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ABSTRACT: The attractiveness and abundance of flavors are
primary factors eliciting youth to use e-cigarettes. Emerging studies
in recent years revealed the adverse health impact of e-cigarette
flavoring chemicals, including disruption of the biophysical
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to the ultrastructure of the surfactant film were visualized using

atomic force microscopy. We have systematically studied eight

representative flavoring chemicals (benzyl alcohol, menthol, maltol, ethyl maltol, vanillin, ethyl vanillin, ethyl acetate, and ethyl
butyrate) and six popular recombinant flavors (coffee, vanilla, tobacco, cotton candy, menthol/mint, and chocolate). Our results
suggested a flavor-dependent inhibitory effect of e-cigarette aerosols on the biophysical properties of the pulmonary surfactant. A
qualitative phase diagram was proposed to predict the hazardous potential of various flavoring chemicals. These results provide novel
implications in understanding the environmental, health, and safety impacts of e-cigarette aerosols and may contribute to better
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regulation of e-cigarette products.
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Bl INTRODUCTION

Electronic cigarettes (e-cigarettes) are nicotine-delivery devices
that employ a battery-powered heating element to vaporize a
liquid and produce inhalable aerosols." The liquid, known as an
“e-liquid” or “e-juice”, is held in a cartridge where it is soaked up
by a wicking material, such as a stainless steel mesh, to come into
contact with a heating coil.” The e-liquid generally contains
propylene glycol (PG), vegetable glycerin (VG), various levels
of nicotine, and a variety of flavoring chemicals.”* The
vaporization of e-liquids is smoke-free, thus reducing the
production of tobacco-specific combustion products, such as
carbon monoxide.” Accordingly, when introduced in the mid-
2000s, e-cigarettes were marketed as a healthier nicotine source
than traditional cigarettes, and intended to be used as a tobacco
cigarette cessation method." The flavoring component was used
to promote the use of e-cigarettes as it masks the harsh taste of
nicotine; however, the enticing nature of the flavored aerosols
has led to many adolescents and young adults initiating their use
of nicotine via e-cigarettes.” Numerous studies have reported the
attractiveness of flavors to be one of the primary motivations for
usage of e-cigarettes among youth.” ™'

Reportedly, there are ~17,000 flavored e-liquid products
available on the market from over 450 retail brands."'~"* These

© 2023 American Chemical Society

7 ACS Publications

15882

flavors can be grouped into 12 categories, i.e., tobacco, menthol/
mint, nuts, spices, coffee/tea, alcohol, other beverages, fruit,
dessert, candy, other sweets, and others."* Although most of the
flavoring chemicals used in e-liquids are considered safe for
ingestion by the Flavors and Extract Manufacturers Association
(FEMA), this assessment is not necessarily valid for
inhalation.””™"” In accordance with flavor variety and
attractiveness among youth, there has been a vast emergence
of research on the pulmonary toxicity of e-cigarette flavors.'*~>*
A collection of in vitro studies have identified a dose-dependent
toxicological effect of common flavoring ingredients used in
commercial e-liquids, including maltol, ethyl maltol, vanillin,
and cinnamaldehyde, on human respiratory cells.”**° Likewise,
benzaldehyde is a primary ingredient in many cherry flavored e-
liquids, yet it is a known respiratory irritant with potential to
cause acute lung injury.'”*” Studies have also found flavored e-
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Figure 1. Constrained drop surfactometry (CDS) is a new alternative method to evaluate the adverse biophysical impact of e-cigarette aerosols on
pulmonary surfactant. CDS uses the air—water surface of a sessile droplet, with an adsorbed pulmonary surfactant film and constrained on a 3 mm
pedestal with a knife-sharp edge, to simulate the air—water surface of the lung. The adsorbed surfactant film can be periodically compressed and
expanded by precisely controlling liquid flow into and out of the droplet using a motorized syringe. The surface tension and surface area of the
surfactant film are simultaneously determined from the shape of the droplet using closed-loop axisymmetric drop shape analysis (CL-ADSA). The
droplet-pedestal assembly is enclosed in an environmental control chamber that simulates intra-alveolar conditions. An e-cigarette aerosol generator
with a refillable cartridge is connected to the environmental control chamber via a three-way valve. e-Cigarette aerosols, with various flavoring
chemicals, are generated by simulating mainstream puff profiles. The dose of exposure is quantified with a quartz crystal microbalance (QCM).

liquids to produce reactive oxygen species (ROS) when
vaporized,”® which can impair blood vessels, thus increasing
the risk of developing cardiovascular diseases.”” The nanoscale
size of e-cigarette aerosols likely permits penetration across the
blood—brain barrier, raising concern for neurovascular health,
regardless of nicotine content.’”’' To address these health
concerns, the U.S. Food and Drug Administration (FDA) placed
a ban on flavored e-liquid cartridges, not including menthol or
tobacco flavors. Although restrictions were enforced, non-
cartridge-based products such as JUUL and Puff Bar are exempt
from the ban, and thus numerous flavored e-cigarettes are still
available on the market.

The median size of aerosols produced from e-cigarette devices
ranges from 11 to 175 nm, which is within the size limits to
bypass airway clearance barriers and enter the alveolar region of
the lungs.””** Once deposited onto alveoli, the e-cigarette
aerosols must first interact with the thin film lining of the alveolar
surface, known as pulmonary surfactant.” It consists of ~80 wt
% phospholipids, 5—10% neutral lipids, and 5—10% proteins.
Primarily, pulmonary surfactant plays a critical role in lung
physiology to reduce alveolar surface tension to near-zero values
upon exhalation for effective inhalation, minimizing the energy
expended, and thus maintaining tidal breathing.”® Disrupted
function of the pulmonary surfactant has life-threatening health
impacts including acute lung injury and acute respiratory distress
syndrome, which can lead to fatal consequences.””*” To date,
very limited research has been conducted on the effect of e-
cigarette aerosols on the pulmonary surfactant film under
physiologically relevant conditions, while all these studies
suggested that e-cigarette flavors play a predominant role in
affecting the biophysical function of pulmonary surfactant.”>*”
Nevertheless, a comprehensive study of the biophysical impact
of various e-cigarette flavors on pulmonary surfactants is still

lacking.

Here, we used constrained drop surfactometry (CDS) to
study the biophysical impact of flavored e-cigarette aerosols on
Infasurf, an animal-derived natural pulmonary surfactant. CDS
has been used as a new alternative method to simulate nanobio
interactions in the lung"” and to evaluate the acute lung toxicity
of particulate matters*' and e-cigarette aerosols.””*” The dose of
exposure to e-cigarette aerosols was quantified with a quartz
crystal microbalance (QCM),* and alterations to the ultra-
structure and topography of the surfactant film were visualized
using atomic force microscopy (AFM)."> We systematically
studied eight representative flavoring chemicals (benzyl alcohol,
menthol, maltol, ethyl maltol, vanillin, ethyl vanillin, ethyl
acetate, and ethyl butyrate) and six popular recombinant e-
cigarette flavors (coffee, vanilla, tobacco, cotton candy,
menthol/mint, and chocolate). Our results suggested a flavor-
dependent inhibitory effect of e-cigarette aerosols on the
biophysical properties of pulmonary surfactant. Based on these
experimental data, a qualitative phase diagram has been
proposed to predict the hazardous potential and acute lung
toxicity of flavoring chemicals in various classes (alcohols,
heterocycles, aldehydes, and esters). These results provide novel
implications in understanding the environmental, health, and
safety impacts of e-cigarette aerosols and may contribute to
better regulation of e-cigarette products.

B MATERIALS AND METHODS

Pulmonary Surfactant. A natural pulmonary surfactant,
Infasurf, was purchased from ONY Biotech (Amherst, NY).
Through centrifugation and extraction, Infasurf was produced
from the lung lavage of the newborn calves. This preparation
process removed the hydrophilic surfactant proteins (SP-A and
SP-D), yet preserved most of the hydrophobic components,
including SP-B and SP-C.*" Infasurf was stored in sterilized vials
at =20 °C. The phospholipid concentration of Infasurf was
diluted on the day of the experiment from 35 to 1 mg/mL using a
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Table 1. Summary of Flavoring Chemicals Used in This Study and Their Concentration Levels Found in Commercial e-Cigarette

Products
Flavor Benzyl Ethyl . Ethyl Ethyl Ethyl
chemicals alcohol Menthol Maltol maltol Vanillin vanillin acetate butyrate
Ch ical OH CHy o o o o H
emica o f{/EOH OH ; E;L N %

structure é T 5 'O‘ o 'O‘ CHy o [ oo OO NeH,  HeT 0 o,
Chemical C/H:O CioHnO CsHeO C/H:O CsH:O CoH 10 CiH:O CeH 1O
formula 718 101120 61163 7r18U3 grigUus 9r110V3 41182 6111202

CAS number 100-51-6 89-78-1 118-71-8 4940-11-8 121-33-5 121-32-4 141-78-6 105-54-4
Pr{mary Alcohol Alcohol Alcohol Alcohol Alcohol Alcohol Ester Ester

chemical class

Sec?ndary Alcohol Alcohol Heterocycle  Heterocycle Aldehyde Aldehyde Ester Ester

chemical class

Molar mass 108.14 156.26 126.11 140.14 152.15 166.17 88.11 116.16
(g/mol)

Prevalence 16 19 5 I 6 4 3
ranking

Mean conc. as

the primary 2.44 15.88 5.45 13.83 11.66 530 7.20 11.10
ingredient

(mg/mL) 3,12,48

Conc. range 0.1-39 2.04-84 0.13-6.2 0.05-27.1 0.1-33 0.2-8.4 0.04-7.2 0.1-11.1

(mg/mL) 3,12,48

saline buffer (0.9% NaCl, 1.5 mM CaCl,, and 2.5 mM HEPES, at
pH 7.0).

e-Liquid Chemicals. The e-liquid base was composed of
50/50 (v/v) propylene glycol (PG) and vegetable glycerin
(VG), with/without nicotine. Eight flavoring chemicals,
including benzyl alcohol, menthol, maltol, ethyl maltol, vanillin,
ethyl vanillin, ethyl acetate, and ethyl butyrate, were purchased
from Sigma-Aldrich and used without further purification.

Constrained Drop Surfactometry (CDS). The biophysical
effect of e-cigarette aerosols on pulmonary surfactant was
studied using CDS; an advanced droplet-based tensiometry
technique developed in our laboratory.*’ As shown in Figure 1, a
7 pL sessile droplet of 1 mg/mL natural pulmonary surfactant
suspension is constrained on a 3 mm pedestal. The pedestal has a
knife-sharp edge to minimize leakage of the adsorbed surfactant
film from the air—water surface. Formation of the adsorbed
surfactant film was identified upon reaching an equilibrium
surface tension of 22—25 mN/m.*® To simulate tidal breathing,
the pulmonary surfactant film was compressed and expanded by
using a motorized syringe that regulated the fluid flow into and
out of the droplet. During the compression—expansion cycles,
instantaneous surface tension and surface area measurements of
the droplet were calculated using an in-lab developed algorithm
known as closed-loop axisymmetric drop shape analysis (CL-
ADSA).*” The pedestal-droplet assembly was enclosed in an
environmental control chamber that mimics the intralveolar
environment by maintaining a temperature of 37 °C and relative
humidity of 100%.

An in-lab developed negative-pressure e-cigarette aerosol
generator was modified as an extension to the CDS setup.’®*° It
consists of a third-generation modifiable e-cigarette device
(Geekvape T200 Kit) with a refillable cartridge and a stainless
steel mesh 0.38 Q coil (HorizonTech Falcon M-Dual),
connected to the CDS chamber via a three-way valve. The

power of the e-cigarette device can be adjusted between 5 and
200 W; for consistency it was operated at 80 W.*” To simulate an
average vape session, the puff duration was controlled at 3 s per
puff with a 25 s interval between puffs, consistent with
mainstream vaping behaviors,**™° and following standards
recommended by the Corporation Center for Scientific
Research Relative to Tobacco (CORESTA).>" For the purpose
of studying the immediate effects of a short vaping period, 3
puffs® were delivered into the CDS chamber where the e-
cigarette aerosols were exposed to the adsorbed surfactant film.
The surfactant film exposed to the e-cigarette aerosols was
compressed and expanded at a physiologically relevant rate of 3 s
per cycle with a compression ratio of 20% of the initial surface
area to simulate normal tidal breathing.>® To quantify the
biophysical impact of e-cigarette aerosols on the pulmonary
surfactant film, both the minimum surface tension (7,,,) and the

film compressibility (k = i%A) of the 10th compression—
14

expansion cycle were analyzed.

Quartz Crystal Microbalance (QCM). The dosimetry of e-
cigarette aerosol exposure was determined with a $ MHz QCM
(Stanford Research Systems, Sunnyvale, CA).>* The dose of e-
cigarette aerosol exposure was recorded as deposited mass per
surface area (ug/cm’) divided by the total puff number to
present dosimetry on a mean per-puff basis (ug/cm?/puff).”>” As
shown in Figure S1, the e-cigarette aerosols delivered to the
CDS exposure chamber was approximately 10 ug/cm’/puff,
which falls into the range of e)gposure doses used in literature,
ie, 0.2—182 ,Ltg/cmz/puff.ﬂ_5

Subphase Replacement and In Situ Langmuir—
Blodgett (LB) Transfer. To visualize the impact of e-cigarette
aerosols on pulmonary surfactant film, a novel subphase
replacement technique®’ was executed prior to performing in
situ Langmuir—Blodgett (LB) transfer. To replace the surfactant
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vesicles in the aqueous subphase, a coaxial pedestal was used to
simultaneously inject buffer solution while withdrawing equal
amounts of the surfactant suspension. Successful subphase
replacement removes the nonadsorbing phospholipid vesicles
but does not disturb the adsorbed surfactant film at the air—
water surface. After subphase replacement, the surfactant film
was LB transferred onto a freshly peeled mica sheet across the
air—water surface at a speed of 1 mm/min.

Atomic Force Microscopy (AFM). The immobilized
Infasurf film was imaged with an Innova AFM (Bruker, Santa
Barbara, CA), in tapping mode, using a silicon cantilever with a
resonance frequency of 300 kHz and a spring constant of 42 N/
m. Multiple locations on each sample were scanned for
reproducibility purposes. The topographical images were then
analyzed using Nanoscope Analysis software (version 1.5).

Statistical Analysis. Each result is shown as mean =+
standard deviation (n = S). The one-way ANOVA with the
Tukey means comparison test (OriginPro, Northampton, MA)
was used to establish differences between groups. Results were
considered statistically significant when p < 0.0S.

B RESULTS AND DISCUSSION

Effect of Flavored e-Cigarette Aerosols on Biophysics
of Pulmonary Surfactant Film. Table 1 summarizes the
molecular characteristics of eight representative flavoring
chemicals selected for this study: benzyl alcohol, menthol,
maltol, ethyl maltol, vanillin, ethyl vanillin, ethyl acetate, and
ethyl butyrate. These chemicals were among the top 25 most
frequently added flavoring ingredients in e-cigarette products,
with vanillin, ethyl maltol, ethyl butyrate, ethyl acetate, maltol,
and ethyl vanillin comprising, in order, the top 6, and benzyl
alcohol and menthol being ranked 16 and 19, respectively.'” In
terms of their chemical structures, the first six chemicals feature a
hydroxyl group (—OH) and thus are all primarily classified as an
alcohol, while ethyl acetate and ethyl butyrate are categorized as
esters since they possess a carbonyl group (C=0) bonded to an
additional oxygen atom. Further categorization of these
chemicals separates them into four distinct classes: alcohols,
heterocycles, aldehydes, and esters. Maltol and ethyl maltol are
heterocycles, as they contain an additional element (oxygen) in
their ring structures. Vanillin and ethyl vanillin can also be more
specifically identified as aldehydes, as they each have a carbonyl
group bonded to a hydrogen atom. With respect to the mean
concentration of each chemical when added as the primary
ingredient, menthol is the most predominant.12 The range of
chemical concentration identified in commercial e-liquid
products also highlights menthol to have the highest detected
concentration up to 84 mg/ mL. 124857

We first studied the effect of individual flavoring chemicals, all
at the same concentration of 10 mg/mL, which is close to the
average concentration of these flavoring chemicals used in e-
cigarette products (Table 1). Figure 2 shows the biophysical
properties of the pulmonary surfactant film when exposed to 3-
puffs of e-cigarette aerosols for each individual flavoring
chemical, in which the Infasurf film adsorbed at the air—water
surface without exposure to e-cigarette aerosols serves as a
negative control. (The puff-dependent measurements can be
found in Figure S2.) Also included in Figure 2 are the
biophysical properties of the surfactant film exposed to aerosols
of the vehicle solvent alone (PG/VG) and aerosols with only
nicotine (also at 10 mg/mL). As depicted in Figure 24, the
dynamic compression—expansion experiments show that
exposure to aerosols of PG/VG, nicotine, and all flavoring
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Figure 2. Effect of individual e-cigarette flavoring chemicals on the
biophysical properties of a natural pulmonary surfactant, Infasurf. For
the purpose of comparison, all flavoring chemicals were studied at 10
mg/mL in e-liquid, close to the average concentration of these flavoring
chemicals used in commercial e-cigarette products. (A) Dynamic
compression—expansion cycles, i.e., simulation of normal tidal
breathing, of Infasurf before and after exposure to e-cigarette aerosols.
(B) and (C) Statistical analysis of the minimum surface tension (y,,,)
and film compressibility (k) of the dynamic cycles, respectively. All data
(n =S5) of aerosol exposure show statistically significant differences in
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Figure 2. continued

comparison to the Infasurf film without exposure to aerosols (p < 0.05).
Color code for the flavoring chemicals used in panels B and C: Blue
represents alcohols (including benzyl alcohol and menthol); yellow
represents heterocycles (maltol and ethyl maltol); green represents
aldehydes (vanillin and ethyl vanillin); red represents esters (ethyl
acetate and ethyl butyrate).

chemicals increases the minimum surface tension (y,,) of
Infasurf at the end of compression. Among all flavoring
chemicals, the alcohols appear to have the most significant
adverse effect on the pulmonary surfactant, indicated by the
elevation of 7,,;, (Figure 2B) and film compressibility x (Figure
2C). Specifically, menthol induces the highest y,,,,, increase from
3 to 7.3 mN/m. Benzyl alcohol and menthol also increase k from
0.653 to 0.699 and 0.720 m/mN, respectively, indicating that
exposure to alcohols fluidizes the surfactant film. The hetero-
cycles and aldehydes have a similar, relatively moderate
inhibitory effect on the biophysical properties of the surfactant
film. In comparison to other flavoring chemicals, the ester-
grouped flavoring ingredients have the smallest adverse effect;
nevertheless, the y,,;,, of the surfactant film is elevated more than
that exposed to aerosols of the vehicle solvent alone. In general,
these results are in good agreement with previous studies that
found exposure to menthol-flavored aerosols causes the most
notable biophysical inhibition on pulmonary surfactant.”>*’
Moreover, the present data show that benzyl alcohol, ethyl
maltol, and vanillin also have significant inhibitory effects on the
biophysical properties of the pulmonary surfactant.

Next we studied recombinant flavor chemicals analogous to
six popular commercial e-cigarette flavors: coffee, vanilla,
tobacco, cotton candy, menthol/mint, and chocolate.'? As
shown in Figure 3A,B, each of these flavors is made of a mixture
of 3—4 primary flavoring chemicals, with the total concentration
of the flavoring chemicals varying from 6.5 mg/mL (for the
coffee flavor) to 42.5 mg/mL (for the chocolate flavor).” In
addition, we have studied the recombinant e-liquids of these
flavors, without or with 12 mg/mL nicotine, which represents
the median nicotine concentration used in all e-cigarette
products.”**>*>” Tt was found that although the chocolate
flavor has the highest total flavoring chemical concentration, the
menthol/mint flavor appears to have the most significant
inhibitory effect on Infasurf, indicated by the highest y,;, and
values, ie., 8.2 mN/m and 0.717 m/mN, respectively (Figure
3C,D). Considering that menthol is the primary ingredient of
the menthol/mint flavor (Figure 3B), these data correspond well
with menthol’s adverse effect on pulmonary surfactant as an
individual flavoring chemical (Figure 2). It should also be noted
that benzyl alcohol, ethyl maltol, and vanillin are the primary
ingredients of the tobacco, cotton candy, and chocolate flavors,
respectively (Figure 3B). These flavoring chemicals exhibit a
moderate inhibitory effect on the biophysical properties of
pulmonary surfactant, which appears to translate to the effect
observed even when they are mixed with other flavoring
chemicals. In comparison, the coffee and vanilla flavors do not
exhibit any additional inhibitory effect on pulmonary surfactant
than the vehicle solvent alone. This is likely related to the overall
low concentrations of flavoring chemicals (<10 mg/mL) used in
constructing these flavors. It was also found that addition of
nicotine at 12 mg/mL does not alter the trends observed without
nicotine but only causes a slight elevation in ., and « for all
recombinant flavors (Figure 3E and F).

Effect of Flavored e-Cigarette Aerosols on Ultra-
structure and Topography of Pulmonary Surfactant
Film. Figure 4 shows the lateral structure and topography of the
Infasurf film with/without exposure to e-cigarette aerosols of
various recombinant flavors: coffee, vanilla, tobacco, cotton
candy, menthol/mint, and chocolate. Reproducibility of the
AFM images can be found in Figures S3—S10. As shown in
Figure 4A, the de novo adsorbed Infasurf film without exposure
to e-cigarette aerosols depicts uniformly distributed phospho-
lipid multilayers (Figure 4A), with a mean height of 19 nm
(Figure 4A1). Given the thickness of a fully hydrated
phospholipid bilayer to be ~4 nm,*’ these multilayered
protrusions correspond to 4—5 stacked phospholipid bilayers.
After exposure to e-cigarette aerosols, the Infasurf film shows
significant morphological alterations. As shown in Figure 4B,
after exposure to unflavored PG/VG aerosols, the ultrastructure
shows a reduced number of phospholipid multilayers as well as
isolated aggregates in the surfactant film. Topological analysis
reveals that the aggregates consist of an irregularly shaped group
of phospholipid bilayers with a higher bilayer structure (up to
~S50 nm) sitting on top of them (Figure 4B1). Likewise, the
Infasurf film after exposure to vanilla (Figure 4D) or coffee
(Figure 4F) flavored aerosols reveals an ultrastructure similar to
that of the surfactant film exposed to PG/VG aerosols. Addition
of nicotine does not significantly alter the ultrastructure of the
surfactant film (Figure 4D vs Figure 4E), but reduces the
maximum height of the protruding lipid bilayers (Figure 4C1).

Exposure to e-cigarette aerosols of tobacco, cotton candy,
menthol/mint, and chocolate flavors (Figure 4G—J) drastically
alters the ultrastructure of the pulmonary surfactant film. After
exposure to aerosols of these flavors, the surfactant multilayer
appears to be transformed into a monolayer conformation,
indicated by height variations between 1 and 2 nm throughout
the surfactant film. Such height variations indicate domain
formation in the surfactant monolayer, with the solid-like lipid
domains 1—2 nm higher than the surrounding fluid-like lipid
phase.** The area of the surfactant monolayer covered with
solid-like domains appears to decrease in the order of exposure
to tobacco, cotton candy, menthol/mint, and chocolate-flavored
e-cigarette aerosols (Figure 4K).

Transformation of the natural surfactant film from multilayer
to monolayer is a strong indication of surfactant inhibition
caused by dysfunction of the hydrophobic surfactant proteins,
SP-B and/or SP-C. It was found that menthol in e-cigarette
aerosols is capable of penetrating into the pulmonary surfactant
film, thus fluidizing the surfactant phospholipids and disturbing
the secondary structure of surfactant proteins.”* SP-B and SP-C
play a central role in maintaining the stability of surfactant film
by formatting high-curvature structures, such as necks and pores,
needed to stabilize the surfactant multilayers.”> Denaturation of
these proteins, after interacting and/or adsorbing to the inhaled
aerosols, therefore leads to a multilayer-to-monolayer trans-
formation of the pulmonary surfactant film, usually associated
with significant inhibition of its biophysical properties.”>"’

Environmental and Health Implications. Although the
flavoring ingredients used in e-cigarette products are considered
safe for ingestion, an increasing number of in vitro and in vivo
studies have unveiled various environmental and health hazards
that arise from inhaling these chemicals, such as respiratory
irritation, inflammatory cell responses, and induced oxidative
stress, 17192428

Results in the present study suggested a flavor-dependent
inhibitory effect of e-cigarette aerosols on the biophysical
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Figure 3. Effect of recombinant e-cigarettes on the biophysical properties of a natural pulmonary surfactant, Infasurf. Each of the flavors is made of a
mixture of 3 to 4 primary flavoring chemicals. (A) Accumulated concentration of these flavoring chemicals. (B) Ingredient profile of these chemicals in
each recombinant flavor. (C, D) Statistical analysis of the minimum surface tension (7,,,) and film compressibility (x), respectively, for Infasurf film
exposure to flavored e-cigarette aerosols without nicotine. (E, F) 7,,;, and x of the Infasurf film exposure to flavored e-cigarette aerosols with 12 mg/mL
nicotine. All data (n = S) of aerosol exposure show statistically significant differences in comparison to the Infasurf film without exposure to aerosols (p

< 0.05).

function of the pulmonary surfactant. It has reported that more
than 200 ingredients were identified in commercial e-liquids,
and on average, 63% of these ingredients were flavoring
chemicals.'” Based on their chemical structures, these flavoring
chemicals can be categorized into several chemical classes, such
as aldehyde, alcohol, ester, ketone, and monoterpene.3 Reports

have made connections between the toxicity of the flavoring
ingredients and their chemical structure.””®' With the
comprehensive study of flavoring ingredients in various
chemical classes, here, we propose a qualitative phase diagram
that may be used to predict the inhibitory potential, and thus the
acute lung toxicity, of the flavoring chemicals used in
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Figure 4. Effect of recombinant e-cigarette flavors on the lateral structure and topography of the Infasurf film. (A) AFM image of a de novo adsorbed
Infasurf film. (B, C) AFM images of the Infasurf film exposed to aerosols of the vehicle solvent alone (PG/VG) and with 12 mg/mL nicotine,
respectively. (D, E) AFM images of the Infasurf film exposed to the vanilla-flavored e-cigarette aerosols without/with nicotine. (F—]) AFM images of
the Infasurf film exposed to e-cigarette aerosols with coffee, tobacco, cotton candy, menthol/mint, and chocolate flavors, respectively. All AFM images
were obtained at the equilibrium surface tension and have the same scanning area of 20 X 20 um. For clarity, all AFM images are shown in both 2D
topography and 3D rendering. The z range is S0 nm for images in panels A—F, and S nm for images in panels G—J. Arrows denote the height
measurements in the AFM images. (A1—C1) shows the bearing analysis and height histogram for structures shown in panels A—C. (K) Analysis of the
area for the condensed domains covering the Infasurf monolayer exposed to e-cigarette aerosols with tobacco, cotton candy, menthol/mint, and

chocolate flavors.

commercial e-cigarette products. As shown in Figure 5, the
qualitative phase diagram suggests that esters, only possessing a
carbonyl group, such as ethyl acetate and ethyl butyrate, have the
least effect on the biophysical function of pulmonary surfactant.
In contrast, aromatic compounds with a hydroxyl group, such as
menthol and benzyl alcohol, appear to have the greatest adverse
effect on the pulmonary surfactant. Aldehydes, such as maltol
and ethyl maltol, and heterocycles, such as vanillin and ethyl
vanillin, which are composed of aromatic, hydroxyl, and
carbonyl groups, have a moderate inhibitory effect on the
biophysical function of the pulmonary surfactant.

The specific molecular mechanism by which the various
flavoring chemicals interact with phospholipids and hydro-
phobic proteins (SP-B/C) in pulmonary surfactant at the air—
water surface is a subject of future study. It appears that the
conformational flexibility of these molecules at the air—water
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surface could play a crucial role in determining their interactions
with the phospholipid monolayer.®> Using molecular dynamics
simulations, Perkins et al. showed that the addition of a hydroxyl
group altered the orientation of aromatic molecules interacting
with a DPPC monolayer at the air—water surface.”” Our
previous study also showed that menthol penetrates into the
phospholipid headgroup of a DPPC monolayer by orienting its
hydroxyl group toward the bulk water.”® Esters, which possess
only a carbonyl group, such as ethyl acetate and ethyl butyrate,
do not have sufficient conformational flexibility needed for
effectively interacting with the phospholipid monolayer; while
on the contrary, aromatic molecules with a hydroxyl group, such
as menthol and benzyl alcohol, could be more energetically
favorable to interact with the phospholipid monolayer in an
interfacial environment.
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Figure 5. Qualitative phase diagram to predict the hazardous potential of the flavoring chemicals used in e-cigarette products. The three corners of the
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such as ethyl acetate and ethyl butyrate, have the least adverse biophysical impact on pulmonary surfactant. Aldehydes, such as maltol and ethyl maltol,
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inhibition to the pulmonary surfactant. Color transitions from light to dark indicate an increasing severity.

Consistent with previous studies,”®”” it was found that

exposure to menthol-favored e-cigarette aerosols caused the
most significant biophysical inhibition to pulmonary surfactant,
indicated by elevated minimum surface tension and film
compressibility (Figures 2 and 3), and disrupted multilayer
structures (Figure 4). These biophysical findings are in good
agreement with recent in vitro and in vivo studies that
demonstrated the adverse health impact of menthol used in e-
cigarette products. In vitro cytotoxicity studies showed that
exposure to menthol-flavored e-cigarette aerosols caused
mitochondrial dysfunction in lung epithelial cells.”*** Chronic
inhalation, i.e., three times a day for 3 months, of menthol-
flavored e-cigarette aerosols caused proinflammatory responses
in the lung, heart, brain, and colon of mice.’® Lerner et al. studied
commercial menthol and tobacco flavored e-cigarette products,
and found a dramatic increase in ROS generation, exclusively for
cells exposed to the menthol-flavored e-cigarette aerosols.'® The
increased levels of ROS are potentially linked to the adverse
biophysical impact observed in this study.

In conclusion, we have systematically studied eight
representative flavoring chemicals (benzyl alcohol, menthol,
maltol, ethyl maltol, vanillin, ethyl vanillin, ethyl acetate, and
ethyl butyrate) and six popular recombinant e-cigarette flavors
(coffee, vanilla, tobacco, cotton candy, menthol/mint, and
chocolate). Our results suggested a flavor-dependent inhibitory
effect of e-cigarette aerosols on the biophysical properties of
pulmonary surfactant. Based on these experimental data, a
qualitative phase diagram has been proposed to predict the
hazardous potential and likely the acute lung toxicity of flavoring
chemicals in various classes (alcohols, heterocycles, aldehydes,
and esters). These results provide novel implications in
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understanding the environmental, health, and safety impacts
of e-cigarette aerosols and may contribute to better regulation of
e-cigarette products.
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