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ABSTRACT: Deviations from the normal physicochemical and
functional properties of pulmonary surfactants are associated with
the incidence of lung injury and other respiratory disorders. This
study aims to evaluate the alteration of the 2D molecular
organization and morphology of pulmonary surfactant model
membranes by the electronic cigarette additives α-tocopherol
(vitamin E) and α-tocopherol acetate (vitamin E acetate), which
have been associated with lung injury, termed e-cigarette or
vaping-use-associated lung injury (EVALI). The model membranes
used contained a 7:3 molar ratio of DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) and POPG (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol) to which α-tocopherol and α-toco-
pherol acetate were added to form mixtures of up to 20 mol % additive. The properties of the neat tocopherol additives and DPPC/
POPG (7:3) mixtures with increasing molar proportions of additive were evaluated by surface pressure−area isotherms, excess area
calculations, Brewster angle microscopy, grazing incidence X-ray di4raction, X-ray reflectivity, and atomic force microscopy. The
addition of either additive alters the essential phase balance of the model pulmonary surfactant membrane by generating a greater
proportion of the fluid phase. Despite this net fluidization, both tocopherol additives have space-filling e4ects on the liquid-expanded
and condensed phases, yielding negative excess areas in the liquid-expanded phase and reduced tilt angles in the condensed phase.
Both tocopherol additives alter the stability of the fluid phase, pushing the eventual collapse of this phase to higher surface pressures
than the model membrane in the absence of an additive.

■ INTRODUCTION

The use of electronic cigarettes or “vaping” has grown
significantly in popularity in recent years. At the start of
2019, a marked increase in the incidence of serious lung
injuries associated with vaping in young adults with no pre-
existing respiratory diseases challenged the common percep-
tion that vaping is a healthier alternative to smoking.1 The
medical condition of these young adults with lung injuries was
labeled by the Centers for Disease Control and Prevention
(CDC) as electronic cigarette or vaping product use-associated
lung injury (EVALI). The CDC announced that this outbreak
was strongly linked to the presence of α-tocopherol acetate
(vitamin E acetate), a diluent in vaping solutions containing
tetrahydrocannabinol. α-Tocopherol acetate was detected in
bronchoalveolar lung lavage specimens from 94% of patients
presenting with EVALI.1,2 Current evidence is insu>cient to
rule out other contributing factors, but the molecular
mechanism of lung injury from α-tocopherol (vitamin E)

and its acetate form on the lungs requires further under-
standing.

Most of the literature on α-tocopherol−lipid interactions
focuses on the miscibility of α-tocopherol in membrane
bilayers to determine its preferential association with either
saturated or unsaturated lipids to understand its biological
importance as an antioxidant. DiPasquale et al. proposed that
α-tocopherol more readily associates with disordered phos-
pholipid environments, exhibiting a reduced partial molar
volume in bilayers and favorable intermolecular interactions
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that correlate with the degree of chain unsaturation.3 Jurak et
al. studied monolayer models consisting of binary mixtures of
α-tocopherol (20−75 mol %) and di4erent phosphocholines,
namely, dipalmitoylphosphatidylcholine (DPPC), palmitoylo-
leoylphosphatidylcholine (POPC), and dioleoylphosphatidyl-
choline (DOPC).4 They also concluded that there is a
correlation between the degree of unsaturation and the
strength of the attractive interactions, with the diunsaturated
DOPC exhibiting the strongest interactions, followed by the
monounsaturated POPC, and then the saturated DPPC.
However, despite these di4erent interaction strengths, α-
tocopherol showed a tendency to partially mix with all
phosphocholines regardless of their unsaturation level.

In contrast to the experimental findings, molecular dynamics
simulations by Leng et al. suggest that α-tocopherol
preferentially associates with monounsaturated over polyunsa-
turated phospoholipids.5 This preferential association with
monounsaturated compared to polyunsaturated phospholipids
is similar to the behavior of cholesterol, except that cholesterol
shows an even greater a>nity for saturated over monounsa-
turated phospholipids. Muddana et al. showed by computing
the radial pair density of α-tocopherol in 1:1 mixtures of
DPPC and diundecanoylphosphatidylcholine (DUPC) that α-
tocopherol preferentially partitions to the phase boundary
between the gel and fluid phases (under conditions of phase
separation), thus acting as a lineactant.6 They also noted that
the previously reported preferential association of tocopherol
with polyunsaturated fatty acid chains may not be generalizable
and is also influenced by the positions of the units of
unsaturation. Lineactants lead to a reduction of the line
tension, favoring the formation of smaller domains. Exper-
imental studies also suggest that α-tocopherol exhibits
lineactant properties at added concentrations above 10 mol %.3

Pulmonary surfactant consists of 90% by weight of lipids, of
which 70−80 mol % are saturated (with zwitterionic DPPC as
the major component) and 30% are unsaturated with a high
proportion of anionic phosphoglycerols such as palmitoylo-
leoylphosphatidylglycerol (POPG).7 Binary mixtures of DPPC
and POPG are commonly used as model membranes8−11

because they mimic the saturated−unsaturated balance, the
charged nature, the phase separation, and many of the
functional properties of natural pulmonary surfactant extracts.
Such simplified lipid-only models allow probing of the
interaction of α-tocopherol, a lipid analogue, with various
phospholipid phases formed in monolayer films. In this work,
we have studied the impact of both α-tocopherol and its
acetate form on the surface activity, morphology, compressi-
bility, and structure of a model pulmonary surfactant
membrane.

■ EXPERIMENTAL SECTION

Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC, 99%) and 1-palmitoyl-2-oleoyl-phosphatidylglycerol
(POPG, 99%) were purchased from Avanti Polar Lipids in a powder
form. α-Tocopherol, α-tocopherol acetate (both 96%), tris-
(hydroxymethyl)aminomethane (Tris, 99.8%), and NaCl (99%)
were purchased from Sigma-Aldrich. ACS-grade chloroform (Fischer
Scientific) was used to prepare the phospholipid and additive stock
spreading solutions. All reagents were used without further
purification. The molecular structures of the phospholipids and
additives are shown in Figure 1.
Lipid Mixtures and Aqueous Subphases. Stock solutions of

1.0 mM DPPC and 1.0 mM POPG in chloroform were combined to
prepare a solution containing a 7:3 molar ratio of DPPC and POPG.

Stock solutions of α-tocopherol (1.0 mM) and α-tocopherol acetate
(1.0 mM) in chloroform were combined with the DPPC:POPG (7:3)
solution to prepare solutions containing 1, 5, 10, 15, and 20 mol % α-
tocopherol or α-tocopherol acetate and 99, 95, 90, 85, and 80 mol %
DPPC:POPG (7:3), respectively. Tris-bu4ered saline (TBS) compris-
ing 50 mM Tris and 150 mM NaCl served as the aqueous subphase
for all Langmuir monolayer experiments and was prepared with
ultrapure water (resistivity of 18.2 MΩ cm) and pH adjusted to 7.4
using hydrochloric acid.
Surface Pressure−Molecular Area Isotherms. Surface pres-

sure−molecular area isotherms were obtained using a Langmuir film
balance (Model 516, Nima Technology) with a maximum trough
surface area of 80 cm2 and a filter paper Wilhelmy plate (Whatman
No. 3001-604). Neat α-tocopherol, neat α-tocopherol acetate,
DPPC:POPG (7:3), and their mixtures were spread on the TBS
subphase, and the solvent was allowed to evaporate (10 min) prior to
lateral symmetric compression of the film at the air−aqueous interface
at a rate of 5 cm2/min (equivalent to 6−7.5 Å2/molecule/min,
depending on the film). All experiments were conducted at room
temperature (22.5 ± 0.5 °C), and at least three separate isotherms
were obtained for each lipid composition to ensure reproducibility.
Previous reports12 have shown that the phase behavior of the model
membranes at room temperature to be qualitatively similar to those at
physiological temperatures, albeit with the phase transitions shifted to
lower surface pressures.

The impact of the lipid composition on molecular mixing was
assessed from changes to the average molecular area. The ideal mixing
molecular area at a given pressure is calculated from the weighted
average of the measured molecular areas of the DPPC:POPG (7:3)
mixture and either neat α-tocopherol or α-tocopherol acetate. The
excess molecular area (deviation from the ideal molecular area) can be
calculated as follows:

A A A(1 )ideal additive DPPC:POPG(7:3) additive additive= × + (1)

A A A
excess measured ideal

= (2)

where χadditive is the mole fraction of additive in the mixture,
ADPPC:POPG(7:3) is the molecular area of DPPC:POPG (7:3) at a given
pressure, Aadditive is the molecular area of the neat additive monolayer
at a given pressure, Ameasured is the experimental molecular area of
DPPC:POPG (7:3) with additive, and Aideal is the ideal mixing
molecular area.
Brewster Angle Microscopy (BAM) Imaging. BAM imaging of

monolayers at the air−aqueous interface during barrier compression
was performed using an I-Elli2000 imaging ellipsometer (Nanofilm
Technologies) coupled to a Langmuir film balance (Model 601BAM,
Nima Technology) with a maximum trough area of 146 cm2. The
instrument is equipped with a 50 mW Nd:YAG laser (λ = 532 nm),

Figure 1. Molecular structures of the (a) phospholipids (DPPC and
POPG) and (b) additives (α-tocopherol and α-tocopherol acetate,
also known as vitamin E and vitamin E acetate) used in this work.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c02952
Langmuir 2024, 40, 5651−5662

5652

https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02952?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02952?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02952?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02952?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c02952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and the images were captured using a 20× objective (with a field of
view of 220 μm × 275 μm and a lateral resolution of approximately 1
μm) at the Brewster incident angle of 53.15°. Following a wait time of
10 min for solvent evaporation after spreading of the lipid solution,
the monolayer was symmetrically compressed at a rate of 5 cm2/min.
All BAM images were obtained at 50% laser brightness intensity
except for the images of the neat α-tocopherol, and α-tocopherol
acetate monolayers that were obtained at 70% intensity.
Langmuir Monolayer Transfer onto the Mica Substrate.

Monolayer films were vertically transferred on the upstroke from the
air−aqueous interface onto freshly cleaved mica using the Langmuir−
Blodgett technique. The monolayer was compressed and held for 5
min at the target pressure prior to transfer at a rate of 5 mm/min. The
solid-supported films were allowed to dry under ambient conditions
for 30 min and imaged by AFM within 24 h of their preparation.
Atomic Force Microscopy (AFM). A MultiMode 8HR scanning

probe microscope (Bruker Nano, Santa Barbara, CA) was used to
capture AFM images in Peak Force Tapping Mode in air with silicon
tips mounted on nitride levers of a nominal spring constant of 0.4 N/
m and a resonance frequency of 70 kHz (Model Scanasyst-Air, Bruker
AFM Probes). Images were recorded at a scan rate of 0.759 Hz and
512 × 512-pixel resolution and processed with Nanoscope software,
version 2.0. The condensed phase domains were identified by
applying a height threshold and bearing analysis used to determine the
percent area coverage of the condensed phase. Analyses were
performed on at least three images randomly selected across multiple
samples.
Grazing Incidence X-Ray Di7raction (GIXD). The GIXD

experiments were performed at beamline 15-ID-C ChemMatCARS
of the Advanced Photon Source (APS) at Argonne National
Laboratory with the following parameters: an X-ray beam wavelength
of 1.239 Å, an incidence angle of 0.0906°, a horizontal size of 20 μm,
and a vertical size of 120 μm, leading to a beam footprint of 2 × 10−3

cm by 7.6 cm. The detector used was the 2D Swiss Light source
PILATUS 100 K set to the single-photon counting mode. Two sets of
slits, one placed in front of the detector to control the beam footprint
and the other placed 280 mm from the sample, were used to minimize
intense low-angle scattering. Experiments were performed at the air−
aqueous interface of a 340 cm2 Langmuir trough with a compression
rate of 5 cm2/min. The measured GIXD data are plotted as contour
plots of the intensity as a function of both the horizontal (Qxy) and
the vertical (Qz) scattering vector components. The lattice spacing dhk

was obtained from the in-plane di4raction data as dhk= 2π/Qhk
xy,

where the Miller indices h and k were used to index the Bragg peaks
needed to calculate the unit cell parameters for the in-plane lattice.
The full width at half-maximum (fwhm) of the Bragg peaks after
correction for the instrumental resolution (0.0084 Å−1) was used to
calculate the in-plane correlation length using the Scherrer formula as
follows:

Q0.9 2
fwhm ( )xy

xyintrinsic
= ×

(3)

GIXD experiments were performed at lateral surface pressures of
10, 18, 35, and 45 mN/m and at a temperature of 22.0 ± 0.5 °C.
X-Ray Reflectivity (XR). XR is measured as a function of the

vertical scattering vector component (Qz). XR probes the electron
density variation ρ(z) of the vertical structure of the layers at the air−
aqueous interface. The monolayer was modeled as a stack of slabs
with each slab having a constant thickness and electron density. The
electron density profile ρ(z) was laterally averaged over both the
ordered and disordered parts of the monolayer under the footprint of
the X-ray beam.

The X-ray reflectivity data was analyzed using open-source
(Python) software developed and provided by Wei Bu, beamline
scientist at ChemMatCARS. The measured X-ray reflectivity R(Qz) is

Figure 2. Upper panels: surface pressure−area isotherms for (a) neat α-tocopherol (red) and DPPC:POPG (7:3) mixtures with increasing molar
concentrations of α-tocopherol (0, 1, 5, 10, 15, and 20 mol %, colors indicated in legend) and (b) neat α-tocopherol acetate (blue) and
DPPC:POPG (7:3) mixtures with increasing molar concentrations of α-tocopherol acetate (0, 1, 5, 10, 15, and 20 mol %, colors indicated in
legend). The insets show the variation in onset area as a function of the mole fraction of the additive. Lower panels: the compressibility moduli as a
function of the surface pressure for DPPC:POPG (7:3) mixtures with (c) α-tocopherol and (d) α-tocopherol acetate.
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normalized by the Fresnel reflectivity RF(Qz), which is calculated for a
sharp air−aqueous interface. The X-ray reflectivity was calculated
using the Parratt method. Nonlinear least-squares fitting was used to
determine the minimum number (N−1) of internal slabs to best fit the
X-ray reflectivity data. In our XR data analysis, all systems were
treated as a homogeneous monolayer film, although lateral phase
separation occurs under the experimental conditions. This assumption
was made based on the sizes of the condensed and liquid-expanded
phases, which are less than the footprint of the X-ray beam in all our
systems. This assumption has been previously used in the literature,
where the domain sizes of the phase-separated patches are smaller
than the X-ray beam footprint.13 All XR experiments were performed
at a lateral surface pressure of 35 mN/m and at a temperature of 22.0
± 0.5 °C.

■ RESULTS AND DISCUSSION

Surface Pressure−Molecular Area Isotherms. The
compression isotherms of the model lung surfactant mixture
DPPC:POPG (7:3), α-tocopherol, α-tocopherol acetate, and
mixtures of DPPC:POPG (7:3) and either α-tocopherol or α-
tocopherol acetate are shown in Figure 2a,b. For DPPC:POPG
(7:3), the onset area is 108 Å2/molecule, while those of α-
tocopherol and α-tocopherol acetate are much smaller, 74 and
80 Å2/molecule, respectively. The onset areas of DPPC:POPG
(7:3) mixtures containing varying molar concentrations of α-
tocopherol or α-tocopherol acetate decreased with increasing
concentration of additive, with a more pronounced e4ect
observed with α-tocopherol acetate (Figure 2a,b insets). In
particular, a shift of the DPPC:POPG isotherm to lower
molecular areas is observed in the presence of both additives at
concentrations ≥10 mol %.

DPPC:POPG mixtures are known to phase separate into a
DPPC-rich condensed phase and POPG-rich liquid-expanded
phase.14,15 This phase transition can be di>cult to discern
from the isotherm, but its onset is associated with a minimum
in the compressibility modulus versus surface pressure plots
(Figure 2c,d) observed at around 13 mN/m. Beyond this
pressure, the film remains phase separated until the collapse of
the POPG-rich fluid phase, evident as a plateau in the isotherm
at 42−45 mN/m, after which the surface pressure increases
more steeply until the eventual film collapse at 55−60 mN/m
(Figure 2a,b). By contrast, both α-tocopherol and α-
tocopherol acetate films collapse at lower pressures, namely,
below 20 mN/m. An elevated collapse pressure for mixtures of
phospholipids and additives compared to the pure additives
suggests an interaction between components.3 The pressure for
the collapse of the POPG-rich fluid phase is shifted to higher
values in the presence of 10 mol % or more of the additive,

indicative of stabilizing interactions between the tocopherol or
tocopherol acetate and POPG. α-Tocopherol was shown to
have a stabilizing e4ect on disordered bilayers wherein it
suppressed the bilayer thermal expansivity.16

A direct comparison of the isotherms for a given
concentration of additive is provided in Figure S1 of the
Supporting Information. The isotherms of monolayers
containing 0, 1, and 5 mol % additive are qualitatively similar
in shape. At or above 10 mol % additive, there is a distinct
change in the plateau pressure, which is shifted to higher
values. As the proportion of additive increases, the slope
change associated with the formation of a DPPC-rich
condensed phase, which typically occurs around 13 mN/m
in DPPC:POPG (7:3), becomes less pronounced in both the
isotherm and compressibility plots, suggesting that α-
tocopherol and α-tocopherol acetate are fluidizing the
condensed DPPC-rich phase, as was observed with monolayers
of DPPC and α-tocopherol, wherein the addition of 25−75
mol % α-tocopherol results in the disappearance of the liquid-
expanded-to-condensed phase transition.4

Compressibility moduli (Cs
−1) for the neat α-tocopherol and

α-tocopherol acetate films are presented in Figure S2, and the
maximum Cs

−1 are 55 and 47 mN/m, respectively. As a
consequence of the methyl branching, the tocopherol phytyl
side chains have an inherently larger cross-sectional area than
an unbranched chain. Yasmann and Sukharev demonstrated
that branched alkyl chains, such as DPhPC (diphytanoylphos-
phatidylcholine) (the branched lipid equivalent of DPPC),
exhibited a lower film compressibility modulus of 115 mN/m17

than DPPC for which the film compressibility modulus can
reach values of up to 250 mN/m.18 Additionally, the shorter
chain length of the tocopherols may also contribute to the low
compressibility, for example, the 14-carbon saturated DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) exhibits a max-
imum film compressibility modulus value of 100 mN/m,19

which is lower than that of the 16-carbon DPPC film. At all
surface pressures up to collapse, the α-tocopherol film
compressibility modulus is distinctly higher than that of the
α-tocopherol acetate film, despite the similarity of the isotherm
shapes. This is attributed to the acetate (as opposed to
hydroxyl) in the headgroup altering the molecular orientation
of the α-tocopherol acetate at the interface. The C�O portion
of the ester functional groups present on the headgroups of
surface-active molecules has been reported to be mainly
oriented parallel to the aqueous surface or subphase.20 An
altered molecular orientation can a4ect not only the neat film

Figure 3. Molecular area deviations from the ideal mixing area (excess areas) for DPPC:POPG (7:3) mixtures containing (a) α-tocopherol and (b)
α-tocopherol acetate at surface pressures of 1, 5, 10, and 15 mN/m. The standard deviations were calculated from triplicate measurements of the
surface pressure−molecular area isotherms.
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compressibility but also its miscibility with di4erent lipids and
monolayer phases.
Deviations from Ideal Mixing. To assess the phospho-

lipid−tocopherol additive interactions in the mixed mono-
layers, excess molecular areas were calculated for varying molar
concentrations of α-tocopherol (Figure 3a) and α-tocopherol
acetate (Figure 3b). Positive deviations suggest repulsive
interactions and film expansion, while negative deviations
indicate attractive interactions and/or condensation.21 Excess
areas were calculated at surface pressures of 1−15 mN/m since
monolayers of α-tocopherol and α-tocopherol acetate collapse
by 18 mN/m. For the α-tocopherol mixtures, small negative
deviations less than 5 Å2/molecule are observed, which
decrease as the film is compressed, indicating the presence of
attractive interactions between the model membrane and α-
tocopherol. In general, it appears that the deviations are more
pronounced as the proportion of α-tocopherol increases;
however, these increases may not be statistically significant,
given the reported errors. We speculate that the additive has a
greater space-filling impact on the chains when the molecular
spacing is higher. As the film is compressed, the chains
naturally extend more, and there is less opportunity for the α-
tocopherol to space-fill.

In contrast to α-tocopherol, the addition of just 1 mol % α-
tocopherol acetate results in a significant condensing e4ect
with negative excess areas of −9 ± 2 Å2/molecule, for which
the decrease in excess area as the film is compressed is also
more pronounced. In summary, increasing the molar
concentration of either additive leads to a negative deviation

from the ideal mixing molecular areas, with the deviation being
more pronounced at lower pressures, i.e., when all components
are in the liquid-expanded phase and for mixtures containing
α-tocopherol acetate. The substitution of the hydroxyl group
with an acetate clearly had a significant impact.

A larger impact of α-tocopherol acetate on DPPC:POPG
(4:1), compared to α-tocopherol, was also observed by van
Bavel et al.22 Their phospholipid-additive isotherms are,
however, shifted to molecular areas greater than that of
DPPC:POPG, despite smaller molecular areas for the single-
chain α-tocopherol and α-tocopherol acetate. For comparison
purposes, we estimate excess areas of +6 Å2/molecule (5 mN/
m), + 9 Å2/molecule (10 mN/m), and +10 Å2/molecule (20
mN/m) with just 5 mol % additive using our tocopherol
additive isotherms (since neat α-tocopherol and α-tocopherol
isotherms were not reported by the authors). The excess areas
will be addressed further in the context of morphology in the
next section.
Film Morphology. The morphologies of neat α-tocopherol

and α-tocopherol acetate films imaged by using BAM are
illustrated in Figure 4. α-Tocopherol initially forms a
homogeneous film at low pressure. At 14 mN/m, small, very
low contrast domains begin to appear. As the film is further
compressed, the α-tocopherol begins to collapse and three-
dimensional aggregates (protrusions) form, evident as bright
spots in the BAM images, in agreement with previous
studies.4,22 These protrusions increase in diameter and
brightness with compression, a growth pattern that likely
leads to broad collapse over a range of surface pressures

Figure 4. BAM images (220 μm × 275 μm) of monolayers at the air−aqueous interface of (a) α-tocopherol and (b) α-tocopherol acetate as a
function of the surface pressure.

Figure 5. (a) AFM images of α-tocopherol at surface pressures of 5, 10, 15, and 18 mN/m (top row) and 21, 23, 25, and 28 mN/m (bottom row).
(b) Corresponding domain diameter and height showing the growth of the domains both in width and height as the surface pressure increases.
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observed in the isotherm. AFM images confirm a homoge-
neous phase below 15 mN/m (Figure 5a). The diameter of the
protrusions observed at pressures ≥15 mN/m directly

correlates with the height (Figure 5b).

In contrast to α-tocopherol (Figure 2a), the isotherm α-
tocopherol acetate shows a sharp collapse at 17.5 mN/m
(Figure 2b), which correlates with the immediate formation of

fewer but larger very bright protrusions from the monolayer

Figure 6. BAM images (220 μm × 275 μm) of DPPC:POPG (7:3) as a function of the surface pressure (from top to bottom): ∼18, ∼25, ∼35, and
∼45 mN/m, and with varying molar concentrations of added α-tocopherol added (from left to right): 0, 1, 5, 10, 15, and 20 mol %.

Figure 7. BAM images (220 μm × 275 μm) of DPPC:POPG (7:3) as a function of the surface pressure (from top to bottom): ∼18, ∼25, ∼35, and
∼45 mN/m, and with varying molar concentrations of added α-tocopherol acetate (from left to right): 0, 1, 5, 10, 15, and 20 mol %.
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film (Figure 4b). The sharp collapse makes Langmuir−Blodget
transfer at constant pressure di>cult, and AFM images of such
films transferred at both 10 and 17.5 mN/m exhibit a flat,
uniform, and featureless surface with no visible protrusions
(data not shown). The di4erence in collapse is related to the
kinetics of the growth of the protrusions, for which the altered
molecular orientation (due to the replacement of a hydroxyl by
an acetate) and consequent film compressibility modulus (as
discussed earlier) play a determining role.

The BAM images of the DPPC:POPG (7:3) monolayer
show the appearance of classical condensed phase domains at
around 18 mN/m that persist at high pressures (Figures 6 and
7). These domains are attributed to a DPPC-rich condensed
phase surrounded by a POPG-rich fluid phase. At higher
pressures, there is a loss in optical contrast, which will be
discussed later. A little change in the film morphology is
observed with the addition of 1 and 5 mol % α-tocopherol or
α-tocopherol acetate to the DPPC:POPG (7:3) mixture. At
best, there is a minor variation in the domain sizes since some
domains appear to be slightly larger at equivalent surface
pressures. This may be explained by subtle changes in the line
tension of the DPPC-rich condensed domains, where higher
line tensions drive the formation of larger domains, and lower
line tensions drive the formation of smaller domains.23 Both a
loss in optical (phase) contrast and the reduction of the total

condensed phase areas occur at lower surface pressures with
greater concentrations of the additives, specifically above 10
mol % for α-tocopherol and 5% mol for α-tocopherol acetate,
suggesting a fluidization of the monolayer film. Additionally,
the bright protrusions formed by the tocopherols are
eliminated in the mixed films, in agreement with the isotherm
that shows no indication of an independent collapse of the
tocopherol phase.

The reduction in contrast observed at higher compression
states has previously been attributed to either the collapse of
the fluid phase24 or to the formation of nanoscale domains
below the optical resolution of BAM.25 To determine if the
loss of contrast can be attributed to fluidization or one of the
aforementioned factors, DPPC:POPG:α-tocopherol films were
transferred onto mica for AFM analysis (Figure 8). An analysis
of the surface area occupied by the condensed phase domains
reveals a 35% area coverage of the condensed phase in the
absence of α-tocopherol that is reduced to 4% with 20 mol %
α-tocopherol, indicative of fluidization. A distinct step change
in the condensed phase coverage occurs for proportions of α-
tocopherol greater than 10 mol %. Additionally, by 20 mol %
α-tocopherol, most of the domain diameters are between 0.5
and 1.5 μm and, thus, below the lateral resolution of BAM,
contributing to the loss of optical contrast. Muddana et al.
showed that α-tocopherol exhibited lineactant properties such

Figure 8. (a) AFM images of monolayer films transferred onto mica at 45 mN/m for DPPC:POPG (7:3) (black, 0 mol %) and varying molar
concentrations (10, 15, and 20 mol %) of added α-tocopherol (red, top) and α-tocopherol acetate (blue, bottom). Corresponding % area coverage
of condensed phase domains for DPPC:POPG (7:3) monolayer films with di4erent molar concentrations of added (b) α-tocopherol or (c) α-
tocopherol acetate.
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that it favored the phase boundaries in DPPC:DUPC (1:1)
bilayers.6 Lineactants reduce the line tension, lowering the
energetic cost of forming phase boundaries and resulting in
smaller domains.

With both phases present, the tocopherols likely partition
between the two phases and generate competing e4ects in
terms of the mean molecular area. The expansion observed by
Van Bavel et al. may be related to the higher proportion (80%)
DPPC in their model membrane.22 The previously reported
preferential partitioning of α-tocopherols into the fluid phase
may drive the apparent fluidization. To understand the mixing
e4ects on each of the individual phases, isotherms for 1:1
POPG:α-tocopherol (representing if all the tocopherol
partitions to the fluid phase) and 3:1 DPPC:α-tocopherol
(representing if all the tocopherol partitions to the condensed
phase) were investigated (Figure S3) and the excess areas are
tabulated in Table S1. POPG:α-tocopherol yields excess areas
of −1 Å2/molecule at 1 mN/m and −2 Å2/molecule at 10
mN/m, while DPPC:α-tocopherol exhibits excess areas of −7
Å2/molecule at 1 mN/m and +8 Å2/molecule at 10 mN/m,

respectively. This is in agreement with partial molar volume
measurements that show a larger tocopherol partial molar
volume in a DPPC fluid phase (above its Tm) than in a POPC
fluid phase at the same temperature.16 Notably, where each
lipid forms a liquid-expanded phase, we have contraction of the
film (all pressures for POPG, low pressures for DPPC). This
contraction is significantly greater for saturated and zwitter-
ionic DPPC lipids. Once the lipid film adopts a condensed
phase (the plateau for DPPC is between 6 and 10 mN/m),
there is a shift to film expansion. This can be due to either an
expansion of the condensed phase or the prevention of this
condensed phase from forming, wherein the DPPC molecules
remain in a liquid-expanded phase to higher surface pressures.
Although the values obtained would suggest that the
tocopherols predominantly associate with the fluid phase,
GIXD and XR were used to determine whether the
tocopherols are miscible to any extent with the DPPC
condensed phase (see below).

With increasing proportions of both additives, a fluidization
of the condensed phase is observed at surface pressures above

Figure 9. Contour plots of the X-ray intensities as a function of the in-plane (Qxy) and out-of-plane (Qz) scattering vector components for
DPPC:POPG (7:3) with varying molar concentrations of α-tocopherol (top to bottom): 0, 10, 15, and 20 mol % at surface pressures (right to left)
of 10, 18, 35, and 45 mN/m (note that not all Qz scales are the same).
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18 mN/m. It is important to emphasize that the excess area
calculations were restricted to surface pressures of up to 15
mN/m due to the low collapse pressures of α-tocopherol and
α-tocopherol acetate. The BAM measurements were taken at
surface pressures higher than 15 mN/m, rendering it
impossible to accurately determine the precise impacts at
these higher surface pressures. However, analogous to
cholesterol, α-tocopherol contains major structural compo-
nents, such as a rigid ring structure with a polar hydroxyl group
at one end and a hydrophobic chain at the other end. The
di4erence is that the chromanol group on α-tocopherol is
smaller than the steroid moiety on cholesterol, and the phytyl
side chain (13 carbons) on α-tocopherol is longer than the
branched chain (5 carbons) on the sterol.5 The addition of 1−
30 mol % cholesterol to model surfactant monolayers
comprising 8:2 DPPC:DPPG (1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol) leads to the formation of smaller circular
domains and decreased condensed phase area coverages.26

Cholesterol induces a contraction in molecular area when
mixed with saturated lipids like DPPC and a slight expansion
when mixed with more unsaturated lipids like DOPC and
POPC.3 By analogy, α-tocopherol, like cholesterol, may have a
larger impact on the condensed phase than on the fluid phase.
Film Structure. The GIXD contour plots obtained for

DPPC:POPG (7:3) and their mixtures with α-tocopherol
(molar concentrations of 10, 15, and 20 mol %) are shown in
Figure 9. GIXD was performed at surface pressures of 10 mN/
m (where DPPC:POPG (7:3) is in a liquid-expanded phase),
18 mN/m (where DPPC-rich condensed phase domains are
first evident in BAM), and 35 and 45 mN/m (just below and
above, respectively, the collapse/expulsion of the POPG-rich
phase). At all pressures between 18 and 45 mN/m, the
di4raction patterns of DPPC:POPG (7:3) show three low-
order reflections (10, 01, 11̅) with Bragg rod maxima above the
horizon (Qz) that correspond to an oblique lattice with tilted
chains.14 Note that GIXD peaks represent only the structure of
the condensed phase domains since fluid- or liquid-expanded
phases yield no di4raction. The condensed phase is attributed
to a DPPC-rich phase given its similarity to the di4raction
pattern of DPPC itself,27 and the fact that POPG forms a
liquid-expanded phase under these conditions. The peak
positions and unit cell parameters calculated from fits of the
three Bragg peaks and Bragg rods are listed in Tables S2 and
S3. The DPPC-rich phase in the absence of α-tocopherol
yields tilt angles of 31°, 28°, and 20° for pressures of 18, 35,
and 45 mN/m, respectively. The large chain tilt angle of the
DPPC-rich phase is comparable to the values reported in the
literature27 at similar surface pressures and is attributed to the
area mismatch of the large DPPC headgroup and two alkyl
chains.28 By tilting the chains, a balance between the projected
area of the chains and that of the phosphatidylcholine
headgroup is achieved.28

The di4raction peaks for the mixtures containing 10, 15, and
20 mol % α-tocopherol at 35 mN/m confirm the presence of
DPPC-rich condensed phase domains within a fluid POPG
phase. The lack of di4raction peaks at 18 mN/m for 15 and 20
mol % indicates that the α-tocopherol hinders the formation of
the condensed phase, pushing its formation to higher surface
pressures. With increasing molar concentrations of α-
tocopherol, the out-of-plane peaks move to lower Qz and
higher Qxy values (Table S2), indicative of a tilt angle decrease
from 28° (with no α-tocopherol) to 19° at 35 mN/m (with 20
mol % added α-tocopherol) (Table S3), evidence that α-

tocopherol intercalates in the DPPC chain region and mimics
the behavior of low amounts of cholesterol in PC
membranes.29 By 45 mN/m, the di4raction peaks for systems
with α-tocopherol shift to much lower Qz values, correspond-
ing to very low tilt angles. Like cholesterol, we suggest that α-
tocopherol alleviates the area mismatch of the large DPPC
headgroups by incorporating itself between the DPPC
chains.28,29 Thus, we propose that some of the α-tocopherol
intercalate within the condensed DPPC phase, leading to a
notable reduction in the tilt angle.

For DPPC:POPG (7:3) with 20 mol % α-tocopherol at 35
mN/m, additional peaks are observed at higher Qz (Figure 9).
Repetition of the measurement yielded di4raction peaks
associated with the same DPPC-rich phase peaks but not the
additional peaks at higher (>1.5 Å−1) Qxy (Figure S4). We
attribute these high Qxy peaks to a kinetic e4ect, wherein, as
the POPG begins to collapse, the α-tocopherol redistributes
between the phases (the partitioning of α-tocopherol between
the remaining LE and condensed phase changes). Depending
on the extent of loss of POPG and the kinetics of the
molecular redistribution, an intermediate phase can form. By
45 mN/m, the film has had more time to equilibrate, and these
higher Qxy peaks are less distinct. A future study will investigate
the partitioning of the α-tocopherol between these phases in
more depth.

GIXD measurements on the DPPC:POPG:α-tocopherol
acetate mixture were performed for only 20 mol % additive at
surface pressures of 20, 35, and 45 mN/m and are shown in
Figure S5. The fits and unit cell parameters are listed in Tables
S2 and S3, respectively. Unlike the 20 mol % tocopherol
system, by 20 mN/m, di4raction peaks from the emerging
DPPC-rich condensed phase are observed. At 35 and 45 mN/
m, the di4raction patterns from the DPPC-rich phase are
weaker and with lower signal-to-noise, which may indicate that
the acetate analogue of α-tocopherol induces a greater degree
of fluidization (i.e., less condensed phase in the beam
footprint). At 35 mN/m, the chain tilt angle for the 20 mol
% α-tocopherol acetate mixture is approximately 12° (Table
S3), considerably lower than that of DPPC:POPG (7:3)
without any additives (28°) and considerably lower than that
of the film analogue with 20 mol % α-tocopherol (19°). The
addition of a simple acetate group to the α-tocopherol
headgroup does not hinder its incorporation into the DPPC
lattice and yields a significantly reduced alkyl chain tilt angle.

X-Ray reflectivity data were fit with the top slab representing
the alkyl chains (tail) and a lower slab representing the
headgroups to generate a vertical electron density profile
(Figure 10). Fitting outputs are summarized in Table S4.

The presence of 15 or 20 mol % α-tocopherol in the
DPPC:POPG (7:3) monolayer yields a smaller average alkyl
chain thickness (15.1 Å) compared to that of DPPC:POPG
(7:3) (17.6 Å). The film thickness represents the weighted
average of both the liquid-expanded and condensed phases.
The decrease in the alkyl chain thickness is most likely due to
the increased proportion of the thinner liquid-expanded phase.
The XR fits also indicate a larger average headgroup thickness
with added α-tocopherol (7.8 Å) compared to that of
DPPC:POPG (7:3) with no α-tocopherol (6.9 Å). Figure 11
depicts the aromatic moiety of α-tocopherol anchored to the
subphase. The remainder of the chromanol ring is positioned
above the phosphocholine headgroup of DPPC, which may
explain the increase in headgroup thickness. This arrangement
was previously observed by resonance energy transfer studies,
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with bilayers composed of 20 mol % α-tocopherol and
DPPC.30 Furthermore, the addition of 20 mol % α-tocopherol
in DPPC:POPG (7:3) leads to an increase in electron density
at the tail region while causing a reduction in electron density
at the headgroup region. The α-tocopherol molecules within
the DPPC-rich condensed phase contribute to an expansion of
the intermolecular space between the DPPC headgroups,
decreasing the overall headgroup electron density. The
electron enrichment at the tail region can be the result of
the incorporation of the branched phytyl chain of α-tocopherol
within the alkyl chain region.
Implications of the Findings for EVALI. α-Tocopherol

acetate has been found in significant proportions in the
bronchoalveolar lavage (BAL) samples from EVALI patients.2

The persistence of α-tocopherol acetate in BAL fluids indicates
its retention in the alveoli. Given the lipophilic structure of α-
tocopherol acetate, as well as its physical and chemical
similarity to phospholipids, it is highly likely to embed in the
pulmonary surfactant coating of the alveoli, the first line of
defense to inhaled species. Our findings using model
membranes, which show that α-tocopherol and α-tocopherol
acetate are present in both the fluid and condensed phases of
the pulmonary surfactant, are consistent with this retention in
the alveoli and BAL fluids. EVALI patients presented clinical
pathologies including ground-glass opacities31,32 and foamy
microphages,33 as observed with exogenous lipid pneumonia.

Thus, it has been suggested that EVALI represents a form of
airway-centered chemical pneumonitis.1,33 The increase in
foamy macrophages is associated with impaired recycling of
the pulmonary surfactant.34 The pulmonary surfactant
membrane composition is tightly regulated. Changes in its
composition, in this case through the deposition of fatty
materials (α-tocopherol and α-tocopherol acetate) and
resulting impaired pulmonary surfactant recycling, are expected
to cause di>culty in gas-exchange and breathing (due to
changes in surface tension and the work of breathing).35 The
latter can contribute to a shortness of breath and the former to
reduced oxygen levels, both commonly reported symptoms for
EVALI.31

■ CONCLUSIONS

Herein, we have compared the phase behavior and interactions
of α-tocopherol and α-tocopherol acetate with the di4erent
phases of lung surfactant model membranes. While qualita-
tively similar surface pressure−area isotherms and film
morphologies are obtained, there are notable di4erences
produced by replacing the hydroxyl in the headgroup with
acetate. α-Tocopherol exhibits a higher compressibility than α-
tocopherol acetate and an altered kinetics of the film collapse,
with α-tocopherol exhibiting a broader collapse over a range of
surface pressures that correlates with the slow growth (laterally
and vertically) of protrusions comprising the expelled lipid
material. By contrast, the collapse from the liquid-expanded
phase of α-tocopherol acetate is very sharp and yields fewer
but larger lipid protrusions.

The interaction of either α-tocopherol or α-tocopherol
acetate with the model membrane lipids induces the
tocopherols to stay in the plane of the membrane to much
higher surface pressures, inhibiting the formation of the
tocopherol-rich protrusions. Both tocopherols partition
between the DPPC-rich condensed and POPG-rich LE phases.
α-Tocopherol appears to take up some of the excess space
within a liquid-expanded phase (negative excess areas for
POPG at all pressures and DPPC at 1 and 5 mN/m) without
inducing a condensed phase. The positive excess areas for
DPPC:α-tocopherol mixtures at 10 and 15 mN/m combined
with changes in the GIXD peak positions for the DPPC:POPG
mixtures with either additive confirm that some α-tocopherol
and α-tocopherol acetate clearly partition into the DPPC-rich
condensed phase. The reduction in the alkyl chain tilt angle of
the condensed phase indicates that the film expansion is not
due to expansion of the condensed phase. Notably, higher
concentrations of α-tocopherol acetate, compared with α-
tocopherol, are required to see extensive fluidization of the
film. This may be because the altered molecular orientation of
α-tocopherol acetate enables better incorporation into the
DPPC-rich phase, evidenced by the reduced fluidization and
significantly lower tilt angles.

The biophysical properties and functionality of the
pulmonary surfactant membrane are finely tuned to its
composition and phase structure.12 Both α-tocopherol and
α-tocopherol acetate lead to a net fluidization of the model
membranes by inhibiting the formation of the condensed
phase, thus increasing the proportion of the liquid-expanded
phase, despite having a contracting e4ect on each individual
phase. This fluidization greatly diminishes the proportion of
the condensed phase, whose role is to ensure the film stability
at ultralow surface tension and high compression states (i.e.,
upon exhalation). This fluidization, along with the altered

Figure 10. Normalized X-ray reflectivity versus the vertical scattering
vector component Qz of DPPC:POPG (7:3) in the absence and
presence of 15 mol % α-tocopherol and 20 mol % α-tocopherol at a
surface pressure of 35 mN/m.

Figure 11. Schematic representation of α-tocopherol partitioning
between the liquid-expanded and condensed phases.
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collapse pressure, becomes most evident at α-tocopherol
proportions greater than 10 mol % and α-tocopherol acetate
proportions greater than 15 mol %. Dosimetry analysis has
predicted that 42% of α-tocopherol acetate inhaled from e-
liquids can deposit in the pulmonary rather than the tracheal
region.36 The residence time and accumulation of tocopherols
as a function of vaping frequency in the pulmonary surfactant
are not known, although tocopherol acetate was su>ciently
present to be detectable in BAL fluids from patients with
EVALI. Although studied herein in terms of their impact on
model lung surfactant membranes, given α-tocopherol is a
naturally occurring, membrane-soluble antioxidant, and α-
tocopherol acetate is used not only as a vaping solution diluent
but also as a prodrug precursor, the fluidizing e4ects of these
compounds have broader implications.
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