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Tetrahydrocannabinolic acid (THCA, or THC in the decarboxylated form), synthesized by cannabis plant
(Cannabis sativa L.), is a cannabinoid that can be used as a therapeutic drug but is a dangerous psychoactive
compound. Cannabis grown for industrial fiber hemp must contain little THCA to prevent misuse. Many attempts
to develop new cultivars with low THCA contents have therefore been made. It is time-consuming and expensive
to determine THCA in cannabis plant tissues by high-performance liquid chromatography, so we attempted to
develop a simple and quick method for selected cultivars with low THCA contents. The diagnostic device, which
is an immunoassay based on the principle of competitive binding of drug metabolites, was initially developed for
human drug testing in urine. We aim to determine whether the diagnostic device can be applied to natural
cannabinoids from cannabis plant. The devices were not suitable for aqueous extracts with methanol contents
>20 %. The test (T) line on each device was less intense for leaf and flower extracts than the negative control
(water). The THCA contents of water extracted leaves determined by HPLC and calculated based on the can-
nabidiolic acid contents were 7.5 and 15 pg mL ™" for SuperwomanS1 and Spectrum303 cultivars, respectively.
When THCA and THC standards were loaded onto Abon devices, the T line disappeared at the THCA concen-
tration 20 pg mL~! and the THC concentration 1 pg mL™}, respectively. Using extracts of 0.2 g fresh leaves,
SuperwomanS1 and Spectrum303 will give faint and strong T lines, respectively, indicating that the devices
could be used to test cannabis tissue THCA contents against the international regulatory limit (< 0.3 % w/w).
The results indicated that the THCA contents of cannabis tissues at the flowering stage can readily be estimated
using drug diagnostic devices, making it convenient for cannabis growers and breeders to semi-quantify THCA.

1. Introduction

Tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA)
are cannabinoid components of cannabis plant (Cannabis sativa L.).
These and other cannabinoids are terpenophenolic compounds that can
be isolated from cannabis, also called marijuana (Mechoulam and
Ben-Shabat, 1999). Cannabis has been used as a therapeutic drug and for
fibers since before BCE 2700 because of the narcotic properties of THCA
and CBDA, and the long and tough stems (Crocq, 2020). Tetrahydro-
cannabinol (THC), produced through decarboxylation by heat or light, is

a dangerous and psychoactive compound that is strictly controlled in
many countries and was included as a controlled substance under in-
ternational law in 1961 as part of the United Nations Single Convention
on Narcotic Drugs. Cannabinoids including THC and cannabidiol (CBD)
are currently attracting attention because various therapeutic effects
have been discovered by medical researchers (National Academies of
Sciences, Engineering, and Medicine, 2017). Despite medicinal uses of
THC, cannabis plant tissues with low THC contents are required when
the plants are grown for use as industrial hemp, to prevent misuse.
THCA (or THC) contents in cannabis are determined by activity of its

Abbreviations: THCA, tetrahydrocannabinolic acid; THC, tetrahydrocannabinol; CBDA, cannabidiolic acid; CBD, cannabidiol; HPLC, high performance liquid

chromatography.
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biosynthetic gene, organ, and physical factors. Eliminating only THCA
synthase gene activity was not sufficient to completely prevent THCA
synthesis because other cannabinoid biosynthetic genes have the ability
to synthesize minor amounts of THCA (Taura et al., 2007 & 2019; Zirpel
et al., 2018). For instance, cannabinoid biosynthesis genes in cannabis
plants have been markedly downregulated using RNA interference and
agro-infiltration techniques, and Trilogene Seeds, a genetically modified
hemp seed company based in Colorado, USA, produced the first hemp
cultivar containing 0 % THCA, which was called Pandora (Match-
ett-Oates et al., 2021). However, cannabinoid biosynthesis gene
expression may vary because of hormonal fluctuations and environ-
mental changes, and the mechanisms bringing about absolute 0 % THC
production have not been fully elucidated (Liu et al., 2021; Sands et al.,
2023). A cannabis plant is generally classified as hemp and marijuana by
its purpose and THC content. A cannabis plant is called hemp if it is
intended for industrial use such as fibers and contains < 0.3 % w/w THC
(Petruzzello, 2022). Efforts to produce THC free cannabis plants for
cultivation as hemp for industrial uses are continuing.

The USA and Canada require the THC contents of dry female flowers
and leaves from industrial hemp to be < 0.3 % w/w (The U.S. Depart-
ment of Agriculture (USDA), 2018). It is therefore necessary to accu-
rately determine the cannabinoid contents of cannabis plant tissues
intended for various purposes, such as producing functional foods and
raw materials for pharmaceuticals. After harvest, cannabis plant mate-
rial needs to be stored until analyses have been performed, then material
that does not meet the relevant standard, must be discarded or only sold
by licensed cannabis establishments (The U.S. Department of Agricul-
ture (USDA)). Different plant will have different THC contents because
of a lack of standardized cultivars, so many analyses need to be per-
formed. A method to allow cannabis growers to quickly assess the THC
contents is required to minimize the time and cost between harvest and
the material being accepted for use.

High performance liquid chromatography (HPLC) analysis is essen-
tial for developing THCA or THC-free cultivars of cannabis and detecting
drugs in samples from humans (Breidi et al., 2012; Verstraete, 2004).
However, it is very expensive and time-consuming to screen plant tissues
from numerous cannabis cultivars for THC and THCA by HPLC. We have
therefore been seeking methods for reliably confirming when the THCA
contents of cannabis plant tissues are low enough to meet relevant
regulations. One possible method involves diagnostic devices for mari-
juana’s THC metabolites. Such devices were developed by two U.S
companies (SYVA and Roche Diagnostics) in the 1980s (Centers for
Desease Control and Prevention, 1983). The manufacturer’s instructions
indicate that the devices detect THC metabolites and its conjugated form
both through immunological reactions. Commercially available diag-
nostic devices are 95 % accurate and have cut-off concentration of
50 ng mL ™! (or 50 ng g~ 1) for 11-nor-A9-THC-COOH and 20 pg mL ! for
cannabinol or THCA (Yu et al., 2021). However, these diagnostic devices
are only designed to test for drugs in human urine (i.e., in an aqueous
solution). We tested the possibility of using these diagnostic devices to
detect THC and THCA in extracts of cannabis plant tissues and then
performed HPLC analyses of the THCA contents of the leaves to assess
the results.

2. Materials and methods
2.1. Plant material

Spectrum303 and SuperwomanS1 cannabis (hemp) cultivars were
obtained from Jeonbuk National University (Korea) and Trilogene
(Boulder, CO, USA), respectively. Cannabinoids including THCA and
CBDA were extracted from the leaves of four-week-old plants grown
from cuttings. The 10-week-old flowers after short-day treatments were
also extracted. Fresh leaves and flowers were dried at 55 °C for 24 hours.
The hemp plants and three other species (sunflower, Helianthus annuus;
kenaf, Hibiscus cannabinus; Angelica gigas) were grown in the same glass
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greenhouse. The growth period was from 4 April to 6 July, 2023. The
light cycle and temperature followed natural conditions. For short-day
conditions, a controlled shading net was applied to the greenhouse to
give a 12 h light and dark cycle.

2.2. Extraction of cannabinoids for HPLC analysis and application to the
THC diagnostic devices

TissueLyserIl mill (Qiagen, Hilden, Germany) using stainless beads
and a 2 mL tube at a frequency of 30 Hz for 2 min was used to extract
approximately 100 mg of each fresh leaf sample for devices. A mortar
and pestle was used to grind other leaf samples. Approximately 100 —
200 mg ground fresh leaf or flower was mixed with 1 mL of water,
methanol, and water-methanol mixture for application of diagnostic
devices. After 15 min, the extract was centrifuged at 3000 rpm
(approximately 800 g) for 10 s, then 200 pL of the supernatant (no
filtering) was transferred to the sample hole of each of two diagnostic
devices.

For HPLC analysis using a system supplied by CTInstruments (Cal-
gary, Canada), approximately 200 mg each replicate of a dry leaf or
flower sample was mixed with 15 mL of methanol for 15 min, then 50 pL
of the extract (no filtering) was mixed with 1.4 mL of pure acetonitrile
and 70 pL of this was injected into the HPLC instrument. Each water
extract with approximately 200 mg fresh leaf for HPLC analysis was
prepared using 15 mL of water instead of methanol at above mention.
Methodological comparison of extraction between diagnostic device and
HPLC analysis was introduced in the S Table 4.

2.3. THC diagnostic devices

Two devices for screening human urine for drugs were used. The
Abon device (Hangzhou, China) detection cut-offs were 50 ng mL ! for
11-nor-A9-THC-COOH, 30 ng mL™! for 11-nor-A8-THCA, 20 pg mL™!
for cannabinol or THCA, 15 pg mL~* for A8-THC, and 15 pg mL ! for
A9-THC. The Asan-Pharm device (Hwaseong-si, Korea) detection cut-off
for 11-nor-A9-THC-COOH was 50 ng mL !, and the cut-offs for other
THC metabolites were not specified. The development time for each
device was 5 min. Both devices were immunoassays based on competi-
tive binding to antibodies. THCA in a leaf extract would compete with
the respective THCA conjugate to bind to the relevant antibody. Positive
and negative results were assessed following the instructions provided
by the supplier. Each test using a diagnostic device was performed in
triplicate.

2.4. HPLC running condition

The HPLC column (C18, 5 um particle size, 150 x 4.6 mm, CTIn-
struments) was kept at 30 °C, the mobile phase was acetonitrile con-
taining 20 % formate buffer (CTInstruments, Canada) and the flow rate
was 1.2 mL min~!. The wavelength of UV detector was 220 nm. Indi-
vidual cannabinoid compounds were identified and determined by
comparison with CBDA, CBD, THCA, and THC standard peaks supplied
by manufacture. The HPLC software was used to determine the con-
centration from (in % w/w) the peak heights (Pourseyed Lazarjani et al.,
2020). Each sample was analyzed three or four times. For building of
calibration curves, the certified reference materials, phytocannabinoid
mixture 11 (250 ug mL™!, Cayman Chmical, USA), THC (100 yg mL ™,
Absolute Standards Inc., USA), cannabicyclol (100 ug mL~}, Absolute
Standards Inc., USA), THCVA-A (1 mg mL™!, Cayman Chmical, USA),
and benzoic acid (1 mg mL’l, Absolute Standards Inc., USA) were used.
Each calibration curves were performed by a 6 point and the minimum
acceptable R2 was 0.9980 (provided by manufacturer). For HPLC vali-
dation, benzoic acid under the above instrument condition were used to
maintain retention time and peak height at less than 5 % of total content.
The low limit of detection in HPLC was 0.03 (w/w%).
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2.5. Preparation of THCA and THC standards and loading onto the
diagnostic devices

Standards of THCA (1 mg mL’l) and THC (50 mg mL’l) in aceto-
nitrile were purchased from the Cayman Chemical Company (Ann
Arbor, MI, USA). Standards were diluted by a factor of 1000 in aceto-
nitrile. The final desired concentration was achieved by diluting a pre-
diluted standard with water. The loading volume for a diagnostic de-
vice was 200 pL, and each standard was tested using three devices.

3. Results and discussion

Organic solvents such as methanol and its mixtures are normally
used in the extraction of cannabinoids from cannabis tissues (Pourseyed
Lazarjani et al., 2020; Rozanc et al., 2021). However, THC diagnostic
devices are optimized for aqueous solutions. We performed tests to
determine whether methanol in extracts of cannabis plant tissues with
low THC contents affected the performances of the THC diagnostic de-
vices. Cannabinoids were extracted from fresh Spectrum303 leaves
using water: methanol mixtures containing between 0 % and 100 %
methanol in 10 % steps. For the Abon device, the test (T) line was less
intense for 100 %, 90 %, and 80 % water than for the negative control (S
Fig. 1A 1-3 and Table 1). In addition, the T line was less intense for the
ground leaf samples than for the negative control using the Abon device
(S Fig. 1A 13). However, the T lines for 70-40 % water extracts were of
similar intensities to or were more intense than the negative control T
line (S Fig. 1A 4-7 and Table 1). Unfortunately, the devices did not work
when the methanol concentration was >70 % (S Fig. 1A 8-11 and
Table 1). SuperwomanS1 leaves were also tested to determine whether
similar results to the Spectrum303 results were found. Fresh and dry
SuperwomanS1 leaves gave faint T lines compared with the negative
control (S Fig. 1B and Table 1). No T line was found for fresh or dry
Spectrum303 flowers that had much higher THCA contents than the
leaves (S Fig. 1C and Table 1). This indicated that the Abon diagnostic
device for testing urine could be used to confirm that cannabis leaves
had low THCA contents.

The cannabinoid extracts of the Spectrum303 samples were also

Table 1

Estimated tetrahydrocannabinol (THC) results for tests of cannabis plant leaf
samples using the diagnostic devices. Data from S Fig. 1 and 2 are summarized.
Asterisks indicate the T line intensity compared with the negative control: +,
positive; -, negative; x, control C line destroyed; THCA, tetrahydrocannabinolic
acid.

Detection of THCA compounds in Spectrum303 using the two devices.

Cut-off value: 20 pg mL ™! for cannabinol

No. Percentages of mixtures Result

Water  Methanol Abon device  AsanPham device

1 100 0 +, *** +, disappear

2 90 10 +, ** -+, disappear

3 80 20 4, R 4,k

4 70 30 +, * + *

5 60 40 +, *

6 50 50 -

7 40 60 X +,**

8 30 70 X X

9 20 80 X X

10 10 90 X X

1 o0 100 X X

12 Negative control (water loading) -

13 Ground with water +, FxE -+, disappear

14  Spectrum303 fresh flowers (100 % +,disappear +, ¥**
water)

15  SuperwomanSl1 fresh leaves (100 % +, *x* -+, disappear
water)

16 SuperwomanS1 dry leaves (100 % 4, *** +,**
water)
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tested using the Asan-Pharm device. The T line was less intense for the
100 %, 90 %, 80 %, and 40 % water extracts than the negative control (S
Fig. 2 A1-3 and 7 and Table 1). The T line was also less intense for the
ground leaf samples than for negative control using the Asan-Pharm
device (S Fig. 2 A 13). However, the T lines for 70-50 % water ex-
tracts were of similar intensities to or were more intense than the
negative control T line (S Fig. 2 A 4-6 and Table 1). As expected, the
devices did not work when the methanol concentration was >70 % (S
Fig. 2 A 8-11 and Table 1). These results indicated that <20 % methanol
should be used to extract cannabinoids from cannabis plant tissues for
testing using both devices. Like for the Abon device, the T line intensities
were similar for the Spectrum303 and SuperwomanS1 leaf extracts
tested using the Asan-Pharm device (S Fig. 2B and Tablel). No T line was
found when Spectrum303 flower extracts were tested using the Asan-
Pharm device (S Fig. 2 C and Table 1). However, the T line for the
negative control was less intense for the Asan-Pharm device than the
Abon device. We concluded that the Abon device performed better than
the Asan-Pharm device. This conclusion was supported by the results of
tests using sunflower, kenaf, and Angelica leaf extracts, for which the
Abon device clearly performed the same as for the negative control (S
Fig. 3). In contrast, the T lines were less intense for the sunflower, kenaf,
and Angelica leaf extracts than the negative control when the Asan-
Pharm device was used (S Fig. 3) even though the sunflower, kenaf,
and Angelica leaves did not contain THCA. We speculated that the crude
leaf extracts contained compounds that affected the Asan-Pharm device
performance.

The diagnostic devices we used are suitable for testing THC metab-
olites in human urine. The detection limits may be different for natural
THCA and THC in plant extracts. To assess this, the THCA contents of
fresh and dry leaves were determined by HPLC. THCA and THC stan-
dards were also directly applied to the Abon diagnostic device. The
mean THCA contents of the Spectrum303 and SuperwomanS1 leaves
determined by analyzing methanol extracts by HPLC were 0.10 % w/w
and 0.08 % w/w for dry leaves, respectively, and 0.12 % w/w and
0.09 % w/w for fresh leaves, respectively (Tables 2 and S1). The mean
CBDA contents of the Spectrum303 and SuperwomanS1 leaves deter-
mined by analyzing methanol extracts by HPLC were 3.46 % w/w and
2.60 % w/w for dry leaves, respectively, and 2.69 % w/w and 1.73 % w/
w for fresh leaves, respectively (Table 2). Only traces of THC were
detected (Fig. 1). Only CBDA was detected when water extracts were
analyzed by HPLC, and the contents of Spectrum303 and Super-
womanS1 leaves were found to be 0.12 % w/w and 0.05 % w/w for dry
leaves, respectively, and 0.47 % w/w and 0.21 % w/w for fresh leaves,
respectively (Tables 2 and S1). These results indicated that the con-
centrations were 7-12 times lower in the water extracts than the
methanol extracts (Tables 2 and S1). Extracting dry leaves and flowers
with water is not a valid method because water will inefficiently pene-
trate dry plant material in the restricted extraction time (Table S1).

The theoretical THCA contents of the fresh leaves can be calculated
from the concentrations in the methanol extracts determined by HPLC. A
0.1 g aliquot of SuperwomanS1 fresh leaves was found to contain 90 pg
of THCA and a 0.1 g aliquot of Spectrum303 fresh leaves was found to
contain 120 ug of THCA. However, the actual concentrations found in
the water extracts were factors of 7.26 and 12.03 lower for the for
Spectrum303 and SuperwomanS1 leaves, respectively, the estimated
concentrations being 7.5 and 16.7 uyg mL™! for SuperwomanS1 and
Spectrum303, respectively (Tables 3 and S1). THCA and THC standards
were tested using the diagnostic devices to test the actual performances
of the devices. The T line became less intense when the 5 and
10 ug mL~! THCA standards were tested and no T line appeared when
the 20 pg mL ! THCA standard was tested (Table S2). The T line started
to become less intense when the 300 ng mL~! THC standard was tested
and no T line appeared when the 1 pg mL™! THC standard was tested
(Table S3). The A9-THC contents of the leaves of both cultivars were too
low to be detected by HPLC (Fig. 1), but using a diagnostic device may
be useful for detecting THC if cannabis leaves contain 300 ng mL ™! or
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Table 2
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Cannabinoid contents of leaves and flowers and diagnostic test results. A. Spectrum303 cannabinoids. B. SuperwomanS1 cannabinoids. C. Diagnostic tests using
standards and fresh tissue samples. X means the estimated tetrahydrocannabinolic acid (THCA) concentration. Each value is the mean w/w% =+ standard deviation.

THC, tetrahydrocannabinol; CBDA, cannabidiolic acid.

A
Tissue Pretreatment Average concentration determined by HPLC (w/w%), Spectrum303
Methanol extraction Water extraction
THCA CBDA THCA CBDA
Leaves Fresh 0.12 + 0.004 3.46 £ 0.166 trace 0.47 £ 0.012
Dry 0.10 + 0.000 2.69 + 0.073 trace 0.12 + 0.008
Flowers Fresh - - - -
Dry 0.21 + 0.014 7.07 + 0.340 trace 0.20 + 0.036
B
Tissue Pretreatment Average concentration determined by HPLC (w/w%), SuperwomanS1
Methanol extraction Water extraction
THCA CBDA THCA CBDA
Leaves Fresh 0.09 £ 0.000 2.60 £ 0.150 trace 0.21 £ 0.000
Dry 0.08 + 0.012 1.73 £+ 0.023 trace 0.05 + 0.004
Flowers Fresh - - - -
Dry 0.39 +0.018 12.78 + 0.403 trace 0.59 + 0.089
C
G o : . ] Tests in diagnostic device
Detection limit in a diagnostic devices
using cannabinoid standards (w/w%o) )
Extracts (estimated Conc.)
THC THCA n leaves in flowers
- = 3
ke / s i
o | |
| - ;
N
+ IFRLE at | EF E T
| 7 gt
1 ug mL 4 | 20 pg d f'
(0.0001) (0.002) ‘ . ( .
Jl l (0<X<20pug mL?) (X>20pg mL?)
more A9-THC. 4. Conclusions

The results described above indicated that the THCA and THC con-
tents of fresh cannabis plant tissues can be estimated using THC diag-
nostic devices. For example, if the T line was less intense for an extract of
0.1 g of fresh leaves than the negative control, the expected THCA and
THC contents X° would be 0pgmL '<X°<20pgmL™! and
0 ug mL™'<X®<1 pg mL™}, respectively (Table 2C). These values were
used to calculate the w/w% using an extraction factor of 10 (i.e.,
approximately 10 times less being extracted when testing fresh leaves
using water extraction than when using methanol extraction). The THCA
content would therefore be <0.02 % (200 pg mL’l) and the THC con-
tent would be <0.001 % (10 ug mL ™). If the fresh sample weight varies,
differences between cultivars can be tested using the diagnostic devices.
The expected THCA and THC contents of 0.2 g of Spectrum303 leaves
(33.3 pg mL™Y) would not give a T line but the expected THCA and THC
contents of 0.2 g of SuperwomanS1 leaves (15 ug mL ™) would give a
faint band (Table 3). The THCA content was approximately twice as high
for Spectrum303 flowers as Spectrum303 leaves, so the expected THCA
content of leaves could be doubled to estimate the THCA content of the
flowers (Table 3).

The results give useful information about how THC diagnostic de-
vices can be used to test cannabis plant tissue extracts. The results of the
HPLC analyses and diagnostic device tests of standards and leaves
indicated that the detection limits of the diagnostic devices for THCA
and THC were 20 pg mL ™! (0.002 % w/w) and 1 pg mL ™! (0.0001 % w/
w), respectively. The diagnostic devices could be used to screen cannabis
cultivar tissues to determine whether the tissues have low or high THCA
and THC contents. Cannabis growers could easily test the THC contents
of their crops using the diagnostic devices.
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by water extraction

14.000
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Fig. 1. Examples of high-performance liquid chromatograms of cannabinoids in leaf extracts. A. Cannabinoids in a methanol extract of fresh leaves. B. Cannabinoids
in a water extract of fresh leaves. The extracts were diluted with acetonitrile and analyzed using a mobile phase of 20 % formic buffer in acetonitrile. The Y-axis is the

UV photometer detector output intensity and the X-axis is the retention time (13.2 min for a complete analysis). The compounds of interest are marked in red. Only a
trace of tetrahydrocannabinol (THC) was detected.

Table 3

Expected responses of the diagnostic devices. EF, extraction efficiency; THCA, tetrahydrocannabinolic acid; HPLC, high performance liquid chromatography; C line,

control line; T line, test line.

THCA content THCA content
. . Expected THCA content of leaves
. Leaves |of leaves determined|of flowers determined . Expected response
Cultivar calculated from concentration in water . . .
(2) by HPLC by HPLC extracts of diagnostic device
(W/w%) (W/w%)

1.0.0012 g/g x 0.1 g=0.00012 g N C line

0.1 0.12 0.21 2.120 ug/ 7.2 (EF)=16.7 ug
3. .. 16.7 pg / mL (at device) C—  Tling

Spectrum
303 .

1.0.0012 g/g x 0.2g=0.00024 g N Cline

0.2 0.12 0.21 2.240 ug/ 7.2 (EF)=333 png
3. .. 33.3 ug/ mL (at device) C—1 Tline
1.0.0009 g/g x 0.1 g=0.00009 g N Cline

0.1 0.09 0.39 2.90 ug /12 (EF)=7.5 pg
3. .. 7.5 ng/ mL (at device) 1 Tline

Super
womanS|1 .

1.0.0009 g/g x 0.2 g=0.00018 g mmmm  Cline

0.2 0.09 0.39 2.180 ug/ 12 (EF) =15 pg
3. .. 15 pug/ mL (at device) —3 Tline
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