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Abstract

With an increasing prevalence of electronic cigarette (e-cigarette) use, especially among youth, there is an urgent need to better
understand the biological risks and pathophysiology of health conditions related to e-cigarettes. A majority of e-cigarette aero-
sols are in the submicron size and would deposit in the alveolar region of the lung, where they must first interact with the en-
dogenous pulmonary surfactant. To date, little is known whether e-cigarette aerosols have an adverse impact on the pulmonary
surfactant. We have systematically studied the effect of individual e-cigarette ingredients on an animal-derived clinical surfactant
preparation, bovine lipid extract surfactant, using a combination of biophysical and analytical techniques, including in vitro bio-
physical simulations using constrained drop surfactometry, molecular imaging with atomic force microscopy, chemical assays
using carbon nuclear magnetic resonance and circular dichroism, and in silico molecular dynamics simulations. All data collec-
tively suggest that flavorings used in e-cigarettes, especially menthol, play a predominant role in inhibiting the biophysical func-
tion of the surfactant. The mechanism of biophysical inhibition appears to involve menthol interactions with both phospholipids
and hydrophobic proteins of the natural surfactant. These results provide novel insights into the understanding of the health

impact of e-cigarettes and may contribute to better regulation of e-cigarette products.

constrained drop surfactometry; electronic cigarette; flavor; menthol; pulmonary surfactant

INTRODUCTION

Electronic cigarettes (e-cigarettes) are battery-powered
nicotine-delivery devices that produce inhalable aerosols
without actual combustion (1). E-cigarettes use various fla-
vorings to mask the harsh taste of nicotine and aldehydes
produced during vaping (2). Flavorings are used in e-ciga-
rettes as a major marketing tool to attract youth, young
adult, and adult users (3). The number of youths in the
United States who have ever used an e-cigarette tripled every
year between 2011 and 2014 (4). The Centers for Disease
Control and Prevention (CDC) have ranked e-cigarettes as
the most commonly used nicotine-delivery device among US
youth, with minors more likely than adults to use the device.
The global market of e-cigarettes was estimated to be worth
$8 billion in 2015, and it is expected to expand to more than
$80 billion by 2025 (5).

E-cigarettes were initially advertised as a healthier and
safer alternative to conventional tobacco smoking, when
they first appeared in the mid-2000s. However, increasing
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research evidence, especially long-term (>10 yr) toxicological
data that emerged only in recent years, has suggested that
e-cigarettes are not as safe as originally promised. It was
found that e-cigarette aerosols contain a variety of toxic
chemical components (6-8). The use of e-cigarettes has
become an established risk factor for a range of pulmonary (9,
10) and cardiovascular (11) diseases (12). The use of e-ciga-
rettes has been linked to asthma and other chronic lung dis-
eases in adolescents (13). It was found that chronic exposure to
e-cigarette aerosols can alter lipid homeostasis in the lung (14),
downregulate innate immunity, damage DNA and thus
increase the risk of lung cancer (15), and cause adverse neuro-
developmental outcomes in a prenatal mouse model (16). The
CDC has reported more than 2,000 fatal cases of electronic cig-
arette, or vaping, product use-associated lung injury (EVALI)
(17, 18). Hence, there is an urgent need to better understand
the biological risks of e-cigarettes and the pathophysiology of
health conditions related to the use of e-cigarettes.

It is estimated that each puff produces an average of
6.25 x 10'° inhalable e-cigarette aerosols (ECAs) (19). A
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majority of these aerosols are in the submicron size, ranging
from 100 to 500 nm (20-23), which end up depositing in the
alveolar region of the lung (19, 24). Once reaching alveoli, the
aerosols must first interact with the pulmonary surfactant
(PS) that lines the entire alveolar surface as a thin film (25).
The PS consists of ~80 wt% phospholipids, 5%-10% neutral
lipids (mainly cholesterol), and 5%-10% proteins (26). Its
major biophysical and physiological function is to reduce
the alveolar surface tension to near-zero values, thereby
maintaining a large surface area of the lung for effective gas
exchange during normal tidal breathing. Dysfunction of PS
leads to life-threatening respiratory diseases such as acute
respiratory distress syndrome (ARDS) (27, 28). It was esti-
mated that after only 10 puffs, the thickness of ECAs depos-
ited in the lung would be comparable to that of the PS film
(19). In spite of extensive reports of in vitro, in vivo, and clini-
cal studies performed to better understand the toxicological
effect and health risk of ECAs (12), little is known about how
inhaled ECAs interact with the PS film, and whether ECAs
have an adverse impact on the biophysical function of the PS
film.

Here we studied the biophysical impact of ECAs on a natu-
ral, animal-derived PS, i.e., bovine lipid extract surfactant
(BLES), using a newly developed experimental methodology
called constrained drop surfactometry (CDS). CDS is a new
generation of droplet-based surface tensiometry technique
that allows for high-fidelity biophysical simulation of nano-
particle interactions with natural PS under physiologically
relevant conditions (29, 30). With biophysical assessments
using CDS, molecular visualization using atomic force mi-
croscopy (AFM), chemical assays using carbon nuclear mag-
netic resonance (**C-NMR) and circular dichroism (CD), and
in silico molecular dynamics (MD) simulations, we have sys-
tematically studied the biophysical impact of individual e-cig-
arette liquid (e-liquid) components on the PS film. All data
collectively suggest that flavorings used in e-cigarettes, espe-
cially menthol, rather than nicotine, play a predominant role
in inhibiting the biophysical function of natural PS. The
mechanism of biophysical inhibition appears to involve men-
thol interactions with both phospholipids and proteins in the
PS. These results provide novel insights into the understand-
ing of health impact of e-cigarettes and may contribute to a
better regulation of e-cigarette products.

MATERIALS AND METHODS

Materials

Bovine lipid extract surfactant (BLES) was obtained from
BLES Biochemicals (London, ON, Canada). BLES is a modi-
fied natural PS prepared from bronchopulmonary lavage of
adult cows with organic solvent extraction. It contains all
hydrophobic components of the bovine natural surfactant,
including the hydrophobic surfactant proteins, SP-B and
SP-C, with a reduced cholesterol content (26). The hydro-
philic surfactant proteins, SP-A and SP-D, were removed dur-
ing the extraction process. BLES was stored in sterilized vials
at an initial phospholipid concentration of 27 mg/mL. It was
diluted to 0.5 mg/mL using a saline buffer (0.9% NacCl,
1.5 mM CaCl, and 2.5 mM HEPES at pH 7.0) on the day of
experiments. Alternatively, for the study of spread films,
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BLES was extracted using a chloroform-methanol mixture,
dried under a nitrogen stream, and resuspended in chloro-
form to a final concentration of 1 mg/mL.

A commercial menthol-flavored e-liquid (Black Note,
Irvine, CA) that contains 6 mg/mL nicotine in a 50/50 (vol/
vol) mixture of propylene glycol (PG) and vegetable glycerin
(VG) was studied as a representative e-liquid. To study the
effect of individual chemical ingredients of the e-liquid, we
have prepared recombinant e-liquids using the 50/50 mix-
ture of PG (CAS 57-55-6) and VG (CAS 56-81-5) as the vehicle
solvent. Major chemical ingredients of the recombinant
e-liquids are nicotine (6 mg/mL, CAS 22083-74-5) and men-
thol (12 mg/mL, CAS 89-78-1), matching the chemical compo-
sition and concentration used in the commercial e-liquid.
For comparison, we have studied two more popular flavor
chemicals, i.e., ethyl maltol (10 mg/mL, CAS 4940-11-8) and
ethyl butyrate (7.4 mg/mL, CAS 105-54-4), at the median
concentration used in e-cigarette products (2, 31). All chemi-
cals were purchased from Sigma-Aldrich and used without
further purification.

Constrained Drop Surfactometry

Constrained drop surfactometry (CDS) is a new generation
of droplet-based tensiometry technique developed in our
laboratory for biophysical study of PS and its interactions
with nanoparticles (29, 30). As shown in Fig. 1, it uses the air-
water surface of a 4-mm sessile droplet to accommodate the
adsorbed or spread PS film. The droplet is “constrained” on a
pedestal that uses a knife-sharp edge to prevent film leakage
at low surface tensions. The PS film can be compressed and
expanded quasi-statically or dynamically by controlling lig-
uid flow out of and into the droplet using a motorized sy-
ringe. The surface tension and surface area of the PS film are
determined simultaneously from the shape of the droplet
using closed-loop axisymmetric drop shape analysis (CL-
ADSA) (32). The droplet is enclosed in an environmental
chamber capable of controlling physiologically relevant con-
ditions, i.e., the core body temperature at 37°C and a relative
humidity (RH) close to 100%, or a polluted environment by
airborne particles (29).

E-cigarette aerosols (ECAs) were generated using a home-
made negative-pressure ECA generator (33, 34). As illus-
trated in Fig. 1, the ECA generator consists of a third-
generation modifiable e-cigarette device (Geekvape Aegis
Mini) and a motorized syringe that allows a precise control
of the puffing profile. This modifiable device (“mod”) con-
tains a refillable sub-ohm tank with a M1+ mesh coil of re-
sistance 0.16 Q. The power of this e-cigarette device can be
adjusted between 5 and 80 W, corresponding to a tempera-
ture range between 100°C and 315°C. The e-cigarette device
was operated at 60 W for consistency. The puff duration and
the time break between two puffs were controlled at 3 and
25 s, to simulate vaping (35-37). The aerosols were subse-
quently delivered into the CDS chamber and were exposed
to the BLES film in a dose-controlled manner to mimic ECA
inhalation.

After exposure to the aerosols, the BLES film was periodi-
cally compressed and expanded at 20 cycles per min with a
compression ratio of no more than 20% of the initial surface
area, at 37°C and 100% RH to simulate normal tidal
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Figure 1. Schematic of constrained drop surfactometry (CDS) in combination with an electronic cigarette aerosol (ECA) generator. The ECA generator
consists of a commercial e-cigarette device with a refillable cartridge, and a negative-pressure puff simulator powered by a motorized syringe. ECAs
generated by simulated puffs are collected in the syringe and are delivered to the environmental chamber of the CDS, in which the PS film is exposed to
ECAs with controlled dosimetry. CDS uses the air-water surface of a 4-mm sessile droplet to accommodate an adsorbed or spread PS film. The droplet
is constrained on a pedestal with a sharp knife-edge and is enclosed in an environmental chamber capable of simulating physiologically relevant condi-
tions. The surfactant film can be periodically compressed and expanded by precisely controlling liquid flow out of and into the droplet using a motorized
syringe. The surface tension and surface area of the PS film are simultaneously determined from the shape of the droplet using closed-loop axisymmet-

ric drop shape analysis (CL-ADSA). PS, pulmonary surfactant.

breathing (38). Biophysical properties of the BLES film, with
and without exposure to the aerosols, were assessed with the
minimum surface tension (ymin) at the end of compression
and the isothermal film compressibility (kcomp) (29, 30). To
determine the quasi-static surface activity of the PS film,
monolayers of BLES or BLES/menthol mixtures were spread
to the air-water surface of a droplet, at room temperature.
The droplet was slowly expanded to increase the surface ten-
sion until the corresponding surface pressure was lowered to
around 1 mN/m. The droplet was left undisturbed for ~1 min
to allow chloroform evaporation. The spread BLES or BLES/
menthol monolayer was then compressed quasi-statically at
a rate of 0.05 cm?/min, i.e., 0.3 A%/s.

Atomic Force Microscopy

To directly visualize the impact of ECAs on the PS film, we
used atomic force microscopy (AFM) in conjunction with a
newly developed subphase replacement technique for in situ
Langmuir-Blodgett (LB) transfer in CDS (39). First, the sur-
factant vesicles in the aqueous subphase (i.e., the droplet)
were replaced with an equal amount of buffer using a coaxial
pedestal system without disturbing the adsorbed BLES film.
Second, the BLES film was LB transferred by lifting a small
piece of freshly peeled mica sheet across the air-water sur-
face at a speed of 1 mm/min. Third, topographical images of
the immobilized BLES films were acquired with an Innova
AFM (Bruker, Santa Barbara, CA), with the tapping mode
scan using a silicon cantilever with a resonance frequency of
300 kHz and a spring constant of 42 N/m. Each sample was
scanned at multiple locations to ensure representativeness
and reproducibility. AFM images were analyzed using the
Nanoscope Analysis software (version 1.5).
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3C-Nuclear Magnetic Resonance

BLES (10 mM) was mixed with menthol at a molar ratio of
1:1 in deuterated chloroform. *C-nuclear magnetic reso-
nance (**C-NMR) spectra were recorded using a Varian Unity
INOVA 500 MHz NMR spectrometer, equipped with a pulse-
field gradient module (z-axis) using a 5 mm switchable
broadband probe at 125.76 MHz. The '3C chemical shifts
were reported relative to deuterated chloroform at 77.0 ppm
as the internal standard.

Circular Dichroism

A Chirascan V100 spectrophotometer (Applied Photophysics,
Leatherhead, UK) was used to conduct circular dichroism
(CD) measurements of BLES/menthol mixtures at different
molar ratios. Samples were placed in a 10-mm path length
cell. Protein secondary structure of BLES in various menthol
concentrations was monitored between 200 and 260 nm.
Each sample was measured three times. Background contri-
butions from the solvent, menthol, and lipids were removed
by subtracting appropriate buffer controls.

Molecular Dynamics Simulations

The all-atom molecular dynamics (MD) system contains
two symmetric monolayers separated by TIP3 water, as
shown in Supplemental Fig. S1 (all Supplemental material is
available at https://doi.org/10.6084/m9.figshare.18517247.
v1). Periodic boundary conditions are enforced in all three
directions. The model PS film consists of dipalmitoyl
phosphatidylcholine (DPPC) and palmitoyl-oleoyl phospha-
tidylglycerol (POPG) at a molar ratio of 7:3. The initial config-
uration of the model PS film was generated with the
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CHARMM-GUI membrane builder (40). The coordinates for
menthol were obtained from the ZINC database (41). Each
monolayer contained 35 DPPC and 15 POPG, separated by
4,086 TIP3 water molecules. Forty ions of K* and 10 ions of
Cl~ were added to mimic the physiological concentration of
0.15 M and to neutralize the total charge of the system. The
length of the vacuum separating the two monolayers was
roughly 30 nm (Supplemental Fig. S1) to eliminate all possi-
ble interactions between the two monolayers. Steepest
descent energy minimization was carried out, followed by an
equilibration under a canonical (NVT) ensemble, both utiliz-
ing position restraints on menthol and lipids. During the
equilibration, menthol, lipids, and water molecules were
coupled to separate temperature baths, maintained at 310 K
using the Berendsen thermostat. The system was then equili-
brated under NPT conditions using the Nose-Hoover ther-
mostat and Parrinello-Rahman barostat with semi-isotropic
coupling at 1 bar. The volume of the system, with a box
dimension of 5.59 x 5.59 x 40.0 nm, was chosen to maintain
a constant surface pressure corresponding to ~40 mN/m.
Further equilibration was run for 100 ns in the absence of
restraints, under an NVT ensemble using the Nose-Hoover
thermostat. The equilibration structure was used as a start-
ing point to prepare structures for umbrella sampling. The
relative distance between the center-of-mass (COM) of men-
thol and the COM of the system is defined as the “COM dis-
tance.” The initial COM distance was set at 0.0, meaning
that menthol starts in the center of the water box
(Supplemental Fig. S1). The COM distance of ~2.0 nm indi-
cates that menthol is near the headgroups of the phospholi-
pids and the COM distance of ~4.0 nm indicates that
menthol is near the edge of the tail groups of the phospholi-
pids. Further increase of COM distance indicates that men-
thol is transiting out of the monolayer into the vacuum. The
“pull” function in GROMACS-2019.1 (42) was employed to
prepare initial configurations for a series of MD simulations,
i.e., “windows” of umbrella sampling, where menthol was
placed at different COM distances, initiated from the center
of the water box, i.e., COM distance of 0.0 nm, and ended in
vacuum, i.e., COM distance of ~5.6 nm. Different COM dis-
tances were used to generate windows along the Z direction
(Supplemental Fig. S1). A window was generated every 0.02
nm between COM distances 0.0 and 3.0 nm, whereas every
0.05 nm for larger COM distances. A harmonic potential
with a spring constant of 1,000 kJ/mol/nm? was employed
to ensure menthol stays at its respective COM distance for
40 ns, where the first 20 ns are considered equilibration
and the last 20 ns are used for the umbrella window. A total
time of 8,160 ns, corresponding to 204 umbrella windows,
was simulated and the overlap between adjacent windows
was ensured (Supplemental Fig. S2). The free energy of the
system with respect to the relative position of menthol was
analyzed with the weighted histogram method (WHAM) (43)
and the error bars were compared with the bootstrapping
method (44).

Statistical Analysis

Data in each group are shown as means * standard devia-
tion (n = 5, unless otherwise noted). Shapiro-Wilk test
(OriginPro, Northampton, MA) was performed to confirm
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normality of data in each group. One-way ANOVA together
with the Tukey means comparison test (OriginPro) were
used to determine group differences. P < 0.05 was consid-
ered statistically significant.

RESULTS

ECA-Induced Biophysical Inhibition

We first studied the effect of ECA exposure dose on the
BLES film under physiologically relevant conditions, i.e.,
37°C and 100% relative humidity, using the combination of
CDS and a home-made ECA generator, as illustrated in Fig. 1.
As shown in Supplemental Fig. S3, the ECA generator can
produce and deliver reproducible amounts of aerosols into
the CDS chamber, ~10 mg per puff. This aerosol mass per
puff produced with our ECA generator fell into the general
range of aerosol yield by e-cigarette devices, i.e., 1.5-28 mg
per puff (45). This aerosol mass per puff corresponds to an
aerosol concentration of ~25 pg/cm?® in the controlled envi-
ronment. As shown in Supplemental Fig. S4, exposure to 3
puffs, 15 puffs, and 30 puffs of aerosols, generated from a
commercial menthol-flavored e-liquid, increases the yyi, of
BLES from less than 3 mN/m to 4.6, 6.3, and 8.8 mN/m,
respectively. The kcomp Of the BLES film is also increased
from 0.64 to 0.97 m/mN after exposure to 30 puffs of the
aerosols, indicating significant surfactant inhibition. We
thereafter use 30 puffs as a representative dose of ECA
exposure.

Figure 2, A-C, shows the effect of individual chemical
components of the commercial menthol-flavored e-liquid on
BLES. Exposure to aerosols of the vehicle solvent alone, i.e.,
propylene glycol (PG) and vegetable glycerin (VG; vol/vol,
50/50), only slightly elevates the ymin and keomp 0f BLES to
4.8 mN/m and 0.76 m/mN, respectively. Addition of 6 mg/
mL nicotine alone does not significantly change the results
of the solvent. However, adding 12 mg/mL menthol signifi-
cantly increases ymin and keomp to 6.8 mN/m and 0.92 m/mN,
respectively. The fully recombinant e-liquid, i.e., 6 mg/mL
nicotine and 12 mg/mL menthol dissolved in PG/VG, demon-
strates a similar inhibition effect compared to the commer-
cial e-liquid. These results demonstrate that menthol is
likely to be the major chemical component in the e-liquid
causing biophysical inhibition of PS.

Figure 2, D-F, shows the effect of menthol, and two other
popular flavor chemicals, i.e., ethyl maltol and ethyl butyr-
ate, on BLES. Menthol increases the v, of BLES from ~3.5
to ~6.5 mN/m, whereas ethyl maltol and ethyl butyrate only
increase the ymin to ~ 4.5 mN/m. Hence, it appears that men-
thol causes more biophysical inhibition of BLES than ethyl
maltol or ethyl butyrate does. Similar conclusions can be
drawn from the film compressibility analysis. Menthol
increases the kcomp 0f BLES film by 30% whereas ethyl maltol
and ethyl butyrate only increase the kcomp 0f BLES by 10%
and 6%, respectively. Figure 2, G-I, shows the effect of these
flavor chemicals, plus nicotine, on BLES. It appears that the
addition of nicotine does not significantly vary the degree
of biophysical inhibition, thus reasserting that the flavor-
ings, especially menthol, play a predominant role in inhibi-
ting the biophysical function of PS. Reproducibility of all
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Figure 2. Effect of e-liquid chemical components on the biophysical properties of a natural surfactant, BLES, after exposure to 30 puffs of ECAs. A-C:
effect of a commercial e-liquid, and the recombinant e-liquids, including the solvent PG/VG (1:1), PG/VG + nicotine, PG/VG + menthol, and PG/VG +

nicotine + menthol, on BLES. A: dynamic compression-expansion cycles (

i.e., simulation of respiratory cycles) of BLES before and after exposure to

ECAs. B and C: statistical analysis of the minimum surface tension (ymi,) and film compressibility (kcomp), respectively. D—F: effect of individual flavor

chemicals, i.e., menthol (12 mg/mL), ethyl maltol (10 mg/mL), and ethyl butyra

te (7.4 mg/mL), on BLES. G-/: effect of individual flavors plus nicotine (6 mg/

mL) on BLES. All data (n = 5) of ECA exposure show statistically significant differences in comparison to the BLES film without exposure to aerosols; *P <
0.05, **P < 0.01, and ***P < 0.001. BLES, bovine lipid extract surfactant; ECAs, electronic cigarette aerosol; PG, propylene glycol; VG, vegetable

glycerin.

dynamic cycling experiments can be found in Supplemental
Fig. S5.

Directly Imaging the Effect of ECA Exposure on the PS

Figure 3 shows lateral structure and topography of the
BLES film before and after exposure to the aerosols.
Reproducibility of the AFM images can be found in Supple-
mental Fig. S6. As shown in Fig. 3A, the adsorbed BLES film
demonstrates a uniformly distributed multilayer structure
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with protrusions ~22 nm in height, corresponding to 5-6
stacked phospholipid bilayers, given the thickness of a fully
hydrated phospholipid bilayer at ~4 nm. After exposure to
the commercial menthol-flavored ECAs (Fig. 3B) and fully
recombinant ECAs (Fig. 3C), the conformation of the BLES
film is dramatically changed from a multilayer (featuring
multilayered protrusions >4 nm) to a monolayer (featuring
solid-like domains ~1 nm higher than the surrounding fluid-
like domains). It was found that exposure to aerosols that
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Figure 3. Effect of e-liquid chemical com-
ponents on the lateral structure and topog-
raphy of the BLES film (4), and the BLES
film exposed to 30-puff aerosols of a
commercial menthol-flavored e-liquid con-
taining 6 mg/mL nicotine (B), or fully
recombinant e-liquids, including the solvent
of PG/VG, nicotine, and menthol (C). D—H:
effect of ECAs of individual chemical com-
ponents on the BLES film, including PG/VG
(D), 6 mg/mL nicotine (E), 12 mg/mL menthol
(F), 10 mg/mL ethyl maltol (G), and 7.4 mg/
mL ethyl butyrate (H). All AFM images were
obtained at the equilibrium surface tension
(ve) and have the same scanning area of
20 x 20 um. All images are shown in both
2-D topography and 3-D rendering. The z
range for images exposed to three men-
thol-containing ECAs is 5 nm, and the z
range for the rest images is 20 nm. White
arrows denote the height measurements in
the AFM images. BLES, bovine lipid extract
surfactant; ECAs, electronic cigarette aero-
sol; PG, propylene glycol; VG, vegetable
glycerin.

16nm'l__'

é‘ﬂanrr_\.
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contain only the solvent (Fig. 3D), or nicotine (Fig. 3E) reduces
the amount of multilayered protrusions but not completely
remove them from the BLES film. However, exposure to aero-
sols that contain only menthol causes the multilayer-to-
monolayer degradation (Fig. 3F), similar to exposure to the
commercial menthol-flavored ECAs (Fig. 3B) or the fully
recombinant ECAs (Fig. 3C), thus indicating that menthol is
the primary chemical compound in ECAs to cause biophysical
inhibition of BLES. Figure 3, G and H, shows the effect of ethyl
maltol and ethyl butyrate on the BLES film, respectively.
These two flavor chemicals disturb the BLES film by reducing
the amount of multilayer structures but not completely
removing them, as menthol does.

Molecular Interactions between Menthol and Surfactant
Phospholipids and Proteins

We have scrutinized the molecular mechanism by which
menthol inhibits the biophysical function of natural PS.
Figure 4A shows the quasi-static isothermal compression of
a BLES monolayer. The BLES monolayer was exposed to
menthol in two different ways, i.e., directly cospreading with
menthol in 10:1 and 1:1 molar ratios, or exposure to aerosols
generated with the menthol-containing (12 mg/mL) e-liquid.
Reproducibility of the compression isotherms can be found
in Supplemental Fig. S7. The compression isotherm of men-
thol is also included as a negative control. Exposure to men-
thol, either in aerosols or directly added to the BLES
monolayer, inhibits the monolayer-to-multilayer transition
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of the BLES film; i.e., the surface pressure does not increase
beyond the transition plateau at ~50 mN/m. Such inhibition
cannot be explained by competitive adsorption since men-
thol alone demonstrates only moderate surface activity.

Figure 4B shows the lateral structure of the spread BLES
film, before and after exposure to menthol, at four represen-
tative surface pressures of 20, 30, 40, and 50 mN/m, respec-
tively. Reproducibility of the AFM images can be found in
Supplemental Figs. S8-S11. Quantification results of the
phospholipid domain size are shown in Fig. 4C. Menthol sig-
nificantly reduces the size of solid-like domains of the BLES
monolayer. For instance, exposure to menthol-containing
ECAs reduces the domain size of BLES at 30 mN/m from
~ 4.7 to <1 pm, indicating direct disturbance of phospholi-
pids in BLES. All BLES monolayers exposed to menthol, ei-
ther in aerosols or directly added to the BLES monolayer, are
incapable of transforming into multilayers at 50 mN/m, indi-
cating disturbance of surfactant-associated proteins, SP-B
and/or SP-C in BLES. These results indicate that menthol
likely inhibits the PS by specifically interacting with both
phospholipids and proteins in PS.

To study the specific molecular interactions between men-
thol and phospholipids and proteins in BLES, we have per-
formed *C-NMR and CD measurements. Figure 5, A and B,
shows the chemical shift of representative *C-NMR spectra
of BLES due to the addition of menthol at 1:1 molar ratio.
The largest chemical shift caused by menthol is found at
carbon atoms in the headgroups of the phospholipids,
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especially at the y and B locations. It should be noted that
the most significant chemical shifts at these locations are
only 0.05 ppm, likely due to the low BLES concentration (10
mM) used for the measurements. CD is a highly sensitive an-
alytical technique that probes the secondary structure of a
protein using the effect of chirality on circular polarized
light. CD spectral shifts are indicative of loss of the second-
ary structure and/or changes between a-helical and B-strand
structures. Figure 5C shows the CD spectra of BLES and men-
thol at three molar ratios: 100:1, 10:1, and 1:1. The spectra for
BLES, without adding menthol, shows typical o-helical
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| ABLES + Menthol ECA

menthol mixtures at molar ratios of 10:1 and
111, and BLES after exposure to 30-puffs
menthol ECAs. Biophysical inhibition of
BLES by menthol is indicated by decreases
in the collapse surface pressure (n.). B: lat-
eral structure and molecular organization of
the BLES with/without addition of menthol,
at four representative surface pressures of
20, 30, 40, and 50 mN/m, respectively. All
the images have the same scanning area of
20 x 20 um. The z range is set to be 5 nm
for all the images except 20 nm for the
image of BLES at 50 mN/m. C: quantification
results of the size of condensed domains in
the BLES monolayer, with/without menthol,
at 20, 30, and 40 mN/m, respectively. The n
number for individual data point is shown in
the figure. All data of the BLES film exposed
to menthol show statistically significant dif-
ferences (P < 0.001) in comparison to the
BLES film, except for BLES/Menthol (10:1) at
40 mN/m, for which P=0.052. BLES, bovine
lipid extract surfactant; ECAs, electronic cig-
arette aerosol.

spectra with minima at 208 and 222 nm, indicating the heli-
cal secondary structures of SP-B and/or SP-C in BLES (46,
47). Tashiro et al. (47) showed that SP-C exists both as a
monomer and a dimer depending on the protein concen-
tration. Our results at low menthol concentrations (100:1)
show a small change in CD signal between 200 and 240
nm, which may indicate dimer dissociation of SP-B and/or
SP-C. At high menthol concentrations (10:1 and 1:1), there
are significant spectral changes from a helical to a more
B-like structure, indicating loss of the helical structure of
SP-B and/or SP-C (48). Therefore, the CD measurements
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Figure 5. Molecular interactions between menthol and surfactant phospholipids and proteins. A: labels denoted to distinct segments of representative
phospholipids in natural PS, i.e., dipalmitoyl phosphatidylcholine (DPPC) and palmitoyl-oleoyl phosphatidylcholine (POPC). B: a BC-NMR spectrum of
BLES with peak assignments of phospholipid acyl chains and headgroups. Insets show chemical shifts, due to the addition of menthol, at carbon atoms
labeled as a, B, v, 91, and gs. The NMR measurements were carried out with deuterated chloroform solutions of BLES or BLES/menthol complex at a con-
stant BLES concentration of 10 mM at room temperature. C: circular dichroism (CD) spectra of BLES and BLES/menthol mixtures at molar ratios of 100:1,
10:1, and 1:1, respectively. The CD measurements were conducted with a constant BLES concentration of 1 mg/mL at 25°C. BLES alone shows a typical
a-helical protein spectrum with two minima at 208 and 222 nm. Addition of menthol significantly disrupts the native conformation of surfactant proteins
in BLES, indicated by decreased a-helicity of the CD spectra. BLES, bovine lipid extract surfactant; PS, pulmonary surfactant.

provide direct evidence of surfactant protein denaturation
due to menthol.

MD Simulation of Menthol-Phospholipid Interactions

Figure 6 shows the MD simulation of specific interactions
between menthol and a model PS monolayer of DPPC/POPG
(7:3). Figure 6A shows the free energy profile of menthol
interaction with the model PS monolayer at the air-water
surface. The minimum of the free energy profile (point b in
Fig. 6A) indicates that menthol prefers to interact with car-
bon atoms located at the junction between the headgroup
and tail of the phospholipid. This favored position bespeaks
for a potential of menthol to alter the surface activity and
lipid domain formation in the PS monolayer.

Structural analysis was performed on selected umbrella
windows to further elucidate the mechanism of interactions
between menthol and the phospholipid monolayer at differ-
ent center-of-mass (COM) distances. We have studied inter-
actions at three characteristic COM distances, labeled as
points a, b, and c in Fig. 6A. Point a (1.43 nm) refers to a loca-
tion near the air-water surface where the phospholipid head-
groups are located. Point b (2.68 nm) refers to a location at
the junction between the phospholipid headgroup and tail,
and point ¢ (4.07 nm) refers to a location where the phospho-
lipid tails meet vacuum. Figure 6B demonstrates the distri-
bution of the angle between the hydroxyl of menthol and z-
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axis defined in Fig. 6C, of which the angular entropy has
been taken into account and scaled properly. As shown in
Fig. 6A, menthol preferably partitions into the phospholipid
monolayer at the junction between the headgroup and tail
(point b), at which the hydrophilic hydroxyl group orients
itself toward the phospholipid headgroup while leaving the
hydrophobic moiety of menthol in the tail. This orientation
maximizes the electrostatic interaction between the phos-
pholipid and menthol, resulting a significant free energy
minimum.

DISCUSSION

Being a main attraction to e-cigarette users, especially
youth, flavorings have become the major ingredient of e-cig-
arette products. Although most flavorings used in e-ciga-
rettes are food-grade additives and scents, their safety and
health impact on the respiratory system, at levels inhaled by
e-cigarette users, are largely unknown (10). Many recent in
vitro and in vivo studies have raised substantial concerns
about the toxicity of e-cigarette flavorings, including cyto-
toxicity, immunotoxicity, and the potential of triggering
proinflammatory responses (6, 7, 12, 49).

As of 2018, there were more than 15,000 different e-ciga-
rette flavor blends available on the market (50). Kriisemann
et al. (51) have classified these flavors into 13 main categories,
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including tobacco, menthol, fruit, dessert, alcohol, nut, spices,
candy, coffee/tea, beverages, sweet-like flavors, unspecified
flavors, and unflavored e-liquids. Commercially, each of these
flavors is made of combinations of various flavor chemicals at
various concentrations, with a total of flavor chemicals in the
1-4 wt% (i.e., 10-40 mg/mL) range of the e-liquid (2, 52).
Among all these flavor chemicals, it was found that vanillin,
ethyl maltol, and ethyl butyrate are the top three chemical
ingredients used in all commercial e-cigarette products (2,
52). Menthol is the major chemical ingredient of the menthol/
mint flavored e-cigarette. It is among the top 20 most fre-
quently added flavor chemicals in e-cigarette products (52)
and is usually used with a concentration much higher than
other flavor chemicals (2, 52, 53), for example, at a concentra-
tion as high as 84 mg/mL (54).

Menthol is a naturally occurring cyclic terpene alcohol of
plant origin (55). It is a commonly used penetration enhancer
for topical drug administration in dermatology. The specific
molecular mechanism by which menthol enhances mem-
brane penetration is not yet completely understood, but dis-
turbing lipid packing in the membrane structure of the
stratum corneum is considered to be an important contributor
(56). Direct NMR evidence exists for menthol penetrates into
the hydrophilic headgroups of a model biomembrane (57).
Early in vivo experiments suggested that long-term inhalation
of tobacco smoke with a low menthol concentration of 5 mg/
mL caused no substantial adverse effect on rats (58). However,
very recent multiplatform studies have demonstrated that
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Figure 6. MD simulation of menthol-phospholipid inter-
actions. A: a demonstration of the all-atom MD system.
Green spheres represent the phosphorus atoms in the
headgroup of the phospholipids, gray spheres represent
the tail group of the phospholipids, and water is repre-
sented as a transparent blue phase between the mono-
layers. The vacuum extends ~15 nm to the left and to
the right of the monolayer tails (Supplemental Fig. S1).
Overlay is a one-dimensional, center-of-mass (COM) dis-
tance, free energy profile of interactions between men-
thol and the phospholipid monolayer. The three points
(a—c) represent menthol at different COM distances. The
COM distance b at the free energy minimum is high-
lighted in a red box to demonstrate the preferred orien-
tation of menthol. B: angular distributions of menthol
partitioned at different COM distances as depicted in A.
Distributions are taken as averages over two nearest
windows. C: definition of the angle between menthol
and the norm of the phospholipid (z direction). MD, mo-
lecular dynamics.

acute exposure to menthol-containing ECAs adversely effected
human bronchial epithelium in a manner that could lead to
respiratory disease (59).

Our study shows that ECAs with three flavor chemicals at
typical concentrations used in commercial e-cigarette prod-
ucts, i.e., menthol (12 mg/mL), ethyl maltol (10 mg/mL), and
ethyl butyrate (7.4 mg/mL), all demonstrate a deleterious
effect on the biophysical function of BLES, an animal-
derived natural PS (Fig. 2). Among all three chemicals, men-
thol shows the most adverse biophysical impact, indicated
by increases in the minimum surface tension and film com-
pressibility. We also found that nicotine alone (6 mg/mL)
only moderately affects the biophysical function of BLES
(Fig. 2). Nicotine concentration used in e-liquid can vary
greatly from O to >50 mg/mL, and there is a trend of increas-
ing sale of e-liquid containing very high nicotine concentra-
tions (>50 mg/mL) (60). As such, the nicotine concentration
studied here represents the low-end concentration used in
commercial e-cigarettes. At this low nicotine concentration,
we found that the deleterious effect of flavor chemicals is rel-
atively independent from nicotine (Fig. 2), whereas future
studies are needed to assess the impact of different forms
(such as nicotine salts) and concentrations of nicotine on
surfactant. This finding is qualitatively consistent with the
recent report that chronic exposure to ECAs cause alterna-
tion of lipid homeostasis in alveolar macrophages and epi-
thelial cells, and such alternations were found to be
independent of nicotine (14). Our biophysical studies suggest
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that flavor chemicals, especially menthol, are the major
chemical compound in ECAs to inhibit the biophysical func-
tion of PS.

This biophysical finding is supported by directly imaging
the effect of ECA exposure on the BLES film using AFM (Figs.
3 and 4). It is found that exposure to three menthol-contain-
ing ECAs, i.e., the commercial menthol-flavored e-liquid (Fig.
3B), the recombinant e-liquids containing menthol and nico-
tine (Fig. 3C), and menthol alone (Fig. 3F), completely inhibits
the monolayer-to-multilayer transition of the BLES film.
Transition from a monolayer to uniformly distributed multi-
layers under extreme lateral compression is characteristic
attributes of a healthy PS (26, 39, 61). Impairment of the
monolayer-to-multilayer transition is a strong indication of
surfactant inhibition associated with dysfunction of SP-B
and/or SP-C (62-64), since these hydrophobic proteins play a
key role in stabilizing the negative-curvature required to sta-
bilize the multilayers (65-67). In line with the AFM observa-
tion, our CD measurements have provided direct evidence of
menthol interactions with SP-B and/or SP-C, as indicated by a
change of secondary structure from a-helical to a more f-like
structure (Fig. 5C). It appears that this protein denaturation
due to menthol is significant enough to destabilize the multi-
layer structure essential for a healthy PS.

In addition to interactions with surfactant-associated pro-
teins, our data suggest that menthol also disturbs the phos-
pholipids in BLES. It is found that menthol in aerosols or
directly added to the BLES monolayer significantly reduces
the size of solid-like phospholipid domains in the BLES
monolayer (Fig. 4). The fact that either exposure to menthol-
containing ECAs or directly adding menthol to the BLES
monolayer induces a similar degree of surfactant inhibition
indicates that menthol does not go through significant chemi-
cal pyrolysis during the vaporization process. One source of
ECA toxicity is believed to be the formation of chemically
unstable pyrolysis products of flavors and/or vehicle solvents
during vaporization of the e-liquid, typically occurring at the
temperature range between 100°C and 250°C (6, 68, 69).
However, menthol is relatively stable in this temperature
range (70). It was found that menthol has a relatively high,
closely to 100%, transfer efficiency from the e-liquid to aero-
sols (54). Our findings are consistent with those reported by
Nair et al. (59), who found that exposure to menthol in ECAs
or directly added to cell cultures induces a similar degree of
cytotoxicity as manifested by different in vitro models.

The phospholipid domain size depends on a balance
between the line tension and electrostatic repulsion between
phospholipid headgroups (26). The change of domain mor-
phology therefore indicates direct interactions between
menthol and phospholipid headgroups, which alter the
intermolecular force balance at the domain boundaries. This
hypothesis is supported by ®C-NMR measurements that
show chemical shifts of carbons around the phospholipid
headgroup caused by menthol (Fig. 5B), and molecular dy-
namics simulations (Fig. 6), which directly manifest molecu-
lar interactions between menthol and phospholipids. Free
energy calculations of our MD simulations support the follow-
ing menthol-phospholipid interaction mechanism. Menthol
is most likely partitioned into the phospholipid just beneath
the phospholipid headgroup, leaving the hydroxyl group
pointing toward bulk water and the rest hydrophobic part of
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the molecule buried in the phospholipid tails. This interaction
between menthol and phospholipids is very stable, and the
corresponding position of menthol, as indicated in Fig. 6A,
implies its potential of inhibiting the biophysical function
of PS.

Menthol is the last and only flavor that is allowable in
combustible cigarettes marketed in the United States under
the 2009 Family Smoking Prevention and Tobacco Control
Act. On April 29, 2021, the US Food and Drug Administration
(FDA) made an announcement to ban menthol in all ciga-
rettes and flavored cigars within a year. If the ban were
enforced, research predicts that up to 30% of current men-
thol cigarette smokers would switch to e-cigarettes (71). This
would quickly expand the market of menthol-flavored e-
cigarettes. Our results show that there is an urgent need to
better understand the health impact of menthol-flavored
e-cigarettes, which may contribute to a better regulation
of e-cigarette products.

It is important to restate two major limitations of the pres-
ent study. First, we only studied one vaping device, which is a
third-generation modifiable e-cigarette device with a sub-
ohm tank. Further study is needed to verify whether the sur-
factant inhibitory effect found here is generalizable to other e-
cigarette devices. Second, the present study only focused on
the biophysical effect of e-cigarette aerosols on surfactant. We
used an animal-derived clinical surfactant preparation, BLES,
which is devoid of the hydrophilic surfactant proteins, SP-A
and SP-D. SP-A and SP-D play a central role in innate host
defense against inhaled pathogens and particles (72). A recent
study by Madison et al. (14) found that long-term exposure to
e-cigarette aerosols reduced the expression of surfactant pro-
teins, thus likely disturbing both the biophysical and immu-
nological functions of pulmonary surfactant.

In summary, using combined biophysical assessments,
AFM imaging, *C-NMR, CD spectroscopy, and in silico MD
simulations, we have concluded that menthol used in e-ciga-
rettes plays a predominant role in inhibiting the biophysical
function of natural PS. The mechanism of biophysical inhibi-
tion appears to involve menthol interactions with both phos-
pholipids and proteins, which disturb phospholipid packing
and impair formation of PS multilayers. These findings pro-
vide a novel insight into the understanding of health impact
of e-cigarettes.
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