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Abstract

Background: Recent studies have shown that colloidal particles can disrupt the interfacial properties of lung
surfactant and thus key functional abilities of lung surfactant. However, the mechanisms underlying the in-
teractions between aerosols and surfactant films remain poorly understood, as our ability to expose films to
particles via the aerosol route has been limited. The aim of this study was to develop a method to reproducibly
apply aerosols with a quantifiable particle dose on lung surfactant films and investigate particle-induced
changes to the interfacial properties of the surfactant under conditions that more closely mimic those in vivo.
Methods: Films of DPPC and Infasurf® were exposed to aerosols containing polystyrene particles generated
using a Dry Powder Insufflator™. The dose of particles deposited on surfactant films was determined via light
absorbance. The interfacial properties of the surfactant were studied using a Langmuir-Wilhelmy balance
during surfactant compression to film collapse and cycles of surface compression and expansion at a fast
cycling rate within a small surface area range.

Results: Exposure of surfactant films to aerosols led to reproducible dosing of particles on the films. In film
collapse experiments, particle deposition led to slight changes in collapse surface pressure and surface area of
both surfactants. However, longer interaction times between particles and Infasurf® films resulted in time-
dependent inhibition of surfactant function. When limited to lung relevant surface pressures, particles reduced
the maximum surface pressure that could be achieved. This inhibitory effect persisted for all compression-
expansion cycles in DPPC, but normal surfactant behavior was restored in Infasurf® films after five cycles.
Conclusions: The observation that Infasurf® was able to quickly restore its function after exposure to aerosols
under conditions that better mimicked those in vivo suggests that particle-induced surfactant inhibition is
unlikely to occur in vivo due to an aerosol exposure.
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Introduction deficiency or dysfunction. Diseases such as respiratory dis-

tress syndrome and acute lung injury have been associated
M

PULMONARY SURFACTANT IS A COMPLEX MIXTURE of lip-
ids and proteins adsorbed at the air—water interface of the
alveolar (gas exchange) region of the lungs. This surfactant
layer reduces the surface tension of the alveolar fluid, thereby
reducing the energy required to re-inflate the lungs. Pul-
monary surfactant also reduces the surface tension of the
alveolar fluid to near zero values, thereby maintaining the
same recoil pressure in all alveolar sacs and avoiding alveolar
collapse. Lung surfactant serves to maintain lung stability
during normal respiratory maneuvers, and serious health
implications can arise in the case of pulmonary surfactant

with pulmonary surfactant dysfunction.

Exogenous materials that interact with pulmonary sur-
factant have the capacity to deteriorate the surfactant’s
natural interfacial properties. Recent in vitro studies have
reported alteration to the interfacial properties of lung sur-
factant after exposure to particles of both environmental and
therapeutic relevance. Nano and submicron particle con-
taminants such as metal dust, TiO,, biofuel combustion
emissions, and silica have exhibited inhibitory effects on the
interfacial properties of model pulmonary surfactants.*~”
Changes in surfactant phase behavior, minimum surface
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tension, and microstructure have also been observed after
surfactant exposure to charged polymeric particles that are
of particular interest in the field of aerosol medicine.®™'*

Surfactant function has been successfully studied using
techniques that monitor changes in surfactant behavior
during surface area compression and expansion. In vivo
studies of surfactant function have been reported (see, for
example, Im Hof et al.14), though such studies are limited
both in number and the mechanistic information about
particle—surfactant interactions that they can provide. Thus,
researchers have generally relied on in vitro studies to im-
prove basic understanding of the natural function of lung
surfactant, how disease states contribute to lung surfactant
dysfunction, and aid the clinical development of lung sur-
factant replacement therapies. Primary among the in vitro
techniques are the Langmuir-Wilhelmy balance, the captive
bubble tensiometer, and the pulsating bubble surfactometer.
In the Langmuir-Wilhelmy balance method, surfactant
molecules are spread on top of an aqueous subphase in a
Langmuir trough and are compressed and expanded using a
movable partition. A tensiometer provides real-time mea-
surements of surface tension, while the movement of the
barriers mimics surface area changes during respiration. The
primary advantages of the Langmuir- Wilhelmy balance are
that the system allows for studies of surfactant properties
over a wide range of surface tension values and also at
slower, quasi-static cycling speeds facilitating mechanistic
studies (see Duncan and Larson"® for a review on such
work). Instruments that better mimic the geometry of alveoli
such as captive bubble tensiometer or pulsating bubble
surfactometer have also been used to study lung surfactant
function. Both of these instruments work on the basis of
spreading surface-active material on the surface of an air
bubble and relating the shape of the bubble to the surface
tension at the air—water interface. These systems allow for
fast surfactant cycling, which better mimics the fast com-
pression and expansion of surfactant during breathing.

More recently, these techniques have been used to ex-
amine the interactions between aerosols and lung surfactant,
particularly focusing on particle-induced surfactant dys-
function,®~10-13-162D ywhjle the studies conducted to date
have led to valuable information on the mechanisms of
particle-induced surfactant dysfunction generally, none of
the methods used to introduce particles to the surfactant film
accurately mimic exposure to particles following inhalation.
Aerosols have different size and morphology compared to
single particles. Changes in these physical properties have
been shown to affect particle—cell interactions (e.g., certain
sizes and certain shapes are internalized more efficiently by
macrophages)®**® and are also likely to affect particle in-
teractions with the pulmonary surfactant. Although this has
been recognized as a limitation to current knowledge of
particle-lung surfactant interactions,”” work in this area
has been hindered due to the technical challenges of ex-
posing surfactant films to aerosols, characterizing aerosol
properties, and measuring the deposited particle dose.

In the present study, we describe a new method that was
developed to apply aerosols onto surfactant films within a
Langmuir trough with a reproducible, measurable dose. The
Langmuir-Wilhelmy balance was chosen for these studies
due to the ability to garner mechanistic understanding of
surfactant function, as well as the ability to apply aerosols
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directly onto the surfactant surface, which cannot be achieved
with the captive bubble tensiometer or pulsating bubble sur-
factometer systems due to their enclosed configuration. The
effects of aerosols on the interfacial behavior of two surfactant
systems were investigated: dipalmitoyl phosphatidylcholine
(DPPC), the most abundant lipid component of human lung
surfactant responsible for surface tension lowering, and lung
surfactant extracted from calves (Infasur@ ), a more complex
system whose composition closely mimics that of native hu-
man surfactant. The interfacial properties of surfactant films
after exposure to aerosols containing polymeric particles were
examined via surface tensiometric studies.

Materials and Methods
Commercial reagents

R-DPPC was purchased from Genzyme Pharmaceuticals
(Cambridge, MA) and used without further purification.
Infasurf® is a commercially available clinical pulmonary
surfactant and was a generous gift from ONY Inc. (Ambherst,
NY). Sodium chloride, calcium chloride, and HPLC-grade
chloroform were purchased from Sigma-Aldrich (St. Louis,
MO). Methanol was 99.9% pure and purchased from Re-
search Product International (Mount Prospect, IL). All water
used in experiments was obtained from a Barnstead NA-
NOpure II system from Barnstead International (Dubuque,
IA) and had a resistivity of 18.2 MQ-cm. Carboxyl modified
polystyrene particles with a nominal size of 200 nm were
purchased as suspensions from Invitrogen (Carlsbad, CA).

Particle characterization

Zeta potential and size distribution. Particles were char-
acterized in a solution of 150 mM NaCl and 1.5 mM CaCl,,
which was adjusted to a pH of 7 using NaOH (henceforth
referred to as the subphase solution). Particle size distribu-
tion was determined by dynamic light scattering (DLS), and
zeta potential was determined by laser Doppler anemometry
using a Zetasizer Nano ZS (Malvern Instruments, Worces-
tershire, UK). For these measurements, particles were diluted
to approximately 0.01 g/L in the subphase solution, vortexed
for 90 sec, and sonicated for 10 min by bath sonication three
times. One mL of the suspension was loaded into clear dis-
posable folded capillary cells (DTS 1060C cuvettes) for
characterization. The nominal diameter of particles was ver-
ified using TEM. TEM samples were prepared by suspending
washed and lyophilized particles in methanol. One drop of
this suspension was placed on a Formvar and carbon coated
400 mesh copper TEM grid using a Pasteur pipette. Imaging
was performed after the evaporation of methanol using a
JEOL JEM-1230 (Peabody, MA) transmission electron mi-
croscope. Images were analyzed using the Image]J software.*
The diameters of at least 100 particles were measured to
determine the average particle size.

The size distribution and morphology of particle aerosols
were determined using a Hitachi 4800 Scanning Electron
Microscope (SEM). For these experiments, double-sided
black carbon tape was attached to a SEM stub. Aerosols were
applied onto the carbon tape from the Dry Powder Insuf-
flator™ and then sgutter coated with Au-Pl at 10 mA and at a
pressure of 7x 10~ “ mBar for 3 min using an Emitech Sputter
Coater K550 (Quorum Technologies, United Kingdom).



12

After imaging, the projected surface area of ~ 100 agglom-
erates were estimated using Image] software. Particle size
was reported as the diameter of a sphere that has a projection
area equal to that of the agglomerate, to enable comparison
between the relative agglomerate size and individual parti-
cles. The frequency distribution of particles was determined
by categorizing the estimated diameters in 0.1 yum bins and
counting the number of particles in each bin. Particle counts
in each bin were divided by the total number of counted
particles to generate normalized particle frequency distribu-
tions. Particle cumulative distribution was generated by
adding the normalized frequency in each bin with the nor-
malized frequencies of all the previous bins and plotting them
against particle diameter.

Surface area and chemical composition. Particle surface
area was measured using the Brunauer, Emmett, Teller (BET)
adsorption method. Approximately 100 mg of particles were
washed and lyophilized for each experiment. Lyophilization
was performed overnight using a Labconco FreeZone 4.5 liter
freeze dry system (chamber pressure of less than 0.02 mbar
and collector temperature of less than —50°C). Surface area
was determined by nitrogen adsorption at 77.4K using an
automated surface area analyzer (Quantachrome BET Nova
4200e). The surface chemical composition of washed and ly-
ophilized particles was determined using a Kratos XPS Ultra-
Axis instrument under ultra high vacuum (~ 107° Torr). A
monochromatic aluminum Al Ko (1486.6eV) was used to
eject the electrons from the sample and a hemispherical sector
analyzer was used to determine the kinetic energy of electrons.
Survey scans were performed in the range of —5eV to
1200 eV with a step size of 1 eV and high resolution scans were
performed at regions of interest with a step size of 0.1eV.
CasaXPS software was used for XPS data analysis and spectra
were calibrated using the carbon C 1s peak at 285eV.

Surface pressure versus surface area isotherms

Tensiometric studies were conducted using a Langmuir-
Wilhelmy apparatus (Minitrough System 4, KSV Instruments
Ltd., Finland). The trough was mounted on a stand placed in
an enclosure to avoid contamination from airborne particles.
The Langmuir trough apparatus consisted of a Teflon-coated
trough and two hydrophilic Delrin barriers for symmetric
compression. Delrin barriers were used in these studies be-
cause they have been shown to reduce monolayer leakage.’
Surface pressure (the surface tension of pure subphase minus
the surface tension in the presence of surfactant) was mea-
sured using a platinum Wilhelmy plate (perime-
ter=39.24 mm, width=19.62 mm, and height=10mm). The
trough was filled with a freshly made subphase solution and
was allowed to equilibrate to room temperature (23.3+0.6°C)
for 30 min, then aspirated to remove any surface impurities.
Experiments were performed with two surfactants: DPPC and
Infasurf®. DPPC monolayers were obtained by spreading
50 uL of a 1.22 g/L. surfactant solution in chloroform using a
Hamilton microsyringe. This amount of DPPC added to the
surface led to an initial mean molecular area of 111.6
A?/molecule. Infasurf® films were obtained by spreading
70 uLL of a 1.22 g total phospholipids/L surfactant solution in
chloroform/methanol (2/1 volume ratio) using a Hamilton
syringe. This amount of Infasurf® led to an initial surface
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pressure of 11.9+0.6 mN/m allowing for the different phases
of Infasurf® isotherm to be observed in one compression
cycle. After addition of either surfactant solution to the in-
terface and prior to surface tension experiments, the solvent
was allowed to evaporate from the surface for 20 min.

Surface area modifications in the Langmuir trough were
performed in two modes: film collapse studies and lung rel-
evant experiments. Film collapse studies provide information
on surfactant phase behavior, limiting mean molecular area
and particle effects on surfactant collapse. Lung relevant
experiments simulated surfactant cycling during respiratory
cycles. In film collapse experiments, the surface area of the
trough was compressed from the initial trough area of
558 cm? to 100 cm? (total surface area change of 458 cm )
with a barrier speed of 10mm/min (1. 5 A%/molecule- -min).
For particle-surfactant interaction studies, a Dry Powder In-
sufflator™ (model DP-4M for mouse, PennCentury, Wynd-
moor, PA) was used to generate and apply aerosols
containing washed and lyophilized polystyrene particles on
the surface of the trough before the trough compression was
initiated. For each experiment, the Insufflator was loaded with
4 mg of dry particles. A 3 mL disposable syringe was attached
to the insufflator and the device was held 30 cm from of the
surface of the trough (Fig. 1).

For aerosol generation, the plunger of the syringe was
pushed three times manually to ensure complete discharging
of the insufflator. To determine the effect of surfactant phase
at the time of particle deposition on particle—surfactant in-
teractions, aerosols were applied at the surfactant surface at
surface pressures of 25 mN/m and 43 mN/m during com-
pression. Finally, to determine the role of particle—surfactant
interaction time on surfactant interfacial behavior, aerosol
application at the surface was performed 3 or 6 hours before
the start of surface compression, and then the surface area of
the trough was compressed from the initial trough area of
558 sz to 80cm? with a barrier speed of 10 mm/min
(1.5 A%/molecule - min). Control experiments for each inter-
action time were performed by puffing air (no particles) on
surfactant surfaces at that time point.

Lung-relevant experiments were performed by compres-
sing and expanding the surfactant films in the lung-relevant
surface pressure range. This range was determined from
graphs of surface tension versus lung volume obtained from
excised animal lungs. Four published studies were used as
reference.“ To estimate the lung volume and the corre-
sponding surface tension during breathing cycles, a lung ca-
pacity of 6L, a resting volume of 3L, and a tidal volume (the
volume of air entering the lungs in each breath) of 0.5 were
assumed.? Using these values, it was estimated that the
lungs are compressed and expanded between 50% and 58%
of total lung capacity in each normal breath. A surface
tension range of 3-24mN/m (surface pressure range of
69.7mN/m to 48.7mN/m at room temperature) was esti-
mated as the lung-relevant surface tension range from the
surface tension versus lung volume graphs. Lung-relevant
experiments were performed by dynamic compression-ex-
pansion of the bamers for 10 cycles between the surface
areas of ZIOcm and 185cm? for DPPC films and 198 cm?
and 124cm? for Infasurf® films. The surface areas were
chosen so that a lung-relevant surface pressure range was
acquired in the first cycle. Fast compression and expansion
was performed with a barrier speed of 150 mm/min (the
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FIG. 1. Schematic of the experi-
mental setup to achieve deposition of
aerosols onto the surfactant surfaces.
An insufflator was held vertically ap-
proximately 30cm above the trough
surface. A 3mL syringe loaded with
200 nm carboxyl-modified polystyrene
particles was attached to the insuffla-
tor, the plunger of the syringe was
> pushed three times manually to gen-

erate aerosols. The trough was equip-

ped with a platinum Wilhelmy plate to
measure the surface pressure (not
shown).

highest barrier speed available on the instrument) to mimic
the fast compression and expansion in the lungs. This re-
sulted in a cycle time of 20sec for DPPC and 43sec for
Infasurf® (due to the larger surface area compressions re-
quired to achieve the desired surface tensions). Cycling was
performed in a square-wave manner with equal surface
modification rates for both compression and expansion.
Surface expansion was started immediately after the com-
pression was completed. Particle-surfactant interaction
studies in the lung-relevant surface pressure range were
performed using the same barrier speed and surface area
range. In these studies, aerosols were applied onto the sur-
factant films during the first expansion cycle. Control ex-
periments were performed under similar conditions by
puffing air (no particles) through the Dry Powder Insuf-
flator’ " on the surfactant surface. All studies were performed
at room temperature.

Particle dose quantification after deposition
of aerosols on the surface

To obtain the concentration of particles deposited on the
surfactant films, the content of the trough was analyzed by
light absorbance. It has been previously shown that for small
monodispersed particles, particle concentration has a linear
relationship with absorbance.®” A calibration curve of ab-
sorbance versus particle concentration was created for particle
suspensions at concentrations of 7.5x10™% g/L to 0.1 g/L.
Prior to measurement of the calibration suspensions, they were
vortexed for 90 sec and then sonicated for 10 min three times to
ensure that particles were homogenously suspended. The
suspensions were then transferred to disposable polystyrene
cuvettes (Sarstedt AG & Co., Germany) and their absorbance
measured at a wavelength of 350 nm using a Spectramax Plus
384 Spectrophotometer (Molecular Devices, Sunnyvale, CA).
For each sample, the absorbance was determined by sub-
tracting the absorbance of the blank sample from the absor-
bance of the sample with particles. Samples that exhibited
absorbance values of higher than 1 were diluted, since the
Beer- Lambert law was no longer valid, and their obtained
absorbance values were multiplied by the dilution factor.

To ensure the reproducibility of particle deposition, aero-
sols were applied onto the surface of two different troughs:
the Langmuir trough (78.2cm x 7.5cm x 0.5cm) and a
custom made poly (methylmethacrylate) (PMMA) mini-
trough (7.5cm x 12cm x 0.6 cm). The subphase of the trough
(volume of 250 mL for the Langmuir trough and 60 mL for
the minitrough) was carefully transferred to a beaker using a
pipette after the application of aerosols. Then the trough and
the pipette were washed with a known volume of the sub-
phase solution (50 mL for the Langmuir trough and 10 mL for
the minitrough) to remove any remaining particles in the
trough or inside the pipette leading to a known final volume
(300 mL for the Langmuir trough and 70 mL for the mini-
trough). The beaker was sonicated in a bath sonicator for
15min to ensure that the particles were dispersed homo-
genously in the subphase. Then, the suspension in the beaker
was transferred to test tubes and the test tubes were vortexed
for 90 sec and sonicated for 10 min twice. The suspensions in
the test tubes were transferred to disposable cuvettes and their
absorbance at 350 nm was determined. Particle concentration
in the subphase was determined from absorbance and multi-
plied by 6/5 for the Langmuir trough and by 7/6 for the
minitrough to compensate for the additional volume added
during trough cleaning. The average and standard deviation
of particle concentrations after three experiments was re-
ported in terms of g particles/L subphase.

Results
Particle characterization

Carboxyl-modified polystyrene particles with a nominal
diameter of 200nm were characterized to determine their
surface area, surface functional groups, zeta potential, and
size and size distribution in colloidal suspensions and as dry
agglomerates. The mean diameter of the dried colloidal
particles was 218+ 18 nm as measured by TEM, and the
hydrodynamic diameter of particles in colloidal suspension
was 236+ 5nm as measured by DLS. The geometric size
distribution of particles suspended in air using the insufflator
was determined from SEM images (Fig. 2). About half of
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the particles (53%) exhibited a diameter of 0.3 um or less,
suggesting the presence of a large quantity of single particles
after aerosol generation. However, agglomerates were also
observed. The diameters of agglomerates (calculated from the
projected surface area assuming spherical agglomerates) were
within the range of 0.4 um to 10.4 um. Although not all ag-
glomerates were spherical (ellipsoidal and irregularly shaped
agglomerates were observed in similar numbers), this as-
sumption was used because it would allow for estimation of a
diameter; thus, enabling a comparison between the sizes of
single particles vs. agglomerates.

The cumulative particle distribution reached 100% at
10.4 um, confirming that all particles had an estimated diameter
of 10.4 um or less. Particles were negatively charged, with a
zeta potential of —28.4+2.9 mV in the subphase solution. The
surface area of the particles was measured to be 27 +3 m%/g via
the BET adsorption method. This value is very close to theo-
retical size of spherical particles with a diameter of 200 nm
(28.9 m?/g), implying that particle surfaces were smooth and
there was little or no aggregation. XPS analysis confirmed the

FARNOUD AND FIEGEL

1
40.0um

FIG. 2. Generated aerosols were a mixture of
large agglomerates and single particles: (a) a
low magnification (1200X) SEM image of
aerosols deposited on a SEM grid, the cracks are
defects in the structure of the carbon tape used
on the grid (note that single particles cannot be
observed due to the low magnification), (b) a
higher magnification (11,000X) SEM image of
aerosols showing both single particles and a
small agglomerate, and (c) a plot of normalized
frequency (solid curve) and cumulative distri-
bution (dashed curve) vs. particle diameter of
the deposited particles.

presence of 5.45% carboxyl group at the particle surface the
carboxyl group with a peak at 289.48 eV.

Particle dose quantification after aerosol application
on the surface

A major challenge in studying the effects of aerosols on
lung surfactant function is estimating the dose of deposited
particles. Although the initial and final weights of the insuf-
flator were recorded and used to determine the amount of
particle suspended in air, the concentration of particles ac-
tually depositing on the surfactant surface was lower due to
particle loss to the walls of the Langmuir trough enclosure.
Therefore, a method based on light absorbance was used to
measure the amount of particles deposited on surfactant
monolayers in the Langmuir trough. The light absorbance of
the particle-laden subphase exhibited a linear relationship
with particle concentration at a laser wavelength of 350 nm
over a range of particle concentrations from 7.5x 10~ g/L to
1.0x10™" g/L (Fig. 3). This observation was in agreement
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FIG. 3. Particle concentration vs. absorbance measured at a
laser wavelength of 350 nm exhibited a linear correlation at
concentrations from 7.5x 10~ * g/L to 0.1 g/L. Absorbance of
all particle suspensions was measured following vortex and
sonication of the particle suspension.

with the report of Irache et al.,®Y who used light absorbance

at various wavelengths to measure particle concentrations.

In the current study, we aimed to achieve a deposited dose
of 0.04g/m* of particles, which corresponds to 5.7x10"
particles/m”. This particle concentration overlaps with that
from our previous studies using traditional routes of exposure
(subphase injection of particles beneath a surfactant film or
monolayer addition on a particle-laden subphase), enablin}% us
to identify specific effects due to exposure to aerosols.'"'?
Based on human particle exposure in pulmonary drug deliv-
ery applications or due to occupational exposures over the
course of a day, we estimate that this deposited dose is about
an order or magnitude larger than a physiologically relevant
dose.®® Interestingly, this concentration is significantly
lower than that used in most literature studies where particle
concentrations can be as high as 41 g/m*.%?

In the current study, dose reproducibility was verified by
applying aerosols onto an aqueous surface within either a
custom-made minitrough or the Langmuir trough used for
tensiometric experiments. An initial powder amount of 3 mg
was used for insufflation on the minitrough (surface area of
90 cm? and subphase volume of 60 mL). Particle insufflation
led to the deposition of 1.79+0.34mg of particles in the
minitrough (n=11). This amount of delivered particle was
equal to 601 11% of the particles initially loaded in the in-
sufflator. In experiments with the Langmuir trough (surface
area of 558 cm? and subphase volume of 250 mL), the insuf-
flator was filled with 4 mg of particles, which were then sus-
pended in air and deposited on the trough surface. Applying
aerosols on this trough led to an average dose of 2.91 £0.60 mg
(n=25). The amount of delivered particle in this case was
equal to 71+14% of the particles initially loaded in the in-
sufflator and was not statistically different from the percentage
of the delivered particles using the small trough.
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Surface pressure isotherms-film collapse studies

Tensiometric studies were performed to examine the ef-
fects of particle exposure on the surface-active behavior of
surfactant films. Effects were characterized by examining
changes to the surface pressure (i.e., the difference between
the surface tension of pure subphase and the surface tension
in the presence of surfactant), surfactant phase behavior, and
the maximum surface pressure (lowest surface tension)
achievable. Initially, surfactant films were slowly com-
pressed from a surface pressure of zero until a plateau in the
maximum surface pressure was recorded, which corre-
sponded to film collapse. These studies provided basic
mechanistic information on the function of surfactant films
in the presence and absence of particles.

Pure DPPC monolayers exhibited typical phase behavior
upon surface compression (Fig. 4a, solid line). At large sur-
face areas (above 500 cm?), the gas phase was observed where
the DPPC molecules do not interact with each other, resulting
in no significant change in the surface pressure. Compression
to smaller surface areas led to the development of the liquid
expanded (LE) phase (between 500 cm? and 400 sz)_ In this
phase, DPPC molecules begin to interact, resulting in an al-
most linear increase in the surface pressure. In this phase, the
aliphatic tails of the phospholipid remain randomly oriented.
Further compression of DPPC molecules resulted in the ap-
pearance of the liquid expanded-liquid condensed (LE-LC)
phase (observed between 400 cm? and 300 cm?). In this phase,
patches of closely packed DPPC molecules with vertically
oriented aliphatic tails are observed between liquid expanded
phases as shown g)reviously by fluorescent and atomic force
microscopy.®'!*? Reduction of the surface area to less than
300 cm? resulted in a transition to the liquid condensed (LC)
phase where an exponential increase in surface pressure iso-
therm was observed. This phase was followed by a plateau in
surface pressure at a value of 72.3 0.1 mN/m. This plateau
denoted a transition from a single monolayer at the surface to
multilayer formation, commonly known as monolayer col-
lapse.®>® The surface pressure isotherm of DPPC on pure
subphase solution and the onset of different phases were in
agreement with previous reports.! '

Polystyrene particles were suspended in air and applied
onto the DPPC films via a Dry Powder Insufflator’™. Three
independent experiments led to a deposited particle dose of
3.37£0.39mg (0.060%0.007 g/mz). At this concentration,
particles showed little effect on the phase behavior of DPPC
monolayers into to the LC region (Fig. 4a, dashed line).
Towards the end of the LC region (surface pressure of
~60mN/m), the presence of particles caused a slight re-
duction in the rate of surface pressure increase. This effect
led to a shift in the surface area of monolayer collapse,
which occurred at an average surface area of 162+3 cm? in
the presence of particles compared to 174+3 cm? for pure
DPPC monolayers. Exposure to particles did not induce a sig-
nificant effect on the maximum surface pressure achievable
by the DPPC monolayers (72.2+0.8 mN/m vs. 72.3£0.1 mN/m
for the monolayer without particles). Small changes in particle
dose (in the range of 0.054 g/m? to 0.067 g/m?) did not signif-
icantly alter the observed effects on the surface pressure iso-
therms (Fig. 4b).

To evaluate particle effects on a more complex lung sur-
factant system, experiments were conducted with Infasurf®,



16

a Mean Molecular Area (A?%)
60 70 80 90 100 110
1 1 1 1

1 1 1 1
70+ ——Pure DPPC
s DPPC exposed to particles
E 604 {
2
E 504
2
B 40
w
2
o 30+
@
(%]
£ 204
=]
7]
104
3 T T I-‘\-—_ T
100 200 300 400 500
Surface Area [cmz}
b
07 ™ —0012glL
£ 604 ---0.014 g/L
= | x e 0.015 g/L
E 504
2
B 404
w
2
o 304
@
o
£ 204
=1
7]
104
0 T T
100 200 300 400 500

Surface Area (cmz}

FARNOUD AND FIEGEL

Cc
— Pure Infasurf®
Infasurf® exposed to particles
E
4
E
g
3
w
o
& 304
@
2
£ 204
=3
(7]
104
: T Ll L ¥
100 200 300 400 500
Surface Area (cmz}
d
—0.014 g/L
60 -—-0.011g/L
E -—-=0.010 g/L
Z 504
_§, 50
g
5 404
w
g
a 309
@
]
£ 204
=1
(7]
104
3 T 1 T T
100 200 300 400 500

Surface Area (cmz}

FIG. 4. Surface pressure vs. surface area isotherms of (a) DPPC films with no particles (solid line) and after exposure to

aerosols (dashed line), (b) an overlay of three 1ndependent particle
particle concentrations ranging from 0.054 to 0.067 g/m?, (c) Infasur

t<gosition experiments with exposure of DPPC films to
films with no particles (solid line) and after exposure

toaerosols (dashed line), and (d) an overlay of three 1ndependent partlcle deposition experiments with exposure of Infasur
films to particle concentrations ranging from O. 045 to 0.063 g/m*. Surface pressure 1sotherms were obtained by surface
compression from an initial surface area of 558 cm? (111.5 Az/molecule) to 100 cm? 20 A2 /molecule), which was initiated
immediately after aerosol deposition. Error bars represent the standard deviation.

a calf lun§ surfactant extract used in surfactant replacement
therapy.©®> Similar to pure DPPC monolayers, Infasurf films
show distinct surface pressure regimes during lateral com-
pression (Fig. 4c, solid line). However, it is important to note
that the composition of these regimes are quite difference
from those observed for DPPC films. At surface pressures of
less than 40 mN/m, surface compression resulted in an al-
most linear increase in surface pressure. In this region, three
phases can be detected: a liquid-expanded, a tilted-con-
densed, and a cholesterol mediated liquid-ordered phase.®®
Starting from a surface pressure of 40.6+ 0.3 mN/m a plateau
in surface pressure was observed that continued to approxi-
mately S0 mN/m. Atomic force microscopy studies have
shown that the liquid-expanded and liquid-ordered phases
collapse during this plateau and the Infasurf film changes from
a monolayer to a multilayer.'*® At surface pressures above
50 mN/m, an exponential increase in the surface pressure was
observed, which was followed by a plateau at a surface pres-
sure of ~67mN/m marking complete surfactant collapse.
The shape of the Infasurf surface pressure isotherm and the
surface pressure regimes observed in this study were in
agreement with previously published reports.(10-39

Exposure to particles induced no significant change in the
Infasurf® surface pressure isotherm at low surface pressure
values. However, at surface pressures above 50 mN/m, a re-
duction in the rate of surface pressure increase was observed
(Fig. 4c, dashed line). Similar to DPPC, a shift in the surface
area of surfactant collapse was observed (149.2+4.2 cm? for
pure Infasurf vs. 129.0+2.0 cm? in the presence of particles).
In addition, Infasurf® films also experienced a reduction in
the maximum surface pressure after exposure to particles
(65.6£1.3mN/m vs. 68.3£0.3mN/m for pure Infasurt®),
suggesting a different mechanism of inhibition compared to
the DPPC films. An overlay of the three independent experi-
ments with a deposned particle dose ranging from 0.045 g/m?
t0 0.063 g/m? (Fig. 4d) confirmed that small changes in particle
concentration did not alter the observed Infasurf® behavior.

Surface pressure isotherms—Aerosol application
at different stages of compression

Atomic force microscopy studies have demonstrated
morphological changes of Infasurf® films during surface
compression. *®>” Since it has been observed that Infasurf®
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films transform from a monolayer to a multilayer durin% the
surface pressure range of 40mN/m to 50 mN/m,®**" we
were interested in the effects of aerosols onto surfactant
films in these different phases. To this aim, aerosols were
applied onto the surfactant film during surface compression
of Infasurf® at surface pressures of 25 mN/m (surfactant as a
monolayer) and 43 mN/m (within the monolayer-multilayer
transition region). The dose of particles delivered to the
films was similar to film collapse studies with a delivered
dose of 0.045+0.004 g/m*. In contrast to film collapse
studies, exposure to aerosols during surface compression did
not cause an inhibitory effect on the surface pressure iso-
therm of Infasurf® (Fig. 5a and 5b). At the point of aerosol
deposition, a dip was observed in the surface pressure iso-
therm. However, the surfactant film quickly recovered and
no further effects on the surface pressure isotherm could be
observed. Neither the maximum surface pressure nor the
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FIG. 5. Surface pressure vs. surface area isotherms of pure
Infasurf® films (bold line) and Infasurf® films after depo-
sition of particles at a surface pressure of (a) 25 mN/m and
(b) 43 mN/m (dashed lines). Dips in the isotherm occur at
the point of deposition. The surfactant films were com-
pressed from an initial surface area of 558 cm” to 100 cm?
(0.15 ug to 0.85ug of phospholipids per cm® of surface
area). Error bars represent the standard deviation.
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surface area of surfactant collapse were affected by particle
deposition at either surface pressure.

Surface pressure isotherms—Adsorption time studies

The effects of small particles on the surface pressure
isotherms of surfactant films are time-dependent.(l ) Thus,
we studied the effects of interaction time on surfactant
function by allowing the deposited particles to interact with
the surfactant for 3 or 6 hours before starting the surface
compression (Fig. 6). Longer interaction times resulted in a
shift in the surface area of surfactant collapse and a reduc-
tion in the maximum surface pressure of Infasurf® films.
These effects were observed after both 3 (Fig. 6a) and 6
hours (Fig. 6b) of interaction time.

Surface pressure isotherms—Lung relevant studies

To gain a better understanding of surfactant function under
typical breathing conditions, we monitored surface pressure
during 10 compression and expansion cycles under small
surface area changes (25 cm?®) cycling at a high rate of
150 mm/min (22.5 A*molecule-min or 113 cm*/min). This
surface compression speed was 15 times faster than the speed
used for film collapse studies, facilitating our understanding of
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FIG. 6. Surface pressure vs. surface area isotherms of pure
Infasurf® film (bold line) and Infasurf® film after (a) 3
hours of interaction and (b) 6 hours of interaction with de-
posited particles (dashed lines). The surfactant films were
compressed from an initial surface area of 558cm’ to
100 cm?. Error bars represent the standard deviation.
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films after exposure to aerosols in the lung relevant

surface pressure range. Particle deposition was performed during the first expansion cycle. Surfactant films were
compressed and expanded at a speed of 150 mm/min with a surface area change of about 25 cm? (between surface
areas of 210cm? and 185 cm? for DPPC, and 198 cm? and 124 cm? for Infasurf® films). Error bars represent the

standard deviation.

surfactant function under breathing conditions. The surface
pressure versus surface area isotherms for pure DPPC mono-
layers during the second, fifth, and tenth compression and
expansion cycles in the lung relevant range are presented in
Figure 7a and the maximum surface pressure at the end of each
compression cycle are shown in Table 1 (second column).
The maximum surface pressure values decreased as the
surface area cycling proceeded due to the ejection of DPPC
molecules from the air—water interface at the end of each
compression cycle. This is the same phenomenon previously
reported for DPPC molecules compressed to high surface
pressure values.“*'" Aerosol application was then per-
formed on DPPC monolayers with a single exposure during
surface expansion in the first cycle. Particles were intro-
duced to the surfactant surface during area expansion since
this better mimics lung exposure during inhalation. This also
allowed the surface pressure at the end of the first com-
pression cycle before exposure to the particles to be used as
an internal control to ensure that differences in the surface
pressure isotherms were caused solely by the deposited
particles. The maximum surface pressure at the end of the
first compression cycle were similar in all experiments,
confirming the reproducibility of isotherms before exposure
to particles (Table 1, first row of the second and third

TABLE 1. PARTICLE EFFECTS ON THE MAXIMUM
SURFACE PRESSURE OBTAINED UPON COMPRESSION
oF DPPC AND INFASURF® FILMs DURING SURFACE

AREA CYCLING IN THE LUNG RELEVANT
SURFACE PRESSURE RANGE

Maximum Surface Pressure (mN/m)

DPPC Infasurf®
Pure exposed Pure exposed

Cycle DPPC to particles  Infasurf®  to particles
1 71.0£1.7 702112 66.6£03 66.2+1.0
nd 70.2+13 51.0£2.8 663104 60.0+3.4
3r 69.2+1.7 51.842.0 653+06 58.6%+2.9
4t 679+19 52.0+£20 62.6x1.8 552+35
5h 66.4+2.0 52.0+2.1 60221 52.8%+4.7
6" 65.1£1.9 52.1+2.1 57233 513%44
7t 64.8+24 51.6+22 548134 493132
g™ 63.9+2.3 514+24 521431 481124
9th 63.0+2.3 51.2+23 50525 46.8%1.7
10™ 62.1+£22 522424 48920 46.1£1.6

Carboxyl modified polystyrene particles were delivered at a dose of
0.058+0.004 g/m* for DPPC and 0.045%0.004 g/m? for Infasurf®.
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column). Exposure to particles resulted in a significant re-
duction in the maximum surface pressure during cycling
(Fig. 7b and Table 1). Although particle deposition was
performed only once in the first cycle, the surface pressure
reduction persisted through all cycles. The maximum sur-
face pressure at the end of the last cycle was significantly
different after particle deposition compared to pure DPPC
films (52.2+2.4mN/m vs. 62.1£2.2 mN/m).

Surface pressure vs. surface area isotherms for Infasurf®
films during sequential compression and expansion in the lung
relevant surface pressure range are shown in Figure 7c. Si-
milar to DPPC, a reduction in the maximum surface pressure
values upon cycling was observed from the first to the tenth
cycle due to ejection of surfactant molecules to the subphase
at the end of each cycle (Table 1, fourth column). Previously
published results on compression—expansion cycling of In-
fasurf® have shown a similar reduction in the maximum
surface pressure at fixed surface areas.®® Particle deposition
on the Infasurf® films induced changes in the maximum sur-
face pressure (Fig. 7d). The presence of particles resulted in a
significant reduction in the maximum surface pressure values
of the second to the fifth cycle, but not the following cycles
(Table 1, fourth and fifth columns). In addition, the difference
in the maximum surface pressure of Infasurf® films was not as
pronounced as that observed with DPPC monolayers. For
example, at the end of the second cycle, an increase in the
maximum surface pressure of 6.2 mN/m was observed for
Infasurf films exposed to particles compared to an increase of
19.2mN/m for DPPC monolayers. Interestingly, the maxi-
mum surface pressure of Infasurf® films with and without
particles was not significantly different from the sixth to the
tenth cycle, suggesting that particle effects do not persist in
destabilizing the interfacial properties of Infasurf®.

Discussion

Interactions between particles and lung surfactant films
have received attention in recent years as our knowledge of
the negative health impacts of aerosols has expanded.“”
One factor that may contribute to deterioration of lung health
upon particle exposure is disruptions to lung surfactant
function. While our ability to monitor lung surfactant func-
tion in vivo directly is limited, there is considerable prece-
dence for studying surfactant function in vitro. In particular,
in vitro studies have been invaluable in elucidating the
mechanisms of surfactant-induced lung disease. For example,
the role of the pulmonary surfactant in neonatal respiratory
distress was uncovered for the first time using in vitro stud-
ies.“? Similarly, in vitro studies have exposed the mecha-
nisms of surfactant inhibition by serum proteins, thereby
revealing the likely mechanisms of surfactant dysfunction in
adult respiratory distress syndrome.“"

With increased awareness of human exposure to small par-
ticles of environmental and medical origin, studies of particle—
surfactant interactions have gained attention as they allow
prediction of potential particle-induced disruptions to surfac-
tant function. While several studies have reported surfactant
inhibition in vitro due to particle exposure, these studies have
utilized systems that are not representative of a realistic inha-
lation exposure. The effects of particles on the interfacial
properties of surfactants have been investigated by various
techniques, including the Langmuir-Wilhelmy balance, pul-
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sating bubble surfactometer, and captive bubble tensiometer.
However, in these prior studies, particles have been either
suspended beneath the surfactant ﬁlm,(‘M’lmlz’m’l&m"m in-
cubated with surfactant before spreading the surfactant
ﬁlm,(&z” or mixed with surfactant at the time of measure-
ment,”** none of which represent exposure to aerosols. While
the need for techniques that enable the study of aerosols on
surfactant function has been noted,(zo) this has not been
achieved to date and thus these interactions remain poorly
understood. In the current study, a method to apply aerosols on
surfactant films was developed, thereby enabling a better un-
derstanding of aerosol particle-induced surfactant dysfunction.

Dry particles were suspended in air using a Dry Powder
Insufflator ™ maintained at a distance away from the surface
to limit interfacial disturbances (Fig. 1). Polystyrene parti-
cles were used as a model particle system for these studies
due to their stability in solution, which enables a better
understanding of the specific effects due to particles rather
than degradation products or leached agents, and their
similarity in physical and chemical properties to other
commonly used polymeric particles being tested as inhaled
drug delivery systems. A particle size of 200 nm was used in
these studies, as smaller particles have often been shown to
elicit larger effects on surfactant function and this particle
size is of relevance to drug delivery.*? Although more than
half of the particles remained as singlets following deposition
on the surface, agglomerates with a diameter of up to 10 um
were also observed under electron microscopy (Fig. 2).

According to the classical Darjeuin, Landau, Verwey and
Overbeek (DLVO) theory, interparticle forces are described
by the interplay between attractive van der Waals forces
promoting particle aggregation and electrostatic repulsive
forces promoting particle stability.*Y The agglomeration
of dry particles in this study is due to the lower permittivity
of air compared to aqueous media, which reduces the
electrostatic repulsive forces between the particles leading
to aggregation. Both nanoparticles and agglomerates of
nanoparticles deposit in the alveolar region of the lungs with
reasonable efficiency, although particle interactions with
cells is different based on particle size.> An estimated
20% of inhaled particles with a diameter of 200-500 nm
have been predicted to deposit in the alveoli, with the re-
mainder being exhaled. However, a higher fraction (up-
wards of 90%) of particles with larger diameters in the 1-5
micron range achieve alveolar deposition. Thus, these par-
ticles would be expected to deposit in the alveolar region as
both single particles with about 20% efficiency, as well as
particle agglomerates with higher efficiency. In this study,
particle deposition onto the surfactant surface was repro-
ducible with 60%—70% of the generated aerosols depositing
on the surfactant surface and standard deviations within
15% of the mean. Deposition was not significantly affected
by changing the trough surface area. Light absorbance has
been used to measure the size of a wide range of particle
diameters (100nm to 1000nm), though it is limited to
measurements with fairly monodisperse particles.®"

Dry particles that deposited onto the DPPC films altered
the interfacial properties of the film when the surface area
was reduced (Fig. 4). The surface area at which the mono-
layer collagsed was reduced in the presence of particles
(162+3 cm? with particles vs. 1743 cm? for pure DPPC
films), but the surface pressure at which collapse occurred
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was not affected (maintained at 72 mN/m). This suggests
that a small quantity of surfactant molecules were lost from
the surface upon particle deposition, likely due to adsorption
onto the particle surfaces. It has been previously reported
that DPPC is the major component adsorbed onto urban fine
particles (PM,s) when the particles were exposed to
bronchoalveolar lavage (BAL) fluid.“® Thus, it is expected
that a similar adsorption phenomenon occurred in the
present study, thereby reducing the amount of DPPC at the
air—water interface. Other studies have shown that when
particles or drug compounds remain at the surfactant inter-
face, high surface pressures cannot be reached upon com-
pression.*”*® Thus, the observation that the collapse
surface pressure remained at 72 mN/m suggests that at the
time of collapse no particles remained at the air—water in-
terface at the time of collapse. This is in line with studies
conducted by Schurch et al.“*” and Gehr et al.,*” who
observed complete particle submersion beneath surfactant
films at low surface tensions (high surface pressures).
When deposited onto the more complex Infasurf® films,
particles altered both the collapse surface area and surface
pressure (Fig. 4). While the change in the collapse surface
area was only sli%htly higher than that observed for DPPC
films (129+2cm” with particles vs. 149+4cm? for pure
Infasurf® films), the change in the collapse surface pressure
was only observed for the Infasurf films. This change in
surface pressure suggests that surfactant components re-
quired to achieve high surface pressure were adsorbed onto
particle surfaces. Infasurf® contains surfactant proteins B
and C, which are positively charged and are likely to be
adsorbed on the surface of negatively charged particles.>"
In fact, adsorption of Infasurf® proteins by ne(gatively
charged particles has been reported previously.'" Alter-
natively, we have previously observed the adsorption of li-
pid molecules, DPPC, onto polystyrene particles.®?
Studies of particle effects on surfactant function at longer
interaction times are physiologically important as the time
required for a complete turnover of lung surfactant molecules
is approximately 11 hours.®® Although surfactant is con-
stantly being produced by Type II alveolar cells, production
may not occur as quickly as surfactant is removed by particles
via adsorption. Furthermore, it has been shown that particle
attachment to alveolar macrophages is dependent on particle
size and submicron particles show less association with
macrophages after 4 hours of incubation.”? Thus, studies of
particle—surfactant interactions after 3 to 6 hours have phys-
iological significance. In the current study, longer interaction
times generated a larger detrimental effect on surfactant
function (Fig. 6). The collapse point was shifted to smaller
surface areas suggesting that more surfactant molecules were
removed from the surface, requiring a large surface area
change to induce collapse. The dependence of these particle-
induced effects on time suggests a time-dependent adsorption
of surfactant components on particle surfaces. Fan and col-
leagues''? reported a similar but more pronounced effect than
observed in the current study following increased interaction
time between Infasurf® films and hydroxyapatite particles.
This is likely due to the higher concentration of particles used
by Fan et al. compared to the present study (0.05g/L vs.
~0.01g/L in the current study), in addition to the smaller
size and thus larger surface area of the hydroxyapatite par-
ticles used in that study (hydrodynamic diameter of 93 nm).
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Interestingly, deposition of particles during compression of
the Infasurf® film (at surface pressures of 25mN/m and
43 mN/m) rather than prior to compression (at surface pres-
sure close to 0 mN/m) led to the disappearance of the effects
observed on surfactant collapse surface pressure and surface
area (Fig. 5). This observation suggests that, when particles
are deposited as aerosols on the surfactant surface, their in-
teraction with surfactant is dependent on the structure of the
surfactant film. This is of significant importance for - con-
siderations of particle-surfactant interactions. The surface
pressure of native lung surfactant is re}2:>0rted to always be
above 30 mN/m, even during inhalation,**® suggesting that
deposition of aerosols on a compressed surfactant film (i.e., at
higher surface pressures) better represents particle interactions
in the lungs. It further suggests that in vitro particle—surfactant
interaction studies reported in the literature to date may not be
relevant to aerosol exposures, as these studies have been
performed at an initial surface pressure close to zero.

We chose to take these studies one step further to better
mimic particle-surfactant interactions during respiration by
inducing fast surfactant cycling in the lung-relevant surface
pressure range. We estimated the surface area range over
which the trough system would match changes to surface area
in the lungs via in vivo surface pressure measurements (see
Section Surface Pressure vs. Surface Area Isotherms for more
details). Dry particles were suspended in air and deposited
onto the films during the first expansion, which would cor-
respond to an inhalation in vivo. Then ten consecutive cycles
of compression and expansion were performed. The fast rate
of surface area modification (150 mm/min, the highest rate
available on the Langmuir trough instrument) led to a cycle
time of 20 sec for DPPC and 43 sec for Infasurf®. While this
cycling rate is still about 5 to 10 times lower than the rate of
lung surface area cycling during normal breathing (assuming
a resting breathing rate of 15 breaths/minute),”° these studies
allowed us to evaluate the effect of cycling rate on surfactant
function and particle—surfactant interactions.

DPPC isotherms generated during fast surface area cy-
cling in the lung relevant surface pressure range exhibited a
small reduction in surface pressure upon cycling, which is in
agreement with the study by Hildebran et al.®¥ (Fig. 7a).
The deposition of dry particles onto the DPPC films during
the first expansion cycle caused a pronounced drop in the
maximum surface pressure achieved (Fig. 7b and Table 1).
This drop was significantly larger than the reduction of sur-
face pressure observed in the monolayer collapse studies
(19 mN/m in fast cycling vs. 4 mN/m in collapse studies) and
persisted even after 10 cycles. In contrast, Infasurf® films
exhibited a less pronounced drop in maximum surface pres-
sure that did not persist beyond the fifth cycle (Fig. 7c and
7d), suggesting an ability of Infasurf® to compensate for a
small loss in surfactant molecules. While re-adsorption of
ejected DPPC molecules to the air—water interface is slow, in
Infasurf this process is facilitated by hydrophobic surfactant
proteins giving the surfactant the ability to recover when
surface area becomes available for ejected surfactant (i.e.,
during surface expansion).®” This result is in accordance
with the study of Tatur and Badia who observed that gold
nanoparticles affect the microstructure of DPPC films but not
Survanta, another complex surfactant used clinically.(Ss)

It is important to note that particle effects on surfactant
function during fast cycling studies in the lung relevant
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surface pressure were different compared to monolayer
collapse studies. We theorize that these changes are due to
the re-expansion of the surface in the cycling studies, which
provides free space for collapsed surfactant components to
re-adsorb to the interface and thus compensate for the in-
hibitory effects of particles. Since the submerged molecules
re-adsorb to the surface much faster in the case of Infasurf®
than in the case of DPPC, the dip in surface pressure persists
for DPPC throughout the cycles (because fast cycling is not
giving the molecules time to come back), but not Infasurf®.
It should be mentioned that the low surface tension of sur-
factants will likely result in particle ejection from the in-
terface at the time of contact. Ejected particles are unlikely
to re-adsorb at the air—water interface due to the low surface
tension at the fluid surface, even during the expansion cycle
and the expected hydrophilicity of the particles due to
protein adsorption to the particle surface.

Due to compact surfactant structure, faster rate of surface
area alteration, and the possibility to study surfactant func-
tion after rapid surface area expansions, lung relevant
studies provide information that cannot be obtained in tra-
ditional monolayer collapse studies. Also, in the collapse
studies the particles are expected to remain at the air—water
interface upon deposition due to the high starting surface
tension values (~72 mN/m). However, in the lung relevant
studies, particles deposit on a lower surface tension fluid and
thus are more likely to immediately submerge. This better
mimics observations made in vivo of particle submersion
within lung fluids.#>> Opverall, the effects observed with
lung relevant studies are different compared to monolayer
collapse studies and are a better representative of particle—
surfactant interactions. Thus, we believe that monolayer
collapse studies should be used to supplement information
obtained by cycling studies in the lung relevant surface
pressure range to enhance our understanding of the mech-
anisms by which particles induce surfactant dysfunction.

While these studies provide a method to expose surfactant
films to aerosols more realistically, a few limitations in these
studies exist. Deposition of aerosols is an important aspect
of particle—surfactant interactions, though a more realistic
system can be obtained by also using physiologically rele-
vant temperature and humidity. The near saturation hu-
midity levels in the lungs may lead to hygroscopic growth of
particles and thereby affect particle—surfactant interactions.
Also, the observations of the current study are valid for
polymeric particles with highly negative surface charge and
should not be generalized to particles of different physico-
chemical properties. Particle charge might play a big role in
particle—surfactant interactions (e.g., specific adsorption of
certain surfactant components). For future studies, the
aerosol deposition system developed here can be used with
particles of various physicochemical properties to elucidate
the mechanisms of surfactant—particle interaction.

Conclusions

In the current study, we developed a method to study
particle-lung surfactant interactions in a manner closer to
the in vivo situation (i.e., suspension of the particles in air
and deposition of the resulting aerosol onto the surfactant
surface), as well as performance of surface area cycling
under conditions that reach speeds close to those during
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normal breathing and within a narrow surface area range.
The observation that Infasurf was able to restore its function
quickly after exposure to aerosols under these conditions
suggests that particle-induced surfactant inhibition is un-
likely to occur in vivo due to an aerosol exposure. Future
studies are needed to examine whether more toxic particles,
such as environmentally-derived particles, exhibit an in-
hibitory effect on lung surfactant function under more
physiologically-relevant conditions.
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