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Introduction

Validated LC-MS/MS methodology for the
quantification of CBD, trace level THCA and UK
controlled cannabinoids (A°-THC, A8-THC, CBN
and THCV) in food samplest

T. Hambidge, ©**® R. Nash, ©2 S. Corless,? P. Sanatcumar,® P. Bowdery,© J. Griffin,°
P. Sears@P® and C. J. Hopley?

Products containing cannabidiol (CBD) have become increasingly popular due to consumer-perceived
benefits of improving health and well-being. More specifically in the United Kingdom (UK), CBD food
products are categorised as novel foods. For these products to remain on the market, they must have
authorisation from the Food Standards Agency on the basis that they are safe, correctly labelled, and do
not contain substances classified under controlled drugs legislation in accordance with any existing or
future Home Office guidance. This demands for analytical laboratories to be able to accurately measure
the CBD concentration using validated methods to confirm correct labelling, as well as the controlled
cannabinoid content to ensure the products comply with legislation. To address some of these
challenges, this work describes two similar liquid chromatography tandem mass spectrometry (LC-MS/
MS) methods which were developed and validated for measuring CBD and trace level controlled
cannabinoids in CBD containing foods. The accuracy of the methods developed were tested for the first
time through an interlaboratory comparison involving expert laboratories. The methods were applied to
a comprehensive study of 148 CBD edible products. In 13 of the products tested (9% of the total) CBD
was found below the limit of quantification. Of the remaining 135 products (91% of the total), 66% were
found to have detectable amounts of one or more controlled cannabinoids. Of the 13 samples that did
not contain detectable levels of CBD, two did contain quantifiable levels of controlled cannabinoids. The
validation and sample analysis results reveal intriguing sets of data which help gauge the ongoing
narrative surrounding CBD analysis and CBD products available in the UK. The research contributes to
the global effort to keep unsafe products off the market.

well-being or therapeutic effects when consuming CBD prod-
ucts.”® Nevertheless, there is a shortage of scientifically derived

Products containing cannabidiol (CBD) have become increas-
ingly popular. In the United Kingdom (UK), Cannabis sativa L is
a scheduled illicit drug."” Over 120 phytocannabinoids have
been identified as components of Cannabis sativa L* including
tetrahydrocannabinolic acid (THCA) and cannabidiolic acid
(CBDA) which are readily decarboxylated with light, air or heat
to form tetrahydrocannabinol (THC) or cannabidiol (CBD).*
CBD is accepted as not having psychoactive properties and
therefore is not controlled,>® however there are many reports of
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data that provide support for many of the benefits reported by
consumers.’ CBD is either extracted from the Cannabis sativa L
plant or less commonly synthesised in the laboratory and is
often found as an ingredient in consumer products due to its
therapeutic reputation.® Food products containing CBD are
available in a variety of matrices including drinks (with alcohol,
tea, and coffee), gummy sweets, capsules, oils, chocolates, and
tinctures.'"* They are considered a novel food in the UK,
regulated by the Food Standards Agency (FSA), and they must
have an approved “novel food authorisation” application to
remain on the market'' providing information on the
composition of the food, proposed uses and intake, and safety
information, among other things."* The food products are
usually enriched with high concentrations of isolated CBD and
unintentionally contain trace levels of other cannabinoids,
depending on the product. Unlike CBD, some of the other
cannabinoids present in Cannabis sativa L can have potent
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psychoactive properties, a well-known example is THC.’
Conversely, some products, such as full spectrum CBD oils,
contain other cannabinoids and terpenes on purpose for an
“entourage effect”.’®"” The isolation and enrichment of canna-
binoids in the food products means the concentrations can vary
greatly to those in the inflorescences.

CBD concentrations need to be tested in all products to
ensure they contain CBD at appropriate levels for consumption
and have correct labelling.*>'®* CBD label compliance has been
studied in many countries,**** with some studies also looking
for additional cannabinoids or other toxic chemicals. UK Offi-
cial Control Laboratories analyse retail samples taken by
Trading Standards to measure CBD concentration for compli-
ance with food labelling regulations and additionally determine
whether there are controlled cannabinoids present in the
product contrary to the 1971 Misuse of Drugs Act and 2001
Misuse of Drugs Regulations as advised by the Home Office."**
Manufacturers also require analysis to be carried out to ensure
compliance before the products are placed on the market. Due
to the structural similarities of cannabinoids, there is a high
possibility for CBD products to contain controlled cannabi-
noids. The Advisory Council on the Misuse of Drugs (ACMD)
identified 12 potentially psychoactive cannabinoids ((£) trans-
A°-tetrahydrocannabinol-C5 (A°-THC), (#) cis-A°-
tetrahydrocannabinol-C5, A’-tetrahydrocannabinol-C4 (THCB),
A®-tetrahydrocannabinol-C3 (THCV), A°-tetrahydrocannabinol-
C1, A®%-tetrahydrocannabinol (A®-THC), Cannabinol-C5 (CBN),
Cannabinol methyl ether-C5 (CBNM), Cannabinol-C4,
Cannabinol-C3 (CBV), Cannabinol-C2, Cannabinol-C1) (ref.
36) therefore, laboratories would need to examine the products
for all of these controlled cannabinoids to ensure they comply
with the Home Office regulations. Historically, only four
controlled cannabinoids were available as standards. Using
their more conventional names, these four were: cannabinol
(CBN), A°-tetrahydrocannabinol (A°-THC), A®-tetrahydrocan-
nabinol (A%-THC), and tetrahydrocannabivarin (THCV) but
there have been recent advances in more controlled cannabi-
noids becoming available (Cayman Chemicals, Michigan,
United States of America).

A variety of analytical methods quantifying multiple canna-
binoids in cannabis and cannabis products (not edible) have
been published so far. The analytical techniques used in these
methods were liquid chromatography tandem mass spectrom-
etry (LC-MS/MS),*” gas chromatography mass spectrometry (GC-
MS),*® high performance liquid chromatography (HPLC) with
diode-array detection (HPLC-DAD)**** and HPLC with ultravi-
olet absorption detection (HPLC-UV).***! Specific methods have
also been produced for CBD in edible products such as honey
and olive oil.** As reported in the Defence Science and Tech-
nology Laboratory (DSTL) report 2020 a - HPLC is preferred over
GC, as the latter can cause conversion of THCA to THC due to
the high temperature in the injection port. Furthermore, mass
spectrometry is more sensitive than UV detection.**** Analysis
for CBD and cannabinoids has been previously reviewed,
concluding that there is a need for method validation in a range
of edible matrices, better detection capability and, if possible,
standardisation.***  Measuring CBD and  controlled
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cannabinoids in foodstuffs presents a variety of challenges.
These include:

I. The limited availability of all required standards and of
isotopically labelled internal standards challenging identification
and quantification of cannabinoids in samples. It is also worth
noting it is difficult to source a CBD standard that does not
contain at least trace amounts of the controlled cannabinoids.

II. The wide variety of complex matrices; foods such as oil
drops, gummy sweets, drinks, spreads, and teas present
potential challenges such as solubility and homogeneity during
sample preparation and matrix effects during analysis.

III. Analytical challenges are compounded by CBD being
typically present at high concentrations whereas other canna-
binoids are at trace levels and the structural and molecular
weight similarities of cannabinoids.

Other methods have been developed to measure CBD and
occasionally other cannabinoids in CBD products, and while
most methods are fit-for-purpose for measuring CBD, these
methods are usually either not targeting UK controlled canna-
binoids, or not sensitive enough to detect controlled cannabi-
noids at trace levels.*»**?**72%31-33 The sensitivity of published
methods for cannabinoids in foodstuff range dramatically, with
a few methods measuring low ng mL ™" levels and most methods
measuring ng mL ™" and even mg mL ™" concentrations.** Many
product certificates simply state the THC concentration is less
then <0.2% which is 2 mg g~ ". LC-UV methods reported limits of
detection (LODs) were > 10 ng mL ' in an interlaboratory
comparison and only seven out of 29 labs could measure the
cannabinoids at = 1 ng mL " level, all seven using LC-MS/MS.*®
Moreover, there is a lack of method validation data or wider
performance assessment, for example through interlaboratory
comparisons. To address the aforementioned challenges, this
work describes validated LC-MS/MS methods that measures the
trace levels (ng g~') of THCA and controlled cannabinoids in
highly enriched CBD (mg g~ ') food samples.

The methods were developed as part of the UK Government
Chemist programme to assess laboratory capability to measure
these analytes in food matrices.* In addition, this methodology
was used to analyse 148 food samples, which is a much larger
sample size than previous publications.?*?** This work provides
valuable insights into cannabinoid analysis, which has benefits
for analysts particularly from a UK perspective. Its application
within a UK regulatory framework and the challenges it
addresses in trace-level detection of a comprehensive panel of
cannabinoids in complex food matrices provide added value. For
the first time, full method validation for trace-level controlled
cannabinoids in real matrices is described with method accuracy
assessment through participation in an interlaboratory study.*
This comprehensive study was conducted to better understand
the current state of CBD containing products available in the UK
and help keep unsafe foods off the market.

Experimental

Materials and reagents

Cerilliant® analytical reference standards of CBD, CBN, THCV,
A°-THC, AS-THC and THCA and labelled internal standards

Anal. Methods, 2025, 17, 1306-1316 | 1307
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CBD-D3, CBN-D3, THCA-D3 and A°-THC-D3 were obtained from
Merck (Gillingham, UK). Analytical grade formic acid was
purchased from Merck (Gillingham, UK). Honeywell LC-MS
grade methanol and acetonitrile were obtained from Fisher
Scientific (Loughborough, UK). Propan-2-ol was acquired from
Fisher Scientific (Loughborough, UK). Ultra-high purity water
(=18.2 mQ) was prepared using an in-house Elga purification
system.

Standard and sample preparation

CBD and controlled cannabinoid (CBN, THCV, A°>~THC, A®-THC
and non-controlled THCA) analysis was performed using two
complementary methods for two reasons. Firstly, due to the
CBD being present in the samples at high concentrations and
the controlled cannabinoids (including THCA) at trace levels.
Secondly, all CBD standards tested contained trace levels of
controlled cannabinoids, even when made synthetically. Having
two separate methods prevented contaminating cannabinoids,
present in the CBD standard, from biasing the controlled
cannabinoid results. Although the controlled cannabinoid LC-
MS/MS method could be used for quantifying CBD, the chro-
matography is longer and has a shallow gradient for the sepa-
ration of A’ THC and A°-THC which is unnecessary when
measuring CBD only. The methods also have different calibra-
tion concentrations to reflect the usual concentration ranges
seen in the samples.

Standards were prepared gravimetrically on a Mettler Toledo
analytical balance (to four decimal places) and diluted from
analytical standards in 100% methanol and then further diluted
in 100% acetonitrile. All calibration curves were then prepared
in acetonitrile/water 50 : 50 (v/v). The CBD calibration standards
consisted of nominal concentrations at 500, 400, 300, 200, 100
and 5 ng g~ '. 100 pL of CBD-D3 labelled internal standard was
added to 500 pL of all calibration points at 500 ng g~ '. The
controlled cannabinoid (CBN, THCV, A°THC, AS-THC
including non-controlled THCA) mixed calibration line con-
sisted of nominal concentrations at 250, 200, 150, 100, 50, 5,
and 1 ng g~ '. 50 pL of labelled internal standards CBN-D3,
THCA-D3 and A°-THC-D3 were added to 200 uL of all calibra-
tion points at 500 ng g '. Higher concentrations of internal
standard were prepared, but smaller quantities were added into
the LC-MS vial, resulting in in-vial internal standard concen-
trations within the calibration line (CBD-D3: 83 ng g ' and
deuterated controlled cannabinoids: 100 ng g~ ).

Sample preparation for most edible matrices consisted of
a series of dilutions in propan-2-ol, followed by acetonitrile and
finally into acetonitrile/water 50 :50 (v/v) to match the mobile
phase starting conditions. In between each dilution the samples
were sonicated and centrifuged for 10 minutes each. After
centrifugation, if immiscible layers formed, then the top,
translucent layer was taken by aspirating manually with a Gil-
son pipette. Gummy sweets were initially dissolved in warm
water at 60 °C before the same dilution series as stated above.

In some of the later gummy sweet analysis an Agilent Tech-
nologies QUECheERS (Quick Easy Cheap Effective Rugged Safe)
extract pouch method* was used to improve recovery. The
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whole sample was cut and homogenised with water; taking the
entire sample proved important as occasionally the concentra-
tion of CBD was not homogeneous within the sweets. Then
acetonitrile containing 2% ammonium hydroxide was added
and the sample was further homogenised until the gummy
sweet was completely dissolved. An Agilent Technologies
QUuECheERS extract pouch was added and shaken. The sample
was then centrifuged, and the acetonitrile supernatant trans-
ferred. In total this extraction was a 10-fold dilution. Subse-
quent dilutions into the mobile phase starting conditions of
acetonitrile/water 50:50 (v/v) were required to dilute the
samples into the calibration curve.

The CBD method required a dilution factor based on the stated
food label concentration down into the calibration range; an
example is shown in Fig. 1 (bottom). Whereas the controlled
cannabinoids method required a dilution factor to reduce the CBD
concentration to 0.1 mg g to reduce loading of CBD onto the
analytical instrumentation; an example is shown in Fig. 1 (top).

LC-MS/MS method

A Waters Acquity H-Class UPLC was coupled with a Sciex API
4000 triple quadrupole mass spectrometer for analysis of both
CBD and controlled cannabinoid methods.

The mobile phases consisted of A: deionised water with 0.1%
formic acid (v/v) and B: acetonitrile with 0.1% formic acid (v/v)
for both methods and both methods used a Waters Xbridge C8
BEH Column 2.5 pm 100 x 2.1 mm at 30 °C.

Vortex Vortex Vortex
Sonicate Sonicate Sonicate

Controlled
cannabinoid
analysis extraction

125 CBD In IPA 0.1 mg/g CBD in
mg/g in 1mglg CBDInMeCN | % il
Vortex Vortex Vortex
Centrifuge
Sonicate Sonicate Sonicate

50 mg CBD in
1000 mg oil
(50 mg/g)

CBD
analysis extraction

dilution
inIPA

1mg/g CBD In IPA

MeCN 400 ngig CBDIn
2010 50 MeCN/H20 50/50 viv

Fig. 1 CBD and controlled cannabinoid dilution series examples
according to label concentration of 5% CBD (50 mg g~%). For CBD
analysis the sample is diluted to the calibration range of 400 ng g™t
(125 000x dilution factor) and for controlled cannabinoid analysis the
sample is diluted to 0.1 mg g~ CBD (500x dilution factor).

This journal is © The Royal Society of Chemistry 2025
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Quantifier pre-cursor Quantifier product

Qualifier pre-cursor

Qualifier product Collision energy Retention time

Analyte (m/z) (m/2) (m/z) (m/z) V) (mins)
CBD 315.2 193.2 315.2 235.2 20 7.5
CBD-D3 318.2 196.2 318.2 238.2 20 7.5

The CBD method used a gradient starting at 50% B for 1
minute, increasing to 100% B at 8 minutes, held at 100% B until
11 minutes and then equilibrated back to 50% B from 11.1
minutes to 15 minutes. The flowrate was 0.2 mL min . The
system had a dwell volume of 500 pL. The multiple reaction
monitoring (MRM) transitions are listed in Table 1.

The controlled cannabinoid method (including non-
controlled THCA) used a gradient starting at 50% B,
increasing to 57% B at 12 minutes, to 80% B at 15.5 minutes,
and 100% B at 17 minutes, held at 100% B until 20 minutes and
reverting back to 50% B at 20.5 minutes and equilibrating until
28 minutes. The flowrate was 0.3 mL min~" and the CBD peak
was eluted to waste between 12 and 13 minutes, this is to reduce
the chance of the detector getting contaminated, and addi-
tionally reduce the high baseline caused from loading a high
concentration of CBD into the detector, which increases the
limit of detection of A®*-THC and A°-THC. The system had
a dwell volume of 500 pL. Example chromatograms are included
in ESI 1.1 MRMs are listed in Table 2. The structures and
fragmentation products for CBD, THC, THCV, THCA and CBN
have been previously described by Mandolino et al.*®

The source temperature for both methods was 650 °C, the
ion spray voltage was set at 5500 V and ion source gas 1 and 2 at
50. MRM windows were used to limit the number of analytes
scanned for. Dwell times were adjusted to give a minimum of 13
points across the peaks. Collision energies were optimised by
infusing the analytes and tuning on the instrument.

Additional checks were undertaken to assess whether THCA
was converting to THC due to in source fragmentation by
monitoring the THC transitions at THCA retention time in

Table 2 Controlled cannabinoid method MRM transitions

positive ESI mode. However, no THC peaks were observed at the
retention time of THCA.

Method validation

The method was validated following the principles of the Eur-
achem method validation guidance where possible*® before it
was used in an interlaboratory comparison organised by LGC to
assess the capabilities of testing laboratories in measuring CBD
and controlled cannabinoids.*® Subsequently, the method was
shared with Kent Scientific Services (KSS) as part of the inter-
comparison exercise. Details of the method validation follows.

Limit of quantification. The limit of quantification (LOQ)
was calculated on the basis of signal-to-noise ratios rather than
using the standard deviation of the zero response and the slope
of the calibration curve.

The signal to noise (S/N) was greater than 10 at the LOQ for
all primary transitions. At the LOQ, all secondary transitions
had an S/N greater than 3. The instrumental limit of quantita-
tion was 1 ng g~ for THCV and A°-THC, 5 ng g~ for CBD, A®-
THC and CBN and 50 ng g~ " for THCA at LGC on all instru-
ments. Some example LOQ peaks are shown in ESI 2 and 3.t

As the dilution factors were dependent on the labelled CBD
concentration, the method quantified samples ranging from
100 ng g~ ' to 500 mg g~ ' CBD. The sensitivity of the method
enabled detection of trace levels of controlled cannabinoids
present in food samples from 5 ng g ' to 15 mg g *. This is
more sensitive than typical supplier methods that state THC is
<0.2% which would equate to 2 mg g .

Working range. Each batch of samples analysed for CBD was
injected into the instrument along with 6 gravimetrically

Quantifier pre-cursor Quantifier product

Qualifier pre-cursor

Qualifier product Collision energy Retention time

Analyte (mlz) (m/z) (mlz) (mlz) \%) (mins)
THCV 287.2 165.1 287.2 231.2 30 9.7
CBN 311.0 223.5 311.0 241.5 30 13.7
CBD* 315.2 193.2 315.2 235.0 30 11
A°-THC 315.2 193.2 315.2 235.2 30 14.8
AS-THC 315.2 193.2 315.2 235.2 30 14.9
THCA? 359.5 Pos 219.5 359.5 261.5 40 15.6
357.2 Neg 313.2 357.2 245.0 —-35 15.6
CBN-D3 314.0 223.0 314.0 241.0 30 13.7
A°-THC-D3 318.0 196.0 318.0 238.0 30 15.8
THCA-D3? 362.5 Pos 264.5 362.5 222.5 40 15.6
360.0 Neg 316.0 360.0 248.0 —-35 15.6

“ CBD should not be observed in the chromatogram - the peak should elute when the flow is diverted to waste to help prevent contamination of the
mass spectrometer. ” THCA can be analysed in either positive ESI or negative ESI depending on instrument capability and sensitivity. This was

performed in negative at LGC using a polarity switching method.

This journal is © The Royal Society of Chemistry 2025
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prepared calibration standards. For each batch, calibration
standards bracketed the samples. For longer batches additional
calibration curves were added in the middle of the run to
account for instrument drift.

A calibration standard and a blank were injected into the
instrument after every six sample injections to confirm the
accuracy of calculated concentrations. Calibration curves were
plotted using Sciex Analyst® processing software. All lines of
best fit were calculated with linear regression and 1/x weighting.
An example calibration curve is shown in the ESI 4.f Test
samples were diluted to fit CBD concentrations within this
linear working range.

Each batch of samples analysed for controlled cannabinoids
(and non-controlled THCA) were injected into the instrument
along with seven gravimetrically prepared mixed cannabinoid
calibration standards. For each batch calibration standards
bracketed the samples and for a longer batch to account for
instrument drift, additional calibration lines were added. A
mid-point calibration standard and a blank were injected into
the instrument after every six sample injections to confirm the
accuracy of calculated concentrations. The calibration curves
were plotted using Sciex Analyst® processing software. All lines
of best fit were calculated with linear regression and 1/x
weighting. An example calibration curve is shown in the ESI 5.1
Test samples were diluted to approximately 0.1 mg g~ CBD.
Any samples with a concentration above the working range for
specific cannabinoids were then further diluted in acetonitrile/
water 50 : 50 (v/v) into the working range.

Batch acceptance criteria. The within batch acceptance
criteria were: calibration line R* > 0.995; retention time within =+
0.1 minutes of the calibration standards; ratio of the quantifier
transition to the qualifier transition +25% of calibration stan-
dards (quantifier and qualifier ions were tuned for each analyte,
the ratio between the quantifier and qualifier ions were very
important to monitor due to interfering ions); signal-to-noise
ratio at limit of quantification >10 for quantifier transitions
and >3 for qualifier transitions; calculated concentration of
sample within calibration range. Examples of LOQs and R*
values are presented in the ESI 2-5.}

Robustness testing. To test the robustness of the method, it
was performed on multiple instruments and by multiple
analysts on different days. The method was initially developed
on a Sciex API 4000 Triple Quadrupole Mass Spectrometer with
a quaternary Acquity H class UPLC. The method was also tested
on a Thermo Scientific TSQ Vantage with a binary Accela

Table 3
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UHPLC pump or a Waters Quattro Premier with a binary Acquity
Classic UPLC.

Chromatographic separation of A>THC and A°THC was
challenging as they are isomers. On the quaternary method we
could achieve fit for purpose separation (not baseline) but the
binary pump systems needed further improvement of the
elution conditions as it initially did not have chromatographic
separation of A®>THC and A°-THC. By extending the elution
gradient from 50% B to 57% B over 12 minutes and the final
method performed well on all platforms. There was no statis-
tically significant difference found between the two sets of data,
generated by two analysts on different days, this is shown in the
ESI 6.1

Although baseline separation was not achieved due to
a trade-off between separating other interfering cannabinoids
from the complex matrix and the high loading of CBD, A*-THC
and A°-THC were easily integrated separately and met all cali-
bration line and recovery criteria. Further information on
chromatography and columns is included in the ESI 7.7

Results
Recovery and precision from sample matrix analysis

Due to a lack of certified reference materials for CBD-containing
food matrices, recovery was calculated from in-house spiking
experiments on CBD oil and gummy sweet matrices. Oil and
gummy sweet matrices were chosen as they are most frequently
sold on the market, but also are representative liquid and solid
food matrices. Homogenous in vial concentrations of 300-400
ng g ! after dilution were prepared from 100 mg g™ or 10 mg
¢~ CBD. Six analytical replicates, each of spiked and un-spiked
samples were extracted following the same dilution steps (see
sample preparation). Recovery was between 95 and 100% for
each matrix type and the percent relative standard deviation (%
RSD) of the 6 analytical replicates was below 10% for both
matrices as shown in Table 3.

Unlike CBD, high concentrations and quantities of the
controlled cannabinoids are not available to purchase. Only
1 mL of 1 mg mL ™" could be purchased of each controlled
cannabinoid (A®THC, A°>-THC, THCV, CBN) and THCA. Overall,
this led to challenges with spiking high levels of cannabinoids
into the test samples, thus recovery was difficult to calculate.
However, in spiked samples where the cannabinoids were
present above the limit of quantification, the %RSD of 6
analytical replicates were less than 15% as shown in Table 4.

Samples measured for un-spiked and spiked concentrations of CBD. The % recovery and spiked sample % RSD values are also listed

Un-spiked concentration Spiked concentration

Expected spiked concentration %

Spiked sample standard Spiked sample

Sample of CBD (ngg ')n=6° ofCBD(ngg )n=6° of CBD (ngg ')n=6" recovery deviation n = 6° % RSD nn = 6
Oil1 531 (n=>5) 350.2 368.8 95.0 21.0 6.0

0Oil 2 103.1 317.8 324.6 98.2 21.9 6.9

Gummy 0.8 396.3 422.7 93.8 17.7 4.5

bears

“ n = 6 unless stated otherwise - n = 5 for oil 1, where only 5 aliquots of the sample were available.

1310 | Anal. Methodss, 2025, 17, 1306-1316
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Table 4 Samples measured for spiked concentrations of cannabi-
noids. The % RSD values are also listed

Average concentration

(ngg™) Standard deviation % RSD
Sample Analyte n=6 n==6 n==6
0Oil 2 THCV 4.3 0.2 3.8
0il2  A®THC 19.6 1.8 9.3
oil2  A%THC 6.8 0.8 11.7

CBN was not over-spiked during this experiment so is not
included and THCA was spiked below the LOQ of 50 ng g * and
is therefore not included.

Interlaboratory comparison

The interlaboratory comparison involved quantifying CBD and
the four controlled cannabinoids (A°-THC, A®-THC, THCV and
CBD) along with THCA in two food samples, a hemp oil and
a medium chain triglyceride (MCT) based 0il.*® The analysis
consisted of three analytical replicates prepared on different
days and run in three separate batches.

The methods presented agreed with the consensus value
(median result for all participating laboratories) for both food
samples when quantifying CBD. The method also agreed with
the consensus values for the controlled cannabinoids that could
be reported, although there were only three consensus values
out of a possible ten for the two food matrices due the lack of
reported values. The lack of reported values is likely due to the
cannabinoids being present at trace concentrations.*®

Sample analysis

The validated methods were subsequently applied at both LGC
and Kent Scientific Services (KSS) over two years to analyse
commercially available samples to evaluate the products avail-
able on the market in the UK. Fig. 2 presents the CBD con-
taining edible sample types analysed by the laboratories. Full
data tables are provided in ESI 8 and Tables S1 and S2.t

A total of 148 food products claiming to contain CBD, which
could be bought online or on the high street in the UK between
2021 and 2023 were analysed. In 13 of the 148 samples (9%)

= Oil
B Gummy Sweet
® Cookie

Capsule / Supplement
Tea / Coffee

® Drink

® Chocolate

® Hard Sweet

= Honey / Jam / Spread
Chewing Gum

Fig.2 Categories of CBD containing food products tested at KSS and
LGC.
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Fig. 3 Of the products that contained detectable levels of CBD (135)
66% contained detectable levels of one or more controlled cannabi-
noids as shown on the right. The additional graph on the left shows the
percentage of each product which contained one of the controlled
cannabinoids (blue) and THCA (green stripes).

CBD was below quantitation limits. The majority of products
contained between 0.1-5% CBD.

91 (61%) of the 148 samples contained quantifiable levels of
one or more controlled cannabinoids (CBN, A°-THC, A®THC or
THCV). However, as 9% of these products did not contain
detectable levels of CBD, further data analysis was conducted
based on the samples that did contain detectable levels of CBD
to gain a better understanding of controlled cannabinoid
prevalence in products containing CBD. Of the 135 (91%)
samples that did have quantifiable levels of CBD, 66% of these
had detectable amounts of one of more controlled cannabinoid
with 64% of these samples containing A°-THC and/or A®-THC,
47% of these samples containing CBN, and 35% of these
samples containing THCV. Additionally, 17% of these samples
contained the non-controlled acid precursor THCA that could
convert to THC. This is shown in Fig. 3. Some products labelled
as ‘THC free’ did contain detectable levels of THC, this is shown
in Table 5.

Of the 13 samples that did not contain detectable levels of
CBD, two did contain quantifiable levels of controlled canna-
binoids. One product contained all of the controlled cannabi-
noids as well as THCA. The other contained CBN and THCV.

Interestingly, a high content of CBN could indicate product
deterioration, as CBN is the oxidized form of A°~THC.* If the
samples are being oxidised this could also explain why the ex-
pected concentration of CBD is occasionally not present, as CBD
converts to its quinone formations.>® All the samples were
within expiry dates upon analysis, thus potentially suggesting

Table 5 Calculated concentrations of THC in a sub-selection of
products labelled THC free’ that did contain detectable levels of THC

Calculated concentration

Matrix of THC (g g™") Label

0il 561 THC <0.2% (2000 pg g™ ')
Honey/jam/spread 1.81 THC free

Oil 10.3 THC free

Gummy sweet 0.17 THC free
Honey/jam/spread 0.44 THC free

oil 7.95 THC <0.2% (2000 pg g~ ')
Oil 7.27 THC free
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Fig. 4 Lack of correlation between CBD concentration (mg g~ and
controlled cannabinoid concentration (ug g% in 135 samples.

storage stability of commercial formulations requires more
attention in the future.

It could be hypothesised that with higher concentrations of
CBD in the products, there might be higher concentrations of
other cannabinoids. From this data analysis we were able to plot
CBD concentration against total controlled cannabinoid
concentration in each product, this is shown in Fig. 4.
Conversely, the figure demonstrates that there is no clear
correlation observed between CBD concentration and
controlled cannabinoid concentration. This shows a large
variation in cannabinoid concentrations in commercial prod-
ucts, which is important to understand for consumer safety.

Discussion
Sample survey discussion

This was one of the largest comprehensive studies into CBD and
trace level-controlled cannabinoid concentration in food prod-
ucts. Most of the commercially available CBD products con-
tained controlled cannabinoids at trace levels despite some
being labelled ‘THC free’. Moreover 9% of CBD products
surveyed contained CBD < LOQ, with two of these containing
controlled cannabinoids. These findings suggest the possibility
of incompetent or fraudulent activity coupled with lack of, or
incorrect quality control analysis (e.g. methods with unsuitable
LOQs). There was no correlation between CBD concentration
and controlled cannabinoid concentration demonstrating that
consumers cannot assume that the lower CBD concentration
the less likely there will be controlled cannabinoids in the
product and furthermore, the concentrations seem to vary
greatly between each product.

As there is currently no defined limit of controlled canna-
binoids in the UK and the CBD intake recommendation has
recently changed, there needs to be an explicit set limit of CBD
and controlled cannabinoid consumption defined soon to
ensure the safety of the public and then testing laboratories will
be able to adjust their methodology LOQs appropriately.

CBD product analysis discussion

Two validated LC-MS/MS methods were developed to quantify
CBD and controlled cannabinoids (including non-controlled
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THCA) in CBD containing food matrices. The challenges met
throughout the method development process can be discussed
as pre-analytical challenges, sample preparation, matrix effects
and analytical workflow and will be discussed below.

Pre-analytical. Firstly, it is important to note that advice on
how much CBD a person should consume has recently reduced
from 70 mg per day down to 10 mg per day, meaning dosing of
products may change.” These recommendations may continue
to change as new information becomes available and analytical
laboratories may be required to alter methodologies.

It is also worth reiterating it is difficult to obtain a CBD
standard that does not contain at least trace amounts of the
controlled cannabinoids even when made synthetically, more
information and a chromatogram of this is shared in ESI 9.1
This limits the ability to measure both CBD and controlled
cannabinoids in a single analytical method, as the trace levels of
other cannabinoids found in the CBD standard could distort
the concentration of the controlled cannabinoids.

At the time of method development, only four of the 12
controlled cannabinoids identified by the ACMD?*® were avail-
able to purchase as standards - cannabinol (CBN), A °-tetrahy-
drocannabinol (A°THC), A %-tetrahydrocannabinol (A®-THC)
and tetrahydrocannabivarin (THCV). Since then some addi-
tional standards (A°-tetrahydrocannabinol-C4 (THCB), A°-
tetrahydrocannabinol-C1, = Cannabinol methyl ether-C5
(CBNM), Cannabinol-C4, Cannabinol-C3 (CBV), Cannabinol-
C2, Cannabinol-C1) have become available (Cayman Chem-
icals, Michigan, USA), however all 12 remain to be readily
available as standards.*

Isotopically labelled analogues to be used as internal stan-
dards were initially available for CBD, CBN, A’-THC and THCA.
Additionally, labelled THCV is now also available (Merck, Gil-
lingham, UK). Nonetheless, the labelled analogues are available
at low concentrations. This meant that the labelled internal
standards could not be added at the beginning of the sample
preparation, as is best practice, but instead had to be used as
a spike at the end. Use of an internal standard as a later addition
allows for monitoring of instrument variability but not for
monitoring recovery. Furthermore, there has been stability
issues noted with some supplies of internal standards. There
are currently no labelled internal standards for AS-THC the
additional controlled cannabinoids identified by the ACMD (A°-
tetrahydrocannabinol-C4 (THCB), A°-tetrahydrocannabinol-C1,
Cannabinol methyl ether-C5 (CBNM), Cannabinol-C4,
Cannabinol-C3 (CBV), Cannabinol-C2, Cannabinol-C1).>

Due to the lack of matrix reference materials, over-spiking
experiments were undertaken to assess recovery of CBD in
this method and as previously discussed, the low concentra-
tions available made it difficult to over spike the controlled
cannabinoids. If possible, either matrix materials or higher
concentration-controlled cannabinoid solutions should be
produced to make quality control samples or over-spiked
samples to check recovery.

THCA is not controlled but readily converts to THC via
a decarboxylation reaction, hence this additional analyte was
included in the controlled cannabinoid method. As a result of
our findings, supported by other research, the ACMD presented

This journal is © The Royal Society of Chemistry 2025
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a series of recommendations to the government about the
future of CBD product analysis including advising that THC and
THCA content should be summed together. In addition, the
ACMD recommended defined limits for controlled cannabi-
noids and more accurate and standardised testing and the UK
government are considering these recommendations.**** The
concentration of controlled cannabinoids allowed in samples
should be defined explicitly, as there will most likely be some
level of controlled cannabinoid in all CBD containing products
as demonstrated through our analysis. When this is finalised,
required limits of detection and method requirements will
become clearer for testing laboratories.

The similar conversion can happen when cannabidiolic acid
(CBDA) decarboxylates to CBD. CBDA was considered as an
additional analyte to this method, however it did not meet the
regulation criteria; it is not present on the labels to measure for
label compliance, and it is not considered controlled for Home
Office compliance. However, this additional cannabinoid and
others to measure degradation of the product could be added to
this method in the future to better understand why label
concentrations often vary from measured concentrations.

Challenges associated with sample matrix. Different dilution
factors were required for the CBD and controlled cannabinoid
methods. For CBD large dilution factors were used to dilute the
sample from the mg g~ label concentration to the ng g *
method range. The controlled cannabinoid concentrations were
unknown but initially suspected to be trace levels. There was
a limiting factor of how much CBD could be loaded into the LC-
MS/MS system. After loss of all sensitivity on the instrument it
was realised the loading of CBD was too high, causing
contamination of the mass spectrometer, which required
extensive cleaning and instrument downtime to rectify. Addi-
tionally, high levels of CBD increased the baseline on the
instrument, and because THC has the same MRM transitions,
this greatly interfered with the detection limit of THC, an
example is shown in ESI 9.7 Therefore, a loading limit was set of
0.1 mg g ' CBD.

Inhomogeneous distribution of CBD was found in gummy
sweets. There was further work conducted by Kent Scientific
Services and they found that occasionally more CBD was
present on the outside surface of the gummy sweet than the
inside. It was thus important to analyse the sweet as a whole
and take multiple sweets to ensure a representative sample.
Additionally, using a QUECHERS procedure rather than the
dilution technique resulted in more analytically appropriate
concentrations of CBD and controlled cannabinoids.

Additional to the food samples measured in this article, the
method has broader applicability. For example, it has been used
for both simple CBD oils, and more complex full spectrum CBD
oils where higher concentrations of additional cannabinoids
and terpenes are present. The method has also been used to
analyse CBD isolates to check trace level cannabinoids; a chro-
matogram measuring a CBD isolate is shown in ESI 9.F Other
subsequent matrices analysed using this methodology include
cosmetics, moisturisers and e-liquids. Solid matrices and bath
bombs require additional sample preparation as they need to be
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dissolved or cut into pieces first. This could lead to biased
results if samples are not sufficiently homogeneous.

LC-MS/MS analysis challenges. Controlled cannabinoid
chromatography was complex. As the analytes are structurally
related, they were complicated to separate. Some of the issues
and solutions that arose during method development will be
further discussed.

Some cannabinoids have the same precursor and product
ions, for example CBD, A’THC, A®THC and other non-
controlled cannabinoids such as cannabicyclol (CBL) and can-
nabichromene (CBC). Extended chromatography was needed for
adequate separation of all analytes and occasionally, additional
standards were required such as CBL, CBC and CBDV (cannabi-
divarin which has the same transitions as THCV) to identify
additional peaks in the spectrum. Additionally, as discussed in
the previous section, high concentrations of CBD can raise the
background of the MRM channel and interfere with the sensi-
tivity of the THC peaks, an example of this is shown in ESI 9. To
help resolve this, the CBD peak was eluted to waste instead of
into the mass spectrometer when analysing for controlled
cannabinoids, and there needed to be adequate separation
between the CBD and other peaks of importance to achieve this.

Furthermore, A®-THC and A’-THC co-elute and were chal-
lenging to baseline separate. Some columns allowed for good
baseline separation of the two, at the cost of an increased LOD as
the peaks were wider. Alternate columns and chromatography are
included in ESI 7.7 The final method called for a balance between
these two factors with a good (but not baseline) separation
between the two analytes and a low limit of detection. Many
columns were trialled to achieve A>THC and A°-THC separation
as well as CBD separation from all other cannabinoids. Subse-
quently, a C8 column was chosen to achieve both goals. Both A%
THC and A®-THC were able to be integrated separately despite the
lack of baseline separation and met calibration line and recovery
acceptance criteria. Nevertheless, the method would benefit from
future chromatographic improvements to allow for baseline
separation of these isomeric compounds.

Some unknown interfering and co-eluting cannabinoids can
also cause issues with chromatography during analysis and
consequently measuring qualifier to quantifier ratios became
very important in correct identification of peaks and to make
sure the peak area was not biased. The interfering cannabinoids
from the complex matrix contributes to the reason why the
chromatographic method is lengthy, this is to ensure adequate
separation.

In the future, more cannabinoids could be added to this
method. Precursors such as CBDA and degradation products
such as cannabidiol hydroxyquinone (CBD-HQ) and canna-
bielsoin (CBE) could help understand the label discrepancies
and shelf life of these products. The additional controlled
cannabinoids identified by the ACMD (A®-
tetrahydrocannabinol-C4 (THCB), A’-tetrahydrocannabinol-C1,
Cannabinol methyl ether-C5 (CBNM), Cannabinol-C4,
Cannabinol-C3 (CBV), Cannabinol-C2, Cannabinol-C1) could
be added in the future and any other key cannabinoids that may
become popular in consumer products such as cannabigerol
(CBG).
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In countries where these four cannabinoids are not consid-
ered controlled or where cannabis is legal, this method would
still be useful as it could be used to check label compliance and
concentrations for consumer safety and the longer chromatog-
raphy would be conductive to analysing additional cannabi-
noids that are country specific.

Conclusions

A sensitive LC-MS/MS method has been developed, validated
and is now routinely used by testing laboratories for measuring
CBD and controlled cannabinoids in a variety of consumer food
products and matrices. For the first time a method of this kind
was assessed through an interlaboratory comparison involving
expert laboratories, demonstrating its performance to quantify
CBD and controlled cannabinoids (including non-controlled
THCA) in food samples.

Multiple challenges encountered during method develop-
ment are detailed here for the first time to aid practitioners in
the CBD testing field. The production and use of natural and
isotopically enriched standards for controlled cannabinoids
and matrix reference materials is recommended to enable
adequate quality control checks. Multiple MRM transitions are
also recommended to ensure methods are accurate and free
from interferences, matrix effects and bias.

Application of the method developed here to real market
products demonstrated that not all CBD products contain CBD.
The majority of the products monitored had controlled canna-
binoids present at trace levels. The method quantified samples
ranging from 100 ng g~ to 500 mg g~ ' CBD. The sensitivity of
the method enabled detection of trace levels of controlled
cannabinoids present in food samples from 5 ng g~* to 15 mg
g '. Some product labels which say samples are ‘THC free’ may
have used instrumentation with higher limits of detection, as
64% of CBD containing samples tested contained THC. It is
important for consumers to be aware of what is present in their
products and therefore accurate analysis is required. Addition-
ally, two products that did not contain quantifiable levels of
CBD did contain quantifiable levels of the controlled cannabi-
noids and the concentrations of cannabinoids seem to vary
greatly between each product.

The methods presented here have a broader matrix appli-
cability to test samples such as cosmetics and e-liquids as well
as testing CBD isolates for trace level contamination. Although
the method is very UK regulation focussed, it could be appli-
cable in other countries for label compliance and cannabinoid
monitoring.

The method validation and sample analysis described in this
work present intriguing sets of data which help gauge the
ongoing narrative surrounding CBD analysis and CBD products
and the research contributes to the global effort to keep unsafe
products off the market.
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