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Abstract

:

The use of plant-based medicine dates back centuries, and cannabis (Cannabis sativa) is one such plant that has been used medicinally and illicitly. Although cannabis contains hundreds of cannabinoids and other natural products, its potential medicinal use was largely ignored by modern researchers due to the legal restrictions and heavy regulations introduced in the 1930s. As restrictions on cannabis access have eased since the 1990s there is renewed interest in the research of cannabinoids and the other components in the cannabis plant. The focus of this review article is an overview of cannabis and the analytical challenges in the quality control and biological analysis. The pharmacological effects of psychoactive cannabinoids, delta-9-tetrahydrocannabinol (Δ9-THC) and delta-8-trans- tetrahydrocannabinol (Δ8-THC) is discussed, along with an abundant non-intoxicating cannabinoid, cannabidiol (CBD). The analytical methods for the quality control assays of cannabis products include gas chromatography and liquid chromatography coupled to different detectors, including mass spectrometry. This review will highlight various analytical methods for the quality control of cannabis products and the quantitation of cannabinoids in biological matrices for forensics and toxicology.
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1. Introduction


Although the potency of cannabis has been known for thousands of years, the industry has been slow to develop and has rapidly sped up over the past several years. The slow growth of the cannabis industry can be attributed to a negative public perception of cannabis throughout most of the 20th century because of its psychoactive components. As perceptions change, movements to legalize and regulate cannabis will increase in the United States and elsewhere, leading to rapid growth in the cannabis industry. A recent Pew survey found that 89% of US adults say either that marijuana should be legal for medical and recreational use by adults (59%) or that it should be legal for medical use only (30%) [1]. The global legal cannabis market was valued at 17.8 billion US dollars in 2021 and is expected to grow to more than 130 billion by 2030 [2].



The cannabis plant (Cannabis sativa) has been cultivated for thousands of years for use in fabric (Figure 1). The use of cannabis for its psychoactive effects can be traced back to China around 2500 BC. The term marijuana generally refers to cannabis plants or the plant material with high levels of delta-9-tetrahydrocannabinol (Δ9-THC), the main psychoactive component of cannabis. Hemp, another name for cannabis, generally refers to the plants with low levels of Δ9-THC. From the 1800s to 1937, major US pharmaceutical firms marketed cannabis tinctures as analgesics and sedatives. However, the US Marihuana Tax Act of 1937 prohibited the sale of such products. The media and government began to shift public perception against marijuana as evident in the 1936 propaganda film Reefer Madness, which promoted the idea that opium, morphine and heroin were dangerous, but “even more dangerous, more deadly, than these soul destroying drugs is the menace of marijuana” (Figure 1) [3,4]. The classification of THC as a Schedule I substance under the US Controlled Substance Act of 1970 also acted to hinder cannabis research progress and growth in the cannabis industry. However, from 1990, public perception has shifted in regard to the legalization of marijuana for medical and recreational use [4].



There are more than 460 compounds identified in cannabis, and more than 140 are phytocannabinoids, which are a unique group of C21 terpenophenolic natural products. Phytocannabinoids are categorized into 11 types: (–)-delta-9-trans-tetrahydrocannabinol (Δ9-THC), (–)-delta-8-trans- tetrahydrocannabinol (Δ8-THC), cannabigerol (CBG), cannabichromene (CBC), cannabidiol (CBD), cannabinodiol (CBND), cannabielsoin (CBE), cannabicyclol (CBL), cannabinol (CBN), cannabitriol (CBT) and other cannabinoids [5]. The focus of this review is to provide a brief history of the societal and scientific views of cannabis and a discussion of the analytical methodologies for cannabinoid analyses. The psychoactive constituents reviewed include Δ9-THC, Δ8-THC and CBN. In addition, CBD, a non-intoxicating cannabinoid that is the second most prevalent bioactive constituent in cannabis, will be discussed. The structures of the reviewed cannabinoids are shown in Figure 2.



Therapeutic Research on Cannabis


The first pure phytocannabinoid isolated from cannabis was CBN in 1899 [6]. CBN is mildly psychoactive and has some pharmacological activity [7,8]. It is marketed as a sleep aid, though there is a lack of peer reviewed studies on the pharmacology of CBN [9].



By the 1940s, researchers had synthesized some tetrahydrocannabinols that had psychoactive effects on laboratory animals. The structure of Δ9-THC was discovered in the 1960s, and its bioactivity at the CB1 receptor was identified decades later. Of the principal constituents of cannabis, Δ9-THC is the most abundant and most active psychoactive component which can be found in the plant in various amounts from trace levels to 12% by weight. In cannabis plants, Δ8-THC is found in trace levels and has approximately half the psychoactive effect of Δ9-THC [10]. The legal status of Δ8-THC in the United States has been the subject of debate. The Agriculture Improvement Act of 2018 (https://www.ers.usda.gov/agriculture-improvement-act-of-2018-highlights-and-implications/ accessed on 17 February 2023) (known informally as the 2018 Farm Bill) defined hemp as cannabis or a cannabis product with less than 0.3% Δ9-THC and removed hemp and hemp products from the legal definition of marijuana in the Controlled Substance Act of 1970. Since hemp was defined as “all derivatives, extracts, cannabinoids, isomers, acids, salts and salts of isomers” of cannabis excluding Δ9-THC [11], then an argument can be made that Δ8-THC is legal. However, Δ8-THC is present only in negligible amounts in cannabis plants; therefore, the Δ8-THC produced for consumers is cyclized from CBD making it a synthetic cannabinoid, which some may argue is illegal under the 2018 Farm Bill. Legality aside, the sale of Δ8-THC has increased substantially in the areas of the United States where marijuana is not legal.



CBD is one of the most abundant bioactive constituents in cannabis. It has been suggested that CBD might aid those experiencing pain, anxiety, insomnia and other ailments [12]. CBD is frequently mischaracterized as non-psychoactive or non-psychotropic. However, these labels are inaccurate as it has pharmacological effects for anxiety, depression and addiction [13]. CBD should, instead, be characterized as non-intoxicating compared to THC since it lacks the craving and compulsive use that would be indicative of a drug of abuse [13]. The number of CBD oils, tinctures and vaporization liquids marketed to consumers has increased recently as many people see it as a safe alternative to using products containing Δ9-THC. The quality control of these products needs to be addressed by the industry or government. A 2016 study found that many CBD were mislabeled, with lab tests showing only 31% of the 84 CBD products from 31 companies were accurately labeled with the CBD content [14].



Raw cannabis plant material has low amounts of neutral cannabinoids (Δ8-THC, Δ9-THC, CBN and CBD). These phytocannabinoids mostly exist as carboxylic acid precursors. For example, Δ9-tetrahdrocannabinolic acid (Δ9-THCA) is the carboxylic acid precursor to Δ9-THC. When Δ9-THCA is heated, the compound undergoes decarboxylation to form Δ9-THC. The use of cannabis traditionally involves smoking baking, or vaporization to ensure the maximum conversion of Δ9-THCA to Δ9-THC [15,16]. In the same manner, other cannabinolic acid precursors (Δ8-THCA, CBNA and CBDA) undergo decarboxylation to form Δ8-THC, CBN and CBD [16].



Although the public acceptance of cannabis use is growing, there are some adverse effects of its use and abuse. Smoking marijuana can have the same effects on the lungs as smoking tobacco, including coughing and phlegm. Acute cannabis use increases the heart rate and mildly increases the supine blood pressure, with a tolerance to these effects present with repeat exposure [17]. There are neurophysiological effects from persistent cannabis use in youth as adolescent-onset users have a greater cognitive decline than adult-onset users [18]. These adverse effects of the recreational use of cannabis may be mitigated by increasing the efforts toward delaying the onset use of cannabis in young people. Continued research may provide more guidance for cannabis or cannabinoids dosages in medicinal use.



Despite the negative public perception of cannabis over the years, the US Food and Drug Administration (FDA) has approved three drugs that are cannabinoids. In 1985, the FDA approved dronabinol (Marinol), which is a capsule containing synthesized Δ9-THC in sesame oil for the treatment of nausea and vomiting during cancer chemotherapy. A synthetic Δ9-THC analog, nabilone (Cesamet), was also approved for the treatment of nausea and vomiting. The use of Marinol was approved for the stimulation of appetite in AIDS patients. In 2018, CBD (Epidolex) was approved by the FDA for the treatment of two forms of drug-resistant epilepsy (Lennox–Gastuat and Dravet syndrome). The FDA’s approval of these cannabinoids has led to a more positive public opinion on medical marijuana.



Researchers continue to study the use of cannabinoids for medicinal purposes for a variety of ailments or diseases. In 2017, The National Academies of Sciences, Engineering and Medicine Committee for the Health Effects of Marijuana published a review of clinical studies and determined that there is substantial evidence that cannabis or cannabinoids are effective for the treatment of chronic pain in adults [19,20], chemotherapy-induced nausea and vomiting [21] and patient-reported multiple sclerosis spasticity [22]. The committee found there was a lack of good- or fair-quality systematic literature for the evidence of cannabinoid effectiveness for the treatment of cancer, anxiety, anorexia nervosa, amyotrophic lateral sclerosis (ALS), depression, Parkinson’s disease and a number of other diseases or disorders [20].





2. Pharmacokinetic Considerations


The pharmacological effects of cannabinoids are due to an affinity to two endogenous cannabinoid receptors, CB1, located in the central and peripheral neurons, and CB2, which is mostly found in the immune system [23]. Each cannabinoid receptor is important for the glutamate, dopamine and γ-GABA neurotransmitter pathways, and as a result, cannabinoids have sedative and stimulative properties depending on the dose. Low doses of Δ9-THC can result in relaxation and the impairment of short-term memory. At high doses, or with long-term use, panic, delirium and schizophrenia-like psychosis can occur [24].



In the liver, Δ9-THC undergoes rapid metabolism and more than 80 metabolites have been identified [25]. Phase I oxidation of Δ9-THC by the CYP 2C9, 2C19 and 3A4 enzymes in humans form 11-hydroxy- Δ9-THC (11-OH-Δ9-THC), which is also a CB1 agonist with the same potency as Δ9-THC [26]. A non-psychoactive metabolite, 11-nor-9-carboxy- Δ9-THC (11-COOH-Δ9-THC), is produced through the oxidation of 11-OH-Δ9-THC. The glucuronidation of 11-COOH-Δ9-THC in the kidney is the final step of the biotransformation in humans; therefore, 11-COOH-Δ9-THC is a common analyte in urine assays to detect cannabis use.



A 30–50 mg dose of Δ9-THC, which is a typical amount for a daily recreational user [27], inhaled by smoking a marijuana cigarette results in a peak Δ9-THC plasma concentration of 10–150 ng/mL within minutes after the initial dose, which falls to 0.5–2 ng/mL at the distribution equilibrium 6–8 h later [28,29,30]. In the population pharmacokinetic model of a single 9 mg inhalation dose, the Δ9-THC distribution half-life was approximately 6 min, and the elimination half-life was 22 h. The long elimination half-life results from the transfer of Δ9-THC stored in the lipids to and from the blood [31]. The active metabolite, 11-OH-Δ9-THC, can be detected in the plasma within minutes after the inhalation of Δ9-THC, and the 11-OH-Δ9-THC concentration will remain at around 10% of Δ9-THC concentrations for about 45 min until the Δ9-THC concentration rapidly declines [32]. In a study of six participants, the peak 11-OH-Δ9-THC concentration occurred 15 min after smoking a standard high dose marijuana cigarette (3.55% Δ9-THC) and dissipated after 5 h in the plasma [32]. After smoking the standard high dose marijuana cigarette, the inactive metabolite 11-COOH-Δ9-THC plasma reached a peak concentration of 54 ng/mL, plateaued within the first hour at 10 ng/mL and slowly declined to the level of detection for the assay (LOD = 0.5 ng/mL) over a period of 168 h [32]. The slow release of ∆9-THC from the lipids to the blood circulation in chronic users contributes to a long elimination half-life of 11-COOH-Δ9-THC of 12 days, but for infrequent users, the elimination half-life was reported to be 5–6 days [33].



CBD is metabolized in the liver by cytochrome P450, specifically the enzymes CPY3A and CYP2C, as well as uridine 5′-diphospho-glucuronosyltransferase. This leads to the active hydroxylated 7-OH-CBD metabolite, which is then converted to the inactive 7-COOH-CBD metabolite [12]. These metabolites are excreted in feces and, to a lesser extent, in urine. In vitro experiments in simulated gastric fluid show that CBD is converted to Δ9-THC under acidic conditions (pH = 1.0–2.5) [34]. However, the conversion does not occur from the heat during smoking, nor has it been observed in vivo [35,36].



CBD was reported to have a long elimination half-life, with a half-life of 24 h reported after intravenous administration and 31 h after inhalation [37]. The peak urinary concentrations from 100 mg of orally administered CBD were 734 ng/mL at 4.7 h in 18 healthy adults, which was higher than 100 mg of vaporized CBD with a mean peak concentration of 240 ng/mL at 1.3 h in 18 adults [38]. The order of CBD and its metabolite abundance in urine is 7-OH-CBD > CBD > 7-COOH-CBD with 7-COOH-CBD having the longest half-life in urine (30 and 52 h, respectively, for the inhaled and oral routes) [38].



Similar to Δ9-THC, Δ8-THC is oxidized at the 11th carbon in the liver to form 11-OH-Δ8-THC, though its rate of formation was found to be slower in vivo compared to the 11-OH-Δ9-THC metabolite, and this may point to less pharmacological activity. This oxidation is catalyzed by CYP2C9. The excretion of Δ8-THC has not been well documented or explored, but it has been assumed to be similar to that of Δ9-THC [10].




3. Analysis of Cannabis Plant Material and Products


The sample preparation is an important part of a successful cannabinoid analysis. For solid cannabis (including the flower, inflorescence and seeds) the solids are typically ground into a fine powder and extracted using a solid–liquid extraction. In the past, the most often reported extraction solvent was 9:1 methanol/chloroform (% v/v) based on the solubility of an internal standard for gas chromatography [39]. However, suitable cannabinoid reference standards are widely available and safer extraction solvents are used instead [40]. The solvent of choice is ethanol (EtOH) for its extraction abilities due to its high affinity for cannabinoid molecules [41]. Methanol and ethyl acetate have also been used as extraction solvents. Cannabis medical extracts (CME), which are preparations of cannabis in oil, are becoming increasingly popular. For CMEs, the available methods include refluxing the inflorescence in ethanol or olive oil at 78 and 110 °C, respectively [42].



Historically, gas chromatography with flame ionization detection (GC-FID) or high performance liquid chromatography with ultraviolet (HPLC/UV) have been used to determine cannabinoid concentrations for quality control. GC instruments use a hot injection port for the sample introduction which decarboxylates the cannabinoid acids and converts them to neutral cannabinoids. For example, Δ9-THCA is converted to Δ9-THC. While many users smoke, vape or bake cannabis, which converts the acids into the decarboxylated forms, there is a need to determine the precursor acid content, such as Δ9-THCA or CBDA, for cannabis products that are not heated when used.



The LC/UV methods do not decarboxylate the cannabinoid analytes during the analysis. The sensitivity of the LC/UV methods in cannabinoid analysis is adequate, but there can be issues with coeluting the peaks. An example of this is shown in Figure 3a. The introduction of LC coupled with electrospray ionization mass spectrometry (LC-ESI-MS or LC-MS) in the 1990s increased the sensitivity of small molecules, such as cannabinoids, and it improved the ability to discriminate between coeluting the analytes by molecular weight in the chromatograms, which was not possible with LC/UV. The LC-MS techniques using extracted ion chromatograms (XIC) or selected ion monitoring (SIM) increase the selectivity. Figure 3b shows an XIC of cannabinoids extracted from a hemp flower. The CBD and CBDA peaks are coeluted on the UV chromatogram, but they have distinct chromatograms in LCMS with the XIC. The THCA and CBC peaks can also be analyzed as separate peaks in the XIC.



A selection of the published methods for the analysis of cannabinoids in the various cannabis products is shown in Table 1.



Advanced mass spectrometry methods can help with the discovery of unknown cannabinoids in cannabis products. Citti et al. reported a metabolomics approach to discover new cannabinoids in CMEs with HPLC coupled with high-resolution tandem mass spectrometry (LC-ESI-HRMS) [42].



The amounts of the non-cannabinoid components, such as terpenoids, may be important for the synergistic activity with THC. Terpenoids are compounds derived from the isoprene and are found naturally in many plants. Terpenoids are responsible for the aroma of many plants, including cannabis, and they are typically analyzed using the GC or GCMS methods [49]. The complementary pharmacological effect of THC with other cannabinoids or terpenoids is known as the entourage effect [50].



In an analysis of US law-enforcement-seized recreational use cannabis, ElSohly et al. found that the amount of cannabinoids in the seized cannabis, including Δ9-THC and CBD, has increased over the years [51]. Cannabis potency is primarily measured by the amount of Δ9-THC present. The potency of cannabis will vary depending on the strain or the type of cannabis. Sinsemilla, the unfertilized female cannabis plant material, has become more mainstream in the illicit industry compared to typical marijuana and has a greater THC content than other types. In cannabis samples seized by the US Drug Enforcement Agency (DEA), the Δ9-THC content steadily increased from 3% to 12% over the years 1995 to 2014 [39]. The amounts of CBD (<5%) and CBN (2–5%) have decreased over the years in seized samples, indicating that illicit cannabis cultivators are breeding plants with a high Δ9-THC content, and as a consequence, the product may be missing some of the entourage effect provided by CBD and the other components that have been steadily reduced from cannabis over the years [39].




4. Biological Sample Analysis


4.1. Analytical Methods in Biological Matrices


There is a growing need to analyze biological samples for the concentration of cannabinoids or their metabolites. In the field of toxicology, these assays could be used to establish whether someone is unlawfully intoxicated from cannabis or if cannabis contributed to the observed toxicity in a clinical setting. The assays using GCMS to measure Δ9-THC and the metabolites in urine emerged in the early 1980s [52]. Typically, drugs of abuse do not have the required volatility for GCMS, and the analytes must be derivatized before the analysis, which adds time and costs to the sample preparation due to the need to add reagents [53]. The introduction of ESI-MS in 1989 meant that molecules of all sizes and volatilities could be ionized and analyzed, and ESI-MS could be coupled with HPLC (HPLC-MS or LC-MS) [54,55]. The early LC-MS methods used selected ion monitoring, but tandem mass spectrometry (MS/MS), especially in the form of triple quadrupole mass spectrometry, increased the selectivity and sensitivity of drug analysis with the benefit of eliminating some sample preparation steps, such as solid phase extraction, for the analysis of drugs of abuse, including cannabinoids.



For LC-MS/MS, the HPLC method is important especially when the isomers Δ8-THC and Δ9-THC are analyzed. The typical C18 reversed phase gradient method must be adjusted from the traditional linear gradients to separate the isomers. Reber et al. found success using a step gradient with shallow gradient steps that were near to the isocratic conditions [56,57].



A selection of the analytical methods for cannabinoid analysis in biological matrices is shown in Table 2.



The body often clears drugs and other small molecules through the addition of glucuronic acid (glucuronidation) in the liver. These glucuronide conjugates are cleared by the kidney and excreted in urine. The sample preparation for the MS methods can include the hydrolysis of the conjugate glucuronide to liberate the drug for analysis. The methods that use acid or base hydrolysis are quick, but nonspecific hydrolysis may occur [67]. The enzyme hydrolysis methods have long incubation times (up to 24 h) for the reaction to occur, which may lead to an inefficient hydrolysis or stability [68]. The GCMS methods for cannabinoids (and other drugs) in urine typically include an extraction step, such as solid phase extraction, hydrolysis or a derivatization step [52].



LC-MS can ionize large molecules such as drug glucuronide conjugates for analysis, whereas the GC methods cannot since the conjugates are not volatile. The sample preparation procedures that do not include hydrolysis must analyze the drug glucuronide conjugate and the drug itself in urine. The typical methods are “dilute and shoot” (DnS) methods [69]. The DnS methods have the advantage of reducing the sample preparation time by removing the sample cleanup steps. Young et al. reported a rapid DnS LC-MS/MS method with a 5 min chromatographic run time for quantifying Δ9-THC-COOH and Δ9-THC -COO(Glu) in urine. The sample preparation involved diluting urine 1:9 with an internal standard followed by centrifugation and injection into LC-MS/MS [58]. Vikingsson et al. reported a method using a combined base and enzyme hydrolysis of urine samples followed by SPE and LC-MS/MS analysis for ∆9-THC, ∆8-THC, 11-OH-∆9-THC, ∆9-THC-COOH, ∆8-THC-COOH, ∆9-tetrahydrocannabivarin (∆9-THCV), ∆9-tetrahydrocannabivarin carboxylic acid (∆9-THCVCOOH), CBD, 7-OH-CBD and CBD-COOH [59].




4.2. Clinical Analysis


The determination of pharmacokinetics requires the quantitation of a drug and its metabolites in the blood. The sample preparation may include the removal of red blood cells from blood samples using centrifugation, resulting in the blood plasma followed by the plasma protein precipitation (PPT) with the addition of a solvent, such as acetonitrile. Plasma proteins precipitate when acetonitrile is added, and then the supernatant is analyzed. Some methods use solid phase extraction of whole blood samples to extract the analyte from the complex blood matrix and to concentrate the analyte [63]. For the GCMS methods, the analyte needs to be derivatized using methylation or another technique [70]. Currently, the LC-MS/MS methods are a better choice than the GCMS methods for cannabinoids in blood since less sample preparation is required, saving time and using fewer solvents and supplies. Commercial GC-MS/MS systems are available which have a better sensitivity than GCMS. However, the GC-MS/MS methods still require sample derivatization [71].



A 1992 study by Huestis et al. used GCMS to determine pharmacokinetics for Δ9-THC, 11-OH-∆9-THC and ∆9-THC-COOH in the blood of six human subjects who each smoked a single marijuana cigarette in a controlled setting [32]. Huestis et al. showed, for the first time, that Δ9-THC is present in the blood almost instantly after the first puff of marijuana smoke and peaks a few minutes later. Over time, the popularity of oral “edible” cannabis preparations have significantly increased compared to smoking cannabis, and Vandrey et al. presented a pharmacokinetics study of Δ9-THC, 11-OH-∆9-THC and ∆9-THC-COOH in the blood and oral fluid from healthy adults (n = 6 per dose) who were administered brownies containing 10, 25, or 50 mg of Δ9-THC [72]. The sample preparation included solid phase extraction of the analytes from the whole blood samples. In a 2022 study, Bergeria et al. reported the pharmacokinetic profiles of Δ9-THC, CBD and metabolites in a study where the participants orally ingested CBD products and inhaled a vaporized CBD product [73].




4.3. Forensic Analysis


The investigation of driving under the influence of drugs (DUID) is of increasing concern by law enforcement and the general public [74,75]. The impairment of driving caused by cannabis use, or the combined use of cannabis and alcohol, have been reported [75,76]. Urine analysis is not adequate for testing impairment from cannabis because studies have shown that the presence of ∆9-THC and ∆9-THC-COOH in urine has an extended detection time and cannot establish a valid temporal association with driving impairment [77]. Blood and oral fluids have been studied for DUID applications. For the collection of blood, there has historically been an issue with a long delay in the collection of blood from the time of an incident or police stop. Compared to on-site alcohol testing in the form of a breathalyzer, the delay in blood collection can take hours [78]. The considerations on DUID for cannabis are that non-psychoactive ∆9-THC-COOH is detected for several days in the blood in urine, depending on the dose and the mode of administration. Chronic cannabis users can have a residual level of ∆9-THC in their blood for several days, which does not correlate to driving impairment [78]. At a car crash scene or police traffic stop, there is currently no easy method for on-site blood collection. If there is a significant delay in blood collection, it will be difficult to prove a suspect was impaired due to cannabis. In Washington State, USA, there was average of 165 min between the time blood is drawn and the time an incident occurred for cannabis testing, according to a 2016 study [78].



One solution to the inherent delay in blood testing is the micro-sampling of blood in the form of dried blood spots or dried plasma spots (DPS). These methods only require a finger prick of blood, which is easier to obtain than typical blood samples drawn from the vein. DPS have an advantage over dried blood spots in that the hematocrit level in blood can cause varying blood spot sizes, which increases the sample-to-sample variability [79].



In an effort to demonstrate the feasibility of the DPS analysis, we and others have investigated the use of this method [62,80]. Figure 4a shows a single drop of blood collected from a finger prick and deposited onto a commercially available DPS card (Figure 4b) (Telimmune, West Lafayette, IN, USA). Figure 4c, the plasma spot card filters out the red blood cells leaving 3 µL of dried plasma on each circle, a process that takes about 3 min. The finger prick collection could be done on-site (accident scene, regulatory worksite setting, private school student drug testing, etc.) and then the card can be sent to a facility for analysis. Figure 4d,e shows the MRM chromatograms for a cannabinoid standard mixture along with an example chromatogram of a study participant who ingested CBD [80]. The analysis indicated that the concentration of CBD in the blood was 26 ng/mL, and there was no detectable amount of Δ9-THC, Δ8-THC and CBD.



Recently, volumetric absorptive micro-sampling (VAMS) methods have been introduced and successfully applied to several quantitative methods [60,81]. The VAMS device allows for the collection of a fixed volume of blood (10 or 30 µL), avoiding the effect of hematocrit on the analytical performance, similar to DPS. Protti et al. reported a VAMS method for synthetic and natural cannabinoids for future applications of workplace drug testing or law enforcement [61].



In most applications, the analysis of cannabinoids in the blood and urine is preferred over an oral fluid (saliva) analysis. However, the ability to collect oral fluids for DUID enforcement through collecting samples at the scene of a traffic stop or accident to indicate recent cannabis use is an advantage of oral fluid testing since it offers simple, non-invasive observed specimen collection [82]. The concentration of ∆9-THC in oral fluid is maximal at 10 min after vaporization and rapidly declines thereafter [83]. Cannabinoids are most detectable immediately after smoking due to the high contamination in the oral cavity. After oral ingestion, ∆9-THC can also be detected. However, it is much more common to detect the presence of ∆9-THC in oral fluid after smoking rather than after ingestion [84]. Comparisons in the tests of ∆9-THC and the other cannabinoid compounds in the blood versus the oral fluid test revealed the concentration of these compounds present were different when the testing is done immediately after smoking. Minor cannabinoids, such as CBN, are less present in the smoke than in ∆9-THC, so there is a smaller window for the detection of them [83]. The typical cannabinoid metabolites, such as ∆9-THC-COOH, are not produced in the oral fluid, limiting the effectiveness of oral fluid sampling long after the initial cannabis use [83].



Currently, oral fluid test applications to determine the presence of cannabinoids include DUID, workplace safety and clinical practice. However, some questions are still being raised. In urine and blood, certain biomarkers are present to give a standard for comparison. In oral fluid, it has been difficult to establish a baseline for biomarkers [83]. The accuracy of the oral fluid tests in relation to false positives and negatives is also a concern, as well as the reliability of the tests to detect ∆9-THC after a variable amount of time has passed since the suspected cannabis consumption [85]. A recent study found that common saliva tests analyzed with LC-MS/MS for the detection of ∆9-THC are generally a good indicator of recent cannabinoid usage [85].



Cannabinoids in urine can have long elimination half-lives, so testing cannot be used to confirm recent cannabis use [86]. Urine analysis assays are best used for applications where cannabis use by the test subjects is prohibited entirely (e.g., workplace drug testing for transportation jobs, student drug testing for athletics or school attendance, family or criminal court, etc.). The collection of urine may seem less invasive than blood collection, but it requires the supervision of a trained observer in order to prevent adulteration through specimen substitution or the addition of an adulterant, which can cause anxiety and discomfort for the person providing the urine specimen [68].



In 2022, Vikingsson et al. analyzed 2000 regulated (mandated testing for jobs by government agencies) and 4000 non-regulated urine specimens from workplace drug testing for cannabinoids using a fast LC-MS/MS method with a 2.15 min runtime [59]. Using a US Health and Human Services recommended 15 ng/mL cutoff, 157 (2.6%) of specimens were positive for a ∆9-THC-related analyte, with 99% of those positive for ∆9-THC-COOH. The researchers established a 1 ng/mL cutoff and found that 98 (4.9%) regulated and 331 (8.3%) non-regulated specimens were positive for ∆9-THC-COOH. However, the ∆9-THC-COOH levels in urine could have been greater than 1 ng/mL from passive exposure to marijuana smoke [59,87]. Similarly, 59 (3.0%) regulated and 162 (4.2%) non-regulated specimens were positive for CBD or its metabolites 7-OH-CBD and CBD-COOH [59]. In 76 (1.3%) specimens, ∆8-THC-COOH was identified, but most of these samples were also positive for ∆9-THC-COOH at a higher level, indicating that ∆8-THC was present because a small amount of ∆8-THC is naturally in cannabis. The elevated ∆8-THC-COOH levels indicating the use of synthetic ∆8-THC products were found in less than 10 specimens [59].





5. Conclusions


There is no doubt that there is a growing acceptance of cannabis use in society. Historically, prohibitions of cannabis led to difficulties for researchers in conducting clinical trials and a lack of evidence for the efficacy of cannabis in treating specific diseases. Currently, 37 US states allow for the use of medical marijuana, and about 40 countries in the world have legalized medical marijuana. The number of states and countries allowing medical and recreational use continues to increase. The increasing consumer demand will lead to improvements in the technologies for quality control and regulatory enforcement, in terms of the production and sale of cannabis products, toxicology and clinical practice. Though studies have shown that cannabis can be used to treat chronic pain and other diseases, research needs to continue to provide dosage forms that limit the adverse effects of cannabis. Consumers should be able to be confident that cannabis products have the correct amount of active ingredients and that they are free from toxic and harmful substances.



However, there are certain limitations for quality control analyses. There are a numerous types of products that make the analyses difficult, and there is no accepted universal procedure for the sample preparation or analysis of the products [88]. Additionally, as many cannabinoid derivatives are highly volatile, storage is a major concern when it comes to preparing standard samples for analysis. Some cannabinoids oxidize easily in storage if not placed in sufficiently low temperatures, giving analysts a false high concentration level of the oxidized metabolites [88].



The assays for measuring the concentrations of cannabinoids in biological matrices are more standardized compared to the quality control assays for the cannabinoids in cannabis products. However, there is a patchwork of laws across nations and governments regarding the medicinal and recreational use of cannabis. The establishment of a per se level of ∆9-THC for DUID applications is important; many US states use a per se level of 5 ng/mL to establish ∆9-THC impairment. The instrumentation choice is also an important decision for biological matrices. GCMS instrumentation has a lower upfront capital cost than LC-MS/MS, but the LC-MS/MS methods tend to have simpler sample preparation procedures that allow for a higher throughput. The LC-MS/MS run times have the potential to be shorter than the standard GC-MS/MS methods, allowing for a higher throughput and cost savings to make up for the increased capital cost [59,88].



In the future, it is hoped that we will see technological advances that allow for easy point-of-care or field testing (DUID) sample collection procedures. The development of better mass spectrometers with a high selectivity and specificity will allow for reduced sample preparation procedures and improve the method robustness.
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Figure 1. Cannabis plant and a 1930s film poster. (a) Mature cannabis plants. Reprinted from My 420 Tours (https://commons.wikimedia.org/wiki/File:Mature_cannabis_plant.jpg, accessed on 17 February 2023), https://creativecommons.org/licenses/by-sa/4.0/legalcode, accessed on 17 February 2023); (b) Poster for the 1936 propaganda film Reefer Madness exaggerating the dangers of marijuana [3]. This image is in the public domain. 
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Figure 2. Chemical structures of the well-known cannabinoids in Cannabis sativa. 
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Figure 3. Hemp flower extract chromatograms. (a) LC/UV chromatogram of a hemp flower extract. The chromatogram has the expected abundant peak for CBD and CBDA but the peaks coelute. (b) LC scan MS analysis of the same extract shown in (a) with the extracted ion chromatograms for the protonated CBD (m/z 315) and CBDA (m/z 341) molecular ions. The Y-axis has been magnified to show the low levels of THC and THCA present as well as CBC. The THCA and CBC peaks also coelute. 
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Figure 4. Dried plasma spot (DPS) analysis example. (a) Finger prick collection for a dried plasma spot; (b) a drop of blood is filtered on the DPS card; (c) the top layer of the card is removed, revealing two dried plasma spots. Analyte is extracted from the dried plasma spots by protein precipitation and analyzed by LC-MS/MS; (d) A standard chromatogram of cannabinoids at 20 ng/mL each; (e) a chromatogram from a study participant who ingested CBD. 
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Table 1. Representative examples of the recent studies using mass spectrometry-based analytical methods for the quality control of cannabis-based products.
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Cannabis Product

	
Extraction

	
Analysis

	
Run Time (min)

	
Analyte

	
Reference






	
hemp oil

	
dilution (MeOH: water)

	
LC-MS/MS

	
4

	
CBD, Δ9-THC, CBN

	
[42]




	
1 mL methanol

	
LC-MS/MS

	
11

	
CBD, CBDA, Δ9-THC and THCA

	
[43]




	
1:5 v/v dilution hemp oil:2-propanol

	
HPLC-UV and MS XIC

	
15

	
THCA, CBDA, CBDV, Δ9-THC, CBD, CBG and CBN

	
[15]




	
100 mg oil in 1 mL acetonitrile

	
LC-MS/MS

	
13

	
CBD, CBDA, Δ9-THC, THCA, CBG, CBGA, CBC, CBDV, CBDVA, CBN, THCVA, THCV

	
[44]




	
plant material

	
1 mL methanol

	
LC-MS/MS

	

	
CBD, Δ9-THC

	
[43]




	
4:1 methanol:water

	
HPLC-UV

	
22

	
CBD, CBDA, Δ9-THC, THCA

	
[39]




	
solids and dietary supplements

	
QuEChERS water:acetontrile

	
LC-MS/MS

	

	
CBD, Δ9-THC

	
[45]




	
QuEChERS water:acetontrile

	
GCMS

	
10

	
CBD, Δ9-THC

	
[46]




	
Methanol

	
HPLC

	
13

	
Δ9-THC and eight synthentic cannabinoids

	
[47]




	
Methanol

	
LC-MS/MS

	
12

	
Δ9-THC and eight synthentic cannabinoids

	
[47]




	
e-cigarette liquid

	
methanol (10 mg/mL)

	
GCMS

	
18

	
Δ9-THC, Δ8-THC, Δ8-iso THC and cannabielsoin (CBE)

	
[48]
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Table 2. Representative cannabinoid quantitation studies in biological matrices.
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Matrix

	
Extraction

	
Analysis

	
Range (ng/mL)

	
Analyte

	
Reference






	
urine

	
dilute and shoot 1:9 with 95/5 methanol/H2O with 0.1% formic acid.

	
LC-MS/MS

	
25–8000

	
Δ9-THC-COOH, Δ9-THC -COO(Glu)

	
[58]




	
base and enzyme hydrolysis

	
LC-MS/MS

	
2–100

	
∆9- and ∆8-THC, THC, 11-11-OH-∆9-THC, ∆9- and ∆8-THC-COOH, ∆9-THCV, ∆9-THCVCOOH, CBD, 7-OH-CBD, CBD-COOH

	
[59]




	
base hydrolysis, SPE

	
LC-MS/MS

	
1–50 THC, 5–250 THC-COOH

	
∆9-THC, ∆8-THC, ∆9-THC-COOH, ∆8-THC-COOH

	
[57]




	
blood

	
Micro-sampling device (VAMS), acetonitrile-water

	
UPLC-MS/MS

	
5–250

	
∆9-THC

	
[60,61]




	
dried plasma sample (DPS)

	
LC-MS/MS

	
unknown

	
∆9-THC, THC-COOH, 11-OH-∆9-THC

	
[62]




	
acetonitrile with polymeric SPE

	
LC-MS/MS

	
0.5–100

	
∆9-THC, ∆9-THC-COOH, 11-OH-∆9-THC

	
[63]




	
oral fluid

	
dilute and shoot 1:3 dilution with water

	
LC-MS/MS

	
1–500

	
CBD, THC *

	
[64]




	
0.2 M NaOH and hexane/ethyl acetate (9:1, v/v). Trimethyl-silylation derivatization

	
GC-MS/MS

	
LOQ 0.2

	
THC

	
[65]




	
bronchoalveolar-lavage fluid

	
solid phase extraction

	
LC-MS/MS

	
0.2–500

	
Δ9-THC, Δ8-THC, 11-COOH-THC, 11-OH-THC, CBD, 7-nor-7-CBD

	
[66]








* Analytes included other non-cannabinoid psychoactive drugs.
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