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Abstract

Introduction: Over-the-counter cannabidiol (CBD) products have seen unprecedented recent growth in the
United Kingdom. However, analysis of these predominantly unregulated products from other countries tells
us that they are often mislabeled or contain unlabeled and potentially dangerous chemicals. Thus, the aim of
the present study was to analyze CBD oils available in the United Kingdom.

Materials and Methods: Phytocannabinoids, residual solvent, and heavy metals were measured blinded in 29
widely available CBD products by an independent testing facility using high-performance liquid chromatography
with diode-array detection for cannabinoids, Headspace-gas chromatography-flame ionization detector and gas
chromatography-mass spectrometry for residual solvents, and inductively coupled plasma-mass spectrometry
for heavy metals.

Results: The mean advertised CBD content was 4.5%, and the actual mean measured CBD content of products
was 32% (p=0.053, Mann-Whitney test). Only 11/29 (38%) products were within 10% of the advertised
CBD content. Fifty five percent of products had measurable levels of the controlled substances A°-
tetrahydrocannabinol (mean content 0.04%) or cannabinol (mean content 0.01%), as well as most other phyto-
cannabinoid compounds including cannabidiolic acid (CBDA), cannabidivarin (CBDV), and cannabidivarin acid
(CBDVA). Detectable levels of N-pentane, ethanol, isopropanol, heptane, lead, and arsenic were found in
many of the CBD products, but these were within acceptable levels.

Conclusions: As demonstrated in other countries, the quality of over-the-counter CBD products in the United
Kingdom can be substandard, particularly with regard to CBD content, and often contains levels of controlled
substances. We recommend that these products be more strictly regulated for consumer welfare.
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Introduction

Cannabidiol (CBD) is one of the major constituents of
the Cannabis sativa plant of increasing interest due
to its broad range of therapeutic properties coupled
with a favorable safety and tolerability profile."” The
analgesic, anti-inflammatory, antioxidant, anxiolytic,
anticonvulsant, and antitumoral effects of CBD are me-
diated through multiple molecular targets including
cannabinoid binding receptor 1 (CB;), cannabinoid
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binding receptor 2 (CB,) (both generally thought to
be indirect), serotonin receptors, opioid receptors, aden-
osine receptors, orphan receptors such as G protein-
coupled receptor 55 (GPR55), GPR18, GPR3, GPR6,
and GPR12, peroxisome proliferating activated recep-
tors, transient receptor potential channels, as well as
transporters and enzymes.” ® Clinically, CBD is being
investigated in phase 2 and 3 trials in diverse areas
including schizophrenia, drug dependency, tumor
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reduction, pain conditions, and post-traumatic stress
disorder. A pure plant-derived CBD product, Epidio-
lex®, recently became the first Food and Drug Admin-
istration (FDA)- and European Medicines Agency
(EMEA)-approved CBD medicine, indicated for use
in childhood Lennox-Gastaut or Dravet syndrome.

The recent change in UK legislation has not resulted
in many prescriptions for cannabis-based medicinal
products (CBMPs) within the National Health Service
(NHS). However, the public recognition of the medical
value of cannabis, coupled with many high-profile sto-
ries of patients receiving significant relief with CBMPs,
has created huge patient demand for these products.
Because of the inability of patients to access CBMPs
through their health care providers, they are increas-
ingly turning to over-the-counter cannabis-based
products. Since CBD is not a controlled drug in the
United Kingdom under the Misuse of Drugs Act or
subsequent regulations, CBD-based products have
thus become widely available, primarily in an oil for-
mat (often called cannabis or hemp oils), although
also in many food and beverage products. To remain
legally possessed, these products must not con-
tain the psychoactive and controlled chemicals A’-
tetrahydrocannabinol (THC) or cannabinol (CBN).
A recent survey in the United States suggests that
62% of CBD consumers are seeking relief of particular
symptoms or medical conditions, with the remaining
using CBD as a general wellness product.” The main
medical reasons people use CBD is for pain relief, as a
sleep aid, and to reduce anxiety and depression.” In
the United Kingdom, recent market research conducted
by the Centre for Medicinal Cannabis suggests that
there are 1.3 million regular CBD users.

Studies from other countries have cast doubt over
the quality of over-the-counter CBD products. In the
United States, a study of 84 CBD products found that
only 31% of products tested were accurately labeled
for CBD content (within 10% of advertised content),
and THC was detected in 18 of the samples with a
mean level of 0.45% (i.e., above regulated levels).® A
study in the Netherlands showed that only 5 of 46
products were within 10% of the labeled CBD content,
and the percent deviation ranged from 0% to 92%.” A
similar study in Italy showed that of 14 CBD oils tested,
only 5 were within 10% of the CBD labeled content."’
Twelve of the 14 CBD products in this study contained
THC, although mostly below 0.2%. CBN was also
detected in most samples, which is relevant for the
United Kingdom, where CBN is still a schedule 1 sub-
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stance. As CBN is an artifact formed by THC oxida-
tion, these data also suggest that there may have been
higher levels of THC present in these products at
some point.

Bonn-Miller et al.® found that CBD vape products
were the worst for mislabeling of the 84 CBD products
they tested. Another US study looked at nine different
CBD e-liquid products from a single manufacturer and
found that two of the products had THC and four con-
tained a potent CB; receptor agonist called 5-fluoro
MDMB-PINACA (5F-ADB) and one contained dex-
tromethorphan from the morphinan class of medica-
tions.'! In Utah, between 2017 and 2018, there were
52 cases of people who reported adverse reactions in
products labeled as CBD (73% of these were vape
products) that were inconsistent with CBD consump-
tion, including seizures, vomiting, confusion, and
hallucinations.'” Nine products were found to contain
a potent synthetic cannabinoid agonist (4-cyano
CUMYL-BUTINACA) but no CBD. Fifteen of the peo-
ple who experienced these adverse reactions were using
for medical reasons, which is especially worrying for
vulnerable populations.

Based on the increasing CBD consumption in the
United Kingdom, and the knowledge that these unreg-
ulated products are at best misleading and at worse,
pose a health risk, the aim of the present study was
to perform detailed analysis of over-the-counter CBD
oil products in the United Kingdom. We chose oil
products as this is the most common form of delivery
for UK consumers and profiled the full phytocannabi-
noid content of products, as well as other potential
contaminants including heavy metals and residual sol-
vents for a fuller safety profile.

Materials and Methods

Twenty-nine of the most popular CBD products avail-
able online and on the high street, from 27 different
suppliers were chosen for independent testing of can-
nabinoid content, heavy metals, and residual solvents.
All testing was completed in duplicate by a single lab-
oratory (PhytoVista Laboratories Ltd) who were
blinded to the source/supplier of the product. For can-
nabinoid sample preparation, 200 mg of sample was
weighed into a 25-mL volumetric flask. The sample
was dissolved and diluted with isopropyl alcohol before
sonicating, diluting to volume and filtered if required.
For residual solvent sample preparation, 200 mg of
sample was weighed into a 20-mL headspace vial.
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Five milliliters of dimethylformamide (headspace
grade) was added and the contents of the vial mixed.

For the detection of phytocannabinoids, high-
performance liquid chromatography with diode-array
detection was used (see Supplementary Fig. S1 for an
example chromatogram). For method validation, line-
arity was calculated across the working range of the
method, which shows good correlation with R? values
of 0.998 or above for each analyte. Precision was mea-
sured based on 30 replicate analyses across the linear
range, giving a percent relative standard deviation
(%RSD) of <1 for major components and 8.8 for minor
components. Separation was performed on a Waters
CORTECS C18 column (4.6 mm x 150 mm, 2.7 yum par-
ticle size) with a column oven temperature of 54°C,
using water and methanol for mobile phase A and B,
respectively, both with 0.1%v/v trifluoroacetic acid as
modifier. A flow rate of 0.7 mL/min was used, with ini-
tial conditions of 79%B with a 5-min hold, followed by
a linear gradient to 89.5% at 10 min, then to 100%B
over 1 min with a 5-min hold. Data were collected at
a wavelength of 226 nm and quantified against refer-
ence standards supplied by Cerilliant (Texas). Samples
were tested in duplicate with an acceptance criterion of
2% RSD between duplicates. A quality control CBD oil
sample was run with each analytical run, with a recov-
ery criterion of 98%-102%. Limits of quantification for
THC and CBN have been determined as 0.006 and
0.003%w/w, respectively.

For the detection of class 1 heavy metals, aliquots of
homogenized test sample were digested in a mixture of
nitric acid and hydrochloric acid using a high-pressure
microwave system. Quantification was performed by
inductively coupled plasma-mass spectrometry with
collision cell employing helium as collision gas. Quality
checks included blanks, spikes, and certified reference
material. All data were corrected for reagent blank
and spike recovery. The reporting limit was calculated
from 10 x standard deviation (SD) of reagent blank val-
ues adjusted for dilution and sample weight.

For the detection of residual solvents, samples
were tested by gas chromatography-flame ionization
detector with headspace sampler. The chromato-
graphic column used was a DB-624 (with dimensions
of 30mx0.32mm, 1.8 um film thickness) utilizing
hydrogen as carrier gas. Chromatographic conditions
used are detailed in the USP467 residual solvents
method. The headspace used an oven temperature of
80°C, with an equilibration time of 15 min and a loop
equilibration time of 0.2 min. The injection time used
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was 0.15min. The presence of detected solvents was
confirmed by gas chromatography-mass spectrometry
with electron ionization, using direct injection. The MS
was operated in SIM mode, monitoring for three ions
present from the analyte of interest.

Product-blinded data were collected, analyzed, and
figures generated using GraphPad Prism software.
Where appropriate, CBD data (nonparametric) were
compared by the Mann-Whitney test. Data are pre-
sented as scatterplots with mean+ SD.

Results

CBD content

The advertised versus the actual measured CBD
(and other phytocannabinoid) content of the 29 tested
products is presented in Supplementary Table S1 and
Figure 1. The mean advertised CBD content was 4.5%,
and the actual mean measured CBD content of product
was 3.2% (p=0.0534, Mann-Whitney test, Fig. 1B).
Only 11/29 (38%) products were within 10% of the
advertised CBD content, and 10/29 (34%) products
had <50% of the advertised CBD content. One product
had 0% CBD (Supplementary Table S1). The percent
deviation from the advertised CBD content ranged
from 0% to 155% and averaged at 76% (Fig. 1C and
Supplementary Table S1). This was improved if all
CBD-derived compounds (i.e., cannabidiolic acid
[CBDA], cannabidivarin [CBDV], and cannabidivarin
acid [CBDVA]) were included and added together (al-
though it is inappropriate to do so, suppliers may have
done s0), increasing the mean % CBD content (of all
CBD-related compounds) to 3.8% (cf. 3.2%). There
was a better correlation between the total CBD content
(ie., all CBD-derived compounds, R*=0.5520) or the
total phytocannabinoid content (R*=0.4818) with the
advertised CBD content than there was with the actual
CBD content (R*=0.4534) of products (Fig. 1D).

Other phytocannabinoids

Ten percent of the total cannabinoid content of prod-
ucts was other non-CBD phytocannabinoids, including
THC, tetrahydrocannabinolic acid (THCA), tetrahy-
drocannabivarin (THCV), cannabinol (CBN), canna-
bigerol (CBG), cannabigerolic acid (CBGA) and
cannabichromene (CBC) (Supplementary Table S1
and Fig. 2). The average ratio of CBD:other phytocan-
nabinoids was 15:1 (range 0-114:1). Of these phytocan-
nabinoids, the highest levels measured were of CBG
(mean content 0.05%) and CBC (mean content
0.04%). Fifty-five percent of products had measurable
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FIG. 1.

CBD measurements in 29 commercially available CBD oils. Products were tested for CBD-derived
compounds including CBD, CBDA, CBDV, and CBDA (A) and the actual versus the advertised mean content
compared (Mann-Whitney test, B). (C) The % deviation of products compared with the advertised CBD
content looking at CBD only and if all CBD compounds (CBD, CBDA, CBDV, and CBDVA) were considered.
(D) The correlation of the advertised CBD with the total phytocannabinoid content (red), total CBD content
(green), or CBD only content (black). Data are presented as scatterplots with mean +SD. CBD, cannabidiol;
CBDA, cannabidiolic acid; CBDV, cannabidivarin; CBDVA, cannabidivarin acid; SD, standard deviation.
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levels of THC (mean content of those with measurable
levels is 0.07%) or CBN (mean content of those with
measurable levels is 0.04%) and are thus technically
illegal to be possessed within the United Kingdom,
which has zero tolerance for any controlled substances
within CBD. The range of THC content was 0%-0.22%,
and the range of CBN content was 0%-0.12%.

Residual solvents and heavy metals

Our analysis included for the first time the range of
solvents (Fig. 3A) and heavy metals (Fig. 3B) measured
in UK CBD products (Supplementary Table S2). Three
of the 29 products had levels of n-pentane above
1.5ppm (11.7, 21.7, and 42.7 ppm). One product had
37,704 ppm of ethanol, and one product had an ethyl
acetate level of 103.8 ppm. Isopropanol levels of 56.4
and 424.3 ppm were found in two products, and hep-

tane (47.5ppm) was found in another. Cyclohexane
was found in one product (27.9 ppm). Small quantities
of lead (0.01-0.24 ppm) and arsenic (0.01-0.06 ppm)
were detected in some products. Cadmium and mer-
cury were not detected in any of the samples.

Discussion

Based on the knowledge that the quality of over-the-
counter CBD products has often been found to be
substandard in other countries, coupled with the
large increase in consumer use of over-the-counter
CBD products, we undertook an independent blinded
analysis of 29 CBD oil products available in the United
Kingdom. Our results are similar to those that have
been reported elsewhere, that is, the majority of prod-
ucts did not contain the amount of CBD advertised
on the labeling; the variation from the advertised
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FIG. 2. Phytocannabinoid measurements in 29
commercially available CBD oils. Products were
tested for phytocannabinoids other than CBD
including the controlled phytocannabinoids,
THC or CBN. Data are presented as a scatterplot
with mean £ SD. CBN, cannabinol; THC,
A®-tetrahydrocannabinol.

CBD content ranged from 0 to 155%. Additionally,
more than half of the products contained the controlled
substances THC and CBN. These data add to the accu-
mulating evidence that there needs to be increased reg-
ulation of CBD products to protect consumers.

Our analysis found that only 38% of products were
within 10% of the advertised CBD content and 34%
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of products had 50% or less of the advertised CBD con-
tent. This is very similar to what has been observed in
the United States (31% of products tested were within
10%®), the Netherlands (11% of products were within
10%°), and in Ttaly (36% of products were within 10%").
In the United Kingdom, patients are increasingly turn-
ing to over-the-counter cannabis-based products for
relief for self-treatable symptoms.7 However, over-
the-counter CBD is also used for relief from more
life-threatening disorders such as childhood epilepsy
because of the current inability to access CBD easily
through the NHS. The fact that so many available
CBD products do not contain the advertised amount
of CBD means that vulnerable consumers will not be
receiving the “dose” of CBD that they think they are
getting, probably leading to reduced or even no efficacy
of the products. This is particularly important consid-
ering that the doses in over-the-counter products are
already lower than used in CBD products being devel-
oped as registered medicines,”” and because of the
poor bioavailability of CBD.'* Negative experiences
with CBD products will also lead to a reduced public
perception of the usefulness of CBD products.
Currently in the United Kingdom, it is illegal for
CBD products to contain any controlled drug sub-
stances, which include THC and CBN. Our study
showed that 55% of products had measurable levels
of THC or CBN. THC was also detected in 21% of
US products® and in most products in Italy.'® This
has several implications for consumers. There could

Solvents

pg/ml (or ppm)

FIG. 3.

Solvent (A) and heavy metal (B) content (expressed in ug/mL or ppm) in the 29 commercially
available CBD oils analyzed in this study. Data are presented as scatterplots with mean = SD.
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be intoxicating effects of THC or side effects that are
attributable to THC, such as loss of memory, hallucina-
tions, or paranoia. However, this is unlikely given the
very low levels of THC in these products. However,
the presence of THC in CBD products could cause a
consumer to test positively for cannabis use (which is
based on THC metabolites), which could have sig-
nificant consequences for professionals, or those with
sports careers (CBD is increasing being used as an
aid to recovery in sports).

Almost all of the CBD products that were tested con-
tained other CBD-related products including CBDA
(mean 0.62%), CBDV (0.13%), and CBDVA (0.01%).
The biological effects of these CBD-related compounds
have overlapping features to that observed to CBD,
sometimes even with greater potency than CBD. For
example, CBDV has antiepileptic properties in rats,"’
and CBDA is a potent anti-nausea and anti-anxiety
agent in rats.'® All the CBD products also contained
non-CBD phytocannabinoids. In fact, 10% of the
total cannabinoid content of products was non-CBD
phytocannabinoids, including THC, THCA, THCV,
CBN, CBG, CBGA, and CBC. Of these, the highest con-
tents were of CBG (0.05%) and CBC (0.04%). Animal
studies suggest that both CBG and CBC have potential
therapeutic benefits in cachexia,'” neuroprotection,w’19
inflammation,”® and cancer.”’ Thus, the beneficial ef-
fects of over-the-counter CBD products may be partly
due to the additive or synergistic effects, or drug-drug
interactions, of other phytocannabinoids within these
products. For example, this has been demonstrated
with a combination of CBD and CBN in a pain model.*?
However, it should also be considered that we do not
know the impact (with regard to safety or efficacy) of
human consumption of larger amounts of these phyto-
cannabinoids than would normally be present in the
whole plant.

Our analysis included for the first time the range of
solvents and heavy metals in UK CBD products. The
percentage of solvents and heavy metals in all products
was below the permitted daily dose levels in pharma-
ceutical products according to the International Coun-
cil for Harmonisation guidelines, although above food
limit safety levels. Thus, our data suggest that the range
of solvents and heavy metals tested are not of concern
in these UK products, at least of those tested in this
analysis.

In conclusion, our data add to the accumulating ev-
idence that over-the-counter CBD products are often
mislabeled with respect to the total CBD content and
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contain many phytocannabinoids that are not always
labeled, including controlled drugs. This has signifi-
cant implications on vulnerable consumers using these
products with respect to efficacy, side effects, and drug
testing.
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CB1 = cannabinoid binding receptor 1
CBD = cannabidiol
CBDA = cannabidiolic acid
CBDV = cannabidivarin
CBDVA = cannabidivarin acid
CBMPs = cannabis-based medicinal products
CBN = cannabinol
EMEA = European Medicines Agency
FDA =Food and Drug Administration
GPR55 =G protein-coupled receptor 55
RSD = relative standard deviation
SD = standard deviation
THC = A’-tetrahydrocannabinol




