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ABSTRACT

The 2019 United States outbreak of E-cigarette (e-cig), or Vaping, Associated Acute Lung Injury (EVALI) has been linked to
presence of vitamin E acetate (VEA) in D8tetrahydrocannabinol (D8THC)-containing e-liquids, as supported by VEA detection in
patient biological samples. However, the pathogenesis of EVALI and the complex physicochemical properties of e-cig emissions
remain unclear, raising concerns on health risks of vaping. This study investigates the effect of D8THC/VEA e-liquids and e-cig
operational voltage on in vitro toxicity of e-cig aerosols. A novel E-cigExposure Generation System platform was used to generate
and characterize e-cig aerosols from a panel of D8THC/VEA or nicotine-based e-liquids at 3.7 or 5 V. Human lung Calu-3 cells and
THP-1 monocytes were exposed to cell culture media conditioned with collected e-cig aerosol condensate at doses of 85 and 257
puffs/m2 lung surface for 24 h, whereafter specific toxicological endpoints were assessed (including cytotoxicity, metabolic
activity, reactive oxygen species generation, apoptosis, and inflammatory cytokines). Higher concentrations of gaseous volatile
organic compounds were emitted from D8THC/VEA compared with nicotine-based e-liquids, especially at 5 V. Emitted PM2.5

concentrations in aerosol were higher for D8THC/VEA at 5 V and averagely for nicotine-based e-liquids at 3.7 V. Overall, aerosols
from nicotine-based e-liquids showed higher bioactivity than D8THC/VEA aerosols in THP-1 cells, with no apparent differences
in Calu-3 cells. Importantly, presence of VEA in D8THC and menthol flavoring in nicotine-based e-liquids increased cytotoxicity
of aerosols across both cell lines, especially at 5 V. This study systematically investigates the physicochemical and toxicological
properties of a model of D8THC/VEA and nicotine e-cigarette condensate exposure demonstrating that pyrolysis of these
mixtures can generate hazardous toxicants whose synergistic actions potentially drive acute lung injury upon inhalation.

Key words: EVALI e-cigs vaping acute lung injury; e-cigs aerosols nanoparticles; e-cigs aerosols ultrafine particles;
e-cigs aerosol lung toxicity; e-cigs aerosols respiratory effects.
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The “E-cigarette (e-cig), or Vaping, Associated Acute Lung Injury”
or EVALI outbreak started in the United States in July 2019 and
lasted until February 18, 2020, when the Centers for Disease
Control and Prevention (CDC) ended case reporting as the SARS-
COV-2 pandemic arose in the United States. The outbreak led to
2807 hospitalizations, including 68 deaths. The EVALI outbreak
raised public health concerns on the health risks associated with
vaping, especially among the younger population (CDC, 2020). Due
to the heterogeneity of clinical signs and symptoms that accom-
pany the alveolar damage and hypoxemia, the diagnosis of EVALI
is made by excluding any other possible cause of acute lung injury,
such as infection or alternative diagnosis, in patients that used e-
cigs in the 90 days before the onset of the symptoms, and pre-
sented with pulmonary infiltrates on chest radiograph or ground-
glass opacities on chest computed tomography (CDC, 2019). The
analysis performed on biological samples of EVALI patients, such
as bronchoalveolar lavage (BAL) (Blount et al., 2019; Taylor et al.,
2019), and e-cig products, including vaping devices, e-liquids, pack-
aging, or other documentation (FDA, 2020), showed that the pri-
mary e-liquid constituents were D9tetrahydrocannabinol (D9THC)
and vitamin E acetate (VEA) (Blount et al., 2020; Duffy et al., 2020;
FDA, 2020; Muthumalage et al., 2020a; Taylor et al., 2019), whereas
nicotine vaping alone was found only in a small percentage of
cases (Blount et al., 2020; FDA, 2020; Taylor et al., 2019).

From the limited investigations on the e-cigs provided by
EVALI patients, there was clearly a substantial difference between
the marijuana medical products (MMP) and the EVALI cartridges.
Although the conventional MMP contained D9THC 80%–90% þ
Terpenes 10%–20%, the EVALI cartridges contained <50% D9THC,
due to increased D8THC, leading to an unusual ratio of D9THC/
D8THC isomers. Additional numerous other chemicals, including
VEA in a concentration range of 16%–88% (most commonly
16%–58%) or medium-chain triglyceride (MCT, concentration
range 3%–24%) (Duffy et al., 2020; FDA, 2020; Muthumalage et al.,
2020a), pesticide residues, terpenes, manufacturing/pesticides/
automotive chemicals (eg, n-butane, benzene, xylene, pentane,
etc.), solvents (eg, ethanol, acetone, ethylbenzene, toluene, etc.),
PCP-polycaprolactone/household chemicals (eg, methacrolein,
acetaldehyde, etc.), other toxic compounds (eg, acrolein, penta-
diene compounds, hexane compounds, methyl vinyl ketone,
etc.), and elements included Si, Cu, Ni, and Pb (Muthumalage
et al., 2020a), were unexpectedly present.

To date, efforts have focused on characterizing vaping emis-
sions from nicotine-based e-liquids either physicochemically or
toxicologically (Zhao et al., 2016, 2018a), whereas the literature
regarding D8THC/VEA-based e-liquids is very scarce. Hence, the
causative agent or mechanism underlying EVALI is still un-
known. Indeed, the majority of studies focused only on the
physicochemical characterization (Jiang et al., 2020; Lanzarotta
et al., 2020; Meehan-Atrash et al., 2019; Mikheev et al., 2020) or bi-
ological in vivo/in vitro assessment (Bhat et al., 2020; Jiang et al.,
2020; Matsumoto et al., 2020; Muthumalage et al., 2020b;
Muthumalage and Rahman, 2019) of e-liquids or aerosols gener-
ated from a single e-liquid compound (ie, THC or VEA or other
additives), which is not representative of e-liquids used by e-cig
consumers.

The physical, chemical, and toxicological properties of e-cig
emissions depend on many variables, consisting of e-liquid
composition, device type (coil material, power supply, voltage,
temperature), and puffing topography (CDC U.S. Department of
Health and Human Services 2016; Zhao et al., 2016, 2018a,b).
However, due to the lack of regulations on the manufacturing
and commercialization of e-cigs, the e-liquids and devices are
widely customizable, causing the generation of a variety of

chemical mixtures in the e-cig aerosols, in which the toxic com-
ponents can potentially exert synergistic effects in the develop-
ment of the EVALI syndrome.

The novel E-cig-Exposure Generation System (E-cig-EGS)
platform was used to perform a systematic investigation of
aerosols generated from combinations of D8THC/VEA/terpenes at
various real-world concentrations, compared with nicotine-based
e-liquids, linking the generation parameters to physicochemical
properties of aerosols, using state-of-the-art analytical methods.
Consequently, the biological and toxicological assessment of each
sampled aerosol was performed using 2 physiologically relevant
cell lines, Calu-3 epithelial cells, and THP-1 monocyte, which
represent the first line of defense in the airways against particle
and toxicants released in the e-cig aerosols, and thus are more
involved in the pathogenesis of acute lung injury. Several
important endpoints were analyzed for understanding mecha-
nisms of toxicity (eg, cell viability, reactive oxygen species (ROS)
generation, mitochondrial dysfunction, activation of caspase-3,
and release of pro- and anti-inflammatory biomarkers).

Although the most psychoactive cannabis derivate is D9THC,
due to federal restrictions on research-use of cannabis products,
this study tested D8THC as a surrogate of D9THC. Although
chemically the 2 are close, their toxicological profiles may differ.
Moreover, the fact that D8THC escapes the FDA and other poten-
tial state regulations, by being manufactured from legal hemp-
derived cannabidiol (CBD), increases its popularity and use es-
pecially in e-liquids, even though they have not been evaluated
or approved by the FDA for safe use in any circumstance (NIDA,
2021, September 20).

This study is among the first to systematically investigate
the physicochemical properties and cellular toxicity of D8THC/
VEA and nicotine aerosols, with the goal of understanding and
quantifying the risks of exposure to e-cig emissions, and more
importantly, elucidating the mechanistic aspects driving the de-
velopment of EVALI.

MATERIALS AND METHODS

E-cig Cartridges and E-liquids
The D8THC/VEA e-cigs were prepared using the following mate-
rials: CCell cartridge 510 thread (1 ml) (Hamilton Devices,
Sacramento, California), D8THC, (þ/�)-A-tocopherol acetate
(VEA) (cat. no. T3376-100G, Sigma-Aldrich), lab-prepared mix-
ture of terpenes (Terp) containing an equal concentration of
myrcene (cat. no. W276212-100G-K, Sigma-Aldrich), caryophyl-
lene (cat. no. 22075-5ML-F, Sigma-Aldrich), limonene (cat. no.
183164-100ML, Sigma-Aldrich), and pinene (cat. no. CRM40339,
Sigma-Aldrich).

The nicotine-based e-cigs were prepared using the following
materials: KangerTech refillable cartridges T3S series clear car-
tomizer 1.8 ohm (Rock Bottom Vapes, LLC, Longwood, Florida),
nicotine (cat. no. 470301-868, VWR), propylene glycol (PG) high
purity (cat. no. 97061-956, VWR), glycerol (vegetable glycerin,
VG), lab reagent (cat. no. BDH1172-1LP, VWR), and menthol (cat.
no. 470301-734, VWR).

The refillable cartridges were filled with 0.8 ml of e-liquid
composed of a combination of D8THC/VEA/Terp (4 D8THC/VEA
e-cigs) or nicotine/PG/VG/menthol (3 nicotine-based e-cigs) in
varying proportions and were operated at e-cig operating voltage
3.7 or 5 V, as listed in Supplementary Table 1. All the D8THC/VEA
and nicotine-based e-liquid constituents and cartridges were pre-
pared and kindly provided by Jeff Rawson PhD, Postdoctoral
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Fellow from the Whitesides Laboratory, Department of Chemistry
and Chemical Biology, Harvard University.

E-cig Exposure Generation System
The recent E-cig-EGS platform developed by the authors was
used to generate real-world e-cig aerosol exposures for real-
time monitoring and detailed physicochemical and toxicologi-
cal characterization, as shown in Figure 1 (Zhao et al., 2016).
Briefly, a fully programmable single-port e-cig generator (ECAG;
e_Aerosols LLC, Central Valley, New York) was connected to the
desired e-cig cartridge to generate exposures under precisely
controlled puffing patterns and operational voltage. The gener-
ated e-cig aerosol was mixed and diluted with HEPA-filtered
and activated charcoal-filtered ambient air in a 7-l cylindrical
environmental chamber. The residence time of the aerosol in
the chamber was set to 60 s to mimic lung “washout time” dur-
ing active vaping in e-cig users (Invernizzi et al., 2007). The tem-
perature and relative humidity of the chamber was controlled
at 24�C and 90% respectively. The E-cig-EGS was connected with
real-time and time-integrated monitoring and sampling instru-
mentation for physicochemical and toxicological characteriza-
tion (Demokritou et al., 2004; Pal et al., 2015).

The E-cig-EGS was connected to the prefilled cartridge as de-
scribed previously. A modified puffing protocol was applied,
with a puff volume of 55 ml, puff duration of 4 s, and an interval
of 30 s between consecutive puffs, reflecting real-world e-cig
consumer behaviors (Farsalinos et al., 2013a; Zhao et al., 2016;
2018a).

Real-Time Monitoring of E-Cig Emissions
After aerosol mixing in the environmental chamber, the re-
leased particulate matter (PM) number concentration in the e-
cig aerosol and its number-size distribution were simulta-
neously monitored. A scanning mobility particle sizer spec-
trometer (NanoScan SMPS, Model 3910; TSI Inc., Shoreview,
Minnesota) was used to measure nano-PNC as a function of mo-
bility particle diameter (MPD) in the range of 10–420 nm. An
aerodynamic particle sizer spectrometer (APS, Model 3321; TSI
Inc.) was used to measure PNC as a function of APD in the range
of 0.5–20mm. For both SMPS and APS, the intersample duration
was set to 60 s, the same as the aerosol residence time in the en-
vironmental chamber.

In addition, the gaseous byproducts in the e-cig aerosol (CO
and CO2) and the environmental conditions (temperature and rel-
ative humidity) in the chamber were monitored using Q-Trak
Indoor Air Quality (IAQ) Monitor (Model 8551, TSI Inc.) every 1 min.
The total volatile organic compound (tVOC) levels were also mea-
sured using a photoionization detector sensor (TG-502 probe,
GrayWolf Sensing Solutions, Shelton, Connecticut), equipped with
a sensitive ppb-level probe, with a sample collected every 10 s.
Background measurements of each parameter were collected for
at least 2 min before the beginning of each aerosol generation/
sampling experiment to ensure a stable, clean background. Real-
time monitoring of e-cig emissions was assessed for a total of
10 min after the start of the puffing protocol.

Sampling of e-cig emissions. After 10 min of real-time monitoring
following the initiation of the puffing protocol, the e-cig aerosol
from the environmental chamber was bubbled through a
fritted-head impinger (porosity A [145–174 mm] tip: Ace Glass
Inc., Vineland, New Jersey) containing 20 ml of cell culture me-
dium, either Eagle’s minimum essential medium (EMEM,
American Type Culture Collection, ATCC, Rockville, Maryland)
or Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco

BRL, Rockville, Maryland) for subsequent in vitro toxicological
characterization. The impinger sampling flow rate was set to
0.2 l/min and the sampling duration was 30 min. Immediately
following sampling, the culture media were aliquoted in 15 ml
falcon tubes and stored at 4�C until cell exposure.

In addition, the generated PM in the e-cig aerosol was size
fractionated and sampled using the 30 l/min Harvard Compact
Cascade Impactor (CCI) (Demokritou et al., 2004) and character-
ized for mass concentration as a function of size by gravimetric
analysis. Three substrates (Teflon filter for PM0.1 and polyure-
thane foams [PUF] for PM0.1–2.5 and PM>2.5 size fractions) were
used to sample PM in the CCI. Before and after sampling, the
PUFs and Teflon filters were weighed using a Mettler Toledo
XPE analytical microbalance (Mettler-Toledo LLC, Columbus,
Ohio, USA). The weight difference was calculated and normal-
ized to determine the average PM mass concentration (mg/m3)
corresponding to each size fraction in the e-cig aerosol.

Cell Culture and Exposure
Human lung epithelial cell line Calu-3 and human peripheral
blood monocytes THP-1 cells, (ATCC), were cultured in Eagle’s
EMEM medium (ATCC) and Roswell Park Memorial Institute
(RPMI) 1640 Medium (Gibco BRL), respectively, supplemented
with 10% fetal bovine serum, 100 U/ml of penicillin G and
100 mg/ml streptomycin and grown at 37�C in 5% CO2.

Cells (passage number between 2 and 8) were seeded in 96-
well plates at a density of 0.5 � 106 cells/ml in 100 ml growth me-
dium for a single well and exposed for 24 h. Both cell lines were
exposed to 2 doses of the conditioned cell culture media gener-
ated with 85 and 257 puffs/m2 of e-cig aerosol for the basic cyto-
toxicity assays, whereas the higher dose was administered for
the acute inflammatory biomarker assessment (see below on
dose justification). Untreated cells were used as a negative con-
trol. Conventional cigarette smoke sampled in the appropriate
cell culture medium was used as a comparator in all cellular
toxicological experiments. The smoke generated from an entire
cigarette was bubbled directly into the impinger containing
20 ml of EMEM or RPMI medium, connected to a pump with a
flow rate of 0.2 l/min (Supplementary Figure 1). The schematic
for cigarette smoke sampling methodology is shown in
Supplementary Figure 1. All cellular exposures were done using
3 independent biological samples and 3 technical replicates.

Cellular dose justification. The exposures in this study were large
bolus doses of conditioned media generated with 85 and 257
puffs/m2 of e-cig aerosol for 24 h. These doses were selected to
mimic 1 and 3 months of vaping and were calculated based on
the approximate number of puffs reported by e-cig users: 13
puffs/vaping session (Farsalinos et al., 2013b) or 120–180 puffs/
day (Etter and Bullen, 2011; Kosmider et al., 2018; Tackett et al.,
2015). The average of 200 puffs/day was normalized on the total
exposure area of lung epithelial cells in an adult, which is 70 m2.
The resulting 2.85 puffs/m2/day represents the number of puffs
that reaches each square meter area of lung surface each day,
in an adult that vapes 200 puffs/day. Then we calculated the
number of puffs vaped over a period of 30 and 90 days (1 and
3 months), which resulted in 6000 and 18 000 puffs, respectively.
Thus, the target cellular exposure concentrations corresponding
to 1 month and 3 months of vaping were calculated to be 85 and
257 puffs/m2, respectively (eg 2.85 puffs/m2 � 30 days ¼ 85.5
puffs/m2 which is equal to 6000 puffs in 30 days/70 m2 ¼ 85.7
puffs/m2). Subsequently, the volume of stock solution to be ad-
ministered in bolus for 24 h was determined based on the e-cig
aerosol concentration (units of puffs/ml) in the stock solution
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and the cell surface area. For more details on the cellular expo-
sure dose calculations, please refer to the Supplementary
Information.

Cell Viability Assay
Lactate dehydrogenase (LDH) released in the supernatant of
Calu-3 and THP-1 cells treated for 24 h in a 96-well plate was
used to assess the cell viability and measured using the Pierce
LDH assay kit (cat. no. 88953, ThermoFisher Scientific,
Waltham, Massachusetts) according to manufacturer’s instruc-
tions. The absorbance was measured spectrophotometrically at
a wavelength of 490 and 680 nm. Percent cytotoxicity was calcu-
lated by normalizing LDH activity of the treatments based on
the maximum activity induced by the positive control, as de-
scribed previously (Singh et al., 2022).

Metabolic Activity Assay
PrestoBlue HS cell viability reagent (cat. no. P50201,
ThermoFisher Scientific) was used according to the manufac-
turer’s instructions to assess the cellular metabolic activity.
Fluorescence was measured at 560 nm (excitation)/590 nm
(emission). Percent metabolic activity was normalized to the re-
sponse from the negative control (untreated cells) assigned as
100%, as described previously (Singh et al., 2022).

Oxidative Stress/Reactive Oxygen Species Assay
ROS analysis was performed after 6 h treatment in a 96-well
plate, using CellROX green reagent (cat. no. C10444,
ThermoFisher-Scientific) according to the manufacturer’s

instructions. Fluorescence was measured at 480 nm (excitation)/
520 nm (emission). Percent ROS generation was normalized to
the maximum ROS generation induced by the positive control
assigned as 100%, as published previously (Singh et al., 2022).

Mitochondrial Membrane Potential Assay
Mitochondrial membrane potential (DWm) was measured after
24 h treatment of Calu-3, using JC-1 Mitochondrial Membrane
Potential Detection Kit (cat. no. 30001, Biotium Inc., Fremont,
California), according to the manufacturer’s instructions. Calu-3
cells were exposed in a 96-well plate containing 100 ml/well of
cell culture medium. Cells treated with carbonyl cyanide 3-
chlorophenylhydrazone 0.1 mM for 30 min at 37�C were used as
a positive control. Briefly, after 24 h exposure, the cell culture
medium was removed, replaced with 100 ll of JC-1 reagent
working solution, and plates were incubated in a 37�C cell cul-
ture incubator for 15 min. The supernatant was removed, and
cells were then washed once with 200 ll PBS. Red and green
fluorescence were measured at 550 nm (excitation)/660 nm
(emission), and 485 nm (excitation)/535 nm (emission), respec-
tively, using a fluorescence microplate reader. To calculate the
DWm, the ratio of red/green fluorescence was measured: the ra-
tio is decreased in dead and apoptotic cells compared with
healthy cells. Percent DWm was normalized to the response
from the negative control (untreated cells) assigned as 100%.

Caspase-3 Activation Assay
Caspase-3 DEVD-R110 Fluorometric HTS Assay Kit (Biotium Inc.,
Fremont, California) was used to detect the activation of

Figure 1. Schematic of the E-cig-Exposure Generation System (E-cig-EGS). E-cig-EGS (adapted from Zhao et al., 2016) for the generation, monitoring, sampling, and de-

tailed physicochemical and toxicological characterization of real-world e-cig emissions.
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Caspase-3 in treated Calu-3 cells, according to the manufac-
turer’s instructions. Calu-3 cells were exposed in a 96-well plate
containing 100 ml/well of cell culture medium. Cells treated with
staurosporine 2 mM for 2 h at 37�C were used as a positive con-
trol. Briefly, after 24 h exposure, 100 ml/well of assay buffer, con-
taining enzyme-substrate (acDEVD)2 R110 (2 mM) and cell lysis/
assay buffer at a ratio of 50 ml substrate per 1 ml buffer, was
added to each well, the plate was incubated for 30 min and fluo-
rescence was measured at 470 nm (excitation)/520 nm (emis-
sion). Percent caspase-3 activation was normalized to the
response from the negative control (untreated cells) assigned as
100%.

Inflammatory Response Assessment
The supernatants from Calu-3 cells exposed to the higher dose
representative of 257 puffs/m2 (3 months) were collected after
24 h exposure and shipped in dry ice for cytokine and chemo-
kine assessment using the Human Cytokine Array/Chemokine
Array 48-Plex (HD48) assay (Eve Technologies, Calgary, Alberta).
The samples were prepared according to Eve Technologies pro-
tocol, as previously described (Singh et al., 2022). The total con-
centration of cytokines/chemokines released was normalized to
the number of cells and the negative control.

Statistical Analysis
The real-time aerosol characteristics (PNC and size distribu-
tions) were averaged across the consecutive measurements col-
lected after reaching a steady state. Aerosol data analysis was
performed in the TSI Aerosol Instrument Manager Software
(AIM, v9.0) and average PNC and relevant aerosol size statistics
(median, mode, geometric mean, and geometric standard devia-
tion) were reported for each vaping atmosphere. All the cellular
experiments were performed using 3 independent biological
samples and each test was conducted in 3 technical triplicates.

Statistical analyses for all real-time and toxicological data
were performed on GraphPad Prism using 2-way ANOVA tests
and corrected for multiple comparisons: Dunnett’s test was
used to compare e-cig liquid composition versus baseline
(D8THC 80%/VEA 20% for real-time data or negative/positive
control for toxicological data); Sidak’s test was used to compare
3.7 versus 5 V for real-time data and 85 versus 257 puffs/m2 (1 vs
3 months) for toxicological data.

RESULTS
Real-Time Characterization of Released Aerosol PM

Figure 2 and Supplementary Figure 2 show the aerosol PNC as a
function of size (in the nano to micron regime) in the e-cig aero-
sol generated from D8THC/VEA- and nicotine-based e-cigs, re-
spectively, after reaching steady-state condition (approximately
1 min after initiation of the puffing protocol, irrespective of e-
liquid type or operational voltage). Supplementary Table 2 sum-
marizes the tPNC and the mean and modal aerosol sizes (along
with standard deviations) at steady state during the e-cig aero-
sol generation from each e-liquid composition at the specified
operational voltage, as measured using the APS (aerodynamic
diameter range 0.5–20 mm) and SMPS (mobility diameter range
10–420 nm) instrumentation. In more detail in the following
sections.

D8THC/VEA-Based E-Liquids
For the 4 different D8THC/VEA e-liquid compositions (corre-
sponding to VEA 0%—27%—54%—100%), the nano-PNC in the

e-cig aerosol varied (between 4.7 � 106 and 8.6 � 106 particles/
cm3) across the 2 operational voltage, and the mean aerosol
MPD ranged between 115 and 212 nm (Figure 2 and
Supplementary Table 2). The micro-PNC was between 3364 and
7865 particles/cm3, whereas the mean APD remained between
1.25 and 1.43 mm.

Effect of e-liquid composition. The tPNC for both size ranges was
sensitive to e-liquid composition (ie, VEA concentration), with-
out any apparent specific trend (Figure 2 and Supplementary
Figure 2). For instance, at operational voltage 3.7 V, increasing
the e-liquid VEA concentration from 0% to 27% raised the nano-
PNC (from 5.9 � 106 to 7.7 � 106 particles/cm3), followed by de-
crease to 5.3 � 106 particles/cm3 at VEA 54% and subsequent in-
crease to 7.0 � 106 particles/cm3 at VEA 100%. Similarly, the
micro-PNC initially decreased from 4076 particles/cm3 at VEA
0% to 3364 particles/cm3 at VEA 27%, subsequently increased to
7414 particles/cm3 at VEA 54% and marginally decreased to 6982
particles/cm3 at VEA 100%. Similar fluctuations in PNC with e-
liquid composition were also observed at the higher operational
voltage 5 V: the nano-PNC steadily increased with increasing
VEA concentration, starting from 4.7 � 106 particles/cm3 at VEA
27%, to 6.3 � 106 particles/cm3 at VEA 54%, and finally 8.6 � 106

particles/cm3 at VEA 100%. At the same voltage, the micro-PNC
initially climbed from 6836 particles/cm3 at VEA 27% to 7856
particles/cm3 at VEA 54%, but then declined significantly to
3783 particles/cm3 at VEA 100%. The VEA concentration’s effect
on the average nanoparticle size was also apparent for both op-
erational voltages, whereas the micron-sized particle number-
size distributions remained relatively similar across the differ-
ent compositions (Supplementary Figure 3). For instance, at
3.7 V, the e-liquid with VEA 27% had a significantly different
nanoparticle size distribution (mean MPD: 126 nm) compared
with the other compositions (mean MPD: 183–212 nm). At 5 V,
the e-liquid with VEA 100% differed significantly (mean MPD:
115 nm) from the remaining compositions (mean MPD: 186–
200 nm).

Effect of operating voltage. As is evident from Figure 2, the PNC for
both size ranges and the nanoparticle size distribution (10–
420 nm) were also dependent on the operational voltage uti-
lized. Increasing operational voltage from 3.7 to 5 V increased
the nano-PNC for e-liquids with VEA 54% (from 5.3 � 106 to 6.3 �
106 particles/cm3) and VEA 100% (from 7.0 � 106 to 8.6 � 106 par-
ticles/cm3) but decreased for VEA 27% (from 7.7 � 106 to 4.7 �
106 particles/cm3). Similarly, the voltage increase raised micro-
PNC for VEA 27% (from 3364 to 6836 particles/cm3) and VEA 54%
(from 7414 to 7856 particles/cm3), but significantly reduced
them for VEA 100% (from 6982 to 3783 particles/cm3). The nano-
particle number-size distribution remained relatively the same
across the 2 operational voltages for VEA 54% composition
(mean MPD: 183–200 nm) but significantly shifted for the VEA
27% and VEA 100% compositions with operational voltage
change. For VEA 27%, the nanoparticle size distribution shifted
toward larger sizes at the higher voltage (mean MPD: from
126 nm at 3.7 V to 186 nm at 5 V), whereas for VEA 100%, it
shifted toward smaller sizes with the increase in voltage (mean
MPD: from 193 nm at 3.7 V to 115 nm at 5 V).

Nicotine-Based E-Liquids
For the 3 different nicotine-based e-liquid compositions (corre-
sponding to Nic 2%–5%, Nic 5% þ Menthol 2%), the released
nano-PNC was in the range of (5.2–9.2) � 106 particles/cm3 and
the mean MPD remained between 110 and 125 nm, across the
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Figure 2. The total article number concentration and size distribution depend on both e-liquid composition and operational voltage. Comparison of number concentra-

tion, mean, and mode of particles generated from the 4 different THC-based e-liquid combinations, generated at 3.7 versus 5 V. (A, C, E, G) mobility diameter range of

10–420 nm; (B, D, F, H) aerodynamic diameter range of 0.5–20 mm. Aerosol measurements were taken every 60 s for a period of 10 min for both APS and SMPS, and then

the average of the consecutive readings of particle number concentration and mean/modal aerosol size was calculated. Thus the N was at least 10 for both

measurements.
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2 operational voltages (Supplementary Figure 2 and Table 2).
The micro-PNC varied between 4052 and 7048 particles/cm3,
and the mean APD remained relatively constant in the range of
1.25–1.31 mm.

Effect of e-liquid composition. Both the nano- and micro-tPNC were
affected by the nicotine/menthol content in the e-liquid for a
given operational voltage, whereas the aerosol size distribution
and the mean aerosol size in both size regimes remained rela-
tively the same across the different compositions
(Supplementary Figs. 2 and 4). At operational voltage 3.7 V, the
nano-PNC marginally decreased with nicotine content increase,
from 9.2 � 106 particles/cm3 at Nic 2% to 8.6 � 106 particles/cm3

at Nic 5%, whereas the micro-PNC increased from 6178 to 6890
particles/cm3. The addition of menthol 2% to Nic 5% e-liquid
(same voltage) further decreased both the nano-PNC to 6.4 � 106

particles/cm3 and the micro-PNC to 4052 particles/cm3.

Effect of operating voltage. The effect of operational voltage (3.7 vs
5 V) was assessed for one of the nicotine-based e-liquids (Nic 5%
þ menthol 2%). Both nano- and micron-PNC were sensitive to
operational voltage utilized, but not the aerosol number-size
distributions (Supplementary Figure 2). Nano-PNC decreased
slightly with increasing operational voltage, from 6.4 � 106 par-
ticles/cm3 at 3.7 V to 5.2 � 106 particles/cm3 at 5 V, whereas
micro-PNC rose steeply from 4052 particles/cm3 at 3.7 V to 7048
particles/cm3 at 5 V.

Real-Time Monitoring of Released Gaseous VOCs

Figures 3A–C show the real-time evolution of the total gaseous
VOCs’ concentration (tVOCs, ppm levels) released in the e-cig
aerosol for all the different vaping atmospheres generated, for
the first 10 min after the start of the puffing protocol. The con-
centration of tVOCs increased linearly or exponentially (sigmoi-
dal or S-shaped growth curve) with time, depending on the
e-liquid composition and the operational voltage. In more detail
in the following sections.

D8THC/VEA-Based E-Liquids
The maximum tVOC concentration observed at the end of
10 min varied widely between the various vaping atmospheres
generated from D8THC/VEA-based e-cigs (range: 0.173–
24.5 ppm), depending on both e-liquids VEA concentration and
operational voltage (Figs. 3A and 3B).

Effect of e-liquid composition. VEA concentration significantly af-
fected the peak tVOC concentration for a given operational volt-
age, but without a definite correlation. At 3.7 V, the maximum
tVOC concentration was achieved by VEA 27% (3.1 ppm), fol-
lowed by VEA 0% (0.638 ppm), VEA 100% (0.327 ppm), and VEA
54% (0.173 ppm). At 5 V, the e-liquid with the highest tVOC con-
centration was VEA 100% (24.5 ppm), followed by VEA 27%
(3.5 ppm) and VEA 54% (1.5 ppm).

Effect of operating voltage. Increasing the operational voltage from
3.7 to 5 V seemed to affect the tVOC evolution curve over time
and increase the peak released tVOC concentration for all e-liq-
uid compositions. Whereas the tVOC growth curve mostly
remained linear at 3.7 V, it was exponential with a sigmoidal
growth at 5 V with concentrations plateauing close to the 10-
min mark. The most dramatic rise in tVOC concentration with
the voltage increase was observed for VEA 100% (from 0.327 to
24.5 ppm, 75-fold increase), followed by VEA 54% (from 0.173 to

1.5 ppm, 9-fold increase), and VEA 27% (from 3.1 to 3.5 ppm, 1.1-
fold increase).

Nicotine-Based E-Liquids
The peak tVOC concentration released in nicotine-based vaping
atmospheres ranged between 0.044 and 0.707 ppm (Figure 3C),
overall lower than D8THC/VEA-based e-liquids. The composi-
tion of nicotine did not affect the peak tVOC concentration (Nic
2%: 0.196 ppm vs Nic 5%: 0.044 ppm), whereas the addition of
menthol flavoring significantly raised the tVOC concentration
(Nic 5% þ menthol 2%: 0.707 ppm vs Nic 5%: 0.044 ppm, 16-fold
increase). Increasing the operational voltage from 3.7 to 5 V did
not significantly alter the tVOC concentration released from the
Nic 5% þmenthol 2% e-cig (0.707–0.674 ppm, respectively).

Real-Time Monitoring of Released CO2 and CO

Figures 3D–G show the bar graph concentration (in ppm levels)
of CO2 (D–E) and CO (F–G) released in the e-cig aerosol across the
different vaping atmospheres, averaged for the first 10 min after
the start of the puffing protocol. In more detail in the following
sections.

D8THC/VEA-Based E-Liquids
The average released CO2 level varied between 650 and 925 ppm
(Figure 3D), whereas the average CO level ranged from negligible
levels to 46 ppm (Figure 3F). The release of both CO2 and CO was
significantly affected by the e-liquid composition as well as the
operational voltage, with more dramatic effects observed for CO
levels with changes in composition and voltage.

Effect of e-liquid composition. The CO2 level significantly increased
initially in a dose-dependent manner with the increase in VEA
concentration (VEA 0%: 723 ppm, VEA 27%: 779 ppm, VEA 54%:
876 ppm, p< .0001 vs VEA 0%), but then significantly decreased
to 681 ppm (p< .0001 vs VEA 0%) at VEA 100%, when the e-cig
was operated at 3.7 V (Figure 3D). Similarly, at the operating
voltage of 5 V, the CO2 level augmented from VEA 27% (862 ppm)
to VEA 54% (925 ppm) (p< .0001 vs VEA 0%) and then declined to
650 ppm at VEA 100% (p< .0001 vs VEA 0%). The effect of VEA
concentration on CO levels was quite pronounced at operational
voltage 5 V (Figure 3F). Although the e-liquids VEA 0% and VEA
54% released negligible levels of CO, VEA 27% exhibited an aver-
age CO level of 10 ppm (peak: 35 ppm) (p< .05 vs VEA 0%) and
VEA 100% showed the highest average CO level at 46 ppm (peak:
62 ppm) (p< .0001 vs VEA 0%).

Effect of operational voltage. Increasing the voltage from 3.7 to 5 V
significantly increased the released CO2 levels for VEA 27%
(from 779 to 862 ppm, p< .0001) and VEA 54% (from 876 to
925 ppm p< .0001) e-liquids but suppressed the CO2 levels for
VEA 100% (from 681 to 650 ppm p< .0001) (Figure 3D). The CO
levels increased tremendously with the operational voltage in-
crease for VEA 27% (from negligible level to 10 ppm average,
p< .05) and VEA 100% (from negligible level to 46 ppm average,
p< .0001) but were unaffected for the VEA 0% and VEA 54% com-
positions where they remained negligible at both voltages
(Figure 3F).

Nicotine-Based E-Liquids
The average CO2 levels released from nicotine-based e-cigs
remained relatively similar (approximately 900 ppm) across
the different nicotine/menthol concentrations and voltage
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conditions, whereas the CO concentrations did not reach de-

tectable levels for any of the nicotine atmospheres.

Time-Integrated Mass-Size Distribution of Sampled
Aerosol PM

Supplementary Table 3 and Figure 5 present the average PM
mass concentration data (in units of mg/m3) over the sampling
period of the size-fractionated and collected aerosol particles in
3 size fractions (PM0.1, PM0.1–2.5, PM>2.5) generated from the

various vaping atmospheres. In more detail in the following

sections.

D8THC/VEA-Based E-Liquids
The total PM mass concentration (across the 3 size fractions) re-
leased from the different D8THC/VEA e-liquids ranged widely be-
tween 67 and 910 mg/m3, depending on e-liquid VEA concentration
and operational voltage. The bulk of the PM mass (94–99 wt%) was
distributed between the PM0.1 (11–60 wt%) and PM0.1–2.5 (38–88 wt%)

Figure 3. The emission of gaseous pollutants (VOC, CO2, and CO) depends on both e-liquid composition and operational voltage. E-cig gaseous pollutants generation

from different e-liquid combinations and under different operating voltages. A–C, Total VOC monitored for 10 min by tVOC monitor. D, E, CO2 generation monitored for

30 min by Qtrak. F, G, CO generation monitored for 30 min by Qtrak. The measurement of VOC, CO2, and CO were recorded only for the conditions listed in

Supplementary Table 1, therefore only 4 e-liquid compositions were examined at both voltages 3.7 and 5 V. All values are represented as the mean 6 SE. * p< .05, values

statistically different between 2 voltages. Measurements were taken every 60 s for a period of 10 min, thus N¼10.
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size fractions for all D8THC/VEA atmospheres, whereas the PM>2.5

size fraction constituted 1–6 wt% of the total PM mass.

Effect of e-liquid composition and operating voltage. The released to-
tal PM mass concentration significantly increased with increas-
ing e-liquid VEA concentration at both operational voltages. In
addition, increasing the voltage from 3.7 to 5 V dramatically

raised the PM mass concentration for all D8THC/VEA e-liquids.
At 3.7 V, VEA 100% released the highest PM mass concentration
(311 mg/m3) followed by VEA 54% (306 mg/m3), VEA 27% (114 mg/
m3), and VEA 0% (67 mg/m3). A similar trend was observed at 5 V
along with tremendously increased PM mass concentrations for
each e-liquid compared with 3.7 V (VEA 100%: 910 mg/m3, VEA
54%: 447 mg/m3, VEA 27%: 245 mg/m3).

Nicotine-Based E-Liquids
The total PM mass concentration released in the different
nicotine-based vaping atmospheres ranged from 240 to 668 mg/
m3, with the majority of the PM mass lying in the PM0.1–2.5 size
fraction (82–87 wt%), followed by PM0.1 (11–16 wt%) and PM>2.5

(1–2 wt%) size fractions. Increasing nicotine content in e-liquid
significantly raised the PM mass concentration, from 300 mg/m3

(Nic 2%) to 417 mg/m3 (Nic 5%) at operational voltage 3.7 V.
Furthermore, adding menthol 2% flavoring to the Nic 5% e-liq-
uid further increased the PM concentration to 668 mg/m3, at the
same voltage. However, at the higher operational voltage of 5 V,

the PM concentration from the Nic 5% þ menthol 2% e-liquid
significantly declined to 240 mg/m3.

Cytotoxicity of E-Cig Emissions

In this section, we present the results for the acute in vitro cyto-
toxicity assessment of the generated and sampled e-cig aerosols
from the different e-liquid compositions under the investigated
voltage conditions for both Calu-3 and THP-1 cell lines.

Cell Viability (LDH and PrestoBlue Assays)
Figure 4 shows the results for the LDH release after 24 h from
Calu-3 human lung epithelial cells (Figs. 4A and 4C for D8THC/
VEA- and nicotine-based e-liquids, respectively) and THP-1 hu-
man monocyte cell line (Figs. 4B and 4D for D8THC/VEA- and
nicotine-based e-liquids, respectively), exposed to 2 doses of e-
cig aerosol corresponding to 85 and 257 puffs/m2 (1 and 3
months). Neither of the e-cig aerosol samples induced signifi-
cant LDH release in both cell lines, except for the higher dose
(257 puffs/m2, 3 months) of aerosol produced from VEA 54% at
5 V and Nic 5% þmenthol 2% at 5 V that induced a slight but sig-
nificant increase of LDH release after 24 h (>20%, p< .05) in the
Calu-3 cells (Figs. 4A and 4C).

An indirect method to measure cell viability is the cells’ meta-
bolic activity. After 24 h exposure of Calu-3 to both concentrations
of aerosols, the metabolic activity did not decrease significantly.
However, similar to the LDH release, aerosols emitted from VEA

Figure 4. Cell viability was affected by the presence of VEA in D8THC and menthol flavoring in nicotine-based e-liquids especially at 5 V. Acute in vitro cell viability as-

sessment, using LDH assay, following exposure to e-cigs aerosols generated from different concentrations of THC/VEA or nicotine-based e-liquids, under 2 operational

voltages (3.7 or 5 V), or cigarette smoke, at 2 doses of 85 and 257 puffs/m2 (1 and 3 months), on human lung epithelial cells (Calu-3) (A, C) and peripheral monocytes

(THP-1) (B, D). All values are represented as the mean6 SE. * p< .05, values statistically different from untreated cells. # p< .05, values statistically different between 2

doses. Statistical analysis was performed on an average of 3 independent biological samples; fold changes >20% were deemed to be statistically significant (p< .05).
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54% (5 V) and nicotine 5%þ menthol 2% (3.7V) induced a signifi-
cant and dose-dependent reduction of metabolic activity in Calu-3
epithelial cells (****p< .0001 compared with negative control,
####p< .0001 higher dose vs lower dose) (Figs. 5A and 5C).

Similar to Calu-3 epithelial cells, THP-1 monocyte cells expe-
rienced a statistically significant dose-dependent diminution in
metabolic activity when exposed to both doses of VEA 54% aero-
sol generated at 3.7 or 5 V (****p< .0001) (Figure 5B). In addition,
THP-1 cells exposed to both doses of nicotine-containing aero-
sols also showed a statistically significant decrease in metabolic
activity (****p< .0001), except for the lower dose of Nic 5% þ
menthol 2% (3.7 V) (Figure 5D).

To better understand the cytotoxic effect of the aerosol gen-
erated from VEA 54% (5 V), both cell lines were exposed to
higher concentrations of the same aerosol, 1020, 510, 255, and
85 puffs/m2, corresponding to 12-, 6-, 3-, and 1-month vaping
periods (Supplementary Figure 6). Although Calu-3 epithelial
cells did not exhibit any significant release of LDH or decrease
in metabolic activity for any of the doses tested (Supplementary
Figs. 6A and 6C), THP-1 monocytes showed a dose-dependent
increase of LDH release compared with the negative control,
and a decreasing metabolic activity only at 257 puffs/m2

(3 months) (Supplementary Figs. 6B and 6D).

Cell ROS Production
Figure 6 shows the ROS generation from human lung epithelial
cells (Calu-3) (Figs. 6A and 6C) and human monocyte cell line

(THP-1) (Figs. 6B and 6D), exposed to 2 doses of aerosols, corre-
sponding to 85 and 257 puffs/m2 (1 and 3 months). Aerosols gen-
erated from D8THC- or nicotine-containing e-liquids did not
induce a significant generation of ROS in Calu-3 epithelial cells.
Conversely, the THP-1 monocyte cells exposed to both doses of
VEA 54% at 3.7 and 5 V generated a significant amount of ROS in
a dose-dependent manner (****p< .0001) (Figure 6B). THP-1
monocyte cells exposed to both concentrations of aerosols from
nicotine-based e-liquids also showed a dose-dependent gener-
alized augmented production of ROS (****p< .0001) (Figure 6D).

Apoptosis JC1: Caspase-3
To understand better the mechanism of cell damage, the alter-
ation of mitochondrial membrane potential (DWm) and the acti-
vation of caspase-3 were measured in Calu-3 epithelial cells.
Overall, all the e-cig aerosols induced a dose-dependent loss in
DWm and activation of caspase-3 (Figure 7). Specifically, in the
D8THC group, the most significant mitochondrial perturbation
was caused by both doses of VEA 27% at 5 V (�50% and �60% for
85 and 257 puffs/m2, respectively, ****p< .0001) and the high
dose of VEA 54% at 3.7 and 5 V (�60% and �50% respectively,
****p< .0001) (Figure 7A). Among the nicotine group, all the high
doses induced a significant reduction of DWm (�50%,
****p< .0001), whereas the lower doses only induced a slight de-
crease in DWm (�20%, ****p< .0001) (Figure 7C).

The assessment of the caspase-3 activation showed that
among the aerosols generated from D8THC-based e-liquids,

Figure 5. Alterations in metabolic activity in Calu-3 and THP-1 cell lines are dependent on e-cigs e-liquid composition and operational voltage. Acute in vitro cytotoxic-

ity assessment through cells metabolic activity, using Presto blue assay, following exposure to e-cigs aerosols generated from different concentrations of THC/VEA- or

nicotine-based e-liquids, under 2 operational voltages (3.7 or 5 V), or cigarette smoke, at 2 doses of 85 and 257 puffs/m2 (1 and 3 months), on human lung epithelial cells

(Calu-3) (A, C) and peripheral monocytes (THP-1) (B, D). All values are represented as the mean6 SE. * p< .05, ** p< .01, *** p< .001, **** p< .0001 compared with negative

control. # p< .05, ## p< .01, ### p< .001, #### p< .0001 compare between 2 doses. Statistical analysis was performed on an average of 3 independent biological samples;

fold-changes >20% were deemed to be statistically significant (p< .05).
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high doses of VEA 54% generated at both operational voltages
(3.7 and 5 V) led to an increased caspase-3 activation (approxi-
mately 40%, ****p< .0001 compared with negative control)
(Figure 7B). Aerosol generated from both doses of VEA 100% at
3.7 V and the high dose of VEA 100% at 5 V also significantly
stimulated the activation of caspase-3 (3.7 V: approximately
40%, ****p< .0001; 5 V: approximately 30%, **p< .01 compared
with negative control), as well as cigarette smoke (approxi-
mately 30%, ***p< .001 compared with negative control)
(Figure 7B). Among the cells treated with nicotine-based aero-
sols, the higher doses induced significant activation of caspase-
3 (approximately 40%, ****p< .0001 compared with the negative
control, except Nic 5% þ PG 45% þ VG 50% approximately 25%
**p< .001), whereas the lower dose had a very mild effect (ap-
proximately 20%, compared with negative control) (Figure 7D).

In Vitro Inflammatory Response
Figure 8 and Supplementary Table 4 show the analysis of the
cytokines released in the supernatant of the lung epithelial cells
exposed to the higher dose of e-cig emissions for 24 h. D8THC
containing emissions induced a general suppression of pro- and
anti-inflammatory markers, including sCDL40, EGF, Eotaxin,
FTL-3L, Fractalkine, IFN-a2, IFN-c, IL-1b, IL-2, -3, -5, -9, -10,
-12p40, -12p70, -13, -17A, IL-17E/-25, -17F, -27, IP-10, MCP-3,
PDGF-AA, TGF-a, and TNF-a.

In contrast with the general trend, the exposure to VEA 54%
at both 3.7 and 5 V did not affect the secretion of IL-6, IL-15, and

MCP-1, whereas it induced upregulation of FGF-2 (p< .01 and
p< .0001, respectively), G-CSF (both p< .001), IL-1a (both
p< .0001), IL-1RA (p< .001 and p< .01, respectively), IL-18 (p< .05
and p< .001, respectively), M-CSF (both p< .001), and PDGF-AB/BB
(p< .05 and p< .0001, respectively) and downregulation of GRO-a
(both p< .0001), IL-4 (both p< .0001), IL-22 (both p< .0001), MDC
(p< .001 and p< .01, respectively), RANTES (both p< .0001), TNF-b
(both p< .0001), and VEGF-A (both p< .0001) (Figure 8A). D8THC
80% þ TER 20% only upregulated FGF-2 (p< .01), GROa (p< .05);
VEA 100% aerosol generate at 3.7 and 5 V upregulated FGF-2
(p< .0001, only 5 V), GRO-a (both p< .0001), IL-4 (only 3.7 V p< .05),
whereas downregulated IL-6 (p< .0001 only 3.7 V), IL-15
(p< .0001), PDGF-AB/BB (both p< .0001) and RANTES (p< .001 and
p< .0001, respectively). VEA 27% at 3.7 and 5 V also increased the
release of FGF-2 (only at 3.7 V p< .05), GRO-a (both p< .0001), and
MCP-1 (p< .05 at 5 V) (Figure 8A). The only cytokines that were
not affected by any treatment were IL-8 and Gm-CSF (Figure 8A).
IL-7, MIP-1, and MIP-3 were undetected (data not shown).

Similarly to aerosol generated by D8THC containing e-liquid,
aerosols from the nicotine based e-liquids also suppressed the
release of sCD40L, EGF, Eotaxin, FLT-3L, fractalkine, GRO- a, IFN-
a2, IFN-c, IL-1b, -2, -3, -4, -5, -9, -10, -12p40, -12p70, -13, -17A,
17E/IL-25, 17F, -22, -27, IP-10, MCP-3, MDC, MIG, MIP-1B, PDGF-
AA, RANTES, TNF-a, TNF-b, VEGF-A, and stimulated the release
of FGF-2, IL-1a, IL-1RA, IL-18, and M-CSF. G-CSF, GM-CSF, IL-8,
MCP-1, and PDGF-AB/BB were not affected by any nicotine e-cig
aerosol. IL-7 and MIP-1A were not detected (Figure 8B).

Figure 6. In THP-1 monocytes, but not in Calu-3 cells, VEA 54% (3.7 and 5 V) induced a significant and dose-dependent reactive oxygen species (ROS) generation. Acute

in vitro assessment of ROS generation in human lung epithelial cells (Calu-3) (A, C) and peripheral monocytes (THP-1) (B, D) exposed for 24 h to aerosols generated from

different concentrations of D8THC/VEA or nicotine-based e-liquids under 2 operational voltages (3.7 or 5 V), or cigarette smoke, at 2 doses of 85 and 257 puffs/m2 (1 and

3 months). All values are represented as the mean6 SE. * p< .05, ** p< .01, *** p< .001, **** p< .0001 compared with negative control. # p< .05, ## p< .01, ### p< .001, ####

p< .0001 compare between 2 doses. Statistical analysis was performed on an average of 3 independent biological samples; fold changes >20% were deemed to be statis-

tically significant (p< .05).
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The most bioactive emission was Nic 5% þmenthol 2% gen-
erated at 3.7 V, which in addition to the aforementioned bio-
markers, increased the release of IL-15 (p< .001) and TGF-a
(p< .0001), and inhibited the secretion of IL-6 (p< .01)
(Figure 8B). The aerosols released from Nic 2% also suppressed
the release of IL-6 (p< .05) and MCP-1 (p< .01), whereas increas-
ing the secretion of IL-15 (p< .05) (Figure 8B).

DISCUSSION

The main goal of our study was to investigate the physicochem-
ical properties and potential cytotoxicity of aerosols generated
from various concentrations and operational voltages of D8THC/
VEA-based e-liquids, as they have been presumably associated
with EVALI, due to their detection in the majority of patients’
samples and vaping products (Blount et al., 2020; Duffy et al.,
2020; FDA, 2020; Muthumalage et al., 2020a; Taylor et al., 2019),
compared with conventional nicotine e-cigs.

Using a versatile E-cig-EGS, which enables the systematic
generation of real-world e-cig exposures, and through the ad-
justment of operational parameters (such as e-cig brand/type,
e-liquid composition, operating voltage, and puffing topogra-
phy) (Zhao et al., 2016, 2018a,b), this study tested combinations
of D8THC, VEA, and terpenes at various concentrations derived
from EVALI patients’ products and compared them with the
conventional MMP concentration (D8THC 80% þ Terp 20%)

(Supplementary Table 1). Because a small proportion of patients
reported only nicotine vaping, 4 different combinations of nico-
tine, diluents (PG: VG), and flavors (menthol) were also analyzed
(Supplementary Table 1) as comparators. In addition, because
the inspected EVALI cartridges showed burns and marks of high
temperature, hence high operational voltage, the e-cigs contain-
ing only selected e-liquids combination were operated at 2 dif-
ferent voltages, 3.7 (low) and 5 V (high) (Supplementary Table 1).

Effect of E-Liquid Composition and Voltage on Particles’ Physical
Properties
We believe this study to be the first to provide a comprehensive
and systematic physical characterization of particles and gases
emitted by pyrolysis of D8THC þ Terp with or without VEA in
comparison with those of nicotine-based e-liquids.

The only previous study investigating the particle size distri-
bution of aerosol generated from VEA e-liquid alone showed a
variation of tPNC between 107 and 108 particles/cm3, with count
median diameter (CMD) range 50–200 nm mostly depending on
the puff flow rate and operational voltage: as the flow rate in-
creased, the CMD decreased while the tPNC increased (Mikheev
et al., 2020). Although no data are available on the characteriza-
tion of D8THC-based aerosols, the nicotine-based ones showed
tPNC variation between 106 and 109 particles/cm3 (Fuoco et al.,
2014; Lampos et al., 2019; Zhao et al., 2016), with a CMD range of
24–450 nm (Ingebrethsen et al., 2012; Scungio et al., 2018), and a

Figure 7. High doses of e-cigs aerosols induce the greater mitochondrial membrane potential (DWm) alteration and caspase-3 activation in Calu-3 cells. Acute in vitro as-

sessment of mitochondrial membrane depolarization and apoptosis, using JC-1 die (A, C) and caspase-3 activation (B, D) in human lung epithelial cells (Calu-3) exposed

for 24 h to aerosols generated from different concentrations of D8THC/VEA or nicotine-based e-cigs at 2 different voltages (3.7 or 5 V) or cigarette smoke, at 2 doses of 85

and 257 puffs/m2 (1 and 3 months). All values are represented as the mean6 SE. * p< .05, ** p< .01, *** p< .001, **** p< .0001 compared with negative control. # p< .05, ##

p< .01, ### p< .001, #### p< .0001 compare between 2 doses. Statistical analysis was performed on an average of 3 independent biological samples; fold changes >20%

were deemed to be statistically significant (p< .05).

290 | THC/VEA E-CIGS TOXICITY DEPENDS ON E-LIQUID COMPOSITION AND VOLTAGE

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfac047#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfac047#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfac047#supplementary-data


bimodal (Mikheev et al., 2016; Zhao et al., 2016) or unimodal
(Fuoco et al., 2014; Zhang et al., 2013) size distribution, related to
different puffing parameters, e-liquid compositions, and e-cigs
devices. In agreement with our previous study (Zhao et al., 2016),
real-time monitoring data revealed that tPNC emitted from both
D8THC- and nicotine-based e-liquids was in the range of 106 par-
ticles/cm3, and the majority of particles were <500 nm in size,
with a single peak approximately 153 nm (coefficient of variation,
CV, 27%). Thousands of particles/cm3 were reported in the size
range 0.5–20 mm with a single peak approximately 1.30mm (CV
5%) (Supplementary Table 2 and Figs. 2–5). The subtle variations
in the aerosol mean size were e-liquid composition and voltage
dependent, however, no significant differences in terms of tPNC
or size distribution were noticed between conventional nicotine
and D8THC aerosols, even in the presence of VEA.

Additionally, the variability in particle mass concentration
across all the D8THC-based aerosols was in the range 66.61–

908.9 mg/m3, due to different e-liquid composition and voltage,
where the lower and the higher amount were emitted by D8THC
80% þ Terp 20% (3.7 V) and VEA 100% (5 V), respectively.
Nicotine-based e-liquids generated PM with a mass concentra-
tion in the range 239.69–668.48 mg/m3, the minimum and maxi-
mum corresponding to Nic 5% þ PG 43% þ VG 50% þ menthol
2% at 5 and 3.7 V, respectively.

Emissions from D8THC 36% þ VEA 54% þ Terp 10% or VEA
100% e-liquids show a PM mass-size distribution similar to the
nicotine-based ones, whereas the PM mass concentrations were
similar for the D8THC/VEA e-liquids (305.78–909.36 mg/m3) and
nicotine-based ones (239.69–668.48 mg/m3). The larger mass
concentration was reported for the PM0.1–2.5 size fraction regard-
less of the voltage. This is in agreement with our previous data
published for nicotine-based e-liquids (Zhao et al., 2016,
2018a,b). In contrast, emissions from D8THC 80% þ Terp 20% or
D8THC 63% þ VEA 27% þ Terp 10% regardless of the voltage

Figure 8. Aerosols generated from D8THC 36% þ VEA 54% þ Ter 10% and Nic 5% þmenthol 2% are the most bioactive emission. Measured levels of cytokines and che-

mokines in the supernatant of Calu-3 exposed for 24 h to aerosols generated from different concentrations of D8THC/VEA or nicotine-based e-liquids at 2 different vol-

tages (3.7 or 5 V) or cigarette smoke, at high dose of 257 puffs/m2 (3 months). Statistical analysis was performed on an average of 3 biological samples. Values are

presented as fold of change versus negative control (0). For the statistical analysis, please refer to the text or Supplementary Table 4.

MARROCCO ET AL. | 291

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfac047#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfac047#supplementary-data


showed a PM concentration (66.6–163.15 mg/m3) and size distri-
bution more evenly distributed between PM0.1 and PM0.1–2.5 size
fractions (Supplementary Table 3 and Figure 5). Such variations
in the PM mass size distribution and concentration can be at-
tributed to the differences in e-liquid composition and operat-
ing voltage.

Recently, Meehan-Atrash et al. investigated the tVOC emis-
sion from pure THC or THC/Terpenes 90:10 v/v, generated
through 2 different methods, dabbing or CCell cartridges vapor-
izer, operated at 3 voltages: 3.2, 4.0, or 4.8 V. They reported that
tVOCs increased in a voltage-dependent manner, across the 3
voltage vaping conditions (Meehan-Atrash et al., 2019). In our
study, tVOC, as well as CO2 and CO, were also voltage- and e-liq-
uid composition dependent without any specific pattern
(Figure 3).

The concentration of CO2 varied between 657 and 930 ppm
within the D8THC group, whereas in the nicotine group varied
between 893 and 918 ppm, in a voltage and e-liquid
composition-dependent manner (Figure 3). In contrast, the CO
concentration was negligible across all the D8THC and nicotine
atmospheres, even though VEA 100% (5 V) and D8THC 63% þ
VEA 27% þ Terp 10% (5 V) reached an average of 46 and 10 ppm,
respectively (Figure 3). The World Health Organization (WHO)
determined the time-weighted average exposure limits for
some CO concentrations so that the carboxyhemoglobin level of
2.5% was not exceeded, consisting in 8 h for 9 ppm CO, 1 h for
26 ppm CO, and 30 min for 52 ppm CO. Hence, besides the fact
that e-cigs containing only VEA are not available in the real-
world, the combination D8THC 63% þ VEA 27% þ Terp 10% (5 V)
releases the higher amount of CO only when the e-liquid is run-
ning out, and the temperature is consequently higher, therefore
the average of 10 ppm would only apply to a few minutes of
vaping and thus likely would not exceed the recommended
limit for 8 h.

In summary, the tPNC, PM mass-size distribution, tVOC, and
CO2 levels for D8THC/VEA e-liquids exhibited a different trend
compared with conventional nicotine-based ones, thus suggest-
ing that multiple chemical reactions can take place in the pyrol-
ysis of combinations of e-liquids at various operational
voltages, which leads to the release of a mixture of chemicals.

Most likely, the chemical composition will be different as
well across the 2 classes of e-liquids. Pyrolysis of the e-liquids is
known to generate a complex mixture of organic chemicals and
heavy metals, depending on the e-liquid composition and the
temperature inside the cartridge which is driven by the applied
voltage (Jiang et al., 2020; Ko and Kim, 2022). It is well-known
that combustion temperature can alter the size, number con-
centration, and chemical composition of emitted aerosols and
the nature and concentration of gaseous byproducts (Geiss
et al., 2016; Ko and Kim, 2022; Lechasseur et al., 2019; Zhao et al.,
2018a). This is evident in the case of VEA 100% where the higher
voltage (5 V) induces an extremely high concentration of CO,
VOC, and particle number/mass concentration compared with
the other atmospheres, which is likely driven by the accelerated
combustion of pure VEA at the higher temperature produced in-
side the cartridge. We are currently conducting a detailed chem-
ical analysis of the sampled e-cig aerosols, and it will be
reported in a future manuscript.

Effect of E-Liquid Composition and Voltage on Cytotoxicity and
Inflammation
In vitro acute toxicological assessment of the emission from
D8THC and nicotine-based e-liquids was conducted using hu-
man lung epithelial cells Calu-3 and human peripheral

monocytes THP-1. These cell lines were selected because the
EVALI syndrome is characterized by a disruption of the alveolar
epithelium, and because the alveolar macrophages represent
the first line of defense against particles in the lungs. Both cell
lines were exposed to 2 different concentrations of aerosols, 85
and 257 puffs/m2, representative of 1 and 3 months vaping, to
assess potential dose-response relationships and mimic the ex-
posure necessary for the development of EVALI (Christiani,
2020; Layden et al., 2020). Emissions from a conventional to-
bacco cigarette were used as a comparator.

The results showed that most of the emissions from D8THC/
VEA and nicotine-based e-liquids did not affect viability, meta-
bolic activity, and ROS generation of either Calu-3 epithelial
cells or THP-1 monocytes (Figs. 4–6). The only exceptions were
the higher dose of aerosol from D8THC 36% þ VEA 54% þ Terp
10% (5 V) and nicotine 5% þ PG 43% þ VG 50% þ menthol 2%
that induced a significant increase of LDH release (>20%,
p< .05), and a reduction in metabolic activity (p< .0001) in Calu-
3 epithelial cells (Figs. 4 and 5), and D8THC 36% þ VEA 54% þ
Terp 10% (3.7 and 5 V) and nicotine-based aerosols, that induced
a sharp and dose-dependent decrease in metabolic activity and
increased ROS generation (p< .0001) in THP-1 monocytes, com-
pared with cigarette smoke and control-treated cells (Figs. 5 and
6). Taken together, this data show that the most bioactive aero-
sol generated from the D8THC/VEA e-liquid group was D8THC
36% þ VEA 54% þ Terp 10% (5 V). However, the cytotoxicity did
not increase in Calu-3 epithelial cells when they were chal-
lenged with increasing doses of the aerosol, up to 1020 puffs/m2

(12 months), whereas a statistically significant dose-dependent
release of LDH was recorded in THP-1 monocytes, accompanied
by a decreased metabolic activity only after 257 puff/m2 (3
months) dose exposure (Supplementary Figure 6). Previous
investigations on the in vitro cytotoxic effect of aerosols gener-
ated from MCT, VEA, CBD/counterfeit vape cartridge, as well as
nicotine and-based e-liquids, showed an overall dose- and
time-dependent cell death and ROS generation, which were also
correlated with e-liquid composition and aerosol generation
parameters (puffing protocol, operational voltage) (Husari et al.,
2016; Jiang et al., 2020; Lerner et al., 2015; Matsumoto et al., 2020;
Muthumalage et al., 2020b; Muthumalage and Rahman, 2019;
Rowell et al., 2017; Zhang et al., 2021).

Exposure of epithelial cells to aerosols generated from
D8THC/VEA e-liquids leads to mitochondrial dysfunction,
expressed as a dose-dependent alteration of mitochondrial
membrane potential, which did not correspond necessarily to
activation of caspase-3 and apoptosis. Among the D8THC/VEA-
based e-liquids, D8THC 36% þ VEA 54% þ Terp 10% at 3.7 and 5 V
(loss DWm> 20%), and D8THC 63% þ VEA 27% þ Terp 10% at 5 V
(loss DWm> 20%) induced the higher mitochondrial effect
(Figure 7), whereas the activation of caspase 3 was only ob-
served when cells were exposed to high doses of D8THC 36% þ
VEA 54% þ Terp 10% aerosol (3.7 and 5 V), and both doses of VEA
100% (3.7 and 5 V) (Figure 7). In comparison, all nicotine-based
e-liquids, as well as cigarette smoke, induced a significant dose-
dependent alteration of the mitochondrial membrane potential
and activation of the apoptosis cascade. This is in agreement
with the current literature (Clapp et al., 2019; Correia-�Alvarez
et al., 2020; Zahedi et al., 2019).

Finally, to better understand the link between the exposure
of epithelial cells to aerosols generated from D8THC/VEA-based
e-liquids and their inflammatory status, we measured the cyto-
kines and chemokines released in the supernatant of epithelial
cells exposed to the higher dose for 24 h. The results clarify that
among the D8THC/VEA group the most bioactive aerosol was
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D8THC 36% þ VEA 54% þ Terp 10% (3.7 and 5 V), with effects
similar to the nicotine group. Although most cytokines and che-
mokines were suppressed by all aerosols in both groups, the
above-mentioned D8THC/VEA generated aerosols induced
hypersecretion of FGF-2, G-CSF, GM-CSF, IL-1a, IL-1RA, IL-18,
MDC, PDGF-AB/BB, and suppression of GRO-a, TNFb, and VEGF-
A (Figure 8).

Previous studies investigating the toxic effect of CBD,
diluents, such as PG, VG, MCT, or VEA, or flavorings, such as
menthol, cinnamaldehyde, either as e-liquid or aerosolized,
showed a varying degree of cytotoxicity, barrier dysfunction,
and inflammation both in vitro and in vivo depending on e-liquid
composition, puffing protocol, operational voltage, and cell
lines (Clapp et al., 2019; Crotty Alexander et al., 2018; Jiang et al.,
2020; Leslie et al., 2017; Muthumalage et al., 2019; 2020b;
Muthumalage and Rahman, 2019; Park et al., 2022; Phipps et al.,
2010; Sundar et al., 2016). Although the most frequent bio-
markers of e-cigs aerosol toxicity identified in biological sam-
ples are IL-1b, IL-6, IL-8, IL-13 IFN-c, MCP-1, MCSF, and TNF-a
(Ghosh et al., 2019; Park et al., 2022; Scott et al., 2018; Shields
et al., 2017; Sundar et al., 2016), clinical studies on acute lung in-
jury have highlighted the critical role in the disease’s develop-
ment played by pro- and anti-inflammatory cytokines, such as
IL-1b, TNF-a, IL-1RA, and MIF, IL-8, found in the human BAL
(Goodman et al., 2003). Laboratory findings in EVALI patients
also showed elevated inflammatory markers (such as erythro-
cyte sedimentation rate, c-reactive protein, etc.), but the BAL
outcomes found were mostly nonspecific, suggestive of a non-
specific inflammatory process (Blagev et al., 2019; Butt et al.,
2019; Layden et al., 2020; Matsumoto et al., 2020; Muthumalage
et al., 2020b; Triantafyllou et al., 2019). In the present study, aero-
sols generated from D8THC 36% þ VEA 54% þ Terp 10% (3.7 and
5 V), but not from D8THC/Terp or pure VEA, are as potent as
aerosols generated from nicotine-based e-liquids in increasing
a limited number of proinflammatory cytokines and suppress-
ing the majority of them, whereas inducing a higher level of
cytotoxicity.

This is one of the first studies to assess the in vitro acute
toxic and inflammatory effect of aerosols generated from the
combination of D8THC/VEA e-liquids on human lung epithelial
cells and human monocytes aiming to find a causative agent for
the development of EVALI. Previous studies focused on the
in vitro/in vivo toxicological characterization of either parent e-
liquids or aerosols generated from conventional nicotine, CBD
alone, or nicotine/THC diluents, such as PG, VG, MCT, or VEA
(Bhat et al., 2020; Jiang et al., 2020; Matsumoto et al., 2020;
Muthumalage et al., 2020b; Muthumalage and Rahman, 2019)
rather than the real-world combinations of the above. Their
findings revealed that there is a considerable biological differ-
ence between the parent e-liquid and their aerosols and be-
tween aerosols generated from individual components and a
mixture of e-liquids (Bhat et al., 2020; Jiang et al., 2020;
Matsumoto et al., 2020; Muthumalage et al., 2020b; Muthumalage
and Rahman, 2019). In agreement with the aforementioned lit-
erature, the present study confirms the different toxicological
profiles correlated with the e-liquid composition (ie, VEA 100%
vs D8THC 36% þ VEA 54% þ Terp 10%), but also with the opera-
tional voltage (ie, 3.7 and 5 V). As evident from the real-time
aerosol number-size distribution and time-integrated PM mass-
size distribution, nearly all of the particles generated by vaping
are in the fine particle size (<2.5 mm), which means they are de-
posited in the deeper bronchioalveolar regions of the respira-
tory tract, where they could affect a range of adverse pulmonary
outcomes depending on their chemical composition

(Lechasseur et al., 2019; Phipps et al., 2010; Xing et al., 2016; Zhai
et al., 2022).

However, the in vitro cell models and exposure system ap-
plied in the present study have many intrinsic limitations: the
single-cell monolayer does not account for the cell-to-cell inter-
action, presence of other stimuli, or underlying conditions,
which are commonly present in the context of EVALI (Layden
et al., 2020; Taylor et al., 2019); cells exposures in this study were
large bolus doses of conditioned media generated with 85 and
257 puffs/m2 of e-cig aerosol for 24 h, this submerged culture
model does not completely recapitulate in vivo aerosol expo-
sures, this dose is larger than a typical e-cig user would vape in
that same period, and does not take into consideration clear-
ance/repair mechanisms. Air-liquid interface (ALI) exposure
systems can also be used to directly expose human airway epi-
thelial cells to aerosols. In such a system, intact aerosol, includ-
ing gaseous, semivolatile, and particle phases, is directly and
intermittently delivered to the apical surface of the lung epithe-
lial cells, mimicking the physiological airways exposure (Lacroix
et al., 2018; Li, 2016; Upadhyay and Palmberg, 2018; Zavala et al.,
2020). Although the findings of this study are not physiologi-
cally relevant compared with ALI or in vivo models, the use of
in vitro cellular models, especially in comparative studies, pro-
vides useful information on endpoints of interest for under-
standing the associations between e-liquid composition/
operational parameters and potential toxicity mechanisms in
the development of EVALI.

In addition, a critical issue recognized in the aerosol collec-
tion is the potential loss of the major volatile toxicant contained
in the gaseous phase of e-cig aerosols during bubbling, and the
physicochemical alteration of toxicants due to reaction with
media during the sampling process and in the timeframe be-
tween sampling and cell exposure. Moreover, Calu-3 human ep-
ithelial cells, used in place of primary human airways epithelial
cells, are derived from a nonsmall-cell lung cancer cell line,
were chosen for the initial and preliminary toxicological charac-
terization of D8THC/VEA-derived aerosols, due to the rapid po-
larization in a stable culture that resembles the human lung
epithelium-derived cells. They have also been extensively used
in the toxicological assessment of e-cigs aerosol (Leslie et al.,
2017; Rowell et al., 2017; Zhang et al., 2021).

Although this preliminary study focuses on the analysis of
aerosols generated from “real-world” concentrations of D8THC/
VEA/terpenes, including more controls, like D8THC alone, ter-
pene alone, menthol alone, and PG/VG alone will be beneficial
in the future for a more detailed physical, chemical, and toxico-
logical characterization.

Other limitations in our study include the lack of deeper in-
vestigation on the role of macrophages in the development, pro-
gression, and resolution of the aggressive inflammatory process
in EVALI. The involvement of both alveolar and interstitial mac-
rophages in the EVALI syndrome is particularly important be-
cause they play a key role in the recognition and elimination of
pathogens in the early stage (Higgins et al., 2008), and in the res-
olution of inflammation, regulation of fibroproliferative re-
sponse, and wound healing in the late stage of disease
(Bellingan, 2002; Gordon, 2003; Huang et al., 2018). Moreover,
lipid-laden macrophages in the alveolar space were a common
feature of the affected individuals (Christiani, 2020; Jonas, 2020).

These limitations are due to the fact that the present study
focuses more on the human lung epithelial cells, as they repre-
sent a physical barrier that is disrupted by e-cigs aerosols in the
EVALI syndrome. In this regard, it is crucial to evaluate the in-
tegrity of epithelial cell junctions, hence the epithelial barrier
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dysfunction and permeability alteration, which in turn aggra-
vates the inflammatory response, and facilitates the recruit-
ment of the immune cells (Crotty Alexander et al., 2018;
Muthumalage et al., 2019). Because our data show suppression
of most cytokines following both D8THC and nicotine e-cig aero-
sols exposure, further studies using a more relevant cellular
model are warranted to understand the mechanism of the im-
mune modulation.

Furthermore, RNA-sequencing transcriptome analysis of the
Calu-3 epithelial cells exposed to the e-cig aerosols is underway
and we will report any mechanistic findings in a future
manuscript.

CONCLUSION

This is one of the first studies to provide a comprehensive and
systematic physicochemical and toxicological characterization
of aerosols emitted from D8THC and VEA-based e-liquids, as
they have been associated with the development of EVALI in
the young healthy population in the United States in 2019–2020.
The E-cig-EGS platform was used to generate real-world e-cig
exposures for real-time monitoring and physicochemical and
toxicological characterization of aerosols generated from com-
binations of different concentrations of D8THC þ Terp with or
without VEA and VEA 100% at 2 operational voltages (3.7 and
5 V). Conventional nicotine-based e-liquids were also used as
comparators. The main finding of the study is that e-liquid
composition and operational voltage influenced the physico-
chemical properties of each aerosol (tPNC and size distribution,
particulate mass-size distribution, release of VOC, and gaseous
pollutants), as well as their biological and inflammatory effects
(cell death, mitochondrial dysfunction, apoptosis, cytokines).
Overall, the comparison between D8THC and nicotine e-liquid
groups did not show particular differences, such that it was not
possible to find a strong correlation between exposure to a spe-
cific aerosol generated from the D8THC/VEA group and the de-
velopment of EVALI. Further organic chemical speciation of the
aerosols is needed to identify chemical differences between
aerosols generated between D8THC/VEA and nicotine-based e-
liquid groups. However, the present study supports the concept
that there was a significant difference between the individual e-
liquid component (ie, VEA 100%) and the e-liquid mixture (ie,
D8THC þ VEA þ Terp), in terms of both physicochemical charac-
teristics and bioactivity. Therefore, it is fundamental, in the fu-
ture, to avoid focusing on the toxicity of parent e-liquids or
aerosols generated from individual diluents, as they do not re-
flect the real physicochemical exposure. The combination of
chemicals can generate a mixture of toxicants whose synergis-
tic actions can drive bioactivity and EVALI. Further comprehen-
sive in vitro/in vivo inhalation studies, based also on a
proteomic, genomic, and metabolomic approach, are necessary
to validate the in vitro toxicological effects and to address the
specific cascade of events that leads to diffuse alveolar damage
and respiratory failure in EVALI patients. Findings from this
study will help risk assessors, and public health and govern-
mental agencies, for the development of D8THC and nicotine e-
cig regulations, to limit the epidemic of e-cigs in the young pop-
ulation and prevent new cases of EVALI due to the incorpora-
tion of unregulated chemicals in e-cigs.
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