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ABSTRACT: Our purpose was to test the hypothesis that ultrasonic cigarettes (u-
cigarettes), which operate at relatively low temperatures, produce aerosols that are
less harmful than heated-coil pod-style electronic cigarettes (e-cigarettes). The
major chemicals in SURGE u-cigarette fluids and aerosols were quantified, their
cytotoxicity and cellular effects were assessed, and a Margin of Exposure risk
assessment was performed on chemicals in SURGE fluids. Four SURGE u-cigarette
flavor variants (“Blueberry Ice,” “Watermelon Ice,” “Green Mint,” and “Polar
Mint”) were evaluated. Flavor chemicals were quantified in fluids and aerosols using
gas chromatography/mass spectrometry. Cytotoxicity and cell dynamics were
assessed using the MTT assay, live-cell imaging, and fluorescence microscopy. WS-
23 (a coolant) and total flavor chemical concentrations in SURGE were similar to
e-cigarettes, while SURGE nicotine concentrations (13−19 mg/mL) were lower
than many fourth generation e-cigarettes. Transfer efficiencies of dominant
chemicals to aerosols in SURGE ranged from 44−100%. SURGE fluids and aerosols had four dominant flavor chemicals (>1
mg/mL). Toxic aldehydes were usually higher in SURGE aerosols than in SURGE fluids. SURGE fluids and aerosols had aldehyde
concentrations significantly higher than pod-style e-cigarettes. Chemical constituents, solvent ratios, and aldehydes varied among
SURGE flavor variants. SURGE fluids and aerosols inhibited cell growth and mitochondrial reductases, produced attenuated and
round cells, and depolymerized actin filaments, effects that depended on pod flavor, chemical constituents, and concentration. The
MOEs for nicotine, WS-23, and propylene glycol were <100 based on consumption of 1−2 SURGE u-cigarettes/day. Replacing the
heating coil with a sonicator did not eliminate chemicals, including aldehydes, in aerosols or diminish toxicity in comparisons
between SURGE and other e-cigarette pod products. The high concentrations of nicotine, WS-23, flavor chemicals, and aldehydes
and the cytotoxicity of SURGE aerosols do not support the hypothesis that aerosols from u-cigarettes are less harmful than those
from e-cigarettes.

■ INTRODUCTION
During the past decade, there has been exponential growth in
the production, distribution, and use of electronic cigarettes (e-
cigarettes) by never-before users of tobacco products and
smokers trying to quit.1−5 During this time, e-cigarettes have
continually evolved, and new products with modified designs
and novel chemical ingredients have had a strong appeal,
especially among adolescents and young adults.6−9 There are
currently four generations of e-cigarettes based on atomizer
design and fluid composition.10−12 Fourth-generation e-
cigarette fluids (e-liquids) contain nicotine (freebase or salt
base), solvents (mainly propylene glycol and glycerol),
synthetic coolants (mainly WS-23 and WS-3), and a wide
range of characterizing and noncharacterizing flavor chem-
icals.13−17 The cellular, physiological, and potential health
effects of individual constituents and their mixtures have been
studied using in vitro models, experimental animals, and
humans.18−23 These studies have contributed to regulatory
policies intended to limit the sale of e-cigarettes, especially to

adolescents and young adults, and to require premarket
approval by the FDA.24−27 Local and Federal policies have
caused manufacturers to innovate around regulations by
developing new designs, such as disposable fourth generation
products and formulations, such as the use of synthetic
nicotine.28−30

Ultrasonic cigarettes (u-cigarettes) are interesting new
tobacco products that aerosolize flavored fluids using ultra-
sonic waves.31 While initial entries into this market did not
perform well, SURGE u-cigarettes, manufactured by Innokin,
are gaining traction in both online reviews and sales32,33 and
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are being marketed with little information on their chemical
composition and safety. Rather than heating a coil, SURGE
products aerosolize a fluid containing nicotine, flavor
chemicals, and solvents at very high frequencies, which may
produce fewer harmful reaction products than traditional e-
cigarettes.34 Current research on u-cigarettes is limited to a
single study showing that u-cigarettes impaired flow-mediated
dilation of arteries in rats with low serum nicotine levels
compared with IQOS and e-cigarettes.35

SURGE makes several claims on its Web site, such as
“ultrasonic technology allows SURGE to operate at lower
temperatures than traditional devices. ...This allows SURGE to
maintain the chemical stability of e-liquid and reduce the
emission of potential toxins to levels even lower than
traditional vaping devices. SURGE produces the purest vapor
of any device on the market.”36 However, these claims have
not yet been substantiated by an independent laboratory. To
provide data on this new tobacco product, our study quantified
the chemicals in SURGE fluids and aerosols, examined their
toxicity, and compared SURGE data with other pod-based e-
cigarettes and refill fluids.

■ MATERIALS AND METHODS
Materials. For gas chromatography/mass spectrometry (GC/MS)

analysis, isopropyl alcohol (IPA) was purchased from Fisher Scientific
(Chino, CA). For cell culture and cell-based assays, Dulbecco’s
phosphate buffered saline (DPBS) and dimethyl sulfoxide (DMSO)
were purchased from Fisher Scientific (Chino, CA). BEAS-2B cells
were obtained from American Type Cell Culture (ATCC). Bronchial
epithelial basal medium (BEBM) and supplements were purchased
from Lonza (Walkersville, MD). Collagen (30 mg/mL), bovine serum
albumin (BSA, 10 mg/mL) fibronectin (10 mg/mL), poly vinyl-
pyrrolidone (PVP), and MTT reagent (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) were purchased from Sigma-
Aldrich (St Louis, MO). Phalloidin-iFluor 594 was purchased from
Abcam, Cambridge, United Kingdom.
Sample Acquisition. Rechargeable SURGE (Shenzhen Innokin

Technology Co. Ltd.) u-cigarettes were purchased online from www.
myvaporstore.com. SURGE u-cigarettes have a 700 mAh rechargeable
battery permitting a 1.5A current flow that produces an aerosol at 5 V
(volts)/7.5W (watts). “Blueberry Ice,” “Watermelon Ice,” “Green
Mint,” and “Polar Mint” flavors were purchased in prefilled pods
containing 1.2 mL of fluid as stated on the vendor Web site.
Aerosol Sample Preparation, Production, and Capture.

Flavored pods were primed for aerosolization by taking three puffs
and the weights before aerosol production. The generated aerosol was
captured in isopropyl alcohol (IPA) for chemical analysis or in basal
culture medium for cell analysis.13 Two 125 mL impingers set up at
room temperature were connected to a Cole-Parmer Masterflex L/S
peristaltic pump, and pods were puffed using a 4.3 s puff duration37

with interpuff intervals of 60 s and an airflow rate of 10 mL/s. The
fluid level was monitored to avoid vaping beyond 3/4 of the pod’s
capacity to avoid “dry puffing.” Pods were weighed before and after
aerosol production to collect at least 10 mg in 30 mL of IPA for GC/
MS. Aerosol solutions were stored at −20 °C and analyzed within 2
days. The number of puffs taken to achieve >10 mg in weight was
variable; “Blueberry Ice (120 puffs),” “Watermelon Ice (90 puffs),”
“Green Mint (60 puffs),” and “Polar Mint (90 puffs).”
For cell-based assays, 6 total puff equivalents or TPEs (1 TPE = 1

puff/mL of culture medium) of aerosol solution were collected in 25
mL of BEAS-2B basal medium, supplemented after aerosol
production to obtain a complete growth medium. The complete
medium was filtered using a 0.2 μm filter, and aliquots were stored at
−80 °C until testing. Aerosols were tested at concentrations ranging
from 0.02−6 TPE. The TPE concentrations were converted to
percentages of the pod fluid by considering the pod weight difference
before and after aerosol collection and determining the weight of the

fluid consumed. The weight (grams) of fluid consumed/puff of
aerosol was calculated, and the density of the pod fluid was
determined. Then, the grams/puff were converted to milliliters
using the density values. Finally, the percent for concentrations used
in the aerosol cell-based assays was determined according to the
equation: (Np × Vp)/Vm where Np is the number of puffs, Vp is the
volume of 1 puff, and Vm is the volume of the medium.
For aldehyde quantification in condensates, 120 puffs of aerosols

were collected in two 30 mL mini impingers set up in an acetone dry
ice bath with a temperature of −78 °C. After the puffing section was
completed, the mini impingers were allowed to warm up, and
condensate material was collected and stored at −20 °C for 1−2 days
before analysis.
Quantification of Chemicals Using GC/MS. Unvaped fluid

collected from pods was analyzed using previously described GC/MS
methods.13,38 Fifty microliters (50 μL) of each sample were dissolved
in 0.95 mL of IPA and shipped overnight on Ice to Portland State
University. Before analysis, a 20 μL aliquot of internal standard
solution (2000 ng/μL of 1,2,3-trichlorobenzene dissolved in IPA) was
added to each diluted sample. Analyses were performed for 178
flavor-related target analytes, two synthetic coolants, and nicotine with
an Agilent 5975C GC/MS system (Santa Clara, CA). The GC
column was a Restek Rxi-624Sil MS column (Bellefonte, PA) (30 m
long, 0.25 mm id, and 1.4 μm film thickness). A 1.0 μL aliquot of
diluted sample was injected into the GC at 235 °C with a 10:1 split.
The GC temperature program for analyses was: 40 °C hold for 2 min,
10 °C/min to 100 °C, then 12 °C/min to 280 °C and hold for 8 min
at 280 °C, then 20 °C/min to 230 °C. The MS was operated in
electron impact ionization mode at 70 eV in positive ion mode. The
ion source temperature was 220 °C, and the quadrupole temperature
was 150 °C. The scan range was 34 to 400 amu. Each of the 181 (178
flavor chemicals, two synthetic coolants, and nicotine) target analytes
were quantitated using authentic standard materials using internal-
standard-based calibration procedures described elsewhere.38

Analysis of Aldehyde-Related Reaction Products Using GC/
MS. Twelve (12) target analytes were investigated in pod fluids and
aerosol condensates (Table S1). One milliliter of HPLC grade water,
e-fluid sample (50 μL), internal standard solution (20 μL at 2 mg/mL
of 2′,4′,5′-Trifluoroacetophenone dissolved in acetonitrile/water, 50/
50), and derivatization solution (1 mL of 12 mg/mL PFBHA (o-
(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydrochloride) in pH =
4 citric acid buffer) were added into a 5 mL Reacti-vial and vortexed
for 3 times at 10 s each, then covered with aluminum foil and left at
room temperature for 24 h. After 24 h, 4 drops of 40% H2SO4 and 1
mL dichloromethane (DCM) were added to the mixture solution,
vortexed 3 times at 10 s each, and placed at room temperature for a
30 min extraction. After 30 min, the vial was centrifuged for 3 min,
and the bottom layer was collected into a test tube with 80 mg
Na2SO4. The DCM solution was then transferred into an autosampler
vial for GCMS analysis. The GC/MS system was an Agilent 5975C
(Santa Clara, CA). A Restek Rxi-624Sil MS GC column (30 m, 0.25
mm id, and 1.4 μm film thickness) (Bellefonte, PA) was used for the
separation. The GC oven program was: 70 °C hold for 2 min; 10 °C/
min to 100 °C; 5 °C/min to 250 °C; then 10 °C/min to 280 °C hold
for 10 min at 280 °C; then 25 °C/min to 230 °C. The MS was
operated in electron impact ionization mode at 70 eV in positive ion
mode. The ion source temperature was 250 °C, and the scan range
was 50 to 500 amu.
Estimation of Non-Target Chemicals. The total ion chromato-

gram (TIC) response factor of the internal standard in each data set
was used to estimate the ng/μL concentration of each non-target
chemical from their TIC peak areas based on the assumption that
each chemical’s response factor (peak area per ng) was similar to that
of the internal standard (1,2,3-trichlorobenzene). While fluid samples
were diluted by a factor of 20, aerosol samples were not diluted. The
mass concentration is expressed as μg/mL of undiluted e-fluid (for e-
fluid) or condensate (for aerosol) samples. The estimation limit was
∼0.001 mg/mL.
Human Bronchial Epithelial Cell (BEAS-2B) Culture and

Cellular Assays. BEAS-2B cells (passages 30−34) were cultured in
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BEGM (bronchial epithelial growth medium) supplemented with 2
mL of bovine pituitary extract and 0.5 mL each of insulin,
hydrocortisone, retinoic acid, transferrin, triiodothyronine, epinephr-
ine, and human recombinant epidermal growth factor.39 Nunc T-25
tissue culture flasks were coated overnight with BEBM fortified with
collagen (30 mg/mL), bovine serum albumin (BSA, 10 mg/mL), and
fibronectin (10 mg/mL) before culturing. Cells were maintained at
30−90% confluence at 37 °C in a humidified incubator with 5%
carbon dioxide. For subculturing, cells were harvested using DPBS for
washing and incubated with 1.5 mL of 0.25% trypsin EDTA/DPBS
and PVP for 3−4 min at 37 °C to allow detachment. Cells were
counted using a hemocytometer and cultured in T-25 flasks at 75,000
cells/flask. The medium was replaced every other day. For in vitro
assays, cells were cultured and harvested at 80−90% confluency using
protocols previously described.39

MTT Cytotoxicity Assays. The effect of u-cigarette pod fluids
(0.03−10%), aerosol condensates (0.03−10%), and aerosol solutions
(0.02−6 TPE, which is equivalent to 0.004−1.8% of the fluid) on
mitochondrial reductase activity was evaluated using treatments
serially diluted in culture medium. Negative controls (0%) were
placed next to the highest and lowest concentrations to check for a
vapor effect from the treatments.40 BEAS-2B cells were seeded at
5000 cells/well in precoated 96-well plates and allowed to attach for
48 h, after which cells were exposed to treatments for 24 h before the
MTT assays. The MTT assay measures the activity of mitochondrial

reductases, which convert water-soluble MTT salt to a formazan that
accumulates in viable cells. After treatment, 20 μL of MTT reagent
dissolved in 5 mg/mL of DPBS were added to wells and incubated for
2 h at 37 °C. Solutions were removed from wells, and 100 μL of
DMSO was added to each well and gently mixed on a shaker to
solubilize formazan crystals. Absorbance readings of control and
treated wells were taken against a DMSO blank at 570 nm using an
Epoch microplate reader (Biotek, Winooski, VT).
Cell Growth (Area) and Morphology Assays. Time-lapse

imaging was performed over 48 h using 10x and 20x phase contrast
objectives in a BioStation CT with automatic Z-focus.41 BEAS-2B
cells were harvested and plated at 21,000 cells/well in precoated 24-
well plates and allowed to attach for 48 h. After attachment, BEAS-2B
cells were treated with 0.6 and 6 TPE aerosol concentrations. Images
were taken every 4 h for 48 h to collect time-lapse data for cell growth
as a function of cell area (10×) and morphology (20×) analysis.
BEAS-2B growth and morphology were compared in control and
treated groups using CL Quant software (DR Vision, Seattle,
WA).41,42 Data from the treated groups were normalized to untreated
controls.
Effects of Aerosol on Actin Filaments using Phalloidin-

iFluor 594. The effects of aerosol treatment on actin filaments were
investigated using phalloidin-iFluor 594. BEAS-2B cells were seeded
at 5000 cells/well in precoated 8-well Ibidi chamber slides (Ibidi,
Grafelfing, Germany) and attached for 48 h before treatment with

Figure 1. Concentrations of dominant chemicals (>1 mg/mL) in unvaped fluids and aerosols from SURGE u-cigarettes. (A) Propylene glycol, (B)
Glycerol, (C) Nicotine, (D) WS-23, (E−H) Menthol, methyl anthranilate, vanillin, and (3Z)-3-hexen-1-ol, concentrations were >1 mg/mL in the
fluid of at least 1 product, and (I) “Total Flavor Chemicals.” Flavor chemicals with concentrations between 0.01−0.99 mg/mL are in Figure S2.
Data show single measurements from one pod and do not include values below the LOQ. BB Ice = Blueberry Ice, and WM Ice = Watermelon Ice.
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aerosols for 24 h. After treatment, cells were rinsed with PBS (+) and
fixed with 4% paraformaldehyde for 10 min. Fixed cells were washed
twice with PBS (+), labeled with phalloidin-iFluor 594 for 60 min,
washed twice with PBS (+), and incubated with a mounting shield at
room temperature for 15 min. Cells were imaged with a Nikon Ti
Eclipse inverted microscope (Nikon Instruments, Melville, NY) using
a 60× objective. Image processing was done using Nikon Elements.
Data and Statistical Analyses. All statistical analyses were

performed in Prism (GraphPad, San Diego, CA). Comparison of
means for chemicals in different products was done using a one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test or an
unpaired t test on the raw data. When the conditions for the statistical
analysis (homogeneity of variance and normal distribution) were not
satisfied, the data were transformed using Y = Log(Y) and subjected
to a one-way ANOVA. A Welch’s correction was used when t tests
were performed on the transformed data (Figure 2f). Outliers were
identified and removed from the statistical analyses using the robust
regression and outlier (ROUT) removal function with the Q = 1%. In
the live cell imaging assay, a two-way ANOVA with Dunnett’s post
hoc test was used to compare time and concentration to the untreated
control. When data did not satisfy the assumption of ANOVA, a
Kruskal−Wallis nonparametric test was used.

■ RESULTS
Propylene Glycol (PG) and Glycerol (G) Concen-

trations in SURGE Fluids and Aerosols. All SURGE fluids
and aerosols contained PG and G. The concentration of PG
and G in unvaped fluids was about 200 and 400 mg/mL,
respectively (Figure 1A,B). The sum of both solvents ranged
from 613−656 mg/mL in fluids and 318−667 mg/mL in
aerosols. The ratio of PG/G in fluids was approximately 40/60
in mint flavors and 30/70 in ice flavors (Figure 1A,B). Transfer
efficiencies from fluid to aerosol ranged between 50−114% for
propylene glycol and 44−108% for glycerol, with the lowest
transfers in “Watermelon Ice” (Figure 1A,B).
Nicotine and WS-23 in SURGE Fluids and Aerosols.

Nicotine concentrations in fluid samples ranged from 15.1−
18.8 mg/mL, with “Blueberry Ice” containing equal amounts in
both fluid and aerosol samples (Figure 1C). Transfer
efficiencies for nicotine from the fluid into the aerosol varied
between 74−100% depending on the flavor variant, with a
100% transfer efficiency in “Blueberry Ice.”

Figure 2. Concentrations of chemicals in SURGE, JUUL, Puff, and LiQua products. (A) Nicotine in unvaped fluids, (B) WS-23 in unvaped fluids,
(C) “Total Flavor Chemicals” in unvaped fluids, (D) Nicotine in aerosols, (E) WS-23 in aerosols, and (F) “Total Flavor Chemicals” in aerosols. U-
Cig = u-cigarette, E-Cig = e-cigarette, RF = refill fluid. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. E-cigarette data are taken
from Omaiye et al.12−14
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WS-3 was not detected in any of the SURGE pods; however,
WS-23 was in both “mint” and “ice” flavors at concentrations
ranging from 21.7−31.3 mg/mL in unvaped fluids and 17.9−
19.9 mg/mL in aerosols with transfer efficiencies ranging from
62−92% (Figure 1D).

Concentrations of Flavor Chemicals in SURGE Fluids and
Aerosols. Of the 180 flavor chemicals on our target list, 74
(41%) were identified in SURGE fluids and aerosols (Figure
1E−I, Figure S1, and Table S2). Chemicals < LOQ with
estimated concentrations are listed in Table S2. Chemicals (46
of 74) > LOQ (0.01 mg/mL for fluids and 0.02 mg/mL for

Figure 3. Concentrations of aldehydes in SURGE u-cigarettes. (A) Methylglyoxal, (B) Glyceraldehyde, (C) Glyoxal, (D) Formaldehyde, (E)
Dihydroxyacetone, (F) Acetaldehyde, (G) Acrolein, and (H) Total Aldehydes. Acrolein was < LOQ in all samples but was higher in unvaped fluids
than in aerosols. Data show single measurements from one pod.
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aerosols) are shown in Figures 1E−I and S1. Non target
chemicals present in SURGE are listed in Table S3.
Four dominant flavor chemicals (>1 mg/mL) were

identified and were relatively low in concentration (range =
1.4 mg/mL for 3Z-3 hexen-1-ol to 6 mg/mL for menthol) in
(Figure 1E−H). While menthol and 3Z-3-hexen-1-ol were
dominant in “Watermelon Ice” with transfer efficiencies of 68%
and 44%, respectively, methyl anthranilate and vanillin were
dominant in “Blueberry Ice” with transfer efficiencies of 87 and
45%, respectively (Figure 1E−H). The total concentration of
flavor chemicals ranged from 4.6−8.5 mg/mL in unvaped
fluids and 2.9−6.0 mg/mL in aerosols, with transfer efficiencies
ranging from 57−71%. (Figure 1I).
Chemical Concentrations in SURGE Compared with

E-Cigarette Products. Nicotine, WS-23, and Total Flavor
Chemical concentrations in SURGE were compared with
previously published data from JUUL, PUFF, and LiQua
products (Figure 2A−F, Table S4).13,14,39 Nicotine concen-
trations were significantly lower in unvaped SURGE fluids than

in JUUL and PUFF fluids but significantly higher than in
LiQua refill fluids (Figure 2A). Aerosol nicotine was likewise
higher in JUUL than in SURGE (Figure 2D). WS-23, a
synthetic coolant, was significantly higher in SURGE fluids
than in JUUL and LiQua (Figure 2B), and WS-23 was
significantly higher in the aerosol from SURGE than from
JUUL (Figure 2E). While WS-23 concentrations in PUFF were
highly variable with flavor variants, all SURGE products had
similar WS-23 concentrations. The concentration of Total
Flavor Chemicals in SURGE fluids and aerosols was not
significantly different from JUUL, PUFF, or LiQua (Figure
2C). Total flavor chemical concentration in the SURGE
aerosols was not significantly higher than in JUUL (Figure 2F).
Aldehydes in SURGE Fluids and Aerosols. Seven of 12

target aldehydes were detected in SURGE fluids and aerosols
(Figure 3A−H). All seven aldehydes were present in the
unvaped fluids from each product at concentrations ranging
from 2.4 μg/mL for dihydroxyacetone in “Polar Mint” to 53.4
μg/mL for methylglyoxal in “Polar Mint.” Values below the

Figure 4. Concentrations of aldehydes in SURGE and JUUL products. (A) Methylglyoxal, (B) Glyceraldehyde, (C) Glyoxal, (D) Formaldehyde,
(E) Dihydroxyacetone, (F) Acetaldehyde, (G) Acrolein, and (H) Total Aldehydes.
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LOQ (10−20 μg/mL) in Table S1 are estimates. Except for
acetaldehyde (3−6 μg/mL) and acrolein (2−6 μg/mL),
concentrations were higher in the aerosols than in the unvaped
fluids. Methylglyoxal (37−125 μg/mL) reached the highest
concentration in the aerosols with “Watermelon Ice” having
125 μg/mL (Figure 3H). The total aldehyde concentration in
the aerosols ranged from 99 to 354 μg/mL, with “Green Mint”
being the highest (Figure 3H).
Aldehyde Concentrations in SURGE Compared with

JUUL. Aldehyde concentrations in SURGE fluids and aerosols
were compared with “JUUL” (Figure 4 and Table S5).
Methylglyoxal and glyoxal were significantly higher in SURGE
fluids and aerosols than in fluids and aerosols from JUUL
(Figure 4A,C). Glyceraldehyde was significantly higher in
SURGE aerosols than in unvaped fluids (Figure 4B).
Glyceraldehyde was in only one JUUL product. It was
<LOQ, and it did not transfer into the corresponding aerosol
(Figure 4B). Formaldehyde in SURGE fluids was significantly
higher than in JUUL fluids. While aerosol formaldehyde
concentrations were not significantly different between brands,
three of four SURGE aerosols were higher than JUUL (Figure
4D). Although methylglyoxal, glyoxal, formaldehyde and
dihydroxyacetone were higher in SURGE aerosols than fluids,
their differences were not statistically significant (Figure

4A,C−E). Lack of significance may be due to the large
variation in aerosol concentrations for these chemicals.
Acetaldehyde in SURGE fluids was higher and statistically
different compared with JUUL fluids; however, concentrations
in aerosols were significantly lower than in unvaped fluids for
both brands (Figure 4F). Acrolein concentrations were under
the LOQ and were higher in SURGE fluids and aerosols than
in JUUL (Figure 4G). The total aldehyde concentrations were
significantly higher in SURGE fluid and aerosols compared
with JUUL fluids and aerosols (Figure 4H). The list of target
aldehydes along with their limits of detection and quantifica-
tion are given in Table S1.
Cytotoxicity of SURGE Fluids and Aerosols in the

MTT Assay. The cytotoxicity of fluids and aerosols was
evaluated with BEAS-2B cells using the MTT assay (Figure
5A−C). Products that reached an IC70 (30% lower value than
the untreated control) were considered cytotoxic.43 All fluids
were cytotoxic, with IC70s between 0.50−0.63% and IC50s
between 0.97−1.19% (Figure 5A). Complete concentration
response curves were not produced for SURGE aerosols
collected in culture medium, therefore IC70s and IC50s in
Figure 5B were estimated from the partial curve.
For cells treated with aerosol condensates, both “Ice” flavors

were slightly more toxic than the “Mint” flavors (Figure 5C).

Figure 5. Concentration−response curves for BEAS-2B cells treated with SURGE products and Summary of MTT assay data for SURGE and e-
cigarette products. (A) Unvaped SURGE fluids, (B) Surge aerosols captured in culture medium, (C) SURGE aerosols collected as condensates,
(D) Comparison of SURGE fluids and aerosols. (E−F) Comparison of unvaped fluids and aerosol MTT IC70s for SURGE and e-cigarette
products. Each point is the mean ± standard error of the mean of at least three independent experiments. U-Cig = u-cigarette, E-Cig = e-cigarette.
For statistical significance, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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The aerosol condensates were less toxic than the SURGE fluids
(Figure 5A,C).
The SURGE MTT cytotoxicity data (IC70s) were compared

with other pod-based e-cigarettes and LiQua refill fluids
(Figure 5E,F). For unvaped fluids, SURGE was significantly
less cytotoxic than LiQua refill fluids,39 similar to PUFF
fluids,14 and significantly more cytotoxic than JUUL fluids13

(Figure 5E). For aerosols, SURGE was significantly more
cytotoxic than JUUL (Figure 5F).
Relationship between Cytotoxicity and Chemical

Concentration. The relationship between the cytotoxicity
observed with the fluids in the MTT assay and concentrations
of specific chemicals in each product was determined using
linear regression analysis on concentrations that spanned the
linear part of the concentration response curves (Figure 6A,B).
Concentrations for PG, G, Nicotine, WS-23 and Total Flavor
Chemicals correlated well with the MTT response (R2 > 0.90
for all groups), suggesting these chemicals contributed to the
cytotoxicity observed in the MTT assay. However, similar
graphs for 3Z-Hexene-1-ol, Menthol, Vanillin, and Methyl
Anthranilate showed only a moderate correlation between
chemical concentrations and the MTT response (R2 = 0.35−
0.53) (Figure 6B), suggesting these chemicals contributed less
to cytotoxicity in the MTT assay.
Relationship Between Cytotoxicity and Aldehyde

Concentrations. A similar linear regression analysis was
done for the aldehyde concentrations and MTT response
(Figure 6C,D). Except for dihydroxyacetone (R2 > 0.37), all
aldehydes and total aldehydes in unvaped fluids correlated well
with the MTT response (R2 > 0.75), suggesting that aldehydes
in SURGE products contributed to the cytotoxicity observed in

the MTT assay (Figure 6C). Aldehydes in condensate aerosols
were generally less correlated with cytotoxicity in the MTT
assay (R2 = 0.43 to 0.68) (Figure 6D).
SURGE Aerosols Inhibited Cell Growth and Altered

Cell Morphology. In time-lapse videos, the area occupied by
untreated control cells (0 TPE) increased throughout exposure
(Figure 7A−D), and cell morphology appeared normal,
reaching confluency by 48 h of incubation (Figure 7E−H).
However, cell area was significantly lower for BEAS-2B cells
exposed to media containing 0.6 or 6.0 TPE of SURGE
aerosols (Figure 7A−D). Untreated control cells grew in a
typical epithelial monolayer, while SURGE aerosol-treated cells
were fewer and often attenuated or rounded, especially in the 6
TPE groups (Figure 7E−H). At 6 TPE, “Polar Mint” and
“Watermelon Ice” appeared to kill cells by 4 h (Figure 7F,H),
while cells treated with “Blueberry Ice” and “Green Mint” were
attenuated (Figure 7E,G).
SURGE Aerosols Depolymerized Actin Filaments in

BEAS-2B Cells. Based on the attenuated and rounded cell
morphologies observed in the live cell imaging assay, the effect
of aerosol treatment on actin filaments was examined at 0.6
and 6 TPE using phalloidin-TRITC, which labels f-actin
(Figure 8). Untreated control cells were spread and had
polymerized actin filaments in their cytosol and subjacent to
their plasma membranes (Figure 8A white arrowheads). At 0.6
TPE, there was evidence of actin filament depolymerization,
but intact f-actin filaments were still present (Figure 8B white
arrowheads). At 6 TPE, F-actin filaments were rarely observed
underlying the plasma membrane and in the cytoplasm. Rather,
small puncta of f-actin were present in the cytoplasm (yellow
arrowheads), and f-actin extended into thin projections on the

Figure 6. Relationship between cytotoxicity and chemicals. Linear regression analyses showing cytotoxicity on the y-axis, expressed as a percentage
of the untreated control versus the concentrations of (A) Dominant and Total Flavor Chemicals, (B) Dominant Flavor Chemicals, (C) Aldehydes
in unvaped fluids, and (D) Aldehydes in Aerosol Condensates.
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cell surface (blue arrowheads) (Figure 8C−F). These
projections were not present in the controls (Figure 8A).
Margin of Exposure (MOE) Analysis for Chemicals in

Unvaped SURGE Fluids. The MOE prioritizes the potential
risk of exposure to chemicals and food additives.44 The
potential risk of nicotine, WS-23, and propylene glycol from
daily exposures was calculated using “no observed adverse
effect levels” (NOAELs) from experimental data as a reference
point,45−47 an estimated daily exposure to the chemical, and an
average adult body weight of 60 kg. The MOE calculation was
based on daily consumption of 1 or 2 SURGE u-cigarettes/day
(fluid volumes of 1.2 or 2.4 mL) and a 100% transfer from the

fluid mixture into the aerosol. MOE values below the 100
threshold for a food additive and 1000 threshold for nicotine46

are considered high risk and require risk prioritization and
mitigation by regulatory agencies. For nicotine, propylene
glycol, and WS-23, all MOEs were <100 for all SURGE flavors
at 1 or 2 pods consumption/day (Figure 9).

■ DISCUSSION
The chemicals in SURGE fluids and aerosols were similar to
those in multiple generations of e-cigarettes.13,14,48−50 The four
flavored SURGE products had fluids and aerosols that
contained high concentrations of propylene glycol, glycerol,

Figure 7. Effects of SURGE aerosols on cell growth (area) and morphology in the live-cell imaging assay. Time-lapse imaging was performed with
(A) Blueberry Ice, (B) Watermelon Ice, (C) Green Mint, and (D) Polar Mint. The area covered by cells in the monolayer is shown over time. (E−
H) Micrographs of BEAS-2B cells after 4 and 24 h of treatment with 0, 0.6, or 6 TPE of SURGE aerosols. For A−D, each point is the mean of at
least three experiments ± the SEM * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.4c00085
Chem. Res. Toxicol. 2024, 37, 1329−1343

1337

https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00085?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00085?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00085?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00085?fig=fig7&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.4c00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nicotine, and flavor chemicals, in agreement with the SURGE
Web site.51 However, the SURGE Web site does not mention
the synthetic coolant WS-23, which is also used in high
concentrations in PUFF products.14,16,17,52 The concentrations
of aldehydes in both SURGE fluids and aerosols were higher
than in other pod-based products, and these were not
mentioned on the SURGE Web site. Each SURGE flavor
inhibited mitochondrial reductases in the MTT assay and cell
growth in the live cell imaging assay. Toxicity in the MTT
assay was higher than we have previously observed for JUUL
and was highly correlated with the concentrations of propylene
glycol, glycerol, nicotine, WS-23, and aldehydes. In treated
groups, cell growth was inhibited concentration-dependently,
cell morphology was adversely affected in time-lapse images,
and actin filaments were depolymerized in human bronchial
epithelial cells. In MOE assessments, nicotine, WS-23, and

propylene glycol concentrations in SURGE fluids were high
enough to be a health concern based on consumption of 1 or 2
SURGE u-cigarettes/day. Collectively, these data question the
safety of SURGE products.
While SURGE pods are labeled 18 mg/mL, the measured

concentrations of nicotine ranged from 15 to 19 mg/mL, with
“Blueberry Ice” being slightly higher than the labeled value.
Discrepancies between labeled and measured nicotine
concentrations have also been reported for e-cigarettes and
refill fluids.53−55 Nicotine concentrations in SURGE products
were lower than in JUUL, PUFF or other fourth generation
pod-based products but within the range of freebase nicotine
previously reported in refill fluids13,17,53,55−61 suggesting
SURGE does not use benzoic or other acids to create nicotine
salts in their products. However, a negligible level of acetic
acid, estimated at 60 μg/mL, was found in the “Blueberry Ice”

Figure 8. BEAS-2B cells treated with 0.6 or 6 TPE of SURGE aerosols. Treatment was for 24 h, and then cells were labeled with phalloidin-TRITC.
(A) Untreated control, (B, C) Green Mint, (D) Polar Mint, (E) Blueberry Ice, and (F) Watermelon Ice. White arrowheads in the control condition
show f-actin in the cytoplasm and beneath the plasma membrane. In the SURGE treatment groups, blue arrowheads show f-actin in spikes on the
cell surface, and yellow arrowheads show f-actin puncta in the cytoplasm.
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flavor. Transfer of nicotine into the aerosol was between 74
and 100% efficient in SURGE and generally higher or similar
to what has been reported in e-cigarettes.13,58,62,63 Nicotine
concentrations in both fluids and aerosols were highly
correlated with cytotoxicity in the MTT assay, as has also
been reported for e-cigarettes.13

While WS-23 was present in SURGE fluids at concentrations
within the range found in PUFF fluids (range = 0.8−45 mg/
mL),14 “Watermelon Ice” had one of the highest concen-
trations of WS-23 (31 mg/mL) we have seen in tobacco
products. All WS-23 concentrations in SURGE were well
above those usually used in edible products (range = 0.0008−
0.3%).64 WS-23 transferred to the aerosol with high efficiency
(62 to 92%), and like nicotine, its concentrations in both fluids
and aerosols were highly correlated with toxicity in the MTT
assay. WS-23 was originally developed by Wilkenson Sword for
use in shaving cream65,66 and is a relatively new additive in e-
cigarette products.14,16,17 It caused depolymerization of actin
filaments in BEAS-2B cells exposed at the air−liquid interface
in a cloud chamber, leading to impaired motility and a collapse
of cell architecture67 and may have been a factor in
depolymerizing actin in cells treated with the SURGE aerosols.
Individual flavor chemicals were generally present in fluids at

<6 mg/mL, which is lower than most dominant flavor
chemicals in JUUL and PUFF products.13,14 Generally, the
transfer of dominant flavor chemicals to SURGE aerosols
ranged from 44 to 87%. The total flavor chemical
concentrations in SURGE were within the range found in
other pod e-cigarette brands (JUUL and PUFF) and refill
fluids (LiQua).13,14,39 Dominant chemicals and total flavor
chemical concentrations in SURGE products generally
correlated (R2 ≥ 0.4) with toxicity in the MTT assay (Figure
6A,B).
An unexpected finding was the relatively high concentration

of aldehydes in SURGE products. While fluid concentrations
of aldehydes would be similar for all users and were high in
SURGE compared with other fourth generation products,68−76

numerous factors such as e-cigarette brand, solvent, heat,
power, ingredients, user topography, and metals in atomizers
can influence aldehyde concentrat ions in aero-
sols.1,37,56,68,73,77−81 For example, the average concentrations
of methylglyoxal (45 μg/mL) and glyoxal (31 μg/mL) in the
unvaped SURGE fluids were much higher than concentrations
reported in e-cigarette aerosols (methylglyoxal = 0.006 μg/mL

and glyoxal = 0.001 μg/mL).68,70,73−75 Even if no additional
aldehydes formed during vaping, the baseline concentrations in
unvaped fluids and their transfer to the aerosol during vaping
would be a concern. The aldehydes may be introduced by
individual ingredients when compounding the SURGE fluids,
or they may form from interactions with other constituents in
fluid mixtures.
Except for acetaldehyde in all products and glyoxal in

“Blueberry Ice,” the concentrations of the aldehydes were
higher in SURGE aerosols than in unvaped fluids. This
increased concentration in aerosols is likely due to the
formation of reaction products from propylene glycol and
glycerol, as reported in coil-style e-cigarettes upon heating.80,82

The temperature range of SURGE products during ultra-
sonication is lower (120−150 °C) than in coil-style e-cigarettes
(200−250 °C)34 leading SURGE to claim “Vapour is created
at a lower working temperature, producing fewer potential
“toxins” in SURGE aerosol than traditional coil-based pod-
style e-cigarettes.”34 The logic of the statement on the SURGE
Web site notwithstanding, we found higher concentrations of
potential toxins in SURGE aerosol than in other pod-style e-
cigarettes (Figure 4).
Aerosols collected as condensates were significantly less

toxic than those collected in culture media, showing that the
collection method affects end point data and that the
condensation method was less efficient in preserving toxicity
than the culture medium protocol. The SURGE Web site
claims their products are less harmful than traditional coil-
heated e-cigarettes.34 Nevertheless, unvaped fluids and aerosols
from SURGE were significantly more toxic in the MTT assay
than JUUL products13 (Figure 5). Toxicity in the MTT assay
correlated most strongly with propylene glycol, glycerol,
nicotine, WS-23, and total flavor chemicals, similar to
correlations found for PUFF fluids14 and JUUL fluids and
aerosols.13 These data support the conclusion that SURGE
fluids/aerosols are not less cytotoxic than fluids/aerosols
produced by traditional e-cigarettes and that the chemicals in
the highest concentrations contribute most to cytotoxicity.
Aldehydes, which are well-established toxicants,83 also
correlated well with cytotoxicity (R2 ≥ 0.5 for total aldehydes),
even though their tested concentrations were lower than the
dominant chemicals. Their presence in SURGE aerosols is also
of concern since some, such as formaldehyde, are considered
carcinogens.84

Figure 9. Margin of exposure (MOE) for nicotine, WS-23, and propylene glycol in SURGE u-cigarette fluids. MOEs are below the threshold of
1000 for nicotine and 100 for food additives, indicating a human health risk.
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Aerosols from the four SURGE products inhibited BEAS-2B
cell growth in a concentration-dependent manner, similar to
PUFF fluids.14 6 TPE of “Polar Mint” and “Watermelon Ice”
appeared to also cause cell death, which may have been due to
the higher concentrations of dominant flavor chemicals and/or
aldehydes in these flavors. At 6 TPE, all SURGE fluids caused
depolymerization of actin filaments in BEAS-2B cells and the
formation of actin-containing spikes at the cell surface. Cells
with depolymerized actin were often flat and spread, suggesting
that their microtubules and/or intermediate filaments were still
intact. Pure WS-23 caused depolymerization of actin filaments
in an air−liquid interface exposed 3D bronchial epithelium and
monolayers of BEAS-2B cells.67 and may have been responsible
for the depolymerization of actin caused by SURGE. Similar to
prior data with 16 PUFF products,14 the concentrations of WS-
23 in SURGE unvaped fluid were high enough to produce
MOEs below the threshold of 100, indicating a potential health
risk. In SURGE, the other dominant chemicals (nicotine and
propylene glycol) also had MOEs below 100. Concerns about
the high concentrations of nicotine, solvents, and flavor
chemicals have been raised previously with e-cigarettes13,85

and remain a concern with u-cigarettes.
Although the idea that u-cigarettes are safer than those with

heated coils appears logical, it is not supported by SURGE
cytotoxicity data, which show that SURGE aerosols are as toxic
or more toxic than the JUUL and PUFF counterparts and
support the conclusion that high concentrations of the
dominant chemicals in SURGE and the relatively high
concentrations of aldehydes are a source of toxicity. The
SURGE Web site states that the particle size in their aerosols is
smaller than other brands, improving the taste of their
product.36 Small particles would also penetrate deeper into
the lungs,86 which may not be desirable.87

Limitations. The concentration of aldehydes in SURGE
aerosols could vary depending on user topography, which is
highly variable37 and could be higher for some users than those
reported here.
Moreover, our aldehyde concentrations in aerosols are based

on condensates which were less toxic than aerosols collected in
culture media and may, therefore, underestimate the actual
concentrations users receive. We examined only one brand of
u-cigarette, and others should be evaluated in the future.
In conclusion, unvaped SURGE fluids are similar in basic

composition to other fourth generation pod-style e-cigarette
fluids but appear to use freebase nicotine rather than nicotine
salt, found in JUUL and PUFF products.13,14,16,17,58,72 WS-23
was in SURGE products at concentrations well above those
recommended for consumer products. Aldehyde concentra-
tions were unusually high in unvaped fluids and generally
higher in SURGE aerosols. Transfer of chemicals, including
aldehydes, to aerosols generally occurred with moderate to
excellent efficiency. SURGE cytotoxicity was highly correlated
with concentrations of nicotine, WS-23, total flavor chemicals,
and total aldehydes. SURGE aerosols also inhibited cell
growth, similar to other fourth generation pod products.
SURGE fluids depolymerized actin filaments, perhaps due to
the high concentration of WS-23 in SURGE products. While
the manufacturer claims that “SURGE produces the purest
vapor of any device on the market,” data suggest that SURGE
aerosols are very similar to other fourth generation aerosols
and are higher in aldehydes known to be toxicants than other
fourth generation pod products. SURGE is an important
example of why new products must be tested before marketing

since logical ideas (“lower heat produces fewer potential
toxins”)34 do not necessarily hold up when tested. The
elevated levels of aldehydes in SURGE products are a health
concern, and users should be cautious and not assume they are
safer than other pod-style e-cigarettes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00085.

Heat map of flavor chemicals above the LOQ with
concentrations <1 mg/mL (Figure S1); list of target
aldehydes and their limits of quantification (Table S1);
flavor chemicals detected below the limit of quantifica-
tion (Table S2); nontarget chemicals in U-cigarettes
(Table S3); e-cigarette products and summary of
chemicals included in Figure 2 (Table S4); JUUL
flavors analyzed for aldehydes in Figure 4 (Table S5)
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Prue Talbot − Department of Molecular, Cell, and Systems
Biology, University of California, Riverside, California 92521,
United States; orcid.org/0000-0001-8833-0845;
Phone: 951-850-7783; Email: talbot@ucr.edu; Fax: 951-
827-4206

Authors
Esther E. Omaiye − Department of Molecular, Cell, and
Systems Biology, University of California, Riverside,
California 92521, United States; orcid.org/0000-0002-
6010-4798

Wentai Luo − Department of Civil and Environmental
Engineering, Portland State University, Portland, Oregon
97207, United States

Kevin J. McWhirter − Department of Civil and
Environmental Engineering, Portland State University,
Portland, Oregon 97207, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrestox.4c00085

Author Contributions
P.T. and E.E.O. formed the concept and design of this study.
E.E.O., W.L., and K.J.M. carried out sample preparation, data
collection, processing, and analysis. E.E.O. and P.T. wrote the
first draft of the manuscript. E.E.O., W.L., K.J.M., and P.T.
edited the manuscript.
Funding
The research was supported by grants R56ESO34792−01A1
from the National Institute of Health and the Food and Drug
Administration Center for Tobacco Products awarded to P.T.
and T33FT6724 from California’s Tobacco-Related Disease
Research Program awarded to E.E.O. The content is solely the
authors’ responsibility and does not necessarily represent the
official views of the NIH, the FDA, or TRDRP.
Notes
The authors declare no competing financial interest.
Preprints: E.E.O., W.L., K.J.M., J.F.P., P.T.. Ultrasonic
Cigarettes: Chemicals and Cytotoxicity are Similar to
Heated-Coil Pod-Style Electronic Cigarettes. bioRxiv (Phar-

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.4c00085
Chem. Res. Toxicol. 2024, 37, 1329−1343

1340

https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00085?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.4c00085/suppl_file/tx4c00085_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prue+Talbot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8833-0845
mailto:talbot@ucr.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esther+E.+Omaiye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6010-4798
https://orcid.org/0000-0002-6010-4798
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wentai+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+J.+McWhirter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00085?ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.4c00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


macology and Toxicology). February 28, 2024. doi: 10.1101/
2024.02.28.582598. (accessed 2024−07−05).

■ ACKNOWLEDGMENTS
We want to thank Erik Ramirez, Onur Gazioglu, and Samantha
Vargas for their help in making the aerosols and the UCR Stem
Cell Core, which provided access to some of the
instrumentation used in this project.

■ REFERENCES
(1) National Academies of Sciences, Engineering, and Medicine.
Board on Population Health and Public Health Practice; Health and
Medicine Division; Committee on the Review of the Health Effects of
Electronic Nicotine Delivery Systems. Public Health Consequences of E-
Cigarettes; Stratton, K.; Kwan, L. Y.; Eaton, D. L., Eds.; National
Academies Press: Washington, D.C.2018; p 24952.
(2) Creamer, M. R.; Wang, T. W.; Babb, S.; Cullen, K. A.; Day, H.;
Willis, G.; Jamal, A.; Neff, L. Tobacco Product Use and Cessation
Indicators Among Adults � United States, 2018. MMWR Morb
Mortal Wkly Rep. 2019, 68 (45), 1013−1019.
(3) Carroll Chapman, S. L.; Wu, L.-T. E-Cigarette Prevalence and
Correlates of Use among Adolescents versus Adults: A Review and
Comparison. J. Psychiatr. Res. 2014, 54, 43−54.
(4) Kasza, K. A.; Edwards, K. C.; Kimmel, H. L.; Anesetti-
Rothermel, A.; Cummings, K. M.; Niaura, R. S.; Sharma, A.; Ellis, E.
M.; Jackson, R.; Blanco, C.; Silveira, M. L.; Hatsukami, D. K.; Hyland,
A. Association of E-Cigarette Use With Discontinuation of Cigarette
Smoking Among Adult Smokers Who Were Initially Never Planning
to Quit. JAMA Network Open 2021, 4 (12), No. e2140880.
(5) Ali, F. R. M.; Seidenberg, A. B.; Crane, E.; Seaman, E.; Tynan,
M. A.; Marynak, K. E-Cigarette Unit Sales by Product and Flavor
Type, and Top-Selling Brands, United States, 2020−2022. MMWR
Morb Mortal Wkly Rep. 2023, 72 (25), 672−677.
(6) Lee, J.; Suttiratana, S. C.; Sen, I.; Kong, G. E-Cigarette
Marketing on Social Media: A Scoping Review. Curr. Addict Rep.
2023, 10 (1), 29−37.
(7) Leventhal, A. M.; Dai, H. Prevalence of Flavored E-Cigarette Use
Among Subpopulations of Adults in the United States. J. Natl. Cancer
Inst. 2021, 113 (4), 418−424.
(8) O’Connor, R.; Schneller, L. M.; Felicione, N. J.; Talhout, R.;
Goniewicz, M. L.; Ashley, D. L. Evolution of Tobacco Products:
Recent History and Future Directions. Tob Control 2022, 31 (2),
175−182.
(9) USDHHS, 2016. E-Cigarette Use Among Youth and Young
Adults: A Report of the Surgeon General. 2016, 295.
(10) Williams, M.; Talbot, P. Design Features in Multiple
Generations of Electronic Cigarette Atomizers. Int. J. Environ. Res.
Public Health 2019, 16 (16), 2904.
(11) Ozga, J. E.; Felicione, N. J.; Douglas, A.; Childers, M.; Blank,
M. D. Electronic Cigarette Terminology: Where Does One
Generation End and the Next Begin? Nicotine Tob Res. 2022, 24
(3), 421−424.
(12) Omaiye, E. E.; Williams, M.; Bozhilov, K. N.; Talbot, P. Design
Features and Elemental/Metal Analysis of the Atomizers in Pod-Style
Electronic Cigarettes. PLoS One 2021, 16 (3), No. e0248127.
(13) Omaiye, E. E.; McWhirter, K. J.; Luo, W.; Pankow, J. F.;
Talbot, P. High-Nicotine Electronic Cigarette Products: Toxicity of
JUUL Fluids and Aerosols Correlates Strongly with Nicotine and
Some Flavor Chemical Concentrations. Chem. Res. Toxicol. 2019, 32
(6), 1058−1069.
(14) Omaiye, E. E.; Luo, W.; McWhirter, K. J.; Pankow, J. F.;
Talbot, P. Disposable Puff Bar Electronic Cigarettes: Chemical
Composition and Toxicity of E-Liquids and a Synthetic Coolant.
Chem. Res. Toxicol. 2022, 35 (8), 1344−1358.
(15) Noël, A.; Ghosh, A. Carbonyl Profiles of Electronic Nicotine
Delivery System (ENDS) Aerosols Reflect Both the Chemical
Composition and the Numbers of E-Liquid Ingredients−Focus on

the In Vitro Toxicity of Strawberry and Vanilla Flavors. Int. J. Environ.
Res. Public Health 2022, 19 (24), 16774.
(16) Jabba, S. V.; Erythropel, H. C.; Torres, D. G.; Delgado, L. A.;
Woodrow, J. G.; Anastas, P. T.; Zimmerman, J. B.; Jordt, S.-E.
Synthetic Cooling Agents in US-Marketed E-Cigarette Refill Liquids
and Popular Disposable E-Cigarettes: Chemical Analysis and Risk
Assessment. Nicotine Tob Res. 2022, 24 (7), 1037−1046.
(17) Jenkins, C.; Morgan, J.; Kelso, C. Synthetic Cooling Agents in
Australian-Marketed E-Cigarette Refill Liquids and Disposable E-
Cigarettes: Trends Follow the U.S. Market. Nicotine Tob Res. 2024, 26
(3), 380−384.
(18) McAlinden, K. D.; Eapen, M. S.; Lu, W.; Sharma, P.; Sohal, S.
S. The Rise of Electronic Nicotine Delivery Systems and the
Emergence of Electronic-Cigarette-Driven Disease. Am. J. Physiol.
Lung Cell Mol. Physiol. 2020, 319 (4), L585−L595.
(19) Pozuelos, G. L.; Kagda, M.; Rubin, M. A.; Goniewicz, M. L.;
Girke, T.; Talbot, P. Transcriptomic Evidence That Switching from
Tobacco to Electronic Cigarettes Does Not Reverse Damage to the
Respiratory Epithelium. Toxics 2022, 10 (7), 370.
(20) Gordon, T.; Karey, E.; Rebuli, M. E.; Escobar, Y.-N. H.; Jaspers,
I.; Chen, L. C. E-Cigarette Toxicology. Annu. Rev. Pharmacol. Toxicol.
2022, 62 (1), 301−322.
(21) Nair, V.; Tran, M.; Behar, R. Z.; Zhai, S.; Cui, X.; Phandthong,
R.; Wang, Y.; Pan, S.; Luo, W.; Pankow, J. F.; Volz, D. C.; Talbot, P.
Menthol in Electronic Cigarettes: A Contributor to Respiratory
Disease? Toxicol. Appl. Pharmacol. 2020, 407, No. 115238.
(22) Zahedi, A.; Phandthong, R.; Chaili, A.; Leung, S.; Omaiye, E.;
Talbot, P. Mitochondrial Stress Response in Neural Stem Cells
Exposed to Electronic Cigarettes. iScience 2019, 16, 250−269.
(23) Marques, P.; Piqueras, L.; Sanz, M.-J. An Updated Overview of
E-Cigarette Impact on Human Health. Respir Res. 2021, 22 (1), 151.
(24) United States Food and Drug Administration. FDA Finalizes
Enforcement Policy on Unauthorized Flavored Cartridge-based E-
cigarettes That Appeal to Children, Including Fruit and Mint, 2020,
https://www.fda.gov/news-events/press-announcements/fda-
finalizes-enforcement-policy-unauthorized-flavored-cartridge-based-e-
cigarettes-appeal-children (accessed Jan 09, 2024).
(25) United States Food and Drug Administration. Enforcement
Priorities for Electronic Nicotine Delivery Systems (ENDS) and
Other Deemed Products on the Market Without Premarket
Authorization (Revised): Guidance for Industry, 2020, https://
www.fda.gov/media/133880/download (accessed Jan 09, 2024).
(26) United States Food and Drug Administration. FDA Deems
Certain Tobacco Products Subject to FDA Authority, Sales and
Distribution Restrictions, and Health Warning Requirements for
Packages and Advertisements (Revised), 2023, https://www.fda.gov/
media/143049/download (accessed Jan 09, 2024).
(27) United States Food and Drug Administration, Listing of
Ingredients in Tobacco Products (Revised), 2023, https://www.fda.
gov/media/101162/download (accessed Jan 09, 2024).
(28) Omaiye, E. E.; Luo, W.; McWhirter, K. J.; Pankow, J. F.;
Talbot, P. Ethyl Maltol, Vanillin, Corylone, and Other Conventional
Confectionery-Related Flavour Chemicals Dominate in Some E-
Cigarette Liquids Labelled ‘Tobacco’ Flavoured. Tob Control 2022, 31
(Suppl 3), s238−s244.
(29) Ramamurthi, D.; Chau, C.; Berke, H. Y.; Tolba, A. M.; Yuan,
L.; Kanchan, V.; Santos, G.; Jackler, R. K. Flavour Spectrum of the
Puff Family of Disposable E-Cigarettes. Tob Control 2023, 32, e71−
e77.
(30) Cwalina, S. N.; McConnell, R.; Benowitz, N. L.; Barrington-
Trimis, J. L. Tobacco-Free Nicotine � New Name, Same Scheme?
New Engl. J. Med. 2021, 385 (26), 2406−2408.
(31) Zhan, P.; Chaoxiang, H. Liquid Storage Device and Electronic
Atomization Device - Google Patents.PdfCN218737242U.
(32) GlobeNewswire Newsroom. SURGE Pioneers Ultrasonic
Technology in Vaping Devices. January 142022, https://www.
globenewswire.com/news-release/2022/01/14/2367219/0/en/
SURGE-Pioneers-Ultrasonic-Technology-in-Vaping-Devices.html.
(accessed Jan 14, 2024).

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.4c00085
Chem. Res. Toxicol. 2024, 37, 1329−1343

1341

https://doi.org/10.1101/2024.02.28.582598
https://doi.org/10.1101/2024.02.28.582598
https://doi.org/10.15585/mmwr.mm6845a2
https://doi.org/10.15585/mmwr.mm6845a2
https://doi.org/10.1016/j.jpsychires.2014.03.005
https://doi.org/10.1016/j.jpsychires.2014.03.005
https://doi.org/10.1016/j.jpsychires.2014.03.005
https://doi.org/10.1001/jamanetworkopen.2021.40880
https://doi.org/10.1001/jamanetworkopen.2021.40880
https://doi.org/10.1001/jamanetworkopen.2021.40880
https://doi.org/10.15585/mmwr.mm7225a1
https://doi.org/10.15585/mmwr.mm7225a1
https://doi.org/10.1007/s40429-022-00463-2
https://doi.org/10.1007/s40429-022-00463-2
https://doi.org/10.1093/jnci/djaa118
https://doi.org/10.1093/jnci/djaa118
https://doi.org/10.1136/tobaccocontrol-2021-056544
https://doi.org/10.1136/tobaccocontrol-2021-056544
https://doi.org/10.3390/ijerph16162904
https://doi.org/10.3390/ijerph16162904
https://doi.org/10.1093/ntr/ntab164
https://doi.org/10.1093/ntr/ntab164
https://doi.org/10.1371/journal.pone.0248127
https://doi.org/10.1371/journal.pone.0248127
https://doi.org/10.1371/journal.pone.0248127
https://doi.org/10.1021/acs.chemrestox.8b00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.8b00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.8b00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.1c00423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.1c00423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijerph192416774
https://doi.org/10.3390/ijerph192416774
https://doi.org/10.3390/ijerph192416774
https://doi.org/10.3390/ijerph192416774
https://doi.org/10.1093/ntr/ntac046
https://doi.org/10.1093/ntr/ntac046
https://doi.org/10.1093/ntr/ntac046
https://doi.org/10.1093/ntr/ntad120
https://doi.org/10.1093/ntr/ntad120
https://doi.org/10.1093/ntr/ntad120
https://doi.org/10.1152/ajplung.00160.2020
https://doi.org/10.1152/ajplung.00160.2020
https://doi.org/10.3390/toxics10070370
https://doi.org/10.3390/toxics10070370
https://doi.org/10.3390/toxics10070370
https://doi.org/10.1146/annurev-pharmtox-042921-084202
https://doi.org/10.1016/j.taap.2020.115238
https://doi.org/10.1016/j.taap.2020.115238
https://doi.org/10.1016/j.isci.2019.05.034
https://doi.org/10.1016/j.isci.2019.05.034
https://doi.org/10.1186/s12931-021-01737-5
https://doi.org/10.1186/s12931-021-01737-5
https://www.fda.gov/news-events/press-announcements/fda-finalizes-enforcement-policy-unauthorized-flavored-cartridge-based-e-cigarettes-appeal-children
https://www.fda.gov/news-events/press-announcements/fda-finalizes-enforcement-policy-unauthorized-flavored-cartridge-based-e-cigarettes-appeal-children
https://www.fda.gov/news-events/press-announcements/fda-finalizes-enforcement-policy-unauthorized-flavored-cartridge-based-e-cigarettes-appeal-children
https://www.fda.gov/media/133880/download
https://www.fda.gov/media/133880/download
https://www.fda.gov/media/143049/download
https://www.fda.gov/media/143049/download
https://www.fda.gov/media/101162/download
https://www.fda.gov/media/101162/download
https://doi.org/10.1136/tc-2022-057484
https://doi.org/10.1136/tc-2022-057484
https://doi.org/10.1136/tc-2022-057484
https://doi.org/10.1136/tobaccocontrol-2021-056780
https://doi.org/10.1136/tobaccocontrol-2021-056780
https://doi.org/10.1056/NEJMp2111159
https://www.globenewswire.com/news-release/2022/01/14/2367219/0/en/SURGE-Pioneers-Ultrasonic-Technology-in-Vaping-Devices.html
https://www.globenewswire.com/news-release/2022/01/14/2367219/0/en/SURGE-Pioneers-Ultrasonic-Technology-in-Vaping-Devices.html
https://www.globenewswire.com/news-release/2022/01/14/2367219/0/en/SURGE-Pioneers-Ultrasonic-Technology-in-Vaping-Devices.html
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.4c00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(33) Wolfe, J. Ultrasonic Vaping. Pioneering Technology News or
Passing Craze_ − myCigara.pdf. March 24, 2022, https://www.
mycigara.com/blogs/news/ultrasonic-vaping (accessed on Jan 09,
2024).
(34) Wang, H. SURGE: The Best Choice for Smokers. August 19,
2021 https://surgevapor.com/blogs/news/surge-the-best-choice-for-
smokers (accessed Jan 09, 2024).
(35) Rao, P.; Han, D. D.; Tan, K.; Mohammadi, L.; Derakhshandeh,
R.; Navabzadeh, M.; Goyal, N.; Springer, M. L. Comparable
Impairment of Vascular Endothelial Function by a Wide Range of
Electronic Nicotine Delivery Devices. Nicotine Tob Res. 2022, 24 (7),
1055−1062.
(36) SURGE Technology − Surgevapor.pdf. https://surgevapor.
com/pages/technology (accessed Jan 23, 2023).
(37) Behar, R. Z.; Hua, M.; Talbot, P. Puffing Topography and
Nicotine Intake of Electronic Cigarette Users. PLoS One 2015, 10 (2),
No. e0117222.
(38) Brown, J. E.; Luo, W.; Isabelle, L. M.; Pankow, J. F. Candy
Flavorings in Tobacco. New Engl J. Med. 2014, 370 (23), 2250−2252.
(39) Omaiye, E. E.; Luo, W.; McWhirter, K. J.; Pankow, J. F.;
Talbot, P. Electronic Cigarette Refill Fluids Sold Worldwide: Flavor
Chemical Composition, Toxicity, and Hazard Analysis. Chem. Res.
Toxicol. 2020, 33 (12), 2972−2987.
(40) Behar, R. Z.; Bahl, V.; Wang, Y.; Lin, S.; Xu, N.; Davis, B.;
Talbot, P. A Method for Rapid Dose−Response Screening of
Environmental Chemicals Using Human Embryonic Stem Cells. J.
Pharmacol Toxicol Methods 2012, 66 (3), 238−245.
(41) Talbot, P.; I Zur Nieden, N.; Lin, S.; Martinez, I.; Guan, B.;
Bhanu, B. Use of Video Bioinformatics Tools in Stem Cell
Toxicology. In Handbook of Nanotoxicology, Nanomedicine and Stem
Cell Use in Toxicology; Sahu, S. C.; Casciano, D. A., Eds.; Wiley: West
Sussex, United Kingdom, 2014; pp 379−402.
(42) Bhanu, B.; Talbot, P. Live Imaging and Video Bioinformatics.
In Computational Biology; Springer International Publishing: Cham,
2015; Vol. 22, Chapter 1, pp 3−12.
(43) Biological Evaluation of Medical Devices �Part 5: Tests for in
Vitro Cytotoxicity. In ANSI/AAMI/ISO 10993−5:2009/(R)2014;
Biological Evaluation of Medical Devices �Part 5: Tests for in Vitro
Cytotoxicity; AAMI, 2009.
(44) Benford, D.; Bolger, P. M.; Carthew, P.; Coulet, M.; DiNovi,
M.; Leblanc, J.-C.; Renwick, A. G.; Setzer, W.; Schlatter, J.; Smith, B.;
Slob, W.; Williams, G.; Wildemann, T. Application of the Margin of
Exposure (MOE) Approach to Substances in Food That Are
Genotoxic and Carcinogenic. Food Chem. Toxicol. 2010, 48, S2−S24.
(45) Evaluation of Certain Food Additives: Sixty-Fifth Report of the
Joint FAO/WHO Expert Committee on Food Additives ; [Geneva,
6−17 June 2005]; Joint Expert Committee on Food Additives, Ed.;
WHO technical report series; Geneva, 2006. (accessed Jan 02, 2024).
(46) US EPA. Reregistration Eligibility Decision for Nicotine, 2008
https://archive.epa.gov/pesticides/reregistration/web/pdf/nicotine_
red.pdf.
(47) Rijksinstituut voor Volksgezondheid en Milieu (National
Institute for Public Health and the Environment, RIVM). De
Gezondheidsrisico’s Van E-sigaretten Voor Omstanders. Briefrapport
2016−0036. https://www.rivm.nl/bibliotheek/rapporten/2016-0036.
pdf (accessed Jan 09, 2024).
(48) Tierney, P. A.; Karpinski, C. D.; Brown, J. E.; Luo, W.; Pankow,
J. F. Flavour Chemicals in Electronic Cigarette Fluids. Tob Control
2016, 25 (e1), e10−e15.
(49) Behar, R. Z.; Luo, W.; McWhirter, K. J.; Pankow, J. F.; Talbot,
P. Analytical and Toxicological Evaluation of Flavor Chemicals in
Electronic Cigarette Refill Fluids. Sci. Rep. 2018, 8 (1), No. 8288,
DOI: 10.1038/s41598-018-25575-6.
(50) Pinto, M. I.; Thissen, J.; Hermes, N.; Cunningham, A.; Digard,
H.; Murphy, J. Chemical Characterisation of the Vapour Emitted by
an E-Cigarette Using a Ceramic Wick-Based Technology. Sci. Rep.
2022, 12 (1), No. 16497.
(51) SURGE. Vapor. What Ingredients are Used in Surge pods.
https://surgevapor.com/pages/support (accessed Jan 23, 2023).

(52) Omaiye, E. E.; Luo, W.; McWhirter, K. J.; Pankow, J. F.;
Talbot, P. Flavour Chemicals, Synthetic Coolants, and Pulegone in
Popular Mint-Flavoured and Menthol-Flavoured E-Cigarettes. Tob.
Control 2022, 31, e3−e9.
(53) Omaiye, E. E.; Cordova, I.; Davis, B.; Talbot, P. Counterfeit
Electronic Cigarette Products with Mislabeled Nicotine Concen-
trations. Tob. Reg. Sci. 2017, 3 (3), 347−357.
(54) Taylor, A.; Dunn, K.; Turfus, S. A. Review of Nicotine-
Containing Electronic Cigarettes�Trends in Use, Effects, Contents,
Labelling Accuracy and Detection Methods. Drug Test Anal. 2021, 13
(2), 242−260.
(55) Davis, B.; Dang, M.; Kim, J.; Talbot, P. Nicotine
Concentrations in Electronic Cigarette Refill and Do-It-Yourself
Fluids. Nicotine Tob. Res. 2015, 17 (2), 134−141.
(56) Pankow, J. F.; Kim, K.; McWhirter, K. J.; Luo, W.; Escobedo, J.
O.; Strongin, R. M.; Duell, A. K.; Peyton, D. H. Benzene Formation in
Electronic Cigarettes. PLoS One 2017, 12 (3), No. e0173055.
(57) Duell, A. K.; Pankow, J. F.; Peyton, D. H. Freebase Nicotine
Determination in Electronic Cigarette Liquids by 1 H NMR
Spectroscopy. Chem. Res. Toxicol. 2018, 31 (6), 431−434.
(58) Goniewicz, M. L.; Boykan, R.; Messina, C. R.; Eliscu, A.;
Tolentino, J. High Exposure to Nicotine among Adolescents Who Use
Juul and Other Vape Pod Systems (‘Pods’). Tob Control 2019, 28 (6),
676−677.
(59) Lisko, J. G.; Tran, H.; Stanfill, S. B.; Blount, B. C.; Watson, C.
H. Chemical Composition and Evaluation of Nicotine, Tobacco
Alkaloids, pH, and Selected Flavors in E-Cigarette Cartridges and
Refill Solutions. Nicotine Tob. Res. 2015, 17 (10), 1270−1278.
(60) Kim, S.; Goniewicz, M.; Yu, S.; Kim, B.; Gupta, R. Variations in
Label Information and Nicotine Levels in Electronic Cigarette Refill
Liquids in South Korea: Regulation Challenges. Int. J. Environ. Res.
Public Health 2015, 12 (5), 4859−4868.
(61) Raymond, B. H.; Collette-Merrill, K.; Harrison, R. G.; Jarvis, S.;
Rasmussen, R. J. The Nicotine Content of a Sample of E-Cigarette
Liquid Manufactured in the United States. J. Addict Med. 2018, 12
(2), 127−131.
(62) Hua, M.; Luo, W.; Khachatoorian, C.; McWhirter, K. J.; Leung,
S.; Martinez, T.; Talbot, P. Exposure, Retention, Exhalation,
Symptoms, and Environmental Accumulation of Chemicals During
JUUL Vaping. Chem. Res. Toxicol. 2023, 36 (3), 492−507.
(63) Pagano, T.; DiFrancesco, A. G.; Smith, S. B.; George, J.; Wink,
G.; Rahman, I.; Robinson, R. J. Determination of Nicotine Content
and Delivery in Disposable Electronic Cigarettes Available in the
United States by Gas Chromatography-Mass Spectrometry. Nicotine
Tob Res. 2016, 18 (5), 700−707.
(64) Smith, R. L.; Newberne, P.; Adams, T. B.; Ford, R. A.;
Hallagan, J. B. GRAS Flavoring Substances 17, 1996, 9.
(65) Leffingwell, J.; Rowsell, D. Wilkinson Sword Cooling
Compounds: From the Beginning to Now: A Chronological Review
of Research into The Cooling And Therapeutic Effects of These
Types Of Materials. Perfum. Flavor. 2014, 39 (10), 34−44.
(66) Leffingwell, J. Cooling Ingredients and Their Mechanism of
Action. In Handbook of Cosmetic Science and Technology, 3rd ed.;
Maibach, H., Ed.; CRC Press, 2009; pp 661−675.
(67) Wong, M.; Martinez, T.; Tran, M.; Zuvia, C.; Gadkari, A.;
Omaiye, E. E.; Luo, W.; McWhirter, K. J.; Sha, J.; Kassem, A.;
Wohlschlegel, J.; Talbot, P. A Synthetic Coolant (WS-23) in
Disposable Electronic Cigarettes Impairs Cytoskeletal Function in
EpiAirway Microtissues Exposed at the Air Liquid Interface. Sci. Rep.
2023, 13 (1), No. 16906.
(68) Azimi, P.; Keshavarz, Z.; Lahaie Luna, M.; Cedeno Laurent, J.
G.; Vallarino, J.; Christiani, D. C.; Allen, J. G. An Unrecognized
Hazard in E-Cigarette Vapor: Preliminary Quantification of
Methylglyoxal Formation from Propylene Glycol in E-Cigarettes.
Int. J. Environ. Res. Public Health 2021, 18 (2), 385.
(69) Chen, X.; Bailey, P. C.; Yang, C.; Hiraki, B.; Oldham, M. J.;
Gillman, I. G. Targeted Characterization of the Chemical
Composition of JUUL Systems Aerosol and Comparison with 3R4F

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.4c00085
Chem. Res. Toxicol. 2024, 37, 1329−1343

1342

https://www.mycigara.com/blogs/news/ultrasonic-vaping
https://www.mycigara.com/blogs/news/ultrasonic-vaping
https://surgevapor.com/blogs/news/surge-the-best-choice-for-smokers
https://surgevapor.com/blogs/news/surge-the-best-choice-for-smokers
https://doi.org/10.1093/ntr/ntac019
https://doi.org/10.1093/ntr/ntac019
https://doi.org/10.1093/ntr/ntac019
https://surgevapor.com/pages/technology
https://surgevapor.com/pages/technology
https://doi.org/10.1371/journal.pone.0117222
https://doi.org/10.1371/journal.pone.0117222
https://doi.org/10.1056/NEJMc1403015
https://doi.org/10.1056/NEJMc1403015
https://doi.org/10.1021/acs.chemrestox.0c00266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.0c00266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.vascn.2012.07.003
https://doi.org/10.1016/j.vascn.2012.07.003
https://doi.org/10.1016/j.fct.2009.11.003
https://doi.org/10.1016/j.fct.2009.11.003
https://doi.org/10.1016/j.fct.2009.11.003
https://archive.epa.gov/pesticides/reregistration/web/pdf/nicotine_red.pdf
https://archive.epa.gov/pesticides/reregistration/web/pdf/nicotine_red.pdf
https://www.rivm.nl/bibliotheek/rapporten/2016-0036.pdf
https://www.rivm.nl/bibliotheek/rapporten/2016-0036.pdf
https://doi.org/10.1136/tobaccocontrol-2014-052175
https://doi.org/10.1038/s41598-018-25575-6
https://doi.org/10.1038/s41598-018-25575-6
https://doi.org/10.1038/s41598-018-25575-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-022-19761-w
https://doi.org/10.1038/s41598-022-19761-w
https://surgevapor.com/pages/support
https://doi.org/10.1136/tobaccocontrol-2021-056582
https://doi.org/10.1136/tobaccocontrol-2021-056582
https://doi.org/10.18001/TRS.3.3.10
https://doi.org/10.18001/TRS.3.3.10
https://doi.org/10.18001/TRS.3.3.10
https://doi.org/10.1002/dta.2998
https://doi.org/10.1002/dta.2998
https://doi.org/10.1002/dta.2998
https://doi.org/10.1093/ntr/ntu080
https://doi.org/10.1093/ntr/ntu080
https://doi.org/10.1093/ntr/ntu080
https://doi.org/10.1371/journal.pone.0173055
https://doi.org/10.1371/journal.pone.0173055
https://doi.org/10.1021/acs.chemrestox.8b00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.8b00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.8b00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1136/tobaccocontrol-2018-054565
https://doi.org/10.1136/tobaccocontrol-2018-054565
https://doi.org/10.1093/ntr/ntu279
https://doi.org/10.1093/ntr/ntu279
https://doi.org/10.1093/ntr/ntu279
https://doi.org/10.3390/ijerph120504859
https://doi.org/10.3390/ijerph120504859
https://doi.org/10.3390/ijerph120504859
https://doi.org/10.1097/ADM.0000000000000376
https://doi.org/10.1097/ADM.0000000000000376
https://doi.org/10.1021/acs.chemrestox.2c00390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.2c00390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.2c00390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/ntr/ntv120
https://doi.org/10.1093/ntr/ntv120
https://doi.org/10.1093/ntr/ntv120
https://doi.org/10.1038/s41598-023-43948-4
https://doi.org/10.1038/s41598-023-43948-4
https://doi.org/10.1038/s41598-023-43948-4
https://doi.org/10.3390/ijerph18020385
https://doi.org/10.3390/ijerph18020385
https://doi.org/10.3390/ijerph18020385
https://doi.org/10.3390/separations8100168
https://doi.org/10.3390/separations8100168
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.4c00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Reference Cigarettes and IQOS Heat Sticks. Separations 2021, 8 (10),
168 DOI: 10.3390/separations8100168.
(70) Karam, E.; Talih, S.; Salman, R.; El-Hage, R.; Karaoghlanian,
N.; El-Hellani, A.; Saliba, N.; Shihadeh, A. JUUL ‘New Technology’
Pods Exhibit Greater Electrical Power and Nicotine Output than
Previous Devices. Tob Control 2022, 31 (5), 630−634.
(71) Lalonde, G.; Demir, K.; Yao, J.; Wolz, R. L.; Kosachevsky, P.;
Gillman, I. G.; Oldham, M. J. Characterization of a Rapid Condensate
Collection Apparatus for in Vitro Assays of Electronic Nicotine
Delivery Systems. Toxicol. in Vitro 2022, 84, No. 105434.
(72) Mallock, N.; Trieu, H. L.; Macziol, M.; Malke, S.; Katz, A.;
Laux, P.; Henkler-Stephani, F.; Hahn, J.; Hutzler, C.; Luch, A. Trendy
E-Cigarettes Enter Europe: Chemical Characterization of JUUL Pods
and Its Aerosols. Arch. Toxicol. 2020, 94 (6), 1985−1994.
(73) Son, Y.; Bhattarai, C.; Samburova, V.; Khlystov, A. Carbonyls
and Carbon Monoxide Emissions from Electronic Cigarettes Affected
by Device Type and Use Patterns. Int. J. Environ. Res. Public Health
2020, 17 (8), 2767.
(74) Talih, S.; Salman, R.; El-Hage, R.; Karam, E.; Salam, S.;
Karaoghlanian, N.; El-Hellani, A.; Saliba, N.; Shihadeh, A. A
Comparison of the Electrical Characteristics, Liquid Composition,
and Toxicant Emissions of JUUL USA and JUUL UK e-Cigarettes.
Sci. Rep. 2020, 10 (1), No. 7322, DOI: 10.1038/s41598-020-64414-5.
(75) Talih, S.; Salman, R.; Soule, E.; El-Hage, R.; Karam, E.;
Karaoghlanian, N.; El-Hellani, A.; Saliba, N.; Shihadeh, A. Electrical
Features, Liquid Composition and Toxicant Emissions from ‘Pod-
Mod’-like Disposable Electronic Cigarettes. Tob Control 2022, 31 (5),
667−670.
(76) Margham, J.; McAdam, K.; Forster, M.; Liu, C.; Wright, C.;
Mariner, D.; Proctor, C. Chemical Composition of Aerosol from an E-
Cigarette: A Quantitative Comparison with Cigarette Smoke. Chem.
Res. Toxicol. 2016, 29 (10), 1662−1678.
(77) Sleiman, M.; Logue, J. M.; Montesinos, V. N.; Russell, M. L.;
Litter, M. I.; Gundel, L. A.; Destaillats, H. Emissions from Electronic
Cigarettes: Key Parameters Affecting the Release of Harmful
Chemicals. Environ. Sci. Technol. 2016, 50 (17), 9644−9651.
(78) Khlystov, A.; Samburova, V. Flavoring Compounds Dominate
Toxic Aldehyde Production during E-Cigarette Vaping. Environ. Sci.
Technol. 2016, 50 (23), 13080−13085.
(79) Uchiyama, S.; Ohta, K.; Inaba, Y.; Kunugita, N. Determination
of Carbonyl Compounds Generated from the E-Cigarette Using
Coupled Silica Cartridges Impregnated with Hydroquinone and 2,4-
Dinitrophenylhydrazine, Followed by High-Performance Liquid
Chromatography. Anal. Sci. 2013, 29 (12), 1219−1222.
(80) Jensen, R. P.; Strongin, R. M.; Peyton, D. H. Solvent Chemistry
in the Electronic Cigarette Reaction Vessel. Sci. Rep 2017, 7 (1),
No. 42549.
(81) Saliba, N. A.; El Hellani, A.; Honein, E.; Salman, R.; Talih, S.;
Zeaiter, J.; Shihadeh, A. Surface Chemistry of Electronic Cigarette
Electrical Heating Coils: Effects of Metal Type on Propylene Glycol
Thermal Decomposition. J. Anal Appl. Pyrolysis 2018, 134, 520−525.
(82) Strongin, R. M. E-Cigarette Chemistry and Analytical
Detection. Annu. Rev. Anal Chem. 2019, 12 (1), 23−39.
(83) LoPachin, R. M.; Gavin, T. Molecular Mechanisms of Aldehyde
Toxicity: A Chemical Perspective. Chem. Res. Toxicol. 2014, 27 (7),
1081−1091.
(84) Formaldehyde, 2-Butoxyethanol and 1-Tert-Butoxypropan-2-ol:
This Publication Represents the Views and Expert Opinions of an IARC
Working Group on the Evaluation of Carcinogenic Risks to Humans,
Which Met in Lyon, 2 - 9 June 2004; International Agency for
Research on Cancer, Ed.; IARC monographs on the evaluation of
carcinogenic risks to humans; IARC: Lyon, 2006.
(85) Omaiye, E. E.; McWhirter, K. J.; Luo, W.; Tierney, P. A.;
Pankow, J. F.; Talbot, P. High Concentrations of Flavor Chemicals
Are Present in Electronic Cigarette Refill Fluids. Sci. Rep 2019, 9 (1),
No. 2468.
(86) Carvalho, T. C.; Peters, J. I.; Williams, R. O., III Influence of
Particle Size on Regional Lung Deposition − What Evidence Is
There? Int. J. Pharm. 2011, 406 (1−2), 1−10.

(87) Bakand, S.; Hayes, A.; Dechsakulthorn, F. Nanoparticles: A
Review of Particle Toxicology Following Inhalation Exposure. Inhal.
Toxicol. 2012, 24 (2), 125−135.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.4c00085
Chem. Res. Toxicol. 2024, 37, 1329−1343

1343

https://doi.org/10.3390/separations8100168
https://doi.org/10.3390/separations8100168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1136/tobaccocontrol-2020-056427
https://doi.org/10.1136/tobaccocontrol-2020-056427
https://doi.org/10.1136/tobaccocontrol-2020-056427
https://doi.org/10.1016/j.tiv.2022.105434
https://doi.org/10.1016/j.tiv.2022.105434
https://doi.org/10.1016/j.tiv.2022.105434
https://doi.org/10.1007/s00204-020-02716-3
https://doi.org/10.1007/s00204-020-02716-3
https://doi.org/10.1007/s00204-020-02716-3
https://doi.org/10.3390/ijerph17082767
https://doi.org/10.3390/ijerph17082767
https://doi.org/10.3390/ijerph17082767
https://doi.org/10.1038/s41598-020-64414-5
https://doi.org/10.1038/s41598-020-64414-5
https://doi.org/10.1038/s41598-020-64414-5
https://doi.org/10.1038/s41598-020-64414-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1136/tobaccocontrol-2020-056362
https://doi.org/10.1136/tobaccocontrol-2020-056362
https://doi.org/10.1136/tobaccocontrol-2020-056362
https://doi.org/10.1021/acs.chemrestox.6b00188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.6b00188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2116/analsci.29.1219
https://doi.org/10.2116/analsci.29.1219
https://doi.org/10.2116/analsci.29.1219
https://doi.org/10.2116/analsci.29.1219
https://doi.org/10.2116/analsci.29.1219
https://doi.org/10.1038/srep42549
https://doi.org/10.1038/srep42549
https://doi.org/10.1016/j.jaap.2018.07.019
https://doi.org/10.1016/j.jaap.2018.07.019
https://doi.org/10.1016/j.jaap.2018.07.019
https://doi.org/10.1146/annurev-anchem-061318-115329
https://doi.org/10.1146/annurev-anchem-061318-115329
https://doi.org/10.1021/tx5001046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx5001046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-019-39550-2
https://doi.org/10.1038/s41598-019-39550-2
https://doi.org/10.1016/j.ijpharm.2010.12.040
https://doi.org/10.1016/j.ijpharm.2010.12.040
https://doi.org/10.1016/j.ijpharm.2010.12.040
https://doi.org/10.3109/08958378.2010.642021
https://doi.org/10.3109/08958378.2010.642021
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.4c00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



