 

6-OH-CBD, 9-THC (14), 

11-OH-9-THC and (11-

COOH-THC (or THC-

COOH, 29).143  
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after 11.55 min till 13.5 min, 

and then back to 5% B in A after 

13.55 min and held for the 

remaining 17:00 min. Run time 

= 17 min; flow rate = 0.4 

mL/min; column temperature = 

50oC 

Sciex Exion LC system 

coupled with a 

QTRAP® 6500+ triple 

quadrupole linear ion 

trap MS equipped 

with a TurboIonSpray 

interface 

Acquity UPLC 

HSS T3 C18 

column (100 

mm x 2.1 mm, 

1.8 m) 

The mobile phase comprised A = 

MeOH/water containing 2 mM 

ammonium formate with formic 

acid 0.1% (95/5) and B =  

MeOH/water containing 2 mM 

ammonium formate with formic 

acid 0.1% (5/95). Gradient 

elution: 45% A at 0 min, linearly 

increased to 60% A in 5 min and 

to 95% A in 1 min, isocratic for 

1.5 min, followed by a decrease 

in the initial conditions in 0.05 

min and equilibration time for 

1.95 min. Run time = 10 min; 

flow rate = 0.4 mL/min; column 

temperature = 45oC. 

MS detection in 

two modes, 

MRM and MS3 

9-THC (14), 9-THC-OH 

and 9-THC-COOH (29).144  

Capillary blood Dionex Ultimate 3000 

UHPLC coupled to a 

Acquity UPLC 

BEH C18 column 

Mobile phase = 5 mM ammonium 

acetate (A) and 0.1% formic acid in 

ACN (B). Gradient elution that 

Atmospheric 

pressure 

chemical 

CBD (5) and 9-THC 

(14).145  



139 
 

TSQ Quantiva™ Triple 

Quadrupole 

(50 mm x 2.1 

mm, 1.7 m) 

started with 60% B in A. Column 

temperature = 40oC; flow rate = 

0.3 mL/min. 

ionization 

(APCI) in the 

positive ion 

mode 

Plasma Acquity UPLC H-Class 

system coupled to 

the Xevo® TQ-D 

tandem quadrupole 

MS equipped with a 

Z-spray source 

Coreshell 

Kinetex C18 

column (100 

mm x 2.1 mm, 

1.7 m) 

The mobile phase comprised A 

(5 mM ammonium acetate) and 

B (ACN with 0.1% formic acid). 

Isocratic elution with 60% B in A. 

Column temperature = 40oC; 

flow rate = 0.3 mL/min. 

ESI-MS/MS in 

positive ion 

mode 

CBD (5) and 9-THC 

(14).146  

Acquity-Xevo-TQD 

UHPLC-MS/MS 

system 

Kinetex C18 

column (100 

mm x 2.1 mm, 

1.7 μm) 

Mobile phase: A = 5 mmol/L 

ammonium formate solution 

with 0.1% formic acid and B = 

ACN. Gradient elution: 60% B in 

A (0–1.2 min), 60% to 75% B in A 

(1.2–2.2 min), 75% B in A (2.2–

2.8 min), 100% B (2.8–3.5 min), 

100% B (3.5–7.0 min), 60% B in 

A (7.01–9.0 min). Flow rate = 0.3 

mL/min; column temperature = 

40oC; injection volume = 10 L. 

ESI-MS/MS in 

in the multiple 

reaction 

monitoring 

(MRM) mode 

CBD (5) and 9-THC 

(14).147  

Dionex Ultimate 3000 

UHPLC system 

coupled with a TSQ 

Quantiva™ Triple 

Acquity UPLC 

BEH C18 column 

(50 mm x 2.1 

mm, 1.7 m) 

Mobile phase = 5 mM ammonium 

acetate (A) and 0.1% formic acid in 

ACN (B). Gradient elution that 

started with 60% B in A. Column 

ESI-MS/MS in 

positive ion 

mode 

CBD (5) and 9-THC 

(14).148  
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Quadrupole MS 

detector 

temperature = 40oC; flow rate = 

0.3 mL/min. 

Shimadzu Nexera X2 

UHPLC system 

coupled with a 

tandem MS detector 

Acquity UPLC® 

BEH C18 column 

(50 mm x 2.1 

mm, 1.7 m) 

ACN/water 70-90% gradient in 2 

min. 

ESI-MS/MS in 

negative ion 

mode 

7-COOH-CBD and 9-THC 

metabolites.149  

Serum Acquity UPLC I-Class 

coupled with a 

Waters Xevo TQ-S 

micro mass 

spectrometer (triple 

quadrupole) 

equipped with an 

electrospray 

ionization source 

operating in 

negative-ion mode 

(ESI-) 

Acquity UPLC 

BEH C18 column 

(100 mm x 2.1 

mm, 1.7 μm) 

A gradient mobile phase 

composed of ammonium 

formate 5 mM at pH 7.5 (A) and 

ACN (B). Flow rate = 0.4 mL/min; 

column temperature = 50oC; run 

time = 8 min. 

ESI-MS/MS in 

negative ion 

mode 

CBD (5), CBDA (6), 7-

hydroxycannabidiol (CBD-

7-OH) and 6-

hydroxycannabidiol (CBD-

6-OH).150  

Acquity UPLC I-Class 

coupled with a Xevo 

TQ-S micro mass 

spectrometer 

Acquity UPLC® 

BEH C18 column 

(50 mm x 2.1 

mm, 1.7 m) 

Mobile phase = ammonium 

formate 50 mM pH 3 (A) and 

MeOH (B). Gradient elution: 

started with 40% B in A, held for 

0.5 min, increased to 100% B 

within 7.0 min, decreased to 40% 

B within 8.0 min, held for 2.0 

min. Run time = 10 min; injection 

ESI-MS/MS in 

positive ion 

mode 

CBD (5), CBDA (6), 9-THC 

(14), 9-THCA (15) and 9-

THC conjugates.133  
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volume = 10 L; flow rate = 0.4 

mL/min; column temperature = 

50oC. 

Acquity UPLC I-Class 

LC coupled with a 

Waters® Xevo® TQ-S 

micro mass 

spectrometer (triple 

quadrupole) 

prepared with an 

electrospray 

ionization source 

operating in 

negative-ion mode 

(ESI−) 

Acquity UPLC 

BEH C18 column 

(100 mm x 2.1 

mm, 1.7 m) 

The mobile phase comprised 

ammonium formate 5 mM at pH 

7.5 (A) and ACN (B). Gradient 

elution: initial conditions were 

5% B in A, held for 0.25 min, 

increased gradually to 100% B 

within 5.3 min, decreased to 5% 

B in A within 5.4 min, held for 2.6 

min. Run time = 8 min; flow rate 

= 0.4 mL/min; column 

temperature = 50oC 

ESI-MS/MS in 

negative ion 

mode 

CBD (5), CBDA (6), 7-

COOH-CBD (7), 6-OH-

CBD, 6-OH-CBD and 7-

OH-CBD.151  

HPLC ExionLC 100 

integrated system 

coupled with a 3200 

QTRAP® 

triplequadrupole 

linear ion trap mass 

spectrometer fitted 

with a TurboIonSpray 

interface 

Phenomenex 

Onyx monolithic 

C18 column (100 

mm x 3 mm, 1.5 

m) 

Mobile phase: A = 2% MeOH in 

water containing 10 mM 

ammonium formate and 0.1% 

formic acid, and B = 

MeOH/CAN/isopropanol 

(80:10:10) containing 8 mM 

ammonium formate and 0.08% 

formic acid. Gradient elution: 

started at 80% Bin A, ramped to 

98% B in A over 3 min and then 

maintained for 2 min, an 

ESI-MS/MS in 

positive ion 

mode 

CBD (5)  and 7-OH-CBD.152  
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additional cleaning step of 3 min 

with 0.6 mL/min of a mixture 1% 

B: 99% MeOH before valve 

activation for re-equilibration of 

the column at 0.6 mL/min for 3 

min (1% B in A). Column 

temperature = 25oC; run time = 

12 min; injection volume = 40 L; 

flow rate = 0.5 mL/min. 
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TABLE 4 HPLC and UPLC (or UHPLC) methods for the analysis of cannabinoids in sweat, oral fluid and breast milk samples 

Matrice/sources Instrumentation Column Mobile phase Detection Cannabinoids 

analysed/detected 

HPLC methods 

Breast milk Agilent 1200 series LC 

system coupled with a 

Sciex API5000 tandem 

mass spectrometer 

Poroshell 

Eclipse C18 

column (50 

mm x 4.6 

mm, 2.7 m) 

The mobile phase comprised B = 20% 

isopropanol, 20% MeOH and 60% 

ACN, and A = water supplemented 

with 0.1% formic acid. Gradient 

elution: began with a flow rate of 0.75 

mL/min and 60% of solvent B in A for the 

first minute, in the following 3 min, the 

flow rate and the organic solvent 

content increased to 1 mL/min and 95% 

solvent B in A, respectively. From 4 to 6 

min, B increased to 100%. At minute 6.2, 

the system returned to starting 

conditions for 1.8 min to equilibrate for 

the following injection. Column 

temperature = 60oC. 

ESI-MS/MS 

positive and 

negative ion 

mode 

CBD (5), CBG (8), 11-OH-

9- THC (12), 9-THC 

(14), 9-THCA (15) and 

9-THC-glucuronide.153  

Oral fluid Agilent 1100 series 

equipped with a Sciex 

API4000 TurboIonSpray 

interface for 

pneumatically assisted 

electrospray 

Agilent 

Pursuit XRs 

Ultra 2.8 C18 

column (100 

mm × 2.0, 2.8 

m) 

Mobile phase: A = 10 mM formic acid 

in water and B = 5% ACN in MeOH 

with 10 mM formic acid. Gradient 

elution: began with 15% B in A, held 

for 2 min; from 15 to 80% organic B 

in A in 1.5 min, held for 1 min; from 

80 to 100% B in A in 1 min; 100% B, 

ESI-MS/MS in 

positive ion 

mode 

CBD (5), CBN (10), 9-

THC (14), and 9-THC-

COOH (29).154  
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held for 5.5 min; back to the starting 

condition in 0.5 min and re-

equilibration for 13.5 min. Flow rate 

= 0.2 mL/min; injection volume = 2 

mL; run time = 25 min. 

UPLC (or UHPLC) methods 

Oral fluid Acquity UPLC coupled 

with Xevo TQ-S 

instrument 

Cortecs C18 

column (50 

mm x 2.1 

mm, 1.6 m) 

 

Mobile phase A = 0.1% formic acid 

in water/acetonitrile (95:5) and B = 

0.1% formic acid in ACN. Injection 

volume was 6.0 µL. Gradient elution: 

began with 55% B in A for 7.5 min, 

increased to 100% B in A over 0.8 

min and then held at 100% B for 0.3 

min, re-equilibration to 55% B in A 

and then held at 55% Bin A  for 0.4 

min. Column temperature = 26oC; 

run time = 9 min; flow rate = 0.5 

mL/min. 

ESI-MS/MS in 

positive ion 

mode  

CBC (1), CBD (5), CBDA 

(6), CBG (8), CBN (10), 

∆8-THC (13), ∆9-THC 

(14), 11-OH-∆9-THC (12), 

∆9-THCA (15), THCV (16), 

CBDV (18) and 

cannabidiorcol (CBD-

C1).155  

 

Agilent Infinity 1290 

UHPLC system coupled 

with a 4500 QTRAP 

hybrid triple 

quadrupole/linear ion 

trap MS with a Turbo V 

ion source 

 

Ace Excel 

Super C18 

column (75 

mm × 2.1 

mm, 2 μm) 

linked to a 

C18 guard 

column 

Mobile phase: water/formic acid 5 

mM (A) and ACN (B). Gradient 

elution: started with 50% B in A for 

0.3 min, increased to 100% B in 3 

min, and continued at 100% B for 

0.5 min. Flow rate = 0.6 mL/min; 

column temperature = 45oC; run 

time 5 min. 

ESI-MS in 

negative ion 

mode, and 

MS/MS (MS2) 

selected 

reaction 

monitoring 

CBD (5), 9-THC (14) and 

9-THCA (15).156  
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(SRM) 

acquisition 

Oral fluid and 

sweat 

Acquity UPLC I-Class 

coupled with a Xevo TQ-

S micro mass 

spectrometer 

Acquity UPLC 

BEH C18 

column (50 

mm x 2.1 

mm, 1.7 m) 

Mobile phase = ammonium formate 

50 mM pH 3 (A) and MeOH (B). 

Gradient elution: started with 40% B 

in A, held for 0.5 min, increased to 

100% B within 7.0 min, decreased to 

40% B within 8.0 min, held for 2.0 

min. Run time = 10 min; injection 

volume = 10 L; flow rate = 0.4 

mL/min; column temperature = 

50oC. 

ESI-MS/MS in 

positive ion 

mode 

CBD (5), CBDA (6), 9-

THC (14), 9-THCA (15) 

and 9-THC 

conjugates.133  

Saliva HPLC ExionLC 100 

integrated system 

coupled with a 3200 

QTRAP® 

triplequadrupole linear 

ion trap mass 

spectrometer fitted 

with a TurboIonSpray 

interface 

Onyx 

monolithic 

C18 column 

(100 mm x 3 

mm, 1.5 m) 

Mobile phase: A = 2% MeOH in 

water containing 10 mM ammonium 

formate and 0.1% formic acid, and B 

= MeOH/ACN/isopropanol 

(80:10:10) containing 8 mM 

ammonium formate and 0.08% 

formic acid. Gradient elution: 

started at 80% Bin A, ramped to 98% 

B in A over 3 min and then 

maintained for 2 min, an additional 

cleaning step of 3 min with 0.6 

mL/min of a mixture 1% B: 99% 

MeOH before valve activation for re-

equilibration of the column at 0.6 

ESI-MS/MS in 

positive ion 

mode 

CBD (5)  and 7-OH-

CBD.152  
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mL/min for 3 min (1% B in A). 

Column temperature = 25oC; run 

time = 12 min; injection volume = 40 

L; flow rate = 0.5 mL/min. 
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TABLE 5 HPLC and UPLC (or UHPLC) methods for the analysis of phytocannabinoids in human hair and nail samples 

Matrices/source Instrumentation Column Mobile phase Detection Cannabinoids 

analysed/detected 

HPLC methods      

Hair Agilent UHPLC 1290 Infinity 

II coupled with a 6470 A 

Triple Quadrupole LC-MS 

equipped with an ESI source 

operating in positive and 

negative-ion modes 

Kinetex 

column (100 

mm x 2.1 

mm, 2.6 m) 

The mobile phase comprised 

water and ammonium formate 2 

mM at pH 8.5 (A) and ACN (B).  

Gradient elution: started with 

20% B in A, held for 0.25 min, 

increased to 63% B in A within 3.1 

min, to 65% B within 5.00 min, 

decreased to 20% B in A within 8.10 

min, held for 1.9 min. Run time = 

10 min; flow rate = 0.4 mL/min; 

injection volume = 1 L. 

ESI-MS positive 

and negative ion 

modes 

CBD (5) and its 

metabolites, 11-OH-THC 

(12) 7-COOH-CBD (7), 7-

OH-CBD, 6α-OH-CBD and 

6β-OH-CBD), 9-THC (14) 

and 9-THCA (15).157  

Hair and nail Acquity I Class coupled 

with a Waters XEVO TQ-S 

Micro tandem 

quadrupole mass 

spectrometer 

Oasis HLB 

column (20 

mm x 4.6 

mm, 5 m) 

Mobile phase = 12.5 mM 

ammonium formate pH 9.5 (A) 

and ACN (B). Gradient elution: 

started with 25% B in A, and 

increased to 100% B in 10 min. 

Column temperature = 50oC; run 

time = 10 min; flow rate = 1 

mL/min. 

ESI-MS in 

positive ion 

mode 

9-THC (14).158  

UPLC (or UHPLC) methods 

Hair Agilent Infinity 1290 

UHPLC system coupled 

Ace Excel 

Super C18 

Mobile phase: water/formic acid 

5 mM (A) and ACN (B). Gradient 

ESI-MS in 

negative ion 

CBD (5), 9-THC (14) and 

9-THCA (15).156  
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with a 4500 QTRAP hybrid 

triple quadrupole/linear 

ion trap MS with a Turbo 

V ion source 

column (75 

mm × 2.1 

mm, 2 μm) 

linked to a 

C18 guard 

column. 

elution: started with 50% B in A 

for 0.3 min, increased to 100% B 

in 3 min, and continued at 100% 

B for 0.5 min. Flow rate = 0.6 

mL/min; column temperature = 

45oC; run time 5 min.  

mode, and 

MS/MS (MS2) 

selected 

reaction 

monitoring 

(SRM) 

acquisition 

Nail Acquity UPLC coupled to a 

Waters Xevo TQ-XS triple 

quadrupole spectrometer 

(QQQ-MS/MS) with an ESI 

source 

Acquity 

UPLC HSS 

column (150 

mm x 2.1 

mm, 1.8 m) 

Mobile phase: A = 5 mM 

ammonium acetate and water 

with 0.075% formic acid, and B = 

ACN with 0.1% formic acid. 

Gradient elution: 15% B in A for 

0.5 min, increased to 50% B in A 

from 0.5 min to 10 min, further 

increased to 95% B in A in 0.75 

min, held until 12.25 min, 

dropped back to 15% B in A in 

0.50 min, held until 15 min. Flow 

rat e= 0.4 mL/min. 

ESI-MS in 

positive ion 

operating in 

multiple 

reaction 

monitoring 

(MRM) mode 

9-THC (14).159  
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TABLE 6 HPLC and UPLC (or UHPLC) methods for the analysis of phytocannabinoids and their conjugates in human urine samples 

Instrumentation Column Mobile phase Detection Cannabinoids 

analysed/detected 

HPLC methods 

Agilent Infinity 1290 II LC 

system coupled with an e6470 

Triple Quadrupole MS (UHPLC-

QQQ-MS) 

ACE Excel 3 

C18-PFP 

column (150 

mm × 4.6 mm, 

3 m) 

Mobile phase: A = 10 mmol/L 

ammonium formate solution with 

0.05% formic acid, and B = MeOH. 

Gradient elution: %B in A was 

increased from 5% to 60% in 6 min, 

reached 95% in 8 min, held at 95% for 

3 min, and then reduced to 5% in 2 

min. Re-equilibration at the initial 

gradient conditions at 5% for 4 min 

was followed. Flow rate = 0.4 

mL/min; column temperature = 40oC; 

run time = 17 min; injection volume = 

10 L. 

Jet Stream 

Technology Ion 

Source (AJS) ESI-

MS/MS in 

positive and 

negative ion 

modes 

9-THCA (15).160  

UPLC (or UHPLC) methods 

Acquity UPLC I-Class coupled 

with a Xevo TQ-S micro mass 

spectrometer 

Acquity UPLC 

BEH C18 

column (50 

mm x 2.1 mm, 

1.7 m) 

Mobile phase = ammonium formate 

50 mM (A) and MeOH (B). Gradient 

elution: started with 40% B in A, 

held for 0.5 min, increased to 100% 

B within 7.0 min, decreased to 40% 

B within 8.0 min, held for 2.0 min. 

Run time = 10 min; injection volume 

ESI-MS/MS 

positive ion mode 

CBD (5), CBDA (6), 9-THC (14), 

9-THCA (15), 11-OH-THC (12), 

THC-COOH (29) and 9-THC 

conjugates.133  
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= 10 L; flow rate = 0.4 mL/min; 

column temperature = 50oC. 

Acquity UPLC I-Class coupled 

with a Waters Xevo TQ-S micro 

mass spectrometer (triple 

quadrupole) equipped with an 

electrospray ionization source 

operating in negative-ion mode 

(ESI-) 

Acquity UPLC 

BEH C18 

column (100 

mm x 2.1 mm, 

1.7 μm) 

A gradient mobile phase composed 

of ammonium formate 5 mM at pH 

7.5 (A) and ACN (B). Flow rate = 0.4 

mL/min; column temperature = 

50oC; run time = 8 min. 

ESI-MS/MS in 

negative ion 

mode 

CBD (5), CBDA (6), 7-OH-CBD 

and 6-OH-CBD.150  

Acquity UPLC I-Class coupled 

with a Xevo TQD tandem MS 

Cortecs UPLC 

C18 Plus 

analytical 

column (50 

mm x 2.1 mm, 

1.6 m) 

Mobile phase: A = 0.1% formic acid 

in water, and B = ACN. Gradient 

elution: 55% B in A (0–1.9 min), 67% 

B in A (1.9–4.4 min), 95% B in A (4.4–

4.6 min) and 55% B in A (4.6–5.5 

min). Column temperature = 30oC; 

flow rate = 0.4 mL/min; injection 

volume = 10 L; run time = 5.5 min. 

ESI-MS/MS in 

positive and 

negative ion 

modes 

CBD (5), 8-THC (13), 9-THC 

(14), 10-THC, 8-THC-COOH, 

9-THC-COOH (29).161  

Agilent Infinity 1290 UHPLC 

system coupled with a 4500 

QTRAP hybrid triple 

quadrupole/linear ion trap MS 

with a Turbo V ion source 

Ace Excel 

Super C18 

column (75 

mm × 2.1 mm, 

2 μm) linked to 

a C18 guard 

column. 

Mobile phase: water/formic acid 5 

mM (A) and ACN (B). Gradient 

elution: started with 50% B in A for 

0.3 min, increased to 100% B in 3 

min, and continued at 100% B for 

0.5 min. Flow rate = 0.6 mL/min; 

column temperature = 45oC; run 

time 5 min.  

ESI-MS/MS in 

negative ion 

mode and MS/MS 

(MS2) selected 

reaction 

monitoring (SRM) 

acquisition 

CBD (5), 9-THC (14) and 9-

THCA (15).156  
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Agilent 1260 Infinity LC system 

equipped with an AB Sciex 

QTRAP 4500 MS system 

Acquity UPLC 

HSS T3 (100 

mm x 2.1 mm, 

1.8 µm) 

Mobile phase: water containing 

0.05% acetic acid (A) and MeOH (B). 

Gradient elution: started with 60% B 

in A and kept for 2 min, increased to 

80%B in A from 2 to 6 min and 

maintained until 12 min, increased 

to 95% B in A from 12 to 16 min and 

maintained until 19 min. Finally, 

mobile phase B was decreased to 

60% B in A from 19 to 19.1 min and 

maintained until 25 min to stabilize 

the LC system. Flow rate = 0.2 

mL/min; column temperature = 

35oC. 

ESI-MS/MS in 

negative ion 

mode using 

multiple reaction 

monitoring 

(MRM) transitions 

CBD (5), 6-OH-CBD, 7-OH-CBD, 

7-COOH-CBD (7), 8-THC (13), 

9-THC (14), 9-11-OH-THC, 

8-THC-COOH 9-THC-COOH 

(11-COOH-THC, 29) and 9-

THC-COOH-glucuronide.162  

 

 

Dionex Ultimate 3000 UHPLC 

coupled with Q Exactive Plus 

Hybrid Quadrupole-Orbitrap 

MS (UHPLC-QE Plus-HRMS)  

Hypersil GOLD 

column (100 

mm × 2.1 mm, 

1.9 m) 

Mobile phase: A = 110 mmol/L 

ammonium formate solution with 

0.05% formic acid was adjusted to a 

pH value of around 3.6, and B = 

MeOH. Gradient elution: %B in A 

was increased from 5% to 90% in 11 

min, to 100% in 14 min, and then 

went into post-run equilibrium time 

for 4 min to the initial conditions. 

Column temperature = 30oC; run 

time = 18 min; flow rate = 0.25 

mL/min; injection volume = 10 L. 

ESI-MS/MS in 

positive and 

negative ion 

modes 

9-THCA (15).160  
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TABLE 7 HPLC and UPLC (or UHPLC) methods for the analysis of phytocannabinoids in miscellaneous samples from human 

Matrices/source Instrumentation Column Mobile phase Detection Cannabinoids 

analysed/detected 

HPLC methods 

Dry bone Thermo-Fisher HPLC 

system coupled with a 

Q-Exactive Orbitrap–

mass spectrometer 

Synergi Hydro-

RP column (150 

mm x 2 mm, 4 

m) coupled to 

a C18 guard 

column (4 mm x 

3 mm, 4 m) 

Mobile phase: A = 20 mM 

ammonium formate in water and 

B = 0.1% HCOOH in MeOH. 

Gradient elution: started with 

90% B in A, increased to 95% B in 

A in 13 min, kept at 95% B in A 

until 20 min, decreased to 10% B 

in A by 22 min and stayed there 

until 28 min. Flow rate = 0.7 

mL/min. 

Heated ESI 

(HESI) 

11-COOH-THC (or THC-

COOH) (29).163  

S9 liver fraction Dionex Ultimate 3000 

UHPLC coupled with a 

Q Exactive Focus 

Quadrupole Orbitrap 

MS 

Acclaim 120 C18 

column (100 

mm x 2.1 mm, 3 

μm) 

Mobile phase: A = 2 mM 

ammonium acetate buffer 

containing 0.1% HCOOH and B = 

ACN with 0.1% HCOOH. Gradient 

elution: started with 50% B in A, 

kept for 0.5 min, raised to 95% 

until 9 min, kept for 2 min at 95% 

B in A, decreased to 50% B in A 

within 0.1 min and kept until 14 

min for equilibration. Flow rate = 

0.3 mL/min; injection volume = 2 

L; Column temperature = 40oC. 

Heated ESI 

(HESI) in 

positive and 

negative 

modes 

11-OH-THC (12) and its 

glucuronide, 11-COOH-

THC (29) and its 

glucuronide, and 9-

THC-glucuronic acid.164  
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UPLC (or UHPLC) methods 

Cell-free 

matrices 

Agilent 1290 Infinity II 

LC coupled with an 

Agilent 6470 Triple 

Quadrupole Mass 

Spectrometer, 

equipped with ESI 

interface 

Acquity UPLC 

BEH C18 column 

(100 mm x 2.1 

mm, 1.7 μm) 

linked to an 

Acquity UPLC 

BEH C18 Guard 

column (5 m x 

2.1 mm, 1.7 

μm) 

Mobile phase: A = 0.1% HCOOH in 

water, and B = 0.1% HCOOH in 

ACN. Gradient elution: 0 min, 60% 

B in A; 5 min, 60% B in A; 7 min, 

95% B in A; 8.5 min, 95% B in A; 9.5 

min, 60% B in A; 14 min, 60% B in 

A. Column temperature = 40oC; 

injection volume = 2 L; flow rate 

= 0.6 mL/min 

ESI-MS/MS CBC (1), CBD (5), CBDV 

(18), CBG (8) and CBN 

(10).165  

Cerumen 

(earwax) 

Acquity I-Class UPLC 

coupled with a Xevo 

TQ-XS triple 

quadrupole MS 

Acquity UPLC 

BEH C18 column 

(50 mm x 2.1 

mm, 1.7 μm)  

The mobile phase comprised 

water (A) and ACN (B), both 

containing 0.1% formic acid. 

Gradient elution: started with 55% 

B in A and increased to 95% B in A 

in 6 min and dropped back to 55% 

B in A in 1 min. Flow rate = 0.35 

mL/min; injection volume = 10 L; 

column temperature = 35oC. 

ESI-MS/MS in 

positive ion 

mode 

CBD (5), CBN (10), 9-

THC (14), 11-OH-THC 

(12) and 11-COOH-THC 

(29).166  

Cerumen 

(earwax) 

Acquity I-Class UPLC 

coupled with a Xevo 

TQ-XS triple 

quadrupole MS 

Acquity UPLC 

BEH C18 column 

(50 mm x 2.1 

mm, 1.7 μm)  

The mobile phase comprised 

water (A) and ACN (B), both 

containing 0.1% formic acid. 

Gradient elution: 0–0.5 min, 10% B 

in A; 0.5–1.5 min, 10% B in A → 

30% B in A; 1.5–5 min, 30% B in A; 

ESI-MS/MS in 

positive ion 

mode with 

multiple 

reaction 

CBC (1), CBD (5), CBG (8), 

CBN (10), 9-THC (14), 

and 11-COOH-THC 

(29).167  
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5–5.5 min, 30% → 90% B in A; 5.5–

7.5 min, 90% B in A; 7.5–8.5 min, 

90% B in A → 10% B in A; and from 

8 to 10 min, 10% B in A. Flow rate 

= 0.3 mL/min; injection volume = 

10 L; column temperature = 

35oC. 

monitoring 

(MRM) 
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TABLE 8 UHPLC (or UPLC) methods for the analysis of naturally occurring cannabinoids in animal samples 

Animal Instrumentation Column Mobile phase Detection Matrices/source Cannabinoids 

analysed/detected 

UHPLC (or UPLC) methods 

Cattle Acquity H UPLC and a 

TQ-S triple 

quadrupole MS 

Eclipse 

Plus C18 

column 

(100 mm, 

2.1 mm, 

1.8 m) 

The mobile phase 

comprised water (A) and 

ACN (B), both containing 

0.1% HCOOH. Gradient 

elution: 0 min: 60% Bin A, 

6.50 min: 86% B in A, 7.50 min-

9 min: 100%B, 9.01 – 12 min: 

60% B in A. Column 

temperature = 55oC; flow 

rate = 0.5 mL/min; injection 

volume = 5 L; run time = 12 

min. 

ES-MS in 

positive 

and 

negative 

ion modes 

Plasma CBC (1), CBCA (2), CBD (5), 

CBDV (18), CBDVA (19), CBG 

(8), CBN (10), 11-OH-9-THC 

(12), 8-THC (13) 9-THC 

(14), 9-THC-COOH (29), 9-

THC-glucuronic acid and, 9-

THCV (16) and  9-THCA 

(15).168  

Dogs Acquity UPLC coupled 

with a Xevo TQ-XS triple 

quadrupole mass 

spectrometer 

Acquity 

UPLC HSS-

T3 column 

(100 mm x 

2.1 mm, 

1.8 m) 

Mobile phases A and B were 

0.1% HCOOH in water and 

0.1% HCOOH in MeOH, 

respectively. Gradient elution:  

0 min (60% A, 40% B in A), 0–2 

min (linear gradient to 100% 

B), 2–4 min (100% B), 4–4.1 

min (linear gradient to 60% A, 

40% B) and 4.1–8 min (60% A, 

40% B). Flow rate = 0.4 mL/min 

ESI-MS/MS 

in positive 

ion mode 

Blood sample after 

intranasal, 

intrarectal and oral 

administration of 

cannabidiol  

CBD (5).169  
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Acquity UPLC coupled 

with a Xevo TQ-S 

triple quadrupole 

mass spectrometer 

Acquity 

UPLC HSS-

T3 column 

(50 mm x 

2.1 mm, 

1.8 m) 

Water-ACN (both containing 

0.1% HCOOH) linear 

gradient. Gradient 

programme: from 0 to 3.5 

min B (75–95%), at 3. 5 min 

95% B (5%), held for 0.5 min, 

and at 4.2 min 75% A for 0.8 

min. Column temperature = 

40oC; flow rate = 0.4 mL/min 

ES-MS/MS 

in positive 

ion mode 

Serum and urine 11-OH-9-THC (12), 9-THC 

(14), 9-THCA (15), and 9-

THC-glucuronide in serum. 

In the urine samples: CBD 

(5), 11-OH-9-THC (12), 9-

THC (14), 9-THCA (15), 9-

THC-glucuronide and 9-

THCA-glucuronide.170  

Donkeys Acquity UPLC H-class 

coupled with a triple 

quadrupole mass 

spectrometer (TQ-S) 

using both positive 

and negative 

ionization modes 

Acquity 

UPLC HSS-

T3 column 

(100 mm x 

2.1 mm, 

1.8 m) 

Water-ACN (both containing 

0.1% HCOOH) linear 

gradient. 

ES-MS/MS 

in positive 

and 

negative 

ion modes 

Plasma 11-OH-9-THC (12), 9-THC 

(14) and 9-THCA (15).171  

Mice Acquity UPLC Class I 

coupled with an ESI-

MS detector 

Acquity 

BEH C18 

column 

(50 mm × 

2.1 mm, 

1.7 μm) 

The mobile phase 

comprised 0.1% HCOOH in 

water (A) and 0.1% HCOOH 

in ACN (B). Gradient elution: 

50% B in A for 1 min, increased 

linearly to 95% B in 3 min, kept 

constant till 3.5 min and the 

column was set back to initial 

conditions at 3.6 min and 

saturated with the mobile 

phase for the next injection for 

ESI-MS/MS 

in positive 

ion mode 

Brain and 

peripheral tissues  

9-THC (14) and 9-THCA 

(15).172  
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24 s. Flow rate = 0.6 mL/min; 

run time = 4 min 

Acquity UPLC Class I 

coupled with a Xevo 

TQ-S Micro Triple 

Quadrupole MS 

detector 

Acquity 

BEH C18 

column 

(100 mm 

x 2.1 mm, 

1.7 μm) 

Mobile phase: A = 0.1% 

HCOOH in water, and B = 

MeOH. Gradient elution: 

started with 75% B in A until 

0.5 min; increased to 95% B 

until 4.5 min; re-

equilibrated to 75% B in A in 

f min. Flow rate = 0.35 

mL/min; run time = 5 min. 

ESI-MS/MS 

in positive 

ion mode 

Brain and plasma 

from mice after 

being exposed to 

cannabis smoke 

8-THC (14), 9-THC (14), 

11-OH-9-THC (12) and 9-

THC-COOH (29).173   

Vanquish UHPLC Q-

Exactive system 

coupled with a Hybrid 

Quadrupole-Orbitrap 

MS 

HSS T3-

C18 

column 

(100 mm 

x 2.1 mm, 

1.8 m) 

Mobile phase: A = 0.1% 

HCOOH in water, and B = 

ACN. Gradient elution: 1% B 

in A at 0–1 min, 1–70% B in 

A at 1–3 min, 70–100% B in 

A at 3–15 min, and 100–1% 

B in A at 15–18 min. 

Injection volume = 5 L; 

column temperature = 25oC; 

flow rate = 0.3 mL/min 

ESI-MS in 

positive 

and 

negative 

ion modes 

Primary 

hepatocytes 

9-THC (14), 9-THCA (15) 

and 9-THCV (16) and their 

metabolites.174  
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TABLE 9 HPLC and UPLC (or UHPLC) analysis of naturally occurring cannabinoids in dietary supplements, food and beverages 

Matrices/source Instrumentation Column Mobile phase Detection Cannabinoids 

analyzed/detected 

HPLC methods 

Cannabinoids-infused 

ice cream 

Flexar HPLC system 

- Perkin Elmer 

Purospher 

STAR RP-18 

column (120 

mm x 4.6 

mm, 5 m) 

Isocratic elution with 80% ACN in 

water with HCOOH (0.1%) at a 1 

mL/min flow rate. Column 

temperature = 25oC and injection 

volume = 10 L. 

UV-PDA 

detection at 

208 and 280 

nm 

CBD (5) and Δ9-THC 

(14).103  

Chocolates Agilent 1260 

Infinity II coupled 

with a DAD 

Restek Raptor 

ARC-18 

column (150 

mm × 4.6 

mm, 2.7 μm) 

The mobile phase comprised 

water (A) and ACN (B), both 

containing 0.1% HCOOH. 

Gradient elution: 75% B in A for 0−3 

min and then 75−100% B in A over 

3−7 min. Column temperature = 

40oC; flow rate = 1.5 mL//min; 

injection volume = 2 m. 

UV-DAD at 218 

nm 

CBD (5), CBG (8), CBN (10) 

and Δ9-THC (14).177  

Food supplements 

containing CBD 

HPLC-DAD C18 ODS 

column (250 

mm x 4.6 mm, 

5 m) 

Isocratic elution with 80% ACN in 

water with a 1 mL/min flow rate. 

DAD set at 220 

nm 

CBD (5).178  

Hemp-seed-based 

food products 

Shimadzu UHPLC 

system LC-2040 3D 

Nexera-i 

PDA/ESIMS 

Ascentis 

Express C18 

column (150 

The mobile phase was composed 

of A = water and B = ACN, both 

containing 0.1% HCOOH. 

Gradient elution: : 0–4.5 min, 67% 

UV-PDA at 228 

nm, and ESI-

MS in positive 

ion mode 

CBD (5), CBDA (6), CBDV 

(18), CBDVA (19), CBGA 

(9), CBN (10), Δ9-THC (14), 

Δ9-THCA (15), Δ9-THCV 
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mm × 3.0 

mm, 2.7 µm) 

B in A; 4.5–6 min, 67–95% B in A, 

6–8 min, 95% B in A. Flow rate = 1 

mL/min; injection volume = 5 L; 

column temperature = 40oC. 

(16) and Δ9-THCVA 

(17).179  

UPLC (or UHPLC) methods 

Cannabinoid 

containing food 

including chocolate, 

fondant, biscuits, 

beverage, cookies 

and baijiu 

Acquity UPLC 

coupled with MS 

detector 

Acquity UPLC 

BEH Shield 

RP18 column 

(100 mm x 3 

mm, 1.7 m) 

Mobile phase: 0.1% HCOOH in 

water (A) and 0.1% HCOOH in 

ACN. Gradient elution: 0-9 min  

65-100% B in A, 9-9.1 min 100-

65% B in A, and 9.1-12 min 65% B 

in A. Injection volume = 5 L; 

column temperature = 30oC; flow 

rate = 0.3 mL/min. 

ESI-MS/MS in 

negative ion 

mode using 

multiple 

reaction 

monitoring 

(MRM) 

CBD (5), CBDA (6), CBDV 

(18), CBG (8), CBN (10), 

9-THC (14), 9-THCA 

(15), THCV (16), and 9-

THC-COOH (29).180  

Coffee blends 

enriched with 

shredded 

inflorescences of 

different cultivars of 

industrial hemp 

Shimadzu Nexera 

UHPLC system 

Omega Luna 

C18 column 

(50 mm x 2.1 

mm, 1.6 m) 

Mobile phase: 0.1% HCOOH in 

water (A) and 0.1% HCOOH in 

ACN. A linear gradient: 0–5 min, 

5→15% B; 5–10 min, 15% B; 10–

12 min, 15→17.5% B; 12–15 min, 

17.5→45% B; 15–16 min, 

45→55% B; 16–21 min, 55→75% 

B; 21–22 min, 75→95% B; 22–23 

min, 95% B. Then, the system 

was allowed to re-equilibrate 

before the next injection. 

Injection volume = 2 mL; flow 

rate = 0.4 mL/min. 

HRMS/MS and 

APCI in positive 

and negative 

ion modes  

CBD (5), CBDA (6), and 9-

THCA (15).181  
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TABLE 10 HPLC and UPLC (or UHPLC) analysis of naturally occurring cannabinoids in wastewater and sewerage 

Matrices/Source LC system Column Mobile phase Detection 

method 

Detected 

cannabinoids 

HPLC methods 

Sewage water AB Sciex API 8060 

instrument, fitted 

with an ESI-MS 

detector  

Eclipse plus 

C18 column 

(100 mm × 

2.1 mm, 5 

μm) 

Mobile phase: A = 0.1% HCOOH in 

water and B = ACN. Gradient 

elution: 0−5 min 95% B in A. Flow 

rate = 1 mL/min; injection volume 

= 5 L; column temperature = 

400C. 

ESI-MS/MS in 

positive ion 

mode 

9-THC (14).182  

Wastewater samples 

from a manhole in a city 

in eastern 

Massachusetts 

Horizon Vanquish 

UHPLC coupled to a 

TSQ Altis triple-stage 

quadrupole MS/MS 

system comprising a 

heated electrospray 

ionization (HESI) 

source 

Reversed-

phase 

Accucore 

biphenyl 

column (100 

mm × 2.1 

mm, 2.6 μm) 

The mobile phase comprised 

water (A) and MeOH (B), both 

containing 0.1% HCOOH. 

Gradient elution: 0.5 min 

equilibration at 0% B, held 0% B 

for 0.2 min, increase to 99% B 

over 2.3 min, held constant for 1 

min, decreased to 0% B and held 

for 0.5 min. Flow rate of 0.5 

mL/min; run time = 7.5 min; 

column temperature = 40oC. 

ESI-MS/MS in 

positive and 

negative ion 

modes 

9-THC (14), 9-

THCA-glucuronide 

and THC-COOH-

glucuronide.183  

UPLC (or UHPLC) methods 

Wastewater collected 

from the wastewater 

treatment plant, 

located along the 

Acquity UPLC 

coupled with a triple-

quadrupole mass 

detector 

Acquity UPLC 

BECH C18 

column (100 

Mobile phase: MeOH (A) and 

water (B), both containing 0.1% 

HCOOH. Gradient elution: 20% A 

in B at 0 min, linearly increased to 

ESI-MS/MS 

multiple 

reaction 

CBD (5), CBDA (6), 

CBDV (18), CBG (8), 

CBN (10), 9-THC 

(14), 9-THCA (15), 
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Febros River shoreline 

in Vila Nova de Gaia, 

Porto. 

mm x 2.1 

mm, 1.7 µm) 

90% A in B in 6 min and 98% A in 

B in 2 min, followed by a 

decrease to the initial conditions 

in 0.1 min and equilibration time 

for 1 min.  Column temperature = 

25oC; flow rate = 0.3 mL/min; 

injection volume = 10 L; run 

time = 9.1 min. 

monitoring 

(MRM) mode 

THC-COOH (29)  and 

THCV (16).184  

Wastewater from urban 

wastewater treatment 

plants in China 

Vanquish UHPLC 

coupled with a triple 

quadrupole MS 

detector 

Acquity 

UHPLC BEH 

C18 (100 mm x 

2.1 mm, 1.7 

μm) 

Mobile phase: A = 0.1% HCOOH in 

water and B = ACN. Gradient 

elution: (A:B): 0.0 min (25:75) – 

1.0 min (25:75) – 1.5 min (0:100) 

– 3.0 min (0:100) – 3.1 min 

(25:75) – 6.0 min (25:75). Column 

temperature = 40oC; flow rate = 

0.4 mL/min; injection volume = 

10 L. 

ESI-MS/MS 9-THC-COOH 

(29).185  

 


