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Abstract
Introduction: CBD is a major phytocannabinoid in hemp (Cannabis sativa containing less than 0.3% THC). Hemp
cigarettes are a combustible form of hemp consisting of dried and smokable flowers, which represent 2% of the
overall CBD market, and the market is expected to grow. Combustion and pyrolysis of organic material are as-
sociated with the production of carbonyl compounds, which are known toxicants and are associated with ad-
verse health outcomes. Concentrations of carbonyl compounds in mainstream hemp cigarette smoke are
unknown.
Materials and Methods: We analyzed and compared carbonyl concentrations in the mainstream smoke pro-
duced by a hemp cigarette (Brand B), a premium hemp cigarette (Brand A), Marlboro Red tobacco cigarette,
and a research reference tobacco cigarette using high-performance liquid chromatography. We measured car-
bonyl concentrations in lg per puff and mg per cigarette. Carbonyls investigated were formaldehyde, acetalde-
hyde, acetone, acrolein, propionaldehyde, crotonaldehyde, 2-butanone, and butyraldehyde. Significance was
determined using Tukey’s test.
Results: We observed that Brand B had significantly higher butyraldehyde than any cigarette. No significant dif-
ferences were observed in crotonaldehyde concentration in the cigarettes. For the remaining carbonyls, Brand A
had consistently lower concentrations in mainstream smoke than tobacco cigarettes. Hemp cigarettes emit car-
bonyls in a lower concentration in lg/puff than tobacco cigarettes, but the magnitude of significance generally
decreases when normalized to mg/cigarette.
Conclusions: Smoke from hemp cigarettes contains carbonyls at biologically significant concentrations. Oppor-
tunities may exist to reduce carbonyl production in these products, and identified potential risks must be con-
sidered when balancing the harms and benefits of hemp cigarettes when used for therapeutic purposes.
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Introduction
CBD is a major phytocannabinoid in the plant Canna-
bis sativa. CBD has been observed to exhibit anticon-
vulsant, anxiolytic, anti-inflammatory, antipsychotic,
and neuroprotective properties.1–3 The legal landscape
around CBD has changed substantially in the past several
years. First, the Food & Drug Administration (FDA) ap-
proved oral plant-derived CBD for the treatment of se-
vere forms of childhood epilepsy (Lennox-Gastaut and
Dravet syndromes).4 As a result, CBD extracted from

Cannabis (containing < 0.1% THC) for specific use in
an FDA-approved drug is classified by the Drug Enforce-
ment Agency (DEA) as a schedule V substance, which is
defined as having the lowest abuse potential.5,6 Second, the
2018 Farm Bill, also known as the Agricultural Improve-
ment Act, excludes hemp, defined as Cannabis containing
< 0.3% THC on a dry weight basis, from DEA schedule I
(i.e., no medical indication).7 As a result of these changes
in the regulatory framework, it is expected that U.S. con-
sumer sales of CBD will reach $1.8 billion by 2022.8
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According to estimates from the Brightfield Group, CBD
sales are expected to increase as high as $22 billion world-
wide by 2022 with large chains such as CVS Pharmacy,
Walgreens, and Rite Aid selling these products.8

CBD is well tolerated with few serious side effects.9,10

Consumers are adopting the use of this cannabinoid for
a variety of reasons. In a survey assessing knowledge, at-
titudes, and use of CBD in 340 young adults, 55%
reported use of at least one type of CBD product primarily
for stress and pain relief, relaxation, and sleep improve-
ment.11 Edibles (*56%) were the most commonly used
products, followed by tinctures (*54%), vapes (*39%),
and topicals (*30%). In a self-selected convenience sam-
ple of individuals conducted from October 25, 2017 to
January 25, 2018 (n = 2409), 62% of respondents used
CBD to treat a medical condition (predominantly pain,
anxiety, and depression), while 38% used it for general
health and well-being.12 In this survey, the most common
form of administration was sublingual (tinctures), and
smoking was the fifth most common form after vaping,
oral capsules, and liquids. However, the oral bioavailabil-
ity of CBD is low.13 CBD total drug exposure and peak
serum concentrations are reached more quickly with
smoking/inhalation compared to oral/oromucosal routes,
the absolute concentrations of which are dose depen-
dent.14 These observations suggest that therapeutic effi-
cacy and titration of CBD drug effect may be enhanced
through inhalation.

Hemp cigarettes consisting of dried hemp flowers cur-
rently represent 2% of the overall CBD market but have
been suggested to be one its fastest growing segments.15,16

However, this product requires combustion before inha-
lation, which poses potential adverse health risks.
With combustible tobacco cigarettes, smoke contains
more than 4000 chemicals, including carcinogenic
and toxic carbonyl compounds such as formalde-
hyde.17,18 No previous publications exist regarding the
concentrations of carbonyls present in the smoke pro-
duced through the combustion of hemp cigarettes.

To advance our understanding of the potential health
risks of hemp cigarettes, concentrations of carbonyls in
smoke produced by two brands of hemp cigarettes, a
conventional cigarette, and a reference cigarette were
analyzed.

Materials and Methods
Overall study design
Selected carbonyl content in mainstream smoke of
two hemp cigarettes and two tobacco cigarettes was
analyzed. Carbonyls were derivatized in a solution of

2,4-dinitrophenylhydrazine (DNPH), and the subse-
quent hydrazones were analyzed using high performance
liquid chromatography with diode array detection
(HPLC-DAD).

Cigarette products and chemicals
Two brands of hemp cigarettes were purchased from
brick-and-mortar tobacco stores. The first brand, defined
herein as Brand A, was deemed a premium product
at *$2.50 per cigarette. Information regarding Brand
A was obtained from the cigarette carton, as well as the
product website. Brand A is the original blend of propri-
etary organic traditional smoking herbs in combination
with organic CBD hemp flower devoid of stems and
seeds. Each cigarette is noted to contain *1 g of material
with 90 mg of CBD. Finally, Brand A utilizes biodegrad-
able rolling paper and filters. The second brand, Brand B,
was *$0.65 per cigarette. Brand B’s product website de-
tails that the hemp cigarette is composed of U.S. grown
hemp and utilizes the aerial components (stalks, stems,
leaves, etc.) of the hemp plant. According to the website,
there is *50 mg of CBD per cigarette. Brand B utilizes
standard rolling paper; however, the filter has a star-
shaped cutout through the center of the filter decreasing
the integrity of the filter. Both brands boast third party
testing for their products, although Brand A did not
have a current report (expired September, 2019) and
Brand B did not have a properly functioning hyperlink
to their data.

In addition, two types of tobacco cigarettes were used.
Marlboro Red cigarettes were purchased from a local
convenience store at *$0.50 per cigarette and 1R6F ref-
erence cigarettes from Tobacco Laboratory Research at
the University of Kentucky (Lexington, KY).19 All ciga-
rettes tested were a standard king size of 84 mm.

Water with a resistance of 18.2 MO cm was generated
by the Barnstead (Los Angeles, CA) Nanopure Diamond
laboratory water purification system. Trizma� base
( > 99.9%) titration grade, HPLC grade acetonitrile
(ACN), tetrahydrofuran (THF), 2-propanol, and 85%
phosphoric acid, DNPH (97%), analytical standards of
dinitrophenylhydrazone carbonyls: formaldehyde, acet-
aldehyde, acetone, acrolein, propionaldehyde, crotonal-
dehyde, 2-butanone, and butyraldehyde were all
purchased from Millipore-Sigma (St. Louis, MO).

Sample preparation
The following sample preparation was based upon the
CORESTA Recommended Method No. 74 Determination
of Selected Carbonyls in Mainstream Cigarette Smoke by
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HPLC20 with the following modifications. Briefly, 55/45
(% v/v) ACN/water DNPH trapping solution was used
to aid in a greater solubility of DNPH.21 Twenty five
milliliters of DNPH trapping solution was split between
two impingers in series, and each sample consisted of
the smoke extract from a single cigarette. A schematic
of the carbonyl trapping apparatus is available in
the Supplementary Fig. S1. Each cigarette was run
in quadruplicate.

Cigarettes were smoked to the filter utilizing a Single
Cigarette Smoking Machine (SCSM-STEP; CH Tech-
nologies, Westwood, NJ) with two additional clearing
puffs, and the smoldering cigarette was removed
from the collection apparatus.22 The smoking regiment
implemented was the Health Canada Intense (HCI) re-
gime characterized by a puff duration of 2 sec, puff vol-
ume of 55 mL, and an interpuff interval of 30 sec.23

Ventilation holes were blocked with Tygon� tubing.
Flow of the program was checked at the beginning
of each experimental day using a flowmeter (TSI,
Inc., Shoreview, MN) to ensure proper functioning.

HPLC analysis
Ten carbonyl products were separated and quantified
using HPLC-DAD, utilizing several aspects of the
CORESTA No 74 method mentioned previously.
The system consisted of an Agilent (Santa Clara,
CA) 1260 Infinity II instrument equipped with an
InfinityLab Poroshell 120 EC-C18 100 mm · 3.0 mm ·
2.7 lm column and a corresponding InfinityLab Poros-
hell 120 EC-C18 5 mm guard column (Chrom Tech,
Inc., Apple Valley, MN). Column compartment was
held constant at 30�C,20 injection volume was 3.0 lL,
and flow rate was 0.8 mL/min. Mobile phase A consisted
of 30% ACN, 10% THF, and 1% 2-propanol in ultrapure
water. Mobile phase B consisted of 65% ACN, 1% THF,
and 1% 2-propanol in ultrapure water. The elution gra-
dient was: 0.0 min, 55% A; 2.8 min, 50% A, 7.1 min, 45%
A; 9.5 min, 40% A, 10.6 min, 35% A; 11.3 min, 25% A,
15.0 min, 10% A, method end at 16.0 min, 3.0 min post-
run. The detector was set at 365 nm.20 Representative
chromatograms are available in the Supplementary
Data: calibration standard, Supplementary Figure S2;
1R6F, Supplementary Figure S3; Brand A, Supplemen-
tary Figure S4, sample blank, Supplementary Figure S5.

Calibration curves
Eight point calibration curves were created according
to CORESTA No 7420 (Supplementary Fig. S6). Lower
limit of detection (LLOD) and lower limit of quantifica-

tion (LLOQ) were defined as LLOD = 3.0(Sy/m) and
LLOQ = 10(Sy/m), where Sy is the standard deviation
of the response and m is the slope of the calibration
curve. Linearity was represented by the coefficient of de-
termination (R2); all analytes showed excellent linearity.
R2, LLOD, and LLOQ values for each analyte are pre-
sented in Table 1.

Quality controls
Quality control (QC) samples were prepared by generat-
ing blank matrix samples and spiking with three different
concentrations for each analyte. Low, medium, and high
concentrations were *0.5, 1.0, and 1.5 times the expected
concentration of each carbonyl, respectively. Precision was
determined by percent relative standard deviation (%RSD)
within each day. Accuracy is determined through spike
recovery; dilution due to spike volume was accounted
for in calculations. Percent recovery is defined with the
following equation: [(measured concentration)/(nominal
concentration · dilution factor)] · 100, where dilution
factor is equivalent to: [(sample volume)/(sample vol-
ume + spike volume)]. Standards and QC samples
were run in triplicate on three consecutive days to de-
termine interday accuracy and precision (Supplemen-
tary Table S1). There is sample degradation past day 1,
emphasizing the importance of analyzing samples im-
mediately preceding generation. Recovery is generally
similar to recoveries reported in a collaborative study
compiled from 15 participating laboratories.24

Data analysis
Significance was determined by Tukey adjustments
for multiple comparisons; a p-value < 0.05 was con-
sidered significant in all cases. Formaldehyde and acetone
were detected in blank samples at low concentrations and
have been subtracted out of the data presented. Peak iden-
tities were confirmed with spiking. Carbonyl concentra-
tions were calculated in units of lg/puff (Table 2) and

Table 1. Calibration Curve Linearity and Values of Lower
Limit of Detection and Lower Limit of Quantification

Analyte R2 LLOD (lg/mL) LLOQ (lg/mL)

Formaldehyde 0.9999 0.024 0.079
Acetaldehyde 0.9999 0.243 0.809
Acetone 0.9999 0.056 0.187
Acrolein 0.9999 0.012 0.041
Propionaldehyde 0.9999 0.024 0.079
Crotonaldehyde 0.9999 0.050 0.166
2-butanone 0.9999 0.060 0.199
Butyraldehyde 0.9999 0.104 0.348

LLOD, lower limit of detection; LLOQ, lower limit of quantification.
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mg/cigarette (Supplementary Table S2). p-Values for pair-
wise comparisons in lg/puff are available in Supplemen-
tary Table S3.

Results and Discussion
Our results are consistent with previous publications
analyzing carbonyl content in smoke produced from
conventional and reference tobacco cigarettes using
the HCI regime.19,25–28 In all pairwise comparisons of
the Brand A cigarette, the smoke contained signifi-
cantly lower yields of acetaldehyde, acetone, propional-
dehyde, and 2-butanone (Figs. 1 and 2). With regards
to formaldehyde, the Brand A and B were not signifi-
cantly different from each other, but both significantly
differed from the Marlboro and reference cigarettes
(Fig. 2). Brand B had significantly more butyraldehyde
than any other cigarette tested (Fig. 2). The pairwise
comparisons between the two tobacco cigarettes never
significantly differed per puff. The results suggest that
product quality, defined here as cost per cigarette, has
potential to indicate trends in carbonyl output.

Significance in units of mg/cigarette differed slightly
(Supplementary Table S2); the magnitude of signifi-
cance in Brand A decreased in some carbonyl species
but remained nonetheless with the exception of acro-
lein, where in mg/cigarette no significant relationships
were identified. Broadly, differences between Brand B
and tobacco cigarettes were also accentuated. Finally,
Brand A had significantly more butyraldehyde than to-
bacco cigarettes in mg/cigarette. Butyraldehyde has
been previously observed to have higher titers in Can-
nabis than in tobacco cigarettes.29

Of note, Brand A cigarettes were rolled in an unbleached
biodegradable paper, while the Brand B, Marlboro, and
1R6F cigarettes all were wrapped in conventional rolling
paper. Differences in physical characteristics of manufac-
tured cigarettes such as cigarette length, paper type,
paper porosity, and filter have been shown to influence
mainstream smoke.30–32 The use of recycled, less-robust
wrapping may influence the quantity of carbonyls in
the smoke of the Brand A hemp cigarette. In addition,
Brand B had a star-shaped cutout through the center of
the filter, providing a pathway for unfiltered mainstream
smoke. Physical characteristics of the cigarettes may ac-
count for some of the variation in the measured quantities
of carbonyls detected in the smoke.

Available literature suggests that potentially thera-
peutic components (i.e., terpenoids) vary by hemp va-
riety, while rolling paper, filter, and additives used in
hemp cigarette manufacturing have the greatest impactTa
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on toxicant exposure. Studies have identified terpenoids
as the primary variable in Cannabis smoke across plant
varieties, presenting a 40-fold range of total terpenoid
content.33 In tobacco cigarettes, differences in filters,
which have been used to reduce harmful volatile constit-
uents in mainstream smoke, impact observed carbonyl
yields.34 In addition, fast-burning, bleached, and flavored
papers have been observed to contribute to higher levels
of aerosol toxicants.30 Formaldehyde is increased in cig-
arettes containing higher levels of sugar, and other car-
bonyls are formed by the pyrolysis of cellulosic and
other polysaccharide materials.35 Variation in filter, addi-
tives, and rolling paper may account for observed differ-
ences in carbonyls between the two hemp products.

Formaldehyde, acetaldehyde, acetone, acrolein, pro-
pionaldehyde, crotonaldehyde, and 2-butanone (methyl
ethyl ketone) are listed on the FDA’s list of ‘‘harmful
and potentially harmful constituents (HPHCs) in to-
bacco products and tobacco smoke’’ (Table 3).18 This
list includes any chemical or chemical compound in a
tobacco product or in tobacco smoke that is inhaled,
ingested, or absorbed into the body that causes or has
the potential to cause direct or indirect harm to product
users or nonusers.

We observed no significant differences between con-
centrations of crotonaldehyde, a carcinogen, in any
hemp and tobacco cigarettes (Fig. 2). A similar relation-

ship is seen with acrolein in mg/cigarette. In a neutral
red uptake assay for cytotoxicity acrolein, crotonalde-
hyde, and formaldehyde comprised 90% of the gas
vapor phase of reference cigarette toxicity.36 Despite
lower levels of carbonyls in a portion of hemp cigarettes,
they are still at biologically significant levels that can
cause oxidative stress and apoptosis; especially notable
is the delivery of a mixture of carbonyls producing syn-
ergistic apoptotic effects.37,38 Consumers elect to use
hemp cigarettes for their advertised therapeutic effects,
and our data suggest that inhaled products of combus-
tion and pyrolysis could potentially mitigate these ben-
eficial effects.

Longitudinal studies evaluating the carcinogenic po-
tential and other health hazards associated with hemp
cigarettes have not been conducted. However, compari-
sons can be made with combusted Cannabis for a similar
generic smoke profile. Although reports have not gener-
ated conclusive evidence to determine that smoking Can-
nabis causes cancer,39,40 biological plausibility exists for
cancer development. For example, Ghasemiesfe et al.39

observed low strength evidence with the development
of testicular germ cell cancer, and the Centers for Disease
Control and Prevention suggest that smoking Cannabis
may lead to an increased risk of stroke and heart disease.
With respect to lung health, Cannabis smoke causes
damage and scarring to small blood vessels.41

FIG. 1. Mainstream smoke concentrations (lg/puff) of acetaldehyde and acetone in reference cigarette
(1R6F), Marlboro, and of two brands of hemp cigarettes. Columns with vertical bars indicate the mean + SD
(n = 4); significance is expressed as **p £ 0.01 and ***p < 0.001.
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Our data emphasize the importance of understand-
ing the relative potential risks associated with different
forms of CBD delivery. Although clear evidence of med-
ical benefits of CBD has been demonstrated in a few dis-
eases such as Parkinson’s disease, seizures, and social
anxiety disorder,1,42–44 available studies indicate that
people instead use CBD to self-manage other physical
and psychiatric symptoms. In a survey of CBD users,
62% sought to treat a medical condition. Among these
respondents, 36% reported that CBD treated their con-
dition ‘‘very well by itself’’ or ‘‘moderately well by itself’’
for chronic pain, arthritis and/or joint pain, and anxi-
ety.12 Unclear dosing is a common issue, highlighted
by Wheeler et al. reporting that a minority of respon-
dents used a CBD product according to the label dose
recommendation and a mere 9.6% of users reported dis-
cussing CBD use with their health care provider.11

CBD may potentially be inhaled in less toxic forms
while exhibiting similar therapeutic effects. For example,
electronic nicotine delivery systems demonstrate lower
levels of formaldehyde and other carbonyls compared
to smoked conventional tobacco cigarettes.45–47 Simi-
lar findings of lower toxicant yields were identified in
a whole plant Cannabis vaporizer device48 and electronic
cigarette-like devices,49 termed electronic drug-delivery
systems (EDDS), compared to combusted whole plant
material. However, a report in 2017 stated that both
self-identified recreational cannabis and medicinal users
preferred to smoke Cannabis, but medicinal users were
much more likely to vaporize or consume it in food.50

Vaporized pure CBD has been shown to incite signifi-
cantly greater subjective drug effect, pleasant drug effect,
dry mouth, and throat irritated compared to oral CBD
and placebo.51 This indicates that aerosolizing or vaporiz-
ing hemp with an EDDS or vaporizer may provide a
lower-risk alternative to smoking hemp cigarettes with
similar efficacy, but this is yet to be supported by scientific
literature.

This study provides novel data regarding the carbonyl
concentrations in mainstream smoke from combusted
hemp cigarettes. Future studies should aim to provide
data regarding long-term smoking patterns for hemp cig-
arettes to determine an accurate exposure and risk assess-
ment over an extended period of product use. Only two
brands of hemp cigarettes were chosen, which does not
indicate the absolute carbonyl levels for hemp cigarettes.
To properly assess the relative risk of hemp cigarettes,
levels of metals, polycyclic aromatic hydrocarbons, vola-
tile organic compounds, and other HPHCs as identified
by the FDA18 should be measured. Future work should
characterize the deposition pattern of CBD delivery
along the respiratory path to determine efficacy. Other
CBD delivery devices should be tested for similar constit-
uents and relevant efficacy measurements to provide
consumers with the information required to make an in-
formed decision. Conventional cigarette manufacturing
is highly automated52,53; QC measures and regulation
should be developed for hemp-derived products.

Conclusion
Mainstream smoke from hemp cigarettes contains an
array of carbonyls in biologically concerning levels. How-
ever, brand may determine whether or not the smoke has
significantly lower concentration of carbonyls compared
to conventional tobacco cigarettes. Importantly, all
smoke samples contained easily detectable quantities of
carbonyls, solidifying the assertion that hemp cigarettes
are not risk free. A complete understanding of the risk
profile of CBD products should be understood before
recommending them for therapeutic purposes.

Author Disclosure Statement
J.O.E. is consultant to Nesmah. A.M.W. does not have
any competing financial interests.

Funding Information
This work is made possible through benefactor support
of the Inhaled Particle Aerosol Laboratory (IPAL) and
Community Internal Medicine at Mayo Clinic Roches-
ter, MN. Funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation
of the article.

Supplementary Material
Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3
Supplementary Figure S4

Table 3. Abbreviated Food & Drug Administration
List of Harmful and Potentially Harmful Constituents
in Tobacco Products and Tobacco Smoke

Carbonyl Carcinogen
Respiratory

toxicant
Cardiovascular

toxicant
Addictive

agent

Formaldehyde X X
Acetaldehyde X X X
Acetone X
Acrolein X X
Propionaldehyde X X
Crotonaldehyde X
2-butanone X X
Butyraldehyde
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Abbreviations Used
%RSD¼ percent relative standard deviation

ACN¼ acetonitrile
CBD¼ cannabidiol
DAD¼ diode array detection
DEA¼Drug Enforcement Agency

DNPH¼ 2,4-dinitrophenylhydrazine
EDDS¼ electronic drug-delivery systems

FDA¼ Food & Drug Administration
HCI¼Health Canada Intense

HPHC¼ harmful and potentially harmful constituent
HPLC¼ high performance liquid chromatography
LLOD¼ lower limit of detection
LLOQ¼ lower limit of quantification

m¼ slope
QC¼ quality control
R2¼ coefficient of determination

SCSM-STEP¼ single cigarette smoking machine
SD¼ standard deviation
Sy¼ standard deviation of the response

THC¼D9-tetrahydrocannabinol
THF¼ tetrahydrofuran
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