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Abstract

Cannabis revenue has risen in the United States (US) from $16.5B in 2018 to $45.4B in 2025, which can be attributed to the
legalization of hemp in 2018 with the passage of the Agricultural Improvement Act of 2018 (2018 Farm Bill) and the surge
of Cannabis-derived finished products. Hemp was defined as any Cannabis sativa plant having a A°-tetrahydrocannabinol
(A°-THC) mass fraction of <0.3% on a dry weight basis. The legalization of finished products with higher THC levels has
continued to increase. As of April 2025, medical marijuana is legal in 41 states, and recreational marijuana is legal in 24
states (and the District of Columbia). After the passage of the 2018 Farm Bill, there was a significant increase in hemp grown
in the US, resulting in the supply outweighing the user demand. As a result, scientists developed a process for the synthesis
of Ag-tetrahydrocannabinol (AS-THC), Alo-tetrahydrocannabinol (A'°-THC), and other cannabinoids from hemp extracts
containing high amounts of cannabidiol (CBD). A3-THC and A!°®-THC are popular synthetic cannabinoids in Cannabis-
derived finished products because they exhibit similar psychoactive effects to A>-THC. However, these synthetic processes
usually produce a combination of isomeric cannabinoids. One of the more common forms of these finished products is called
Cannabis concentrates, which include but are not limited to oils, vapes, waxes, distillates, and isolates.

The Chemical Sciences Division (CSD) at the National Institute of Standards and Technology (NIST) previously developed
an analytical method for the determination of CBD, A°-THC, and other cannabinoids in one form of concentrates, oils, by
liquid chromatography (LC) with a photodiode array (PDA) detector for ultraviolet (UV) absorbance detection. Hemp oils
are diluted with methanol and shaken for 15 min using routine laboratory equipment. This manuscript expands the LC-PDA
method to include A3-THC-based and CBD-based concentrates to re-evaluate its performance for an expanded range of
Cannabis samples. The results presented here highlight that other cannabinoids are often detected in these samples, leading
to chromatographic issues for the accurate measurement of A>-THC. NIST CSD collaborated with Kaycha Labs in 2024
to better understand the concentrates currently available in the Cannabis industry and provide an in-depth study of 23,000
concentrate samples to understand the prevalence of these types of samples.

Keywords Hemp - Concentrates - CBD - Delta-9-tetrahydrocannabinol - Delta-8-tetrahydrocannabinol - Liquid
chromatography

Introduction

The Chemical Sciences Division (CSD) at the National Insti-
tute of Standards and Technology (NIST) created a Cannabis
Research Program [1] in response to the passage of the Agri-
D< Walter B. Wilson culture Improvement Act of 2018 (2018 Farm Bill) [2]. This

walter.wilson @nist.gov legislation removed hemp from the United States (US) Drug
Enforcement Agency (DEA) controlled substance list [3]
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purposes and 24 states, including the District of Columbia,
have passed legislation for recreational marijuana use [4].
The NIST CSD program has focused on the development
of a hemp reference material (RM 8210) [5], administra-
tion of a Cannabis Laboratory Quality Assurance Program
(CannaQAP) [6, 7], evaluation of existing methodologies [8,
9], and development of new analytical methods [10, 11] to
support forensic and Cannabis testing laboratories in mak-
ing accurate analytical measurements in support of the 2018
Farm Bill.

The Cannabis market in the US was recently projected
to reach $45.4B in revenue in 2025, which is almost three
times the amount in 2018 ($16.5B) [12]. A portion of this
growth can be attributed to the increase in Cannabis-derived
finished products such as Cannabis concentrates (oils, vapes,
extracts, etc.). As of September 2024, Cannabis plant mate-
rials (flower/pre-rolls) represented 48% of Cannabis use in
the US and concentrates represented 32% [13]. The 2018
Farm Bill does not address the regulation of these products,
forcing states to establish individual policies that are slow to
progress and forensic laboratories to develop new analytical
methods without the necessary resources.

Cannabis concentrates represent a large portion of the
revenue generated. Hemp farming grew significantly after
the passage of the 2018 Farm Bill, which brought forth a
challenge to the industry as the supply of hemp flower out-
weighed the user demand. As a result, the price of CBD-
based hemp biomass fell from approximately $40 per pound
to $2.50 per pound in 2020 [14]. To address this oversup-
ply, synthetic processes were developed to convert hemp
extracts with high levels of cannabidiol (CBD) into other
cannabinoids such as As—tetrahydrocannabinol (A-THC) or
A'-tetrahydrocannabinol (A'*-THC) using chemical reac-
tions [15] to be sold as hemp products. Both cannabinoids
are psychoactive compounds that can occur naturally in
Cannabis plants at levels below the limits of quantitation
of most analytical methods [6, 7]. The synthetic processes
may result in other side-products that will complicate the
accurate determination of A°>-THC, A3-THC, and A'*-THC
in Cannabis concentrates.

Preliminary evaluation of Cannabis concentrates has
been performed on a limited scale [16-24]. These included
a joint study between the Center for Forensic Science
Research and Education and the DEA Intelligence Group,
which aimed at distinguishing Cannabis vape products from
nicotine vape products confiscated from high school stu-
dents between 2019 and 2022. A’ THC, A®-THC, CBD, and
cannabinol (CBN) were detected in 29 of the 170 products
analyzed [16]. Holt et al. [19] examined 241 nicotine- and/or
cannabinoid-containing vape products, with only 11 samples
testing positive for one or more cannabinoids. Additionally,
a research group from Virginia Commonwealth University
[17, 18] has published articles focused on characterizing
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Cannabis vape products and found significant differences
in the label claims vs the actual contents. More published
research is needed to provide a better understanding of the
current landscape of Cannabis concentrates and whether
current analytical methods are appropriate for these types
of samples.

In the current study, 33 Cannabis concentrates (19 oils
and 14 vape products) from online hemp sources were ana-
lyzed by an LC-PDA method at NIST CSD. This method
was previously adopted by NIST CSD from Shimadzu
Instruments for the determination of 11 cannabinoids in
CBD-based hemp oils and Cannabis plant samples [7-11].
For hemp oils, this method was combined with a published
sample preparation procedure previously approved as an
AOAC Official Method [23]. The research presented here is
the first time the existing LC-PDA method has been used for
the qualitative analysis of 28 cannabinoids in Cannabis con-
centrates and to determine its applicability for CBD-based
versus A®-THC-based oil and vape samples. This method
was used to quantify CBD, A°-THC, and A -THC in these
samples; however, chromatographic interferences from syn-
thetic by-products of AS-THC (e.g., exo-THC) and signifi-
cantly higher mass fractions of AS-THC limited the accu-
racy of the A>THC measurements. A'*-THC stereoisomers
were also identified in these concentrates despite not being
listed on the product labels or their online documentation.
This manuscript uses data collected by a Cannabis testing
laboratory, Kaycha Labs, for over 23,000 samples analyzed
in 2024, to better understand the landscape of the concen-
trates currently available in the Cannabis industry. Specific
attention is given to the eight cannabinoids (CBD, A°-THC,
A8-THC, CBN, CBC, CBG, A’-THCYV, and CBDV) usually
included in most LC methods, and additional isomers of
A°-THC (exo-THC and A'-THC isomers).

Materials and Methods
Chemicals and Samples

A calibration solution containing eight neutral cannabi-
noids in acetonitrile (ACN) was obtained from Cerilliant
Corporation as part of Supelco (Round Rock, Texas). This
solution had a nominal concentration of 500 mg/L for
each cannabinoid, including cannabidivarin (CBDV), can-
nabigerol (CBG), CBD, Ag-tetrahydrocannabivarin (A°-
THCV), CBN, A°-THC, A%-THC, and cannabichromene
(CBCQ). Individual calibration solutions at a nominal con-
centration of 1000 mg/L were obtained from Cayman
Chemical: exo-THC, (9R)-A’-THC, (6aR, 9S)-A'°-THC,
(6aR, 9R)-A'"-THC, (9S)-A®*!102THC, (9R)-A%>102
THC, Ag—tetrahydrocannabinol acetate (A%-THC-0),
A8-iso—tetrahydrocannabinol acetate (A%-iso-THC-0),
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and A°-tetrahydrocannabinol acetate (A°-THC-O). Indi-
vidual calibration solutions at a nominal concentration of
1000 mg/L were obtained from Cerilliant: cannabigerovarin
(CBGYV), abnormal cannabivarin (abCBV), cannabielsoin
(CBE), cannabicyclol (CBL), A8-tetrahydrocannabivarin
(AS-THCV), A9-tetrahydrocannabibutol (A°-
THCB), ASB-tetrahydrocannabiphorol (AS8-
THCP), A°-tetrahydrocannabihexol (A°-THCH),
A°-tetrahydrocannabiphorol (A°-THCP),
A°-tetrahydrocannabinol Methyl Ether (A°-THC-Me), and
cannabicitran (CBT). HPLC-grade acetonitrile (ACN), water
(H,0), methanol (MeOH), and 85% phosphoric acid (PA)
were purchased from Fisher Scientific (St. Louis, MO). A
total of 19 hemp oils and 14 hemp vapes were purchased
from online commercial sources. All samples were stored
in the dark at room temperature until analysis.

Calibration Standards

For quantitative LC-PDA purposes, four calibration solu-
tions were gravimetrically prepared to have final mass con-
centrations of approximately 2.5, 10, 25, and 50 mg/L for
CBDV, CBG, CBD, A’ THCV, CBN, A’ THC, A®-THC, and
CBC. For qualitative LC-PDA purposes, a single working
solution mixture of exo-THC, (9R)-A’-THC, (6aR, 9S)-A'%-
THC, (6aR, 9R)-A'%-THC, (9S)-A%*!%.THC, (9R)-A®*10a
THC, A®-THC-O, A%-iso-THC-O, A°>-THC-O, CBGV, CBYV,
CBE, CBL, A>THCV, A’ THCB, A®*-THCP, A°-THCH, A°-
THCP, A°-THC-Me, and CBT was prepared volumetrically
to have final mass concentrations of ~50 mg/L.

Sample Preparation

The sample preparation procedure used in this study has
been summarized in a previous publication [5, 7]. Oil and
vape samples were mixed thoroughly by hand to ensure
homogeneity. Three replicate subsamples (0.50 g +0.05 g)
of each sample were weighed into 50 mL centrifuge tubes
and 25 mL of MeOH was added. Samples were vortex mixed
for 10 s and mechanically shaken for 15 min at 5.24 rad/s
(50 rpm) using a large-capacity mixer (Glas-Col: Tools for
Scientists, Terre Haute, IN). Samples were centrifuged for
1 min at 157.08 rad/s (1500 rpm) using an Allegra X-14R
Centrifuge (Beckman Coulter, Brea, CA). MeOH samples
were filtered (0.45 pm polytetrafluoroethylene) and diluted
volumetrically with MeOH to prepare a tenfold and 100-fold
sample dilution for LC-PDA measurement.

LC-PDA

The LC-PDA measurements were performed on a Shimadzu
Cannabis Analyzer using a NexLeaf CBX for Potency C,5
column (Shimadzu, 15.0 cm X4.6 mm i.d. and 2.7 pum

particle size). Separations were carried out at a flow rate
of 1.6 mL/min, column temperature of 40 °C, and the fol-
lowing mobile phase gradient: hold at 70/30 ACN/H,0
for 3 min, linear increase to 85% ACN over 4 min, linear
increase to 95% ACN over 0.1 min, hold for 4.9 min, and
re-equilibrate for 2 min under the initial chromatographic
conditions. This mobile phase program differs from the orig-
inal method [5—11] with the hold at 95% ACN for 4.9 min
instead of 0.9 min. This modification was implemented due
to the larger number of cannabinoids in the present study
and to ensure they were eluted from the LC column. The
injection volume was 5 pL and the PDA detector collected
data from 190 to 700 nm. An external standard calibration
approach was implemented using a linear regression model
with detection at 220 nm.

Cannabinoid identification for the primary eight neutral
cannabinoids was based on matching retention times and
absorbance comparison in the region of 190-350 nm to ref-
erence standards, as no cannabinoids absorbed light beyond
350 nm. Specific unknown peaks were selected in the chro-
matograms shown in this manuscript based on the following
criteria: matching retention times to one of the additional
cannabinoid standards, chromatographic interference for
one of the primary cannabinoids, or providing a significant
chromatographic signal.

Results and Discussion
LC-PDA Analysis of 28 Cannabinoids

Previous NIST CSD studies have focused on evaluating
an LC-PDA method developed by Shimadzu Instruments
called “the high-sensitivity method” for the analysis of
Cannabis plants and oil samples [5—11]. These studies ini-
tially included the separation of eight neutral cannabinoids
(CBDV, CBG, CBD, A°-THCV, CBN, A°-THC, A%-THC,
and CBC) and three acidic precursor cannabinoids (CBDA,
CBGA, and A9—THCA) in less than 8 min. This LC-PDA
method produced accurate measurements despite not achiev-
ing baseline separation for all cannabinoids. The extracted
wavelength chromatogram at 220 nm for the eight neutral
cannabinoids is shown in Fig. 1A. Potential chromatographic
interferences from 20 additional neutral cannabinoids are
investigated in this work. The LC-UV chromatogram at
220 nm for all 28 neutral cannabinoids is shown in Fig. 1B.
AbCBV, CBE, CBG, A*-THCV, A’-THCB, CBN, A°-THCH,
A%-THC-O, and A°-THC-O were well resolved, but there are
multiple pairs and sets of cannabinoids co-eluting. Previ-
ous studies at NIST CSD [11] investigated the ability to use
selective UV absorbance detection at different wavelengths,
which will be applied here for co-eluting cannabinoids.
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Fig.1 LC-UV chromatograms
at 220 nm for the normal eight
cannabinoid mixture and 28
cannabinoid mixture by the
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The separation of the 28 cannabinoids includes co-elution
of three pairs of cannabinoids: (1) CBDV/CBGYV, (2) CBD/
A°-THCV, and (3) A’ THCP/A®THCP. The absorbance
spectra for these three pairs are shown in Fig. S1, show-
ing that each pair has overlapping absorbance spectra, pre-
venting the use of selective UV detection. Eluting immedi-
ately after A>THCP/A®-THCP is a single chromatographic
peak containing CBT, AS-THC-O, and A%-iso-THC-O. The
absorbance spectra for these three cannabinoids are shown
in Fig. S2, with different profiles for CBT in comparison to
AS-THC-O and A%-iso-THC-O. However, a wavelength can-
not be selected to distinguish the cannabinoids. exo-THC,
A°-THC, A%-THC, and (9R)-A’-THC are isomers and co-
elute in a cluster from 6.50 to 7.00 min. A minor measure-
ment bias could exist for the quantitative measurements of
ex0-THC or A°-THC in Cannabis samples when both are
present. AS-THC and (9R)-A’-THC elute in the chromato-
gram as a single chromatographic peak, preventing accu-
rate quantitative measurements when both are present. The
absorbance spectra for these four isomers are shown in Fig.
S3, with almost identical profiles, preventing the option of
using selective UV detection.

The final set of co-eluting cannabinoids includes
(6aR,9S)-A'"-THC, CBL, (6aR,9R)-A'°-THC, (9R)-A%*10%
THC, (9S)-A%!1%.THC, and CBC from 7.15 to 7.70 min.
The absorbance spectrum for these cannabinoids is shown
in Fig. S4, which demonstrates different absorbance profiles
except for the two pairs of A'*-THC stereoisomers. The 3D
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chromatogram for the separation of these cannabinoids is
shown in Fig. S5A. The counterplot shows that the ability
to differentiate between the peaks improves for (95)-A%102
THC at longer wavelengths between 255 and 275 nm. The
LC-UV chromatograms at 220 and 264 nm are shown in Fig.
S5B and S5C, respectively. The detection of (9S)-A%102
THC is improved using 264 nm by removing the presence
of CBL in the chromatogram. The differentiation of the
other cannabinoids cannot be improved through selective
detection.

Cannabinoid Identification in CBD-Based
and A3-THC-Based Cannabis Concentrates by LC
Retention Times and UV Absorbance Spectra

Three LC-UV chromatograms at 220 nm are shown in Fig. 2
as examples of the CBD-based oil samples (Oil 1, Oil 5,
and Oil 10). CBDV, CBD, CBN, A°-THC, and CBC were
identified in Oil 1, Oil 5, and Oil 10, while CBG was only
identified in Oil 5 and Oil 10. A3-THC was identified in the
Oil 1 sample with a co-elution from Unknown Peak 1 and
their absorbance spectra are shown in Fig. 3. Unknown Peak
1 had a matching retention time and absorbance spectra to
(9R)-A’-THC. Six other unknown peaks are labeled in the
three chromatograms and their absorbance spectra are shown
in Fig. S6. Unknown Peaks 2, 3, 4, and 5 had no retention
time matches to the 28 cannabinoids included in the present
study. Unknown Peaks 6 and 7 had matching retention times
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Fig.2 LC-UV chromatograms at 220 nm for commercial oils 1, 5, and 10

to exo-THC and CBL, respectively, but only CBL had match-
ing absorbance spectra.

Three LC-UV chromatograms at 220 nm are shown in
Fig. 4 as examples of the A THC-based oil samples ana-
lyzed here (Oil 9, Oil 16, and Oil 19). CBN, A°-THC, and
AB-THC were identified in the three samples. CBD was iden-
tified in Oil 16 and Oil 19, while CBG and CBC were only
identified in Oil 19. The chromatographic peaks for A’-THC
and A®-THC had significant co-elution. AS-THC is present at
significantly higher mass fractions in these samples; there-
fore, the co-elution will have minimal effect on the accuracy
of the determination of A>-THC. Sample dilutions of 100-
fold will be applied for the quantitative analysis summarized
below to minimize the impact of the interference. The accu-
racy of A>THC mass fraction levels will be significantly
influenced by the AS-THC chromatographic peak and other
by-products present in the chromatogram, which will result
in inflated levels of A°>-THC.

Seven unknown peaks are labeled in the three chromato-
grams in Fig. 4, with their absorbance spectra shown in Fig.
S7. Unknown Peaks 8, 13, and 14 have no matching reten-
tion times to the 28 cannabinoids included in the present

Time (min)

study. Unknown Peak 12 had a matching retention time to
ADbCBY, but its absorbance spectra did not match. Unknown
Peaks 9 and 10 were identified as exo-THC and (6aR,9S)-
ATHC, respectively, based on retention times and absorb-
ance spectra in Fig. 3. The presence of chromatographic
interference for (6aR,9S)-A'-THC in Oil 9 was detected
in the absorbance range of 200-215 nm. Unknown Peak 11
was tentatively identified in Oil 9 and Oil 16 to be (6aR,9R)-
A'"-THC, (9R)-A®*!%-THC, or (9S)-A%'%.THC based on
retention times; however, the absorbance spectra in Fig. 2
show that it must be either (9R)-A®*'%THC or (9S)-A%>102
THC. This is the only oil sample where a A'>“THC isomer
was shown to be at higher levels than A3-THC based on peak
intensity, as shown in Fig. S8. The manufacturer of this oil
product provided online documentation from a Cannabis
testing laboratory that analyzed it for the normal eight neu-
tral cannabinoids in Fig. 1, with no mention of A'“-THC on
the product packaging. AS-THC is a “semi-synthetic” com-
pound derived from CBD-rich hemp plant extracts when
heated in an organic solvent under acidic conditions for at
least 1 h [15, 25]. One of the by-products produced during
these reactions can be the formation of A'°-THC isomers,
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Fig.3 Absorbance spectra for the unknown peaks in commercial hemp samples (—) and potential matching cannabinoid standards of A°-THC

isomers (— or —)

which may be present at high levels if samples are not prop-
erly cleaned up to remove unintended cannabinoids.

Three example LC-UV chromatograms for CBD-based
vape samples (Vape 1, Vape 11, and Vape 12) are shown in
Fig. 5. CBD, CBDYV, CBN, and A°-THC were identified in
Vape 1 and CBDV was identified in Vape 11. Many unknown
chromatographic peaks were present in these chromatograms
in comparison to CBD-based and A8-THC-based oil sam-
ples. A total of nine unknown peaks are labeled in Fig. 5
for Vape 1. All of these unknowns were not observed in the
previous samples, except for Unknown Peak 5, and their
absorbance spectra are shown in Fig. S9. Unknown Peaks
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17 and 18 were tentatively identified as CBE and A°-THCB,
respectively, based on retention times. The absorbance spec-
tra for CBE confirmed its identification as Unknown Peak
17, but the absorbance spectra for Unknown Peak 18 did not
match A>-THCB. Three unknown peaks are labeled in each
of the chromatograms for vape samples 11 and 12, with no
matching retention times or absorbance spectra in Fig. S10
to the cannabinoids in this study.

The analysis performed here clearly demonstrates that
CBD-based concentrates are going to be less complicated
to analyze than AS-THC-based concentrates. Additionally,
this LC-PDA method will not be suitable for quantitative
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Fig.4 LC-UV chromatograms at 220 nm for commercial oils 9, 16, and 19

measurements of A°-THC in AS-THC-based samples
because of the significant differences in their concentration
levels and the presence of synthetic by-products. Despite
these limitations, no attempts were made to modify the cur-
rent method and the following section will provide examples
of its quantitative ability when chromatographic interfer-
ences are not present because it is commonly used by foren-
sic and Cannabis testing laboratories. Previous studies at
NIST CSD have demonstrated that modifying the LC mobile
phase, switching detection methods (MS or MS/MS), and
peak deconvolution can help improve the detection of A°-
THC in the presence of chromatographic interference in
Cannabis plant samples [11]. MS and MS/MS detection
methods are more selective and sensitive techniques than
UV because it detects molecules based on their unique mass-
to-charge ratio (m/z) instead of the absorbance of UV light.
Despite this advantage, MS detection methods have been
used on a limited basis for cannabinoid testing in both foren-
sic and Cannabis testing laboratories because UV detectors
are far less expensive and simpler to operate. For example,
arecent interlaboratory study conducted by NIST CSD had
165 out of 190 participants report using LC-UV or LC-PDA

for the determination of A°-THC in Cannabis samples [6].
The results presented in this manuscript clearly demonstrates
the need for more LC-MS or LC-MS/MS methods for can-
nabinoid measurements.

Quantitative Measurements of CBD, A°-THC,
and A%-THC in Commercial Hemp Oils and Vapes
by LC-PDA

The LC-PDA method described earlier was used to quan-
titatively determine CBD, A°-THC, and AS-THC in 19 oil
and 14 vape samples, with their mass fractions compared in
Tables 1 and 2, respectively, to the manufacturer’s results.
The online documentation normally provided with each
product was based on results provided directly by a Canna-
bis testing laboratory selected by the manufacturer without
an uncertainty estimate for this specific measurement. For
this reason, uncertainty estimates for the manufacturer data
were arbitrarily set at 15% because most state regulators
require product labels to be accurate within this range [25].
Mass fractions reported on the product labels were used
when no online documentation was provided. Uncertainty
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Fig.5 LC-UV chromatograms at 220 nm for commercial vapes 1, 11, and 12

estimates for the NIST-determined mass fractions corre-
spond to the standard deviation obtained from the LC-PDA
results based on three independent sample preparations.
The NIST-determined and manufacturer mass fractions
were considered significantly different if the uncertainties
did not overlap.

The NIST-determined mass fractions compared well for
CBD, A’-THC, and A®-THC in ~64%, 100%, and ~33%
of the oil samples, respectively. Approximately 79% of the
mass fractions compared well for CBD in the 14 vape sam-
ples. The higher percentage for A>THC may be an outlier,
considering this comparison was only possible in four oil
samples. A°-THC is normally not detected at measurable
levels in CBD-based hemp samples but is detected more
commonly in AS-THC samples as a synthetic by-product.
NIST detected A°-THC in 7 of the AS-THC-based hemp
oil samples, but did not provide mass fractions because the
results would have been biased high due to chromatographic
interference shown in Fig. 4. An example of a similar high
bias from chromatographic interference was recently sum-
marized in the final report of Exercise 2 of CannaQAP by
NIST CSD for A°-THC and CBNA in plant samples [7]. The

@ Springer

purity of chromatographic peaks should always be inves-
tigated when making quantitative measurements to ensure
accuracy. Additionally, chromatographic methods should be
thoroughly evaluated frequently and when new cannabinoid
standards are available to identify potential interferences, as
discussed in Sect. “LC-PDA Analysis of 28 Cannabinoids”.
In general, the manufacturer’s mass fractions were lower
than the NIST-determined mass fraction for CBD and A8-
THC. In Vape Sample 13 and Vape Sample 14, the NIST-
determined mass fractions were 6.3 times lower than those
of the manufacturer. It is important to note that no online
documentation was provided for these two vape samples,
and their product label mass fractions were used in this com-
parison. The lower mass fractions for CBD and A% -THC in
the oil and vape samples could be caused by sample prepa-
ration procedures and calibration issues of the Cannabis
testing laboratory. Sample preparation procedures normally
follow similar procedures to the current research that could
introduce random errors if uncalibrated equipment is used,
such as glassware, pipettes, and/or an analytical balance.
In the case of calibration, laboratories tend to use a wide
calibration range for measuring cannabinoids at low and
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Table 1 Mass fraction levels

0 Samples CBD A%-THC AS-THC

(%, mean+ 1 SD) of CBD, A”-

THC, and A% -THC determined COA NIST COA NIST COA NIST

in commercial hemp oils by

LC-PDA 0il 1 6.72+1.01 2.46+0.20 0.202+0.030 0.187+0.002 0.046+0.007 ND
0il 2 3.64+0.55 323+0.024  0.009+0.001 ND
0il 3 3.25+0.49 2.92+0.27
0il 4 3.61+0.54 3.91+0.15
0il 5 1.88+0.28 2.00+0.015 0.105+0.023  0.097+0.001
0il 6 1.43+0.22 1.55+0.10 0.074+0.011  0.069+0.002
0il 7 1.08+0.16 1.23+0.002
0il 8 0.320+0.048  0.258+0.006 472+0.71 5.32+0.051
0il 9 1.89+028"  1.95+0.19
0il10  529+0.79°  7.15+0.14
Oil1l  250+0.38"  3.17+0.066 2.50+0.38"  3.04+0.12
0il 12 250+0.38"  3.19+0.014
0il 13 3.33+0.50°  4.17+0.39
Oil14  3.94+0.59 3.76 £0.062
Oil15  3.63+0.55 3.95+0.11
0ill6 ND 0.037+0.001 D 0.031+0.001 2.93+0.44 1.34+0.062
0il 17 0.20+0.03 0226+0.010 3.60+0.54  4.25+0.079
0il18 ND 0.0219+£0.001 D 0.097 +£0.001 2.65+0.13
0il19 ND 0.134+0.003 D 0.131+0.018 1.50+0.23"  1.61+0.012

“Product label value
ND =not detected; D =detected

Table 2 Mass fraction levels (%, mean+ 1 SD) of CBD determined in
commercial hemp vapes by LC-PDA

Samples COA NIST

Vape 1 1.25+0.19 1.17+0.19
Vape 2 1.55+0.23 0.943+0.038
Vape 3 3.834+0.58 3.89+0.055
Vape 4 3.764+0.57 3.87+0.27
Vape 5 3.859+0.58 3.68+0.17
Vape 6 3.764+£0.56 3.85+0.15
Vape 7 3.772+0.57 3.80+0.14
Vape 8 1.56+0.23 1.67+0.001
Vape 9 2.98+0.45 2.97+0.14
Vape 10 1.58+0.24 1.66+0.008
Vape 11 1.53+0.23 1.58 +£0.005
Vape 12 1.54+0.23 1.42+0.10
Vape 13 3.33+0.50" 0.528 +0.002
Vape 14 3.33+0.50" 0.660+0.003

“Product label value

high mass fraction levels; however, the higher calibration
points will influence the calibration curve more. As a result,
the best-fit line often does not match well at the lower end
of the calibration curve. NIST CSD has recently provided
a detailed example for A°-THC in the final report for Can-
naQAP Exercise 2 [6]. It is important to ensure that the

calibration curve for quantitation is representative of the
cannabinoid mass fraction levels in the sample. The ana-
lyst should truncate the calibration curve if the cannabinoid
concentrations fall within the lower section to improve the
accuracy of the measurement and ensure there is a sufficient
number of calibration points in this lower region.

Cannabinoid Prevalence and Typical Mass Fraction
Levels in Cannabis Concentrates

The measurements performed by NIST CSD were lim-
ited to a small sampling of Cannabis oils and vape prod-
ucts obtained from online commercial sources in late 2022
and may not be representative of the current marketplace.
These types of samples are part of a larger class of Cannabis
products called concentrates, which also include but are not
limited to isolates, budders, distillates, resins, shatters, and
waxes. To better understand the current landscape of Can-
nabis concentrates, NIST CSD has formed a collaboration
with Kaycha Labs to continuously have access to a larger
population of data. Kaycha Labs is a third-party testing labo-
ratory with seven locations that offer an array of analytical
measurement services to meet their customers’ needs, gen-
erally based on their specific locations. The laboratory that
is located in North Carolina has the sole purpose of making
measurements for an Indian reservation in 2024, and as such,
will not be included in future discussions.

@ Springer
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Cannabinoid testing is often the most requested meas-
urement service and the number of cannabinoids tested at
each Kaycha Lab location can vary based on state-to-state
regulations, as summarized in Table 3. Figure 6 plots the
percentages for the normal eight cannabinoids in a bar graph
to better illustrate the results in Table 3. Each location ana-
lyzed at least 2000 Cannabis concentrates in 2024, with
Florida having the most at 9423. All laboratories used an
LC-UV method developed in-house for varying numbers
of cannabinoids. All Kaycha Labs locations included the
normal eight cannabinoids in common with the NIST LC-
PDA method. New York and Colorado locations included a
sum of at least two A'®-THC stereoisomers, while the Colo-
rado location included CBL, A°-THC-O, and exo-THC as
required by state regulations. The detection frequency for
these cannabinoids is not the only parameter of significance,
and the level of cannabinoid mass fractions in these products
should be included.

CBC, CBD, CBDV, CBG, CBN, and A°-THCV Data Sets

Historically, CBD would be considered the only major can-
nabinoid most often detected in Cannabis samples outside
of A°-THC; however, only three of the locations detected
CBD in more than 60% of the Cannabis concentrates. CBC,
CBG, CBN, and A’-THCV are often considered minor can-
nabinoids, but in the samples from all laboratories, they were
generally detected at a higher frequency than CBD across
the six locations. CBDV was generally detected at a lower
frequency than the other five cannabinoids discussed here,
with only the Massachusetts laboratory detecting CBDV in
approximately 11% of the samples. Variations in the can-
nabinoid detection frequency could depend on the limits
of detection (LOD) of each laboratory’s analytical method;

I A7 [l CO FL I VA NV I NY

100

80

60

40

Percentage Detected

20

CBC
CBD
CBDV
CBG
CBN
A8-THC
A9-THC
A9-THCV

Fig.6 The percentage of samples analyzed by six different locations
of Kaycha Labs that detected the eight primary cannabinoids included
in the NIST LC-PDA method. The states each laboratory is located is
coded as follows: Arizona (AZ), Colorado (CO), Florida (FL), Mas-
sachusetts (MA), Nevada (NV), and New York (NY)

however, the LODs for these cannabinoids are similar. For
example, the LC-UV method used by the Colorado labo-
ratory had LODs ranging from 0.001% (CBD) to 0.003%
(CBO).

Figures S11-S16 plot the mass fraction levels of these six
cannabinoids across the different samples analyzed at the
six Kaycha Labs locations. CBC was detected in almost all
of the samples at mass fraction levels below 20% (Fig. S11)
and was generally detected at lower levels in comparison to

Table 3 Cannabinoid

Arizona Colorado Florida Massachusetts Nevada New York
percentages for how often they (n=2051)  (n=4363) (n=9423)  (n=3541) (n=2205)  (1=1973)
were detected by the Kaycha
Labs locations for Cannabis CBC 46.6 48.8 95.5 78.1 78.9 68.6
concentrates in 2024 CBD 234 11.1 725 38.0 84.2 62.2

CBDV 0.7 4.1 6.4 22 11.0 3.1
CBG 81.1 50.8 98.6 92.8 922 90.4
CBL - ND - - - -
CBN 452 49.8 74.8 68.0 87.0 77.9
ASTHC 12.6 2.8 63.8 12.3 8.1 5.1
A®-THC 98.2 95.7 98.5 99.7 95.0 98.0
A°-THC-O - 0.1 - - - -
A°-THCV 53.2 16.8 72.5 72.4 82.1 71.7
A'-THC - 1.4 - - - 27.2
exo-THC - 3.0 - - - -

—Cannabinoid not included in the method

ND =not detected
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other cannabinoids, except for CBDV (Fig. S13). The mass
fraction levels for CBD (Fig. S12) were more evenly dis-
tributed across all locations, except for AZ, which was not
the case for any of the other cannabinoids. The highest mass
fraction levels of CBG range from 80 to 100% across all six
laboratories, while the majority of the mass fractions were
below 20% (Fig. S14). Due to the therapeutic properties of
CBG [15] and its normal low abundance in Cannabis plants,
growers have been developing strains with higher levels of
its acidic precursor cannabigerolic acid (CBGA). Similar
mass fraction levels were observed for CBN and A°>-THCV
as summarized in Figs. S15 and S16, respectively. CBN has
been shown to provide potential health benefits, including
anti-convulsant, anti-inflammatory, and neuroprotective
properties [26, 27]. Additionally, it is a well-known degrada-
tion product of A°>-THC due to exposure to heat or light [28].
For these reasons, it is not surprising to see concentrates
having high levels of CBN. A°-THCV is often detected at
low levels in Cannabis plant samples [6, 7], and there has
been less research completed on its health benefits. It was
detected at a relatively high frequency rate but at lower mass
fractions, except for Massachusetts, where it was detected
frequently at levels higher than 10%.

A°-THC, A%-THC, and Other Isomers Data Sets

A°-THC was the most often detected cannabinoid at each
laboratory, with a percentage >95%, while A -THC was
detected less frequently, ranging from 2.8% (Colorado) to
63.8% (Florida). Cannabis oil and vape products analyzed
by NIST CSD all had A’-THC mass fractions < 1%. The A°-
THC mass fraction levels reported by all the Kaycha Labs
were > 1% for the majority of their samples analyzed in 2024
(Table S1), providing a better representation of the Canna-
bis concentrate products commercially available. The wide
detection frequency range for A-THC is not surprising con-
sidering its increase in popularity in Cannabis concentrates
and with some states placing restrictions on its sales [29].
Figures S17-S22 plot the mass fraction levels of AS-THC
across the different samples in increasing levels of A°THC
for the six laboratories. AS-THC was only detected in 1.1%
of the concentrate samples analyzed in Florida, with a mass
fraction > 1% despite its high detection frequencies, which
was lower than the other locations with frequencies of 5.1%
(Massachusetts), 9.5% (Nevada), 27.5% (New York), 56%
(Arizona), and 69% (Colorado). In addition, Colorado has
the highest A8-THC mass fraction levels in Fig. S18, with
an average of 24.4%, while the next highest average level
is reported by the New York laboratory at 4.4% (Fig. S22).

A'""-THC concentrates have become more available in
recent years, but to a lesser extent than AS-THC. A'°-THC
concentrates routinely include mixtures of up to four stere-
oisomers that are shown to co-elute for three of the four in

Fig. 1. Although A!°-THC stereoisomers did not co-elute
with A°-THC, other by-products, such as exo-THC, in con-
centrates can be detected and elute close to A>-THC. As a
result, there has been an increase in the number of analytical
methods measuring these isomers of A>-THC in Cannabis
concentrates. Only the Colorado and New York laboratories
measured A'°“THC in Cannabis concentrates with a detec-
tion frequency of 1.4% and 27.2%, respectively, while exo-
THC was detected in only 3.0% of the measured samples
by Colorado.

Both laboratories included measurement of these cannab-
inoids in 2023, and the results are summarized in Table S2
to increase the number of data points for these cannabinoids.
The detection frequency of A'®-THC and exo-THC decreased
from 2023 to 2024 in the Colorado laboratory, but almost
doubled for A!°-THC in New York. To investigate the mass
fraction levels for these isomeric cannabinoids, Fig. 7 plots
the mass fractions (%) of A°-THC, A -THC, A'°-THC, and
exo-THC across the different samples in increasing levels
of A%-THC for the two laboratories. In general, both labora-
tories detected these isomers at higher mass fraction levels,
with Colorado levels being more pronounced. These results
suggest a higher probability that synthetic by-products will
be in the concentrate samples that could chromatographi-
cally interfere with A°-THC, leading to inflated levels of A
THC mass fractions reported on product labels or inaccurate
classifications by forensic laboratories.

Conclusions

A previously established LC-PDA method at NIST CSD was
evaluated here for the identification of 28 cannabinoids in
Cannabis concentrates using 19 oils and 14 vape products.
This method was originally developed for the determination
of eight neutral cannabinoids in Cannabis plant and oil sam-
ples; however, the list of cannabinoids has been expanded
and was shown here to include significant co-elution among
the additional cannabinoids included in this study. exo-THC
was found to have minor co-elution with A°-THC, while
(9R)-A’-THC completely co-eluted with A>-THC. Three of
the four A'*-THC stereoisomers included here eluted as a
single peak but were not chromatographic interferences for
either A°-THC or A3-THC. In some cases, the absorbance
spectra collected by the PDA detector provided enough dif-
ferences to identify co-eluting cannabinoids; however, the
spectra were similar enough that selective detection was not
possible for most co-eluting cannabinoids. The results sum-
marized here help demonstrate the importance of all analyti-
cal methods to continue to be evaluated after validation, and
as new cannabinoids are developed, to ensure the accuracy
of their methods.
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Fig.7 Levels of A>THC, A%-THC, exo-THC, and A!°-THC are plotted for the different samples analyzed by Kaycha Labs at the Colorado and

New York locations in order of increasing levels of A>-THC

A°-THC, A% -THC, and CBD were quantitatively deter-
mined in the 33 Cannabis concentrates here to evaluate the
accuracy of product labels, while also using retention times
and absorbance spectra for the identification of unknown
peaks to the other 25 cannabinoids included here. Concen-
trates that contained higher mass fraction levels of synthetic
A3-THC than A°-THC were shown to include chromato-
graphic interferences, preventing the determination of A°-
THC in these samples. exo-THC, A'“THC stereoisomers,
and other cannabinoids were identified in these samples,
which most likely resulted from synthetic by-products of
AS-THC. For these reasons, data from a collaborating Can-
nabis testing laboratory are summarized for detection fre-
quency and mass fraction levels of cannabinoids identified
by Kaycha Labs for over 23,000 Cannabis concentrates
analyzed in 2024. A°-THC was the most often detected can-
nabinoid (>95%), while A®-THC, A'%-THC, and exo-THC
were detected less frequently.
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