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ABSTRACT: Polymeric nanoparticles (NPs) have had much
focus on their ability to penetrate deep pulmonary structures as
potential drug carriers. However, research on the toxicological
effects of NPs is in its infancy, and interaction mechanisms are
largely unknown. Studies have shown that the interactions with
pulmonary structures are heavily dependent on the physicochem-
ical properties of the NPs. Here, we studied how hydrophobicity
of polymeric NPs affect pulmonary surfactant biophysics in vitro.
We investigated a naturally derived lung surfactant, Infasurf,
mixed with three polymeric NPs with varying hydrophobicities
through the use of a Langmuir trough and atomic force
microscopy to probe the intricacies at the air−water interface.
In addition, a novel technique, constrained drop surfactometer (CDS), was used to gain insight on how NPs affect surfactant
under physiological conditions. We found that the CDS can be used as a sensitive precautionary tool for identifying surfactant
inhibition by NPs. Our data suggest that increasing surface hydrophobicity of NPs yields more retention in the surfactant
monolayer and a higher degree of surfactant inhibition.
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■ INTRODUCTION

Interest in nanoscience and nanotechnology has grown
immensely, particularly for its applications in nanomedicine
and nanotoxicology.1,2 Much emphasis has been put on the
pulmonary system as a portal of entry for nanoparticles (NPs)
due to its administration ease and direct systemic access.3,4

When NPs are inhaled, the first biological barrier they interact
with is the native pulmonary surfactant (PS) system.5,6 The PS
has several physiological and biophysical functions that are
essential for normal lung function and immune health.7 Lack or
dysfunction of PS can cause pathological pulmonary conditions
related to acute lung injury (ALI) or acute respiratory distress
syndrome (ARDS),8 so it is crucial to preserve functional PS to
maintain pulmonary health.
The PS is a complex mixture of mostly lipids (∼90% by

weight) and four surfactant proteins (SP-A, B, C, and D, ∼10%
by weight) that lines the entire alveolar surface as a thin film.7 A
closer evaluation of the lipid portion of PS reveals that the
majority of the lipids are phospholipids that contribute to its
high surface activity (i.e., the ability to reduce alveolar surface
tension to near-zero). SP-A and SP-D are hydrophilic proteins
that assist in macrophage clearance and other innate immune
responses.9 The other two proteins, SP-B and SP-C, are
hydrophobic proteins embedded in the phospholipid matrix
that work in coordination with phospholipids to achieve low
surface tension during respiration cycles.10

The interactions of NPs and PS films are largely not
understood, but it has been shown that the physicochemical
characteristics of NPs are ultimately a determining factor in
their interaction behavior.11−15 One defining characteristic that
has been shown to be integral in a nanobio interaction is the
hydrophobicity of NPs.15−19 Reports have shown that hydro-
phobic NPs induce PS inhibition much more readily and to a
higher degree than hydrophilic NPs.15,16 In addition to
surfactant inhibition, recent molecular dynamics simulations
have predicted that hydrophobicity also governs the NP
translocation behavior through PS monolayer.15 The trans-
location behavior ultimately determines if a particle can quickly
reach the pulmonary epithelia or if it will be retained at the air−
water interface of the lung for a prolonged period of time.
However, experimental correlation between particle retention
and surfactant inhibition due to hydrophobic NPs has not been
established.
In this paper, we experimentally studied how three polymeric

NPs with varying relative hydrophobicities affect, in vitro,
biophysical properties of an animal-derived surfactant prepara-
tion, Infasurf. We first characterized the hydrophobicity of these
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three NPs using the Rose Bengal partitioning method.
Subsequently, we studied the translocation/retention behavior
of these NPs at the Infasurf monolayer using the combination
of a classical Langmuir−Blodgett trough and atomic force
microscopy (AFM). Finally, we evaluated surfactant inhibition
caused by these three NPs under physiologically relevant
conditions using a newly developed experimental method called
the constrained drop surfactometer (CDS). All of these
experiments showed consistent results and indicated that
increasing surface hydrophobicity of NPs provokes their
retention at the surfactant monolayer and deteriorates surface
activity of PS.

■ EXPERIMENTAL SECTION
Pulmonary Surfactant. Infasurf (calfactant) is a gift from ONY,

Inc. (Amherst, NY). It is a modified natural surfactant prepared from
lung lavage of newborn calves by centrifugation and organic solvent
extraction. Infasurf contains all hydrophobic components of the bovine
natural surfactant. Hydrophilic surfactant proteins (SP-A and SP-D),
however, were removed during the extraction process. Infasurf was
stored frozen in sterilized vials with an initial concentration of 35 mg
of total phospholipids per milliliter. On the day of the experiment, it
was diluted by a saline buffer of 0.9% NaCl, 1.5 mM CaCl2, and 2.5
mM HEPES, adjusted to pH 7.0.
Nanoparticles. Poly(D,L-lactide-co-glycolide) 53/47 with an

intrinsic viscosity of 0.2 dL/g (acid-terminated PLGA; abbreviated
P02A) and 1.03 dL/g (ester-terminated PLGA; abbreviated P103E)
were purchased from Purac (Gorinchem, The Netherlands). P02A and
P103E nanoparticles were synthesized by a water-in-oil emulsion
solvent evaporation technique and stabilized with PVA. Polystyrene
(PST) nanoparticles were purchased from Thermo Scientific (3090A
Nanosphere Size Standards, Fremont, CA). All NPs were characterized
for their primary size, hydrodynamic size, surface charge, and surface
hydrophobicity. The primary size of the NPs was determined by
analyzing FESEM and TEM (Hitachi HT7700) images with the
ImageJ software (n = 20). The hydrodynamic size and zeta potential of
the NPs were determined at a dilute particle concentration of 0.01
mg/mL under the same buffering condition of the natural PS, i.e., 0.9%
NaCl, 1.5 mM CaCl2, and 2.5 mM HEPES, at pH 7.0. The
hydrodynamic size was measured using a Brookhaven 90Plus/BI-MAS
particle sizer (Holtsville, NY, U.S.A.). Zeta potential was determined
using a Brookhaven ZetaPlus zeta potential analyzer. The surface
hydrophobicity was measured with the Rose Bengal partitioning
method.
Rose Bengal Partitioning. Hydrophobicity of the NPs was

studied using the Rose Bengal partitioning method as previously
described.20 A solution of Rose Bengal (RB) reagent (Sigma-Aldrich,
St. Louis, MO) in a 0.1 M phosphate buffer (pH 7.4) was diluted to 20
μg/mL. Various concentrations of NPs were added to the solution to
create a wide array of RB-NP suspensions. Each sample was incubated
at 25 °C for 3 h. Suspensions were subsequently centrifuged at 16,000g
for 1 h. The supernatant was collected and absorbance was read using
a UV/vis spectrometer at 543 nm (Epoch, BioTek, Winooski, VT).
Partitioning Quotient (PQ) was determined as the ratio of RB bound
onto the particle surface to free RB in the liquid phase, i.e., PQ =
RBbound/RBfree. A plot of PQ versus surface area was made. The slope
of the linear regression line can be used as an accurate representation
of relative surface hydrophobicity, where increasing slope correlates
with increasing surface hydrophobicity.20

Langmuir−Blodgett Trough and AFM. Spread, compression,
and Langmuir−Blodgett (LB) transfer of surfactant films were
conducted with a LB trough (KSV Nima, Coventry, U.K.) at room
temperature (20 ± 1 °C). Detailed experimental protocol can be
found elsewhere.14 Briefly, all three NPs were diluted to 50 μg/mL
with a 5 mg/mL Infasurf suspension, i.e., 1% NP to surfactant by
weight. This NP-PS suspension was spread atop a Milli-Q water
subphase. The spread films were compressed at a rate of 40 cm2/min,
namely, 0.2% initial surface area per second. For AFM imaging, spread

films at the air−water interface were transferred to the surface of
freshly cleaved mica using the LB technique. Transferred films were
scanned by an Innova AFM (Bruker, Santa Barbara, CA) in air with
the contact mode. Each sample was characterized at multiple locations
with various scan areas to ensure the detection of representative
structures.

Constrained Drop Surfactometer. In vitro simulations of
surfactant activity and inhibition under physiologically relevant
conditions were studied with a constrained drop surfactometer
(CDS). The CDS is a droplet-based surface tensiometer, newly
developed for in vitro assessing biophysical properties of lung
surfactant.21,22 The CDS uses the air−water interface of a sessile
drop (∼3 mm), constrained on a carefully machined drop pedestal
with a sharp knife-edge, to accommodate the adsorbed surfactant
films.7 Hence, the CDS requires only a minute sample size of about 10
μL for studying lung surfactant. Also owing to system miniaturization,
the CDS permits a precise control of physiological conditions using an
environmental control chamber. To simulate breathing, the droplet
can be compressed and expanded at a physiologically relevant rate
using a motorized syringe. The surface tension and surface area are
determined photographically from the shape of the droplet using
axisymmetric drop shape analysis (ADSA).23 Compared to the
Wilhelmy plate method used in the classical Langmuir balance,
ADSA measures surface tension accurately and remotely, thus
minimizing potential sample contamination and facilitating undis-
turbed drop oscillation.

Specifically, Infasurf was diluted to a concentration of 1 mg/mL and
mixed with NPs to a final NP concentration of 10 μg/mL, i.e., 1% NP
to surfactant by weight. This NP concentration was selected
corresponding to the lower end of NP concentrations tested in
previous studies.11−16 The NPs were incubated with Infasurf at 37 °C
for 1 h before cycling trials commenced. A droplet (∼10 μL) of the
NP−Infasurf mixture was dispensed onto the CDS drop pedestal.
After drop formation, the surface tension was recorded and found to
quickly decrease to an equilibrium value of approximately 22−25 mN/
m. Once equilibrium was established, the droplet was compressed and
expanded at a rate of 3 s per cycle with a compression ratio controlled
to be less than 50% of the initial surface area to simulate normal tidal
breathing.24 At least five continuous compression−expansion cycles
were studied for each droplet. It was found that the cycles became
repeatable right after the first cycle, similar to surfactant behavior in a
captive bubble surfactometer (CBS).25,26 Surface activity was
quantified with several parameters: minimum surface tension (γmin)
at the end of compression, maximum surface tension (γmax) at the end
of expansion, and film compressibility, κ = (1/A)(∂A/∂γ), during both
the compression and expansion processes. Given the fact that κ varies
during the compression and expansion processes, an averaged κ value
was compared for each process. All simulations were conducted under
well-controlled physiological conditions (37 °C and 100% RH).

Statistical Analysis. Statistical data were represented by the mean
± SEM. The measurements were based on dynamic cycling data for
Infausrf (n = 9), Infasurf + P02A (n = 7), Infasurf + P103E (n = 7),
and Infasurf + PST (n = 7). One-way ANOVA was used for statistical
calculations (OriginPro, Northampton, MA). Tukey and Bonferroni
means comparison tests were used, and a probability value of p < 0.05
was considered statistically significant.

■ RESULTS AND DISCUSSION

Characterization of NPs. We first characterized the
morphology and surface properties of the three NPs in a
study, i.e., P02A, P103E, and PST. As shown in Table 1, all NPs
are spherical in shape and have mean primary sizes of 231, 264,
and 84 nm, respectively. The mean hydrodynamic sizes of these
NPs in buffer were measured to be 260, 350, and 95 nm,
respectively, thus indicating no significant particle aggregation.
Surface charge measurement by ζ-potential showed that all NPs
were negatively charged to a similar degree. Surface hydro-
phobicity was measured by comparing the adsorption of Rose
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Bengal, a hydrophobic dye, to the NPs. A plot of partitioning
quotient (PQ) versus NP surface area per milliliter is
constructed in Figure 1. The slope of this plot has been used

recurrently as an accurate representation of surface hydro-
phobicity, where increasing slope is proportional to increasing
hydrophobicity of NPs.16,20,27,28 PST (0.069 × 10−9 mL/μm2)
yielded the highest slope, followed by P103E (0.025 × 10−9

mL/μm2), and P02A (0.012 × 10−9 mL/μm2) showed the
lowest slope. These results indicate that relative to one another,
PST is the most hydrophobic, followed by P103E, and P02A is
the least hydrophobic of the three.
Particle Retention at Surfactant Monolayer. We first

studied NP-PS interaction and particle retention using the
combination of LB trough and AFM. Compression isotherms
were measured for pure Infasurf, Infasurf + P02A, Infasurf +
P103E, and Infasurf + PST (Figure 2A). The exposure of all
three NPs shifted the compression isotherm of Infasurf to the
left. This shift indicates the compressibility (κ) of the film is
increased when NPs are introduced, i.e., more area compression
is necessary for the Infasurf + NP films to attain the same
arbitrary surface pressure compared to pure Infasurf. Note that

the surface pressure (π) of a monolayer is inversely related to
its surface tension (γ) by π = γ0 − γ, in which γ0 is the surface
tension of pure water. Hence, the shift of the compression
isotherm to the lower surface area region indicates that all three
NPs inhibited the surface activity of Infasurf, i.e., decreased its
ability to reduce surface tension upon film compression.
AFM topographical images of the surfactant film for pure

Infasurf as well as Infasurf mixed with NPs at four characteristic
surface pressures were taken to examine lateral film structures
(Figure 2B). It is found that the addition of NPs inhibited
phospholipid phase transitions, as revealed by reduced
phospholipid domains at the surfactant monolayer. At a π of
50 mN/m, the Infasurf monolayer was transformed into a
multilayered structure with uniformly distributed lipid
protrusions closely attached to the interfacial surfactant
monolayer. However, at 50 mN/m (which is also the collapse
pressure of the Infasurf film exposed to NPs), addition of all
NPs disturbed this normal conformational monolayer-to-
multilayer transformation by forming nonuniform large
protrusions comparable to the hydrodynamic size of the
respective NPs.
A similar disturbance of surfactant monolayer has been found

with other NPs.13−15,19 Phospholipid phase transitions are
considered to be necessary for normal biophysical function of
lung surfactant, at least under in vitro conditions.29 Meanwhile,
uniform monolayer-to-multilayer transformations have been
proven to be a necessity for lung surfactant to reach
physiologically relevant low surface tensions (or high surface
pressures).30,31 Disturbance of phospholipid phase transition
and monolayer-to-multilayer transformation by the addition of
NPs appears to cause surfactant inhibition shown in Figure 2A.
More interestingly, AFM revealed that with increasing

surface hydrophobicity the frequency of NP aggregates
visualized at the surfactant monolayer also increased. While
the least hydrophobic NPs, P02A, only appeared at the surface
at 50 mN/m. The most hydrophobic NPs, PST, were found at
much lower surface pressures (20 mN/m), indicating a strong
correlation between surface hydrophobicity of NPs and their
retention/translocation behavior at the surfactant monolayer. It
should be noted that in addition to surface hydrophobicity,
hydrodynamic sizes of these three NPs are also different. Many
studies have shown that size and shape of NPs determine their
translocation behavior across lipid monolayers/bilayers or even
cell membranes,32 with larger particles encountering a higher
energy barrier for translocation. However, the size of PST used
in this study is smaller than the other two NPs. Hence, the
higher retention rate of PST at the Infasurf monolayer can be
only related to its higher hydrophobicity.
This finding is in good agreement with our recent molecular

dynamics simulations in which we found that hydrophobicity is
the determining factor for NP translocation/retention at the
surfactant monolayer.15 Our molecular dynamics simulations
further predicted that hydrophobic NPs can be encapsulated by
a surfactant lipoprotein corona and trapped at the surfactant
monolayer upon compression.15 These in silico results are also
consistent with our current in vitro measurements (Figure 2B),
which show that the height of large protrusions formed at the
surfactant monolayer is comparable to the actual hydrodynamic
size of the respective NPs.
Our present in vitro findings in the retention of hydrophobic

PST NPs at the surfactant monolayer may be related to
previous animal trials.33−35 Both ex vivo and in vivo experiments
demonstrated that intratracheally instilled PST NPs, in a size

Table 1. Morphological and Surface Characterization of
Nanoparticles

Figure 1. Hydrophobicity measurements via Rose Bengal partitioning.
The three particles’ linear relationships of partitioning quotient vs
surface area are plotted. Linear regression lines are then calculated
where the slopes are proportional to the relative hydrophobicity of the
NPs. These data show that the particles’ hydrophobicity increases in
such a manner that P02A is the least hydrophobic, P103E has
moderate hydrophobicity, and PST is the most hydrophobic.
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range comparable to what we studied here, showed very limited
translocation from the lungs.33−35 Prolonged retention of NPs
in the lungs can have a significant toxicological effect due to
increased production of reactive oxygen species (ROS) and, in
turn, increased inflammatory potential.
Physiologically Relevant Study of Surfactant Inhib-

ition. Self-assembled monolayer at the air−water interface of a
Langmuir trough is a commonly used in vitro model for
studying lung surfactant. However, data obtained from such
experiments have only limited physiological relevance due to
commonly uncontrolled environmental conditions, relatively
slow rate of film oscillation, and other design limitations.7 In
order to conduct physiologically relevant in vitro simulations,
we studied surfactant inhibition using the constrained drop
surfactometer (CDS), in which a surfactant droplet is oscillated
at a physiologically relevant rate and the environment is
manipulated to mimic physiological conditions.
Figure 3 compares typical compression−expansion cycles of

pure Infasurf and Infasurf mixed with P02A, P103E, and PST
nanoparticles. It is observed that all three NPs significantly
increased the hysteresis area of the compression−expansion
loop. More importantly, the hysteresis area increased with
increasing surface hydrophobicity of the NPs. Large hysteresis
areas of dynamic cycling loops are a strong indication of film
instability and surfactant inhibition.25,26 Therefore, our in vitro
simulations with the CDS not only demonstrated a NP-induced
surfactant inhibition, which is consistent with our Langmuir
trough studies (Figure 2A), but also revealed a NP hydro-
phobicity-dependent inhibitory potency, which the Langmuir
trough was not sensitive enough to uncover.
To completely understand the effects of the three NPs on

dynamic surface activity of Infasurf, statistical analyses of the

data were performed (Figures 4). Figure 4A shows the
comparison of minimum surface tension (γmin) at the end of
compression and maximum surface tension (γmax) at the end of
expansion. It is observed that the γmin shows a statistically

Figure 2. Comparison of NP retention at the Infasurf film. (A) Effect of 50 μg/mL NPs (i.e., 1% w/w of surfactant phospholipids) on the
compression isotherm of Infasurf. (B) Lateral film strurctures of pure Infasurf and Infasurf mixed with P02A, P103E, and PST at four characteristic
surface pressures (20, 30, 40, and 50 mN/m). All monolayer images (20, 30, and 40 mN/m) are shown at a resolution of 50 μm × 50 μm and have a
z-range of 5 nm. The multilayer structures are all shown at a resolution of 20 μm × 20 μm, and their z-ranges are dependent on the size of the
particle (Infasurf, 20 nm; Infasurf + P02A, 250 nm; Infasurf + P103E, 350 nm; and Infasurf + PST, 120 nm). These high pressure images are shown
in 3D to capture the topographic contrast between the particles and multilayer structures. The presence of NPs, denoted by white arrows, increases
with increasing hydrophobicity. After the monolayer-to-multilayer transition (at 50 mN/m), all three NPs are found at the surface and embedded in
the large multilayer protrusions. In contrast, pure Infasurf shows uniform protrusions that line the entire film surface.

Figure 3. Comparison of compression−expansion cycles for pure
Infasurf and Infasurf mixed with NPs. Cycling data for pure Infasurf
and Infasurf mixed with P02A, P103E, and PST are represented by
overlying surface tension vs surface area plots. Infasurf was diluted to a
concentration of 1 mg/mL and mixed with NPs to 10 μg/mL, i.e., 1%
NP:surfactant (w/w). Dynamic cycling was conducted with the CDS
under physiological temperature (37 °C) and cycling speed (3 s/
cycle). It is observed that the hysteresis area of the compression−
expansion loop increases significantly with increasing NP hydro-
phobicity.
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significant increase due to exposure to all three NPs, although a
very low particle concentration (i.e., 10 μg/mL) was used.
However, with all NPs, Infasurf was still able to achieve a γmin
below 3 mN/m. Hence, the variations in γmin due to exposure
to these low-concentration NPs can be considered physiolog-
ically immaterial. Similarly, the γmax shows no statistically
significant changes with the addition of NPs. The lack of a
physiologically significant alteration of surface tension is
consistent with Beck-Broichsitter et al., who demonstrated
that γmin only showed a significant increase when exposed to
PST NP concentrations greater than 1 mg/mL, i.e., NP weight
greater than 50% of surfactant weight in their experiments.17

Figure 4B shows the comparison of film compressibility (κ)
during both compression and expansion processes. Addition of
all three NPs, at a very low concentration of 10 μg/mL,
significantly increased the κ of Infasurf during compression
(κcomp) and decreased the κ during expansion (κexp). The
increase in κcomp is clearly proportional to hydrophobicity of the
NPs. It should be noted that differences in κcomp were
statistically significant between all four groups, indicating that
surface hydrophobicity of NPs plays a significant role in
affecting surfactant inhibition.
It is known that κ is a much more sensitive parameter than

γmin to evaluate surface activity and surfactant inhibition.22,36

Compressibility of a monolayer can be loosely related to its
“hardness”. A low κ indicates a strong film, while a high κ
indicates a soft film. A good lung surfactant film should have a
soft-yet-strong attribute.7 Upon film compression during
exhalation, the surfactant film should have a low κ, thus
decreasing alveolar γ (equivalent to increasing π) to near-zero
with less than 20% area compression.22,36 Upon film expansion
during inhalation, the surfactant film should have a high κ, thus
only increasing γ to a limited value. Although still unclear in
detailed mechanisms, lung surfactant appears to achieve this
soft-yet-strong attribute by selective compositional and/or
conformational variations during the compression−expansion
cycles.30,31,37 It appears that addition of NPs inhibits surface
activity of lung surfactant by increasing κcomp and decreasing
κexp (Figure 4B), thus increasing the hysteresis area of the
compression−expansion loop (Figure 3).
Previous studies suggested that NPs inhibit lung surfactant

by adsorbing surfactant proteins (such as SP-B and SP-C), i.e.,
through the formation of native surfactant lipoprotein
corona.14−16,38 After binding to solid particles, surfactant
proteins can be denatured and/or depleted from the surfactant
system, thereby causing surfactant inhibition. More hydro-
phobic NPs have a higher retention rate at the surfactant
monolayer (Figure 2) and hence a higher chance of adsorbing
surfactant proteins. Consequently, more hydrophobic NPs
appear to have a higher inhibitory potential to lung surfactant
(Figures 3 and 4).
In addition to surfactant inhibition, prolonged retention of

hydrophobic NPs at the surfactant monolayer may have a
significant toxicological effect. A major contributor in NP-
associated pulmonary nanotoxicology is the increase in reactive
oxygen species (ROS) and, in turn, inflammation.39,40 It has
been reported that more hydrophobic NPs are associated with a
larger magnitude of ROS production and inflammation.39

Dailey et al. demonstrated that PST NPs showed considerably
higher nanotoxicological effects than PLGA at the same size,
surface area, and concentration.40 Very recently, Dailey and co-
workers established the direct correlation between NP
hydrophobicity and pulmonary toxicity.41 They found that
intratracheal administration of more hydrophobic NPs (with
PST NPs being the most hydrophobic) to mice induced acute
respiratory toxicity revealed by neutrophil infiltration, elevation
of pro-inflammatory cytokines, and adverse histopathology
findings, while less hydrophobic NPs caused little or no
inflammatory response or tissue damage.41 Although the
underlying relationship between the pulmonary toxicity of
hydrophobic NPs and their inhibitory potential on lung
surfactant is yet to be developed, our current in vitro data
clearly support such correlations.
In conclusion, we found that hydrophobicity of NPs plays an

important role in affecting their retention at the surfactant
monolayer and their inhibitory potential on surface activity of
pulmonary surfactant. Increasing hydrophobicity ultimately
increases NP retention and exacerbates surfactant inhibition.
We also showed that the constrained drop surfactometer
(CDS) developed in our laboratory can be used as a sensitive
precautionary tool for probing surfactant inhibition by
nanoparticles.
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