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A8-Tetrahydrocannabinol (A8-THC) is increasingly popular as a controversial substitute for A°-tetrahydrocan-
nabinol (Ag-THC) in cannabinoid-infused edibles. AS-THC is prepared from cannabidiol (CBD) by treatment with
acids. Side products including A°-THC and other isomers that might end up in A8-THC edibles are less studied. In
this paper, three orthogonal methods, namely reversed-phase (RP)-UHPLC-DAD/HRMS, normal-phase/
argentation (silica-Ag(I))-HPLC-DAD/MS, and GC-FID/MS were developed for analysis of cannabinoid isomers,
namely As-THC, A9-THC, CBD, As-iso-THC, A(4)8-iso-THC, and hydrated THC isomers. Eight acid-treated CBD
mixtures contained various amounts of AS-THC (0-89%, w/w%), high levels of AS-THC (up to 49%), A8-isoTHC
(up to 55%), A®8is0-THC (up to 17%), and three hydrated THC isomers. Commercial AS-THC gummies were
also analyzed, and issues like overclaimed AS8-THC, excessive A°-THC, undeclared A8-iso-THC, and A®8is0-THC
were found. These findings highlight the urgency of improving regulations towards converting CBD to AS-THC

for use as food ingredients.

1. Introduction

Cannabinoid-infused edibles containing e.g. cannabidiol (CBD) and
recently A®-tetrahydrocannabinol (AS-THC), but lacking A°-tetrahy-
drocannabinol (A°-THC), are becoming increasingly popular for thera-
peutic or recreational purposes (Leas, Nobles, Shi, & Hendrickson, 2022;
Peng & Shahidi, 2021). The U.S. Agriculture Improvement Act of 2018
(2018 Farm Bill) legalized hemp and hemp-derived products containing
no more than 0.3 % of A°-THC on a dry weight basis (Congress, U.S.,
2018). However, the 2018 Farm Bill does not regulate A8-THC, which
possesses similar therapeutic and mild psychoactive effects as A°-THC
(Casajuana Kogel, Lopez-Pelayo, Balcells-Olivero, Colom, & Gual,
2018). In 1995, A8-THC underwent its initial assessment as an anti-
emetic remedy in a trial involving eight children undergoing chemo-
therapy (Abrahamov, Abrahamov, & Mechoulam, 1995). Subsequently,
A8-THC was found to produce a dose-dependent response leading to

euphoria, blurred vision, mental confusion, and lethargy with around
75 % of the potency of A°-THC (La Maida, Di Giorgi, Pichini, Busardo, &
Huestis, 2022). It is therefore not surprising that A3-THC-infused edibles
are pursued as a legal substitution of A°-THC by consumers (LoParco,
Rossheim, Walters, Zhou, Olsson, & Sussman, 2023).

Due to the negligible occurrence of natural A3 -THC in cannabis
(Giilck & Mgller, 2020), A8-THC for consumption is typically produced
by acid-catalyzed intramolecular cyclization of CBD (Duffy et al., 2022).
A8-THC-infused products are often marked as “hemp-derived” or “legal
high” products in different formulations, e.g., vape oils, gummies, and
chocolates, with attractive packaging and are easy to acquire in stores or
online. Some “home-kitchen” protocols for making A%-THC edibles from
CBD are also easily available on websites. However, there is no regula-
tion or monitoring for producing AS-THC from GBD, and such acid-
induced intramolecular cyclization is normally versatile with not only
AS-THC but also A°-THC and other cannabinoids formed. Subsequent
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infusing into a food matrix would result in concomitant concerns about
the safety and legal status of A®-THC edibles. We summarized 53 anal-
ysis reports of commercial AS-THC products reported by the US
Cannabis Council and the New Leafreport Research in 2021 (Council, U.
S. C., 2021; Leafreport, 2022), and there were several issues concerning
AS-THC products including (i) unknown ingredients, (ii) no content
label or incorrect A8-THC content, and (iii) illegal levels of A°-THC
(>0.3 %, Supporting Information (SI), Figure S1). While the latter is
already worrisome, the presence of unknown compounds from the AS-
THC producing process, without toxicity data, is potentially of even
greater concern. Moreover, increasing hospitalizations induced by
consuming AS-THC edibles and other products further underlines the
need to analyze the compositions after converting CBD to AS-THC
(LoParco et al., 2023).

Cannabinoids in edibles that should at least be analyzed are A°-THC,
tetrahydrocannabinolic acid (THCA), CBD, cannabidiolic acid (CBDA),
and cannabinol (CBN) (AOAC, 2017; AOAC, 2022). Recent research
expanded the analytical scope with AS-THC (Christinat, Savoy, & Mot-
tier, 2020; Pisciottano, Guadagnuolo, Soprano, Esposito, & Gallo, 2021;
Song, Meyer, Adejumo, Jovanovich, LeBlanc, & Provis, 2023). As
mentioned earlier, most A8-THC found in the market is synthesized and
thus unavoidably accompanied by other THC isomers (Golombek,
Miiller, Barthlott, Sproll, & Lachenmeier, 2020; Helander, Johansson,
Andersson, & Villén, 2022). Advanced analytical methods to analyze AS8.
THC, A°-THC, and CBD in the presence of synthetic isomers have
recently been published. These include a 2D high pressure liquid chro-
matography (HPLC) system (C6 Phenyl column as the first dimension
and C18 as the second dimension) for analysis of A8-THC, A°-THC, CBD,
A6a’1oa—THC, and A'°-THC in e-cigarettes (Chan-Hosokawa, Nguyen,
Lattanzio, & Adams, 2022), and poroshell C18 column with complex
multi-step gradient conditions for analysis of AS-THC, A°-THC, A%»10a.
THC, A'°-THC, and A®!-THC (Reber, Karschner, Seither, Knittel,
Dozier, & Walterscheid, 2022). All these methods rely on reversed-phase
separations and multiple reaction monitoring (MRM) mass spectrometry
(MS), with the same MS/MS transitions for different isomers. As a
consequence, multiple challenges remain to be addressed. First, due to
their near-identical retention times, baseline separation between A%
THC and A°-THC is only achieved by resorting to highly efficient HPLC
systems such as ultra-high-pressure liquid chromatography (UHPLC), or
to the use of core-shell particles. Even then, isomers, e.g., A>'LTHC that
are coeluting with A-THC, interfere with their analysis (Reber,
Karschner, Seither, Knittel, Dozier, & Walterscheid, 2022). Second, the
lack of unique MRM transitions makes the identification of isomers
problematic. Thus, given their near-identical retention times and lack of
MS-based identification, a small variation in retention time can easily
lead to misassignments. Kiselak et al. (Kiselak, Koerber, & Verbeck,
2020) coupled reversed phase (RP)-HPLC-MS with ion mobility spec-
trometry (IMS) to investigate formed cannabinoids when converting
CBD to A°-THC (or A®-THC) at home. Even though they identified
multiple unnatural cannabinoids, the isomers A°-THC and AS-THC were
just partially separated and had the same MS fragments and collisional
cross-section, hampering identification by IMS. Apart from that, two
compounds eluting closely to AS-THC and A°-THC with identical MS
fragments and collisional cross-sections as A8-THC and A°-THC could
not be unambiguously identified. Ciolino et al. (Ciolino, Ranieri,
Brueggemeyer, Taylor, & Mohrhaus, 2021) identified A8-THC, A°-THC,
A%3102.THC, A°-THC and A%'!-THC in commercial vaping liquids by
GC-MS. However, all these THC isomers had to be silylated prior to
separation, and no absolute quantification of A3-THC and A°-THC was
achieved. Thus, despite the attention given to synthetic THC isomers
when analyzing A8-THC-related products, more efforts are needed in
developing analytical methods and understanding product composi-
tions, especially regarding the synthetic THC isomers, for both forensic
purposes and health considerations.

In the current paper, we therefore set out to improve the analysis of
cannabinoid isomers formed in the process of converting CBD to A8-THC
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as well as their occurrence in cannabinoid-infused edibles (A8-THC
gummies). We thus aimed to first evaluate eight common synthetic
protocols using acid catalysis to convert CBD to A-THC (including
methods suggested for ‘use at home’). Different chromatographic
methods, that are based on different principles were expected to jointly
achieve improved separation and profiling of the cannabinoids from
those mixtures: a) an RP-UHPLC-diode array detector (DAD)/high res-
olution mass spectrometer (HRMS) method; b) a GC-flame ionization
detector (FID)/MS method; c) a silica-Ag(I) HPLC-DAD/MS method. For
the silica-Ag(I) HPLC-DAD/MS method, we hypothesized that Ag(I) af-
finity combined with the normal-phase separation mechanism could
lead to improved separation of cannabinoids. Apart from that, Ag(I)
adduct formation and unique MS/MS transitions were expected due to
selective affinities of Ag(I) towards olefins with different numbers and
positions of C=C double bonds (Huang et al., 2021; Kaneti, de Smet,
Boom, Zuilhof, & Sudholter, 2002; van Beek & Subrtova, 1995). If so,
characteristic fragments in the presence of Ag(I) could be used for more
reliable identification of isomeric cannabinoids.

2. Materials and methods
2.1. Chemicals and reagents

Formic Acid (HPLC grade) and silver nitrate (Analytical grade) were
purchased from Fisher Scientific (Loughborough, Leicestershire, UK).
Acetonitrile (ACN, HPLC grade) and methanol (MeOH, HPLC grade)
were obtained from VWR Chemicals (Gliwice, Poland). n-hexane (hex-
ane, HPLC grade) was obtained from Honeywell Riedel-de Haén (Seelze,
Germany). Ethanol (EtOH, HPLC-grade) was purchased from Biosolve
Chimie SARL (57260 Dieuze, France). Methyl tert-butyl ether (MTBE)
was bought from Biosolve BV (Valkenswaard, the Netherlands). Deion-
ized water was obtained from a Milli-Q™ direct ultrapure water system
((18.2MQ-cm, Milli-Q Integral 3 system, Millipore, USA). A°-THC
standard was purified from cannabis flowers. Crystalline CBD was pur-
chased from CBDolie.nl. A8-THC and A8-isoTHC standards were isolated
from acid-treated CBD (Citti et al., 2019). The group of Prof. Passarella
(Marzullo et al., 2020) kindly provided A8-iso-THC (for comparison with
our isolated standard A8-iso-THC) and A“8-iso-THC. According to NMR
and peak integrations at DAD 215 nm (SI, Figure S2-S3), the purity of
these five standards was > 98 %. Normal gummies without cannabi-
noids were purchased from a local supermarket in Wageningen, the
Netherlands, and labeled as N#1, N#2, and N#3. A8-THC gummies
were bought online and named as C#1 and C#2.

2.2. RP-UHPLC-DAD/HRMS

A 1290 Infinity UHPLC system (Agilent Technologies, Santa Clara,
United States) equipped with a Zorbax Eclipse Plus C18 column (2.1 x
100 mm, 1.8 pm; Agilent Technologies) was used with DAD and coupled
to a Q-Exactive quadrupole orbitrap high-resolution mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA) via an Electrospray
Ionization (ESI) interface. The mobile phase consisted of 5 mM formic
acid in water (mobile phase A) and ACN (mobile phase B). The injection
volume was 8 pL. Isocratic elution was applied with 58 % B at a flow rate
of 0.50 mL-min’l, unless otherwise specified. The resolution (Rs) of two
peaks was calculated as follows:

R — tgy — IR
s
0.85 x (Wispn + Wapp)

tr1, tro: retention time of two adjacent peaks; W1, 1,/2, W2, 1/2: peak
width at half-height of two adjacent peaks.

Positive ionization mode MS was used with a mass resolution of
70,000 FWHM, a maximum injection time of 200 ms, a sheath gas flow
rate of 36 (arbitrary units), and an auxilary gas flow rate of 18 (arbitrary
units). The capillary temperature was 320 °C and the S-lens RF level was
50 (arbitrary units). All full-scan measurements were performed with a
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scan range of m/z 100.0—1500.0. A normalized collision energy (NCE)
of 40 V was applied for MS/MS fragmentation. Thermo Scientific Xca-
libur 2.2 software was used for data acquisition and processing. The
intensity of ions with m/z values within + 5 ppm of the theoretical m/z
was shown in the extracted ion chromatogram (EIC).

2.3. GC-FID/MS

An Agilent 5975C VL MSD GC-MS system (Agilent, Amstelveen, the
Netherlands) equipped with a HP-5MS capillary column (5 % phenyl-
methylpolysiloxane, 30 m x 0.25 mm i.d. and 0.25 pm film thickness,
Agilent J&W GC column, Amstelveen, the Netherlands) was used for GC-
FID/MS analysis with a split ratio of 1:1 to the FID and MS detector. The
injection temperature was 250 °C and the carrier gas was He at a linear
velocity of 29 cm-s~*. For the fast analysis of AS-THC, A°-THC and CBD,
the initial column temperature was 200 °C, which was ramped with 10
°C-min~"! to 275 °C and kept at this temperature for 5 min (total analysis
time is 12.5 min). For the analysis of the five isomers and samples, a two-
step gradient temperature program was used with an initial column
temperature of 200 °C, ramped with 1 °C-min! to 222.5 °C. Then, the
column temperature was ramped to 250 °C with 5 °C-min~! and kept at
this temperature for 5 min (total analysis time of 33 min). 1 pL of sample
was injected with a split ratio of 1:10. The mass spectrometer was
operated in the 70 eV electron ionization (EI) mode, scanning from m/z
35 to 500 at 4 spectra-s~!. Actual measurements started 3.0 min after
injection to protect the filament of the mass spectrometer.

2.4. Silica-Ag(I) HPLC-DAD/MS

A 1220 Infinity II liquid chromatography system (Agilent Technol-
ogies) equipped with a Nucleosil Ag(I) phase column (100 x 4.6 mm, 3
pm; custom packed at Agilent, Middelburg, the Netherlands) was used
with DAD, or with a Linear Ion Trap mass spectrometer (ESI-LXQ,
Thermo Fisher Scientific) via a custom-built ESI interface. Isocratic
elution was applied with 1 % ACN in hexane (v/v%) as mobile phase at a
flow rate of 1.00 mL-min~'. 5 uL of sample was injected. Since hexane
cannot be easily used for stable ESI (Zhang, Wang, Zhu, Cai, & Guo,
2014), post-column mixing with a solution of AgNO3 (2.5 x 107> M) in
EtOH was used to assist ESI ionization and form silver adducts (see SI,
Protocol S1, Figure S4). Ionization was performed in positive mode
with capillary voltage 49 V, tube lens 85 V, capillary temperature
350 °C, and sheath gas flow rate of 15 (arbitrary units). All full-scan
measurements were performed with a scan range of m/z
100.0-2000.0. For all MS/MS fragmentation measurements, collision-
induced dissociation (CID) energies were determined as the energy at
which the target product ions had the highest abundance while the
precursor ion or ions had not yet disappeared completely. The isolation
width was set to include all desired precursor ions. For accurate mass
measurements of Ag(I) adducts and relevant fragments, a previously
published Ag(I)-paper spray ionization method was used, in combina-
tion with a Q-Exactive mass spectrometer (Huang et al., 2021).

2.5. Calibration curve construction and evaluation of LOD and LOQ

Stock solutions of AS-THC, A°-THC, and CBD were prepared in
MeOH at 1.00 mg~mL’1. Mixed standard solutions of 333, 167, 100,
10.0, 5.00 pg-mL~! and 0.500 pg-mL~! were prepared in triplicate by
mixing stock solutions and serially diluting them with MeOH, and were
analyzed by RP-UHPLC-DAD and GC-FID. For silica-Ag(I) HPLC-DAD
analysis, considering the incompatibility of the sample solvent with the
mobile phase, 100 pL of the mixed standard solution was first blow-dried
with N and re-dissolved in 100 pL of mobile phase in a 1.8 mL HPLC vial
with a micro-insert (200 pL, Fisher Scientific, Warsaw, Poland). Char-
acteristic peak areas were plotted against the concentration to construct
calibration curves for external standard quantification. For the deter-
mination of the limit of detection (LOD) and limit of quantification
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(LOQ), the peak height was used. Blanks (MeOH for RP-UHPLC-DAD and
GC-FID; MeOH blow-dried and redissolved in 1 % ACN in hexane (v/v%)
for silica-Ag(I) HPLC-DAD) were injected and standard deviations (SD)
of the signal at the respective retention times of the analytes were
determined. The LODs and LOQs were calculated as follows: LOD = 3 x
SD of blank/slope of the calibration curve; LOQ = 10 x SD of blank/
slope of the calibration curve (Shrivastava & Gupta, 2011; Villela, Van
der Klift, Mattheussens, Derksen, Zuilhof, & Van Beek, 2011). Samples
with concentrations close to the calculated LODs were tested for
confirmation.

2.6. Preparation of mixtures containing AS-THC by treatment of CBD
with acid

Eight reported methods (see SI, Figure S5 and Table S1) for pro-
ducing “A%-THC” samples from CBD were carried out with minor
modifications (Kiselak et al., 2020; Marzullo et al., 2020). In summary,
different catalytic conditions were employed: p-toluenesulfonic acid
with varying acid quantities and solvent types (Entries 1-4), boron tri-
fluoride diethyl etherate (BF3-OEty) catalysis in acetonitrile (Entry 5),
sulfuric acid in ethanol (Entry 6), acetic acid in ethanol (Entry 7), and
hydrochloric acid in ethanol (Entry 8). After workup (quenched with
base solutions, washed with saturated aqueous NaHCO3 and NaCl so-
lutions, dried with NaySO4 and filtered through filter paper. All eight
reaction solutions were filtered through 0.2 ym PTFE membrane syringe
filters (& 13 mm, Pall Corporation, Port Washington, NY, USA), and the
solvent was evaporated under N, flow, followed by freeze-drying
(FreeZone 2.5 L, Labconco, Kansas City, MO, USA) at —84 °C during
more than 24 h. The reaction products obtained by each method were
dissolved in MeOH at 100 pg-mL~! unless otherwise stated for RP-
UHPLC-DAD/MS and GC-FID/MS analysis. For silica-Ag(I) HPLC-DAD/
MS analysis, 100 pL of the methanolic solution was first blow-dried with
N3 and re-dissolved in 100 pL of 1 % ACN in hexane (v/v%).

2.7. Gummy extraction

1.00 + 0.06 g of normal gummy or A®-THC gummy was weighed in a
conical stopper flask and extracted with 200.00 mL of an MTBE/water
1/1 (v/v) solution by ice bath ultrasonication (Bandelin Sonorex, Ran-
gendingen, Germany) for up to 40 min to fully dissolve the gummies.
After waiting 10 min for phase separation, the MTBE layer was filtered
over 0.2 ym PTFE membrane syringe filters and then used for subsequent
analysis.

2.8. Extraction recovery

Four aliquots (1.00 mL each) of 100 pgmL_1 CBD methanolic solu-
tion were blow-dried. After that, one aliquot was redissolved in MTBE
and subjected to GC-FID/MS analysis. The remaining three aliquots were
reconstituted with 1.00 mL of MTBE and 1.00 mL of water, followed by
hand-shaking of 10 min. After a waiting period of 10 min for phase
separation, 60 pL of the MTBE layer was taken for GC-FID/MS analysis.

Extraction fecovery(%) = (Aafler exlraclion/Awilhoul exlmclion) x 100.

A is the GC-FID peak area of a specific cannabinoid.

Four aliquots (100 pL each) of methanolic solution consisting of 100
pg-mL ™! of AS-THC, A°-THC, A%-iso-THC, A“*.iso-THC, and CBD (five-
cannabinoid solution) went through the above procedure (volumes of
100 pL of MTBE and 100 pL of water) to evaluate the extraction recovery
of each cannabinoid.

2.9. Matrix effects, accuracy, and precision

Matrix effects. Hundred pL of 100 pg-mL™! five-cannabinoid
methanolic solution was blow-dried and redissolved in 100 pL of
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normal gummy extract for GC-FID/MS and silica-Ag(I) HPLC-DAD
analysis. The characteristic peak area of each cannabinoid in spiked
normal gummy extract (sample type II) was compared with that in
solvent (sample type I).

Matrix effect(%) = ((An/Ar) — 1) x 100.

A is the peak area of GC-FID or silica-Ag(I) HPLC-DAD (215 nm) of a
specific cannabinoid.

Accuracy and precision. Accuracy and precision of the method
were evaluated at three concentration levels (weight percentage w/w%:
low (0.02 %), medium (0.1 %) and high (0.2 %)) in normal gummy N#2
extract (n = 3 per concentration). 100 pL of 20, 100, 200 pg-mL™! five-
cannabinoid methanolic solution was spiked in 1.00 mL of normal
gummy extract N#2 (0.01 times of the total gummy weight) and blow-
dried. Subsequently, 100 pL of MeOH was added for GC-FID/MS analysis
and 100 pL of 1 % ACN in hexane (v/v%) was added for silica-Ag(I)
HPLC-DAD analysis. The concentration of each cannabinoid was calcu-
lated by the established calibration curves.

The weight percentage was expressed as:

CxV

Weight percentage (%) = x 100

C: calculated concentration in extract (ug-mL 1); V: volume of
extraction (mL); W: total gummy weight (pg).

Precision was calculated as the relative standard deviation (RSD%)
(n = 3). Accuracy was calculated as the relative deviation (%) of the
calculated mean value of weight percentage from the respective refer-
ence value.

2.8. Cannabinoid gummy analysis

Cannabinoid gummy C#1 and C#2 were extracted as described
above (n = 3). 1.00 mL of the MTBE layer was filtered and then sub-
jected to the analysis by GC-FID/MS and silica-Ag(I) HPLC-DAD
methods for quantification of AS-THC. For the quantification of other
cannabinoids, the filtrate of the MTBE layer was concentrated 20 times
by blow-drying and reconstitution before analysis. The percentage was
expressed as aforementioned with a concentrating factor taken into

A) 600
RP-UHPLC-UV
] 6.66
400 CBD A’-THC A®-THC
z 13.43 14.32
200 M
0 N
0 5 0 1 20 25
C) Time (min)
90
GC-FID .
A TC A%THC
60+ cep \ / 875
< 7.95
30 l
E) 3 6 Time (min) 2
120
Silica-Ag(l) HPLC-UV
AB-THC A°-THC
2801 16.23 19.59
E CBD
40 36.77
. /L
0 10 20 30 40
Time (min)
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account if used.
3. Results and discussion

3.1. RP-UHPLC-DAD/HRMS for separation and identification of AS-
THC, A°-THC, and CBD standards

The ever-popular A°-THC and CBD and increasingly popular A8-THC
are isomers, but have a different pharmacology, toxicology, and legal
status. Therefore, discrimination and characterization of these three
cannabinoids are of great importance. Methods applying RP-HPLC
coupled to ultraviolet (UV) detection or DAD have been most
frequently used, as reviewed recently by La Maida et al. (La Maida, Di
Giorgi, Pichini, Busardo, & Huestis, 2022). Generally, long separation
times (>20 min) with high flow rates (>1 mL/min) have been used to
achieve partial or baseline separation of AS>-THC and A°-THC, since UV
absorption spectra show no differences for the three isomers. Very
recently, a reversed-phase 2D-LC system (Chan-Hosokawa et al., 2022)
and a RP superficially porous column under a multi-step gradient elution
(Reber et al., 2022) achieved separation of A8-THC and A°-THC in 10
min with Rg 2.5 and 1.4, respectively. Subsequently, ESI-MS/MS (MRM
mode) with identical transitions was used for quantification.

In the present study, AS-THC and A°-THC were, after optimization,
also resolved (Rs = 1.8) by reversed-phase UHPLC (Fig. 1A, and SI,
Table S2 and Figure S6). When coupled to DAD and HRMS detectors, as
expected, there was no selectivity in the UV absorption (SI, Figure S§7),
nor in the high-resolution mass spectra in positive ionization mode
(Fig. 1B), as described in other references (Chan-Hosokawa et al., 2022;
Lin, Amaratunga, Reed, Huang, Lemberg, & Lemberg, 2022; Reber et al.,
2022). The attribution of compounds can thus only be made by com-
parison of chromatographic retention times (RTs) with the standards.
However, if the RT shifts slightly across samples due to e.g., column
degradation, sample overloading, variations of mobile phase, column
temperature, pressure, incorrect analysis might ensue (Wang et al.,
2019). Moreover, any co-eluting matrix compound or isomer would be
detrimental to the performance, due to many shared fragments between
those. Therefore, improved chromatographic separation and more

B)
RP-UHPLC-HRMS, M+H]* m/z 315.2
100 A°-THC 123.0442 [M+H]" m/z )
193.1223 S
wou b |
5. * 15.2
Bq00]2 T 123.0442 [M+H]" m/z 31
193.1223 ¥
IR . |
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Fig. 1. AS-THC, A°-THC, and CBD standards analyzed by (A) RP-UHPLC-DAD, (B) RP-UHPLC-HRMS/MS of [M + H]™, (C) GC-FID, (D) GC-EI-MS, (E) silica-Ag(I)

HPLC-DAD and (F) silica-Ag(I) HPLC-MS/MS of [M + Ag]™.
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specific MS information are needed.

3.2. GC-FID/MS for separation and identification of A8-THC, A°-THC,
and CBD standards

As second standard method, GC-FID/MS was applied for the analysis
of the three neutral cannabinoids. Thermal decomposition should not
pose a problem as these synthetic products typically do not contain
acidic cannabinoids. Even if the starting CBD would contain acidic
cannabinoids, acids were used in treating CBD and this would lead to
decarboxylation (X. Zhang, Geng, & Wang, 2011). As shown in Fig. 1C
and 1D, A%-THC, A°-THC, and CBD were well resolved by the GC
method (Rg of A8-THC and A°-THCis 3.1) in 9 min, and have distinct EI
spectra. Combined with the merit of a short analysis time, GC-FID/MS is
promising in the analysis of A8-THC, A°-THC, and CBD. However, a very
recent study (Tsujikawa et al., 2022) observed the thermal decomposi-
tion of GBD to A°-THC in the injector of the GC-MS system if the splitless
mode was used, due to the longer residence time in the injector
compared to split mode. Therefore, some caution is required and split
injection with the injector temperature at 200 °C should be applied to
avoid such decomposition.

3.3. Silica-Ag (I) HPLC-DAD/MS for separation and identification of A%-
THC, A°-THC, and CBD standards

In previous work, we separated A°-THC from CBD by Ag(I)-loaded
cation exchange HPLC-MS with MeOH as mobile phase and observed
unique fragmentation of silver adducts (Huang et al., 2021). This was
based on the different affinity of Ag(I) towards a single C—C bond versus
that of two C=C bonds in 1,5-dienes. Therefore, we further explored
whether Ag(l) affinity could enable improved separation and charac-
terization of A8-THC, A°-THC, and CBD. Not unexpectedly, both AB-THC
and A°-THC eluted close to the dead time with A-THC eluting 0.18 min
earlier than A°-THC on the Ag()-loaded cation exchanger (SI,
Figure S8), due to their much weaker interactions with Ag(I) compared
to CBD. As demonstrated by previous quantum chemical results (Huang
etal., 2021), CBD is bound to Ag(I) about 12 keal-mol ! stabler than A°-
THC, and further quantum-chemical computation (SI, Figure S9)
showed that A°-THC is bound to Ag() 5 keal-mol~! more strongly than
A8-THC. Due to the lack of separation on the Ag(I)-loaded cation ex-
change column, an alternative approach was chosen, in which an Ag(I)-
coated silica gel column with 1 % ACN in hexane (v/v%) as mobile phase
was used for the separation of the three analytes. As shown in Fig. 1E,
excellent separation of A8-THC and A°-THC was obtained (Rs = 4.5), due
to the combined contributions from normal-phase adsorption, Ag(l)
complexation effects and long separation times (Adlof, 1997; Huang
et al., 2022). However, the applied mobile phase (1 % ACN in hexane (v/
v%)) cannot be used to produce a stable ESI spray, making it difficult to
obtain MS information after the Ag(I)-coated silica chromatographic
separation.

To overcome this, we employed the setup as shown in Figure S4 (SI),
by which both DAD and mass spectra could be collected after separation.
This was achieved by combining the effluent of the HPLC column in a
mixer with AgNOj3 in EtOH (2.5 x 10> M) to produce a stable spray to
introduce Ag(I)-cannabinoid adducts to the MS. These adducts have
unique fragmentation patterns, even for THC isomers (Fig. 1F). Quasi-
molecular species at m/z 421 and 423 were found for A8-THC, A°-
THC and CBD with characteristic silver isotopes, 1%’Ag (52 %) and 1°°Ag
(48 %). Different fragmentation patterns for AS—THC, A°-THC and CBD
were found by utilizing m/z 422 as the precursor ion with an isolation
width of 4 (thus containing both m/z 421 and 423). For CBD, main
fragments were observed at m/z 353/355. For A°-THC, there was only
one product ion at m/z 313. However, for AB—THC, apart from a minor
fragment at m/z 313, the most prominent fragment was found at m/z
245.
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3.4. Resolving THC isomers by RP-UHPLC-DAD/HRMS, GC-FID/MS,
and silica-Ag(I) HPLC-DAD/MS

When treating CBD with acids for producing A8-THC, the formation
of various other THC isomers is hardly avoidable as reviewed by
Golombek et al. (Golombek et al., 2020). The existence of multiple
isomers may ruin the analysis of AS-THC, A°-THC and CBD when less
selective methods are used (Lachenmeier et al., 2022). Relatively few
papers are devoted to chemical analysis of cannabinoids (only around 2
% of all publications on cannabis) (Gertsch, 2018). Recently published
methods for the analysis of THC isomers mainly focus on resolving A8-
THC, A°-THC and CBD from A®*'9.THC, A'°-THC, and A®!'-THC
(Chan-Hosokawa et al., 2022; Ciolino et al., 2021; Kiselak et al., 2020;
Reber et al., 2022). Still, there are also other THC isomers, namely AS.
iso-THC and A(4)8-iso-THC, which are also found in acid-treated CBD
mixtures (Gaoni & Mechoulam, 1968; Marzullo et al., 2020), and even in
commercial products (Meehan-Atrash & Rahman, 2021). However,
apart from NMR (Marzullo et al., 2020; Meehan-Atrash et al., 2021)
there are hardly any other methods available to analyze these isomers in
the presence of AS-THC, A°-THC and CBD. Marzullo et al. (Marzullo
et al., 2020) applied RP-HPLC in an attempt to resolve A%-iso-THC and
A™B.ijs0-THC from AS-THC and A%-THC, but A.-THC coeluted with A%
iso-THC, and A°-THC coeluted with A®-iso-THC. Even A-THC and A°-
THC were only partially separated. Therefore, in the end, NMR was used
together with the RP-HPLC method for the distinction and identification
of these isomers in mixtures. However, larger amounts of samples are
needed for NMR.

Here, we further evaluated the separation ability of the three
chromatography-based methods with A®-iso-THC and A®%.iso-THC
being present in the standard mixture. As shown in Fig. 2A, with RP-
UHPLC, A8-iso-THC had the same retention time as AS-THC, and AWS.
iso-THC overlapped with A8-THC and A°-THC. Furthermore, these two
isomers have the same UV spectra (SI, Figure S7) and fragmentation
patterns for protonated precursor ions (SI, Figure S10) as AB-THC, A°-
THC and CBD. Therefore, when A%-iso-THC and A“8.iso-THC are pre-
sent, it is not possible to identify A®-THC and A°-THC by RP-UHPLC-
DAD/HRMS (Fig. 2A and 2B).

With GC, using the aforementioned 12.5 min temperature program,
A8-THC, A°-THC and CBD can be resolved, but A%-iso-THC overlapped
with CBD (SI, Figure S11). In this case, a two-step gradient and a longer
(33 min) temperature program was applied for the separation of the five
isomers (Fig. 2C), and all of them produced distinct EI spectra (Fig. 2D).
Ciolino et al. (Ciolino et al., 2021) also applied a two-step gradient
temperature program with an analysis time of 39.9 min, and resolved
various THC isomers that differ in the position of the C—=C bond and/or
stereochemistry (6aR,10aR-A8-THC, 6aR,10aR-exo-THC, 6aR,10aR-A°-
THC, A%®193.THC, 6aR,9S-A'°-THC and 6aR,9R-A'°-THC), despite the
partial overlap of A’*192THC and A'°-THC. Even though their targets
did not include acidic cannabinoids, they still carried out silylation
before GC analysis, which took an additional 30 min.

When applying silica-Ag(I) HPLC-DAD/MS, both A8-iso-THC and
A™8is0-THC were separated from the three major cannabinoids
(Fig. 2E). Apart from that, each isomer gave a different fragmentation
pattern in the presence of Ag(I), with a unique fragment at m/z 419 for
A™8.is0-THC, and a characteristic favored fragment at m/z 299 for A%-
isoTHC when fragmenting precursor ions at m/z 422 with an isolation
width of 4 (thus including both m/z 421 and m/z 423) (Fig. 2F). We
further investigated the fragmentation of precursor ions at m/z 421
(isolation width of 1) and m/z 423 (isolation width of 1) separately (SI,
Figure S12). It was shown that, for A8-iso-THC, this gave the charac-
teristic fragment at m/z 299 in both cases. For A™8.jso-THC, the pre-
cursor ion at m/z 423 yielded the fragment at m/z 421, while the
precursor ion at m/z 421 yielded the fragment at m/z 419, which seemed
to follow the fragmentation pathway [M + Ag — 2H] ™.

In our previous work, the MS fragmentation pathways of CBD and
A°-THC with Ag(I) were proposed (Huang et al., 2021). Here, we further
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Fig. 2. A%-iso-THC, A®8-is0-THC, AS-THC, A°-THC, and CBD were analyzed by (A) RP-UHPLC-DAD, (B) RP-UHPLC-HRMS/MS of [M + H]™, (C) GC-FID, (D) GC-EI-

MS, (E) silica-Ag(I) HPLC-DAD and (F) silica-Ag(I) HPLC-MS/MS of [M + Ag]™.

propose a mechanism for the MS fragmentation of A3-THC in the pres-
ence of Ag(I). The accurate mass of AS-THC Ag(I) adducts and their
fragments were determined by Ag(I) paper spray-HRMS and plausible
structures and their formation are presented in Fig. 3. The [A8-THC +
Agl™ adduct loses AgH during the MS? stage to form a tertiary carbo-
cation (path ). This carbocation undergoes methyl migration and
rearrangement to form a new carbocation, stabilized by the lone pair on
the oxygen. Afterward, a stable structure at m/z 245 was formed by the
retro-Diels—-Alder rearrangement (Turecek & Hanus, 1984). On the other
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hand, similar to A°-THC (Huang et al., 2021), [A8-THC + Ag]™ adducts
could lose AgH during the MS? stage to form the fragment at m/z 313
stabilized by the aromatic ring with the phenolic group (path @).
However, since the C=C double bond of A8-THC is between carbon
atoms 8 and 9 instead of 9 and 10, the fragment is less stable than that of
A°-THC. Additionally, the steric hindrance from the aromatic ring
makes the H™ loss from carbon atom 10 as AgH less favored compared
with path ®. Combined, for AS-THC, the signal at m/z 313 is less
abundant than the signal at m/z 245. These distinctive MS? signals could

H~ shift ‘
@

OH

g

[C21H2902]* Theoretical MW=313.2162
Measured MW= 313.2156

OH

HsC

[C21H20,]* Theoretical MW=313.2162
Measured MW= 313.2156

&
S

Gl

§

L
[C21H290,]" Theoretical MW= 313.2162
Measured MW= 313.2156

Fig. 3. Proposed mechanism for MS? fragmentation of A8-THC in presence of Ag(l).
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thus be used for further confirmation of A8-THC, A°-THC, and CBD, in
addition to assignments according to HPLC retention times of standards.

3.5. Investigation of acid-treated CBD mixtures by RP-UHPLC-DAD/
HRMS, GC-FID/MS, and silica-Ag() HPLC-DAD/MS

The increasing popularity of A8-THC products and the insufficient
analysis of their composition threaten consumer health and induce po-
tential legal issues. By following several common acid catalysis-based
protocols to produce AS-THC from CBD, a better understanding is ex-
pected of the possible byproducts or impurities accompanying A-THC.
Briefly, different acids, solvents, and conditions were used to treat CBD.
Among those protocols, concerningly, some materials and procedures
can be easily accessed and followed, and thus are described online for
home-making of A8-THC. These acid-treated CBD mixtures were then
analyzed by the developed methods in this study to investigate the
composition. Even though the optimized RP-UHPLC-DAD/MS method
properly resolved A8-THC, A°-THC, and CBD, it still cannot provide
accurate identification of all compounds in the samples, as these (by the
other two methods) were shown to contain multiple THC isomers like
A8.isoTHC and A™8.iso-THC. Therefore, GC-FID/MS and silica-Ag(l)
HPLC-DAD/MS were used to investigate these acid-treated CBD
mixtures.

First, the occurrence of A8-THC, A°-THC, CBD, A8-isoTHC and A8,
iso-THC was checked by comparing the respective retention times and
mass spectra (SI, Figure S13) with those of the standards. As shown in
Fig. 4, the product profiles vary substantially from protocol to protocol.
In mixtures #1 and #2, CBD was not fully consumed and the major
product is A%-THC followed by A8-THC, and then a little A%-iso-THC.
Increasing the amount of acid (molar ratio of acid to CBD from 0.1 to 2)
increased the conversion of CBD. In mixtures #3 and #4, the main
product is AS-THC accompanied by trace amounts of A°-THC. A®8.iso-
THC was also detected in these two mixtures. When applying hexane as
solvent (#4), A®8iso-THC signal was more pronounced, and
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additionally, A%-iso-THC was found. Compared with #1 and #2 (toluene
as solvent), there was a trend of solvent selectivity, with toluene yielding
more A°-THC and DCM or hexane more A8-THC. When using BF3-OEt;
as a catalyst and performing the reaction at —10 °C in ACN, A8-THC and
A°-THC concentrations decreased, and instead, A8-iso-THC and A8,
iso-THC dominated. In #6, #7 and #8, easily-accessible materials,
namely ethanol (solvent), and battery acid (37 % sulfuric acid), vinegar
(5.4 % acetic acid), or muriatic acid (30 % hydrochloric acid) were used,
respectively, and the reactions were conducted at 70 °C, which can be
performed with ease in a home kitchen. In #6, four THC isomers were
formed, predominately A%-iso-THC, and only a bit of CBD remained
unreacted. A similar profile was found for #8, except that no CBD was
found and less A8-THC was detected. Contrary to #6, in #7, no THC
isomers were formed and mainly unreacted CBD was detected.

Except for the peaks identified by comparison with the five reference
cannabinoids, there are multiple additional peaks in each. Three of them
(initially named X1, X2, and X3) were isolated and RP-UHPLC-DAD/
HRMS, GC-FID/MS, and silica-Ag(I) HPLC-DAD/MS (SI, Figure S14)
analysis were performed. RP-UHPLC could resolve them and X3 had the
same RT as CBD. The three isolated compounds also had the same UV
spectrum (SI, Figure S7), identical MS signal at m/z 315.2319 ([M +
HI™, Co1H3;0,) (SI, Figure $10), and MS? fragments (SI, Figure S15) as
AS-THC, A°-THC and CBD of m/z 315.2319. Apart from that, they all
showed an extra signal in full scan MS at m/z 333.2408 (C2;H3303) (SI,
Figure $10), which during fragmentation produced [M — 18], likely
resulting from the loss of HyO, at m/z 315.2319 (Cy;H3;02) (SI,
Figure S16). Separation by the GC method showed molecular ion at m/z
332 (SI, Figure S17) for all three, confirming a molecular weight of 332
Da. Furthermore, the three compounds shared EI fragments at m/z 314
and 231 with A3-THC, A°-THC and CBD, implying a similar chemical
structure. On the silica-Ag(I) HPLC column, the three compounds
showed similar retention time (7.57 min for X1, 7.89 min for X2, and
7.48 min for X3) and clear Ag(I) adduct signals at m/z 439/441 ([M +
Agl™) and m/z 771/773 ([2 M + Aglh) (SI, Figure S18), again
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Fig. 4. Detection of AS—THC, A9—THC, CBD, AB—iso—THC, and A“8.iso-THC in acid-treated CBD mixtures by (A) GC-FID and (B) silica-Ag(I) HPLC-DAD (215 nm).



S. Huang et al.

confirming a molecular weight of 332 Da for the three compounds. All
combined, the three compounds were expected to be hydrated forms of
A8-THC, A®-THC or CBD. Finally, by performing 700 MHz NMR analysis
(SI, Figure S19) and comparison with recently identified cannabinoids
(Cheng, Xie, Chen, Wang, & Zhou, 2013; Radwan, Wanas, Gul, Ibrahim,
& ElSohly, 2023), the compounds were assigned as follows: X1 = 9-
hydroxyhexahydrocannabinol; X2 = 9a-hydroxyhexahydrocannabinol;
X3 = 8-hydroxy-isotetrahydrocannabinol. These compounds were
observed in mixtures #3, 4, 6, and 8 by the GC-FID method, and in
mixtures #1, 2, 3, 4, 5, 6, and 8 by the more sensitive RP-UHPLC-DAD
method (SI, Figure S20). These findings suggest that these com-
pounds, of which there is currently no toxicological knowledge, occur in
many of these CBD reaction mixtures, which warrants further
investigation.

In addition to these five THC isomers and three hydrated THC iso-
mers, several minor peaks (especially in the last three samples) can be
observed, reflecting the complexity of the product mixtures obtained by
treating CBD with acids. There is little information regarding the toxicity
and pharmacokinetics of A%-THC, and nothing about A%-iso-THGC, A“%-
iso-THC. Since these eight samples were converted from CBD by both
lab-based protocols and kitchen-based protocols, they reflect, to some
extent, the uncertainties about the composition of existing AS-THC
products in the market, and point to potential risks for AS-THC
consumers.

3.6. Quantification of AS-THC, A°-THC, CBD, A%-iso-THC, and A“%-iso-
THC by RP-UHPLC-DAD, GC-FID, and silica-Ag(I) HPLC-DAD

As mentioned earlier, there are many issues with commercially
available A8-THC products such as incorrectly labeled A8-THC content,
and high levels of A°-THC. As such, it is important to understand how
much of the different cannabinoids are present in acid-treated CBD
mixtures for both investigative and legislative purposes. Therefore,
further quantitative analysis of three major cannabinoids (A8-THC, A®-
THC, and CBD) in the acid-treated CBD mixtures was conducted.

External calibration curves based on RP-UHPLC-DAD, silica-Ag(I)
HPLC-DAD, and GC-FID were constructed (SI, Figure S21). LODs were
calculated and solutions with cannabinoid concentrations close to the
calculated LODs were analyzed (SI, Figure S22) to confirm the calcu-
lated LOD. The GC-FID method and the silica-Ag(I) HPLC-DAD method
have the same linear range (5.00-333 pg-mL’l) (SI, Table S3). GC-FID
has an LOD of 0.30 pg-mL~" for both A®-THC and A°-THC, and 1.3
ugmL’l for CBD and the silica-Ag(I) HPLC-DAD method has LODs of
0.50 pg-mL~! for AS-THC, 0.40 pg-mL~! for A°-THC and 0.90 pg-mL~*
for CBD. As a comparison, the RP-UHPLC-DAD method could achieve a
wider linear range of 0.500-333 pg-mL~! with the lowest LOD: 0.020
pg-mL™! for all the three major cannabinoids. Even though the devel-
oped RP-UHPLC-DAD method cannot be used for analyzing the samples
prepared in this study, it is a more sensitive method for quantifying AS-
THC, A°-THC, and CBD, when there are no interferences of other THC
isomers.

Next, all eight acid-treated CBD mixtures were analyzed by the GC-
FID method and the silica-Ag(I) HPLC-DAD method. The results are
summarized in Table 1. The plot of the quantitative HPLC results against
the GC results of the three cannabinoids show good correspondence
between the two methods (R2 > 0.99) (SI, Figure S23). Still, there is a
large discrepancy for the A8-THC percentage in sample #6 between the
two methods (8.1 % versus 6.5 %) due to the insufficient separation of
the A%iso-THC and AS-THC peaks by the silica-Ag(I) HPLC-DAD
method, resulting in an overestimation of A3-THC. Also, for the quan-
tification of CBD, a deviation (6.9 % versus 8.6 %) is observed in sample
#2, which is probably caused by the combined effects of a low CBD
concentration in the sample and the relatively high detection limit for
CBD by the GC-FID method (1.3 pg-mL 1), resulting an underestimation
of CBD. A°-THC shows excellent correspondence between the various
methods in all eight mixtures. This is especially important due to the
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Table 1

Percentage (w/w%, after solvent evaporation) of AB-THC, A°-THC and CBD in
acid-treated CBD mixtures analyzed by silica-Ag(I) HPLC-DAD (215 nm) and GC-
FID.

Sample  AS-THC (w/w%) A°-THC (w/w%) CBD (w/w%)
GC- Ag-LC- GC- Ag-LC- GC- Ag-LC-
FID DAD FID DAD FID DAD

#1 11 9.4 49 49 26 28
26 (2.1 %) 0.3 (2.6 %) (2.0 (2.4 %)
%) %) %)

#2 26 25 48 49 6.9 8.6
(4.0 (3.9 %) 0.1 (3.0 %) 0.4 (5.2 %)
%) %) %)

#3 78 89 1.6* 1.5% ND ND
@1 (4.0 %) 11 (11 %)
%) %)

#4 70 70 1.1% 1.1%* ND ND
a.8 (4.6 %) (5.6 (7.0 %)
%) %)

#5 14 14 6.3 5.9 ND ND
3.7 (6.7 %) (5.2 (5.7 %)
%) %)

#6 8.1 6.5 8.9 8.2 4.2 3.5
0.5 (14.4 %) 1.2 (6.3 %) 0.2 (6.9 %)
%) %) %)

#7 ND ND ND ND 48 53

0.7 (12 %)
%)

#8 1.4 1.6* 5.0 4.8* ND ND
a1 (4.6 %) 25 (3.6 %)
%) %)

ND, non-detectable, i.e., <LOD. Values in brackets represent relative standard
deviations (n = 3).

*Calculated based on 10 times concentrated sample; **calculated based on 50
times concentrated sample.

strict legal limit for A°~THC. From the perspective of cannabinoid con-
centrations in the samples, AS-THC percentages vary from 0 to 89 %.
Despite A8-THC being advertised as a “legal high” product, there is little
knowledge about its toxicity and pharmacokinetics. Thus, consumers are
inhaling or ingesting various amounts of A8-THC without knowing the
consequences. On the other hand, with the exception of sample #7, all
other samples contain considerable amounts of A°-THC (1.1-49 %, W/W
%), which are obviously all above the legal limit of 0.3 % (Leafreport,
2022). With respect to CBD, half of the mixtures contain residual CBD,
with levels ranging from 3.5 % to 53 %. In the other mixtures, the
complete reaction of CBD under acid and heat is obvious, even when
using the mild reactions condition of procedure #8. It would be of in-
terest to investigate to which extent such conversion might occur during
the consumption of CBD from e-liquid, which is also heated during
vaping (Czégény et al., 2021).

Apart from the three major cannabinoids, the existence of A%-iso-
THC and A®8.iso-THC in some acid-treated CBD mixtures was signifi-
cant and thus they were semi-quantified by silica-Ag(I) HPLC-DAD and
GC-FID methods using response factors (SI, Protocol S2, Table S4)
(Cuadros-Rodriguez, Bagur-Gonzalez, Sanchez-Vinas, Gonzalez-Casado,
& Gomez-Saez, 2007). The majority of these acid-treated CBD mixtures
contain A8-iso-THC (six out of eight, with percentages of 1.9-55 %) and
A®B_iso-THC (five out of eight, with percentages of 0.32-17 %). If such
acid-treated CBD mixtures or infused samples are analyzed by
commonly used reversed-phase chromatography-based methods, over-
estimation of A8-THC content would occur due to the coelution of A8-
iso-THC and AS-THC and the partial overlap of A™%.iso-THC and A®-
THC (Marzullo et al.,, 2020). Such lack of separation in the most
commonly used chromatographic approach could potentially explain
issues with incorrectly labeled AS-THC content encountered in A8-THC
products.
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3.7. Analysis of cannabinoid-infused gummies and evaluation of
extraction recovery, matrix effects, accuracy, and precision

Previous experiments were focused on analyzing acid-treated CBD
mixtures to understand which cannabinoids might be present after the
chemistry, prior to infusion into edibles. While complex due to presence
of isomers, as alluded to, the analysis is not complicated in terms of the
matrix, as a fairly clean solution is obtained. To further explore the
application potential of the developed methods, the composition of
cannabinoid-infused edibles was assessed. An extraction and analysis
protocol was developed for infused gummies, and extraction recovery,
matrix effects, accuracy, and precision were evaluated.

Extraction recovery. Neutral cannabinoids are relatively non-polar
and are well-soluble in e.g., ethanol, hexane, and MTBE (L6pez-Olmos,
Garcia-Valverde, Hidalgo, Ferrerio-Vera, & Sanchez de Medina, 2022).
Major components of gummies (gelatin, starch, sugars, flavors, and
colorants), are well-soluble in water (Burey, Bhandari, Rutgers, Halley,
& Torley, 2009). Therefore, a liquid-liquid extraction (LLE) with MTBE
and water (1/1, v/v) was applied considering the higher polarity and
lower toxicity of MTBE compared with hexane, as well as lower polarity
than ethanol to exclude co-extracting of flavors and colorants (Lopez-
Olmos, Garcia-Valverde, Hidalgo, Ferrerio-Vera, & Sanchez de Medina,
2022). Three normal gummies and two A8-THC gummies were dissolved
during ice-bath sonication for 20-40 min. After phase-separation, a
colorless, clear, and transparent MTBE layer was obtained ( SI,
Figure S24). To evaluate the partitioning of cannabinoids between
MTBE and water phases, CBD was first used as a representative canna-
binoid and showed an extraction recovery of 101 + 0.3 % with a total
volume of extraction solvent of 2.00 mL, as determined by GC-FID. Af-
terwards, the five cannabinoid mixtures were also tested in the same
way with a smaller volume of extraction solvent (200 pL), and the
extraction recovery for different cannabinoid varied from 100 + 17 % to
101 + 16 % (SL, Table S5). Despite the large relative standard deviation
(RSD 15-17 %), which can be attributed to the small extraction volume
as it was not observed during the CBD extraction with 2 mL, all tested
cannabinoids show approximately 100 % extraction recovery.

Matrix effects. Next, matrix effects of the gummies on the two
analytical methods were evaluated. Considering the unclear composi-
tional information of commercial A8-THC gummies, as well as the di-
versity of gummies in terms of composition, texture, and solubility (SI,
Table S6), three varieties of normal gummies without cannabinoids
were tested. For the GC-FID/MS method, the extractions of three normal
gummies showed minor peaks, which were all distinct from peaks of the
tested cannabinoids (SI, Figure S25). Matrix effects for the five canna-
binoids varied from —2.6 % to 14 % (SI, Table S7). For the silica-Ag(I)
HPLC-DAD method, extractions of all three normal gummies exhibited a
clean background (SI, Figure S26), possibly due to the reconstitution
step by a different solvent (mobile phase, 1 % ACN in hexane (v/v%))
with different polarity from the extraction solvent MTBE, which pro-
vided further selectivity. At the same time, the additional blow-drying
and reconstitution potentially introduced experimental errors, espe-
cially due to the small sample volume (100 pL). Therefore, even though
theoretically the silica-Ag(I) HPLC-DAD method should have limited
matrix effects with the three tested normal gummies, deviations of —9.6
% to 11 % were observed for different cannabinoids (SI, Table S7),
although this can likely be improved when larger sample volumes are
used. In summary, the two developed methods showed acceptable ma-
trix effects (Scientific Working Group for Forensic Toxicology
(SWGTOX) standard practices for method validation in forensic toxi-
cology, 2013) with signal suppression < 10 % and signal enhancement
< 14 % for five cannabinoids in three tested normal gummies.

Accuracy and precision. Furthermore, accuracy and precision were
evaluated by spiking standards into normal gummy #2, which was most
similar in texture and solubility to the tested commercial AS-THC
gummies. Five-point calibration curves of A8-THC, A°-THC, CBD, A¥5.
iso-THC, and A8.iso-THC were established (SI, Figure S27) and
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accuracy and precision at three different spiking weight percentages
0.02 %, 0.1 %, and 0.2 % (low, medium, and high) were assessed. As
shown in Table S8 (SI), both methods showed acceptable accuracy (bias
from —12 % to 19 %) (Scientific Working Group for Forensic Toxicology
(SWGTOX) standard practices for method validation in forensic toxi-
cology, 2013) and good precision (RSD 0.26-6.1 %) for all investigated
cannabinoids at different spiking weight percentages. The silica-Ag(I)
HPLC-DAD method exhibited better accuracy than the GC-FID/MS
method in general (bias —12-8.6 % vs 3.0-19 %).

Analysis of AS-THC gummies. Finally, two AS-THC gummies were
analyzed by the developed methods (SI, Figure S28) and weight per-
centages of five isomeric cannabinoids were compared with the declared
information in the certificate of analysis (Table 2). The results obtained
by the two developed methods nicely corresponded. For sample C#1,
AB-THC (0.63 % by silica-Ag(I) HPLC-DAD and 0.68 % by GC-FID in this
study vs 0.65 % as declared), AS-THC (0.015 % by silica-Ag(I) HPLC-
DAD and 0.014 % by GC-FID in this study vs < 0.050 % as declared) and
CBD (not detected in all cases) results matched well with the declared
contents. However, for sample #2, a lower content of A8-THC (2.8 % by
silica-Ag(I) HPLC-DAD and 2.9 % by GC-FID in this study vs 3.1 % as
declared) and higher content of A°-THC (0.099 % by silica-Ag(I) HPLC-
DAD and 0.086 % by GC-FID in this study vs < 0.074 % as declared) were
detected by the developed methods in this study, whereas the declared
CBD content matches with our results (not detected in this study vs <
0.0010 % as declared). Moreover, A8-iso-THC and A(4)8-iso-THC, about
which no information is provided in the certificate of analysis, were
found in both tested samples. C#1 only contained a small amount of A®
8.is0-THC (0.031 % by silica-Ag(I) HPLC-DAD and 0.033 % by GC-FID)
and no A%-iso-THC but C#2 contained higher amounts of A®%-iso-THGC
(0.13 % by silica-Ag(I) HPLC-DAD and 0.12 % by GC-FID) and A8.iso-
THC(0.0072 % by silica-Ag(I) HPLC-DAD and 0.0069 % by GC-FID). On
the one hand, the presence of A“8.iso-THC and A®-iso-THC could partly
explain the overestimation of AS-THC in the certificate of analysis
(reversed-phase HPLC-UV method was used). Crucially, such analysis
highlights the necessity of methods to distinguish between THC isomers,
such as demonstrated in this work. Moreover, it demonstrates the
importance of providing qualitative and quantitative information to
consumers, especially due to the fact that intoxication cases induced by
consuming A%-THC gummies have already been reported (Akpunonu
et al., 2021).

4. Conclusions

Three methods based on RP-UHPLC-DAD/HRMS, silica-Ag(I) HPLC-
DAD/MS, and GC-FID/MS have been developed for the analysis of AS-
THC related products with special emphasis on THC isomers. RP-
UHPLC-DAD/MS provides sufficient separation of AS—THC, Ag—THC,
and CBD and is the most sensitive method. However, this method cannot
resolve AS-THC from the interferences A*8.iso-THC and A%-iso-THC in
“A8.THC” samples and gives identical MS/HRMS spectra for all five
isomers. GC-FID/MS separated the five isomers with a two-step gradient
temperature program in 33 min, and all isomers showed different EI
spectra that thus allows identification. With an analysis time of 40 min,
silica-Ag(I) HPLC-DAD/MS also achieved sufficient separation of the
five isomers. Importantly, unique Ag(I) adduct fragmentation mass
spectra for AS-THC, A°-THC, CBD, A®%-iso-THC, and A“Y%-iso-THC were
obtained, which cannot be achieved by HRMS with protonated adducts.
The GC-FID/MS method is faster and more robust in the analysis of
cannabinoid mixtures, such as “A8.THC” products, while silica-Ag(I)
HPLC-DAD/MS provides an orthogonal method and distinct ESI
spectra towards THC isomers. By analyzing eight of such “A8-THC”
samples from lab-based and kitchen-based syntheses starting from CBD,
potential issues are revealed with regard to A8-THC edibles and other
products in the market, including various amounts of A8-THC (0-89 %),
illegal levels of A°-THC of up to nearly 50 %, and the presence of other
known THC isomers and hydrated THC isomers. Subsequently,
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Table 2

Percentage (w/w%) of AS-THC, Ag-THC, As-isoTHC, A™8_iso-THC in AS-THC gummies analyzed by silica-Ag(I) HPLC-DAD (215 nm) and GC-FID and compared with claimed information.

A™8_isoTHC

(w/w%)

A8-isoTHC
(w/w%)

CBD

A°-THC

AS-THC

Sample

(w/w%)

(W/w%)

(w/w%)

Declared* GC- Ag-LC- Declared*

Ag-LC-

Declared* GC-FID

Ag-LC-

GC-
FID

Declared*

GC- Ag-LC-

Declared*

Ag-LC-

GC-

DAD

FID

DAD

DAD

DAD

FID

DAD

FID

No

0.031

0.033

No

ND

ND

ND

ND

<0.050 ND

0.015

0.014

0.65

0.63

0.68
(1.8
%)

C#1

information

(2.6 %)

information

(4.7 %)

(2.6 %)

%)

%)

0.0072 No 0.12 0.13 No
1.9
%)

(3.7 %)

0.0069
(2.6 %)

<0.0010

ND

0.074 ND

0.099

0.086

(3.4

2.9 2.8 3.1

C#2

information

(6.8 %)

information

(3.1 %)

(1.4 %)

1.3
%)

%)

*Information provided by the certificate of analysis. ND, non-detectable, i.e., <LOD.
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commercially available normal gummies were analyzed to evaluate
matrix effects, accuracy, and precision of the developed methods in the
situation of complex food analysis. Our silica-Ag(I) HPLC-DAD/MS
method shows limited matrix effects and a higher accuracy for all five
cannabinoid isomers compared to the GC-FID/MS method. Finally, two
commercial A®-THC gummies were analyzed, and both A%-iso-THC and
A™8.is0-THC were observed. The existence of such, typically unspeci-
fied, THC isomers tends to result in overestimated A8-THC content, as
evidenced by the certificate of analysis in which a reversed-phase HPLC-
UV method (with limited resolution towards AS—THC, A8.iso-THC and
AM®8_is0-THC) was used. On the other hand, underestimation of A°-THC
in the certificate of analysis was found for one of the two gummies. In
short, the developed silica-Ag(I) HPLC-DAD/MS method and GC-FID/
MS method showed good applicability in the analysis of cannabinoid
products. From a food science perspective, attention should be paid to
cannabinoid isomers when analyzing cannabinoid products, considering
their common existence, varied health effects and legal status. More-
over, analytical methods that can distinguish and quantify multiple
isomers can provide consumers and regulation agencies with more ac-
curate and complete information. From the analysis of real food prod-
ucts in this work, it is clear that such analytical methods are needed to
provide a more complete overview of their cannabinoid profile. More-
over, such methods could lay the foundation for future investigations
towards the toxicity of (un)known compounds, as well as for the iden-
tification of unknown compounds in cannabinoid products.
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tations of A8-THC and A°-THC with Ag(D); setup of silica-Ag(I) HPLC-
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DAD/MS; synthesis of acid-treated CBD mixtures and analysis of these
samples by RP-UHPLC-DAD/MS, GC-FID/MS, and silica-Ag(I) HPLC-
DAD/MS; analysis of 9p-hydroxyhexahydrocannabinol, 9a-hydrox-
yhexahydrocannabinol, and 8-hydroxy-iso-tetrahydrocannabinol by RP-
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calibration curves of AS-THC, A9-THC, and CBD; content of As-THC, A°-
THC, and CBD in acid-treated CBD mixtures analyzed by silica-Ag(I)
HPLC-DAD and GC-FID; analysis of gummies and evaluation of extrac-
tion recovery, matrix effects, accuracy, and precision of silica-Ag(I)
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