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Abstract: The application of surface rheology and Brewster angle microscopy on mixed monolayers of
DPPC and polymeric nanoparticles (cationic and anionic) showed that the sign of the particle charge
affects the dynamic properties of the monolayers less than the nanoparticles’ ability to aggregate.
Under almost physiological conditions, the effect of nanoparticles on the elasticity of DPPC monolayer
is insignificant. However, the particles prevent the surface tension from decreasing to extremely low
values. This effect could affect the functionality of pulmonary surfactants.
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1. Introduction

Lung surfactants, consisting of a mixture of lipids and proteins, play a key role in
the respiratory process due to their ability of effectively reducing the surface tension to
extremely low values [1,2]. Moreover, pulmonary surfactant films on the alveoli surface
act as the first barrier to various pathogens and particles entering the body during respira-
tion [3,4]. In particular, the SARS-CoV-2 coronavirus entering the lungs can disrupt the type
II alveolar epithelium cells that produce pulmonary surfactants [5]. It should be noted that
with the deterioration of the environmental situation and widespread use of nanoparticles
in various fields of human life, the risk of lung pathologies increases [6,7]. Another reason
for the interest in the compositions of pulmonary surfactants and particles of various
chemical natures is associated with their use for targeted drug delivery [8–11]. Kim et al.
proposed the use of polymer particles for the development of synthetic analogues of lung
surfactants [12] since particles can also reduce the surface tension to very low values.

For the physical modeling of pulmonary surfactant properties, relatively simple sys-
tems [13–17] are usually used. One such system consists of monolayers of DPPC (di-
palmitoylphosphatidylcholine), which are the main component of the pulmonary surfac-
tant [18–20]. The surface tension can change when particles enter the lipid monolayer,
leading to changes in the composition and structure of the surface layer. Along with
the surface tension, the dynamic surface elasticity is often measured. It characterizes the
behavior of the monolayer during periodic expansions and compressions [14,17,21–23].
Various types of microscopies are also used to study the structure of surface layers [24–28].
Hydrophobic nano- and microparticles strongly influence the surface properties of the lung
surfactant [29]. This influence depends on the ability of particles to aggregate in the surface
layer [23,30].

Most of the published works consider the effect of particles on lipid monolayers in the
region of high surface tension, while much lower values of surface tension are achieved in
the lungs [14,21]. This paper presents the results of the measurements of surface properties
under a wide range of surface pressures, including values characteristic of the pulmonary
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alveoli. Studies of the dynamic properties of a DPPC monolayer were carried out with the
addition of two types of polystyrene particles with different signs of the surface charge.
Since DPPC is a zwitterionic lipid, we can expect a different behavior of mixed monolayers
with cationic and anionic particles.

2. Materials and Methods

DPPC, with a molecular weight of 734.1 D and 99% purity (Sigma-Aldrich, Darmstadt,
Germany), was used as received. DPPC was diluted in chloroform at a concentration of
1 mg/mL for spreading onto the aqueous subphase.

Two samples of aqueous dispersions of polystyrene (PS) particles were provided from
Molecular Probes, Eugene, OR, USA. The concentration of anionic particles with sulfate
functional groups (PSA) was 8% w/v (2.1 × 1016 particles/mL), while the concentration of
cationic particles with amidine functional groups (PSC) was 4% w/v (6.3 × 1015 particles/mL).
All dispersions had no surfactant impurities. The mean diameters of PSA and PSC particles,
as estimated by the transmission electron microscopy, were 19 and 23 nm, respectively. The
PSA and PSC surface charge densities were 2.4 µC/cm2 (6.8 nm2 per one charged group)
and 3.0 µC/cm2 (5.4 nm2 per one charged group), respectively (Molecular Probes). The
zeta potentials of PSA particles in solution at pH 7 and at concentrations of NaCl 0.01 and
0.1 M NaCl were −64.7 (±1.8) and −43.1 (±2.0) mV, respectively. The zeta potential of the
PSC particles at pH 3 and at a concentration of NaCl 0.01 M was +50.6 (±2.7) mV, and
at pH 7 at a concentration of NaCl 0.1 M, it was +23.4 (±1.0) mV. Before spreading at the
water/air interface, the PSA and PSC dispersions were diluted by 20 and 10 times, respectively,
mixed with isopropyl alcohol at a volume ratio of 1:2 and subjected to ultrasonification. The
volume of the Langmuir trough was around 300 mL and the addition of few microliters of
isopropanol did not change the surface tension of the aqueous phase. Therefore, we assume,
that isopropanol does not influence the properties of the particle monolayer.

The purification of isopropyl alcohol (Sigma-Aldrich, Germany) was made by dis-
tillation. Sodium chloride (Sigma-Aldrich, Germany) was calcined at about 750 ◦C for
several hours to remove any organic impurities. For all experiments, the water was deion-
ized using a multicartridge system (Direct-Q). The lipid monolayers were spread onto
the sodium chloride solutions subphase in a PTFE Langmuir trough by a microsyringe
(Hamilton, Switzerland). After the spreading of the lipid solution, the PS particle dispersion
in the water/isopropyl alcohol mixture was spread onto the liquid surface to prepare a
mixed monolayer with the required surface concentration. The surface concentration was
calculated on the basis of the area occupied by pure monolayers of both components in
the most compressed state before collapse. In this work, mixed monolayers of DPPC and
PS nanoparticles were studied with the area ratios of the two components of 1:1 or 10:1,
respectively. For example, at a ratio of 1:1, the area filled by closely packed lipid molecules
was equal to the area filled by closely packed PS particles. With this ratio of DPPC and PS
areas, the weight ratio of the monolayer components was 1:200, respectively. To ensure
equilibrium conditions and solvent evaporation after spreading, the measurements were
started one hour after the formation of the monolayer.

The oscillating barrier method was used in the range of high surface tensions to
measure the dynamic dilational surface elasticity. In our equipment—the Interface Shear
Rheometer (KSV NIMA, Espoo, Finland)—two symmetrically moving PTFE barriers in-
duced low-frequency oscillations of the monolayer area in a PTFE Langmuir trough. The
corresponding surface tension oscillations were measured by the Wilhelmy plate method
using a filter paper plate with a width of 1 cm and was positioned parallel to the barriers
in the center of the through. The area between the PTFE barriers before oscillations was
75 × 150 mm2. The amplitude of area oscillations (±2%) and the frequency of 0.03 Hz were
kept constant in all experiments. At this frequency of surface area oscillations, the behavior
of the surface layer proved to be almost purely elastic, and the real part of surface elasticity
almost coincided with the elasticity modulus, while the imaginary part was close to zero.
Therefore, we discuss only the modulus of surface elasticity. This standard procedure for
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measurements of the dynamic surface elasticity using a Langmuir trough can be applied
only in the range of relatively low surface pressures (below 50 mN/m) due to the possi-
ble leakage of surfactants molecules from the area between the barriers at extremely low
surface tensions.

The modified stress decomposition method [31–34] was used for the determination
of the effective surface elasticity in the range of low surface tensions of spread monolayer
(about 32 mN/m). According to this approach the comparison of system responses (in-
crements of surface tension) at different surface deformations allows the determination
of the surface elasticity [31,32]. In this case, the effective dynamic surface elasticity in the
compressed (ε′e f ) and expanded (ε′′e f ) states is calculated from the difference in the system
responses for two given deformations [31,33]. From the difference of the surface tension
responses (∆γ′) or (∆γ′′ ), which correspond to the deformation amplitudes ∆A1 and ∆A2,
the effective surface elasticity value, εef, can be determined.

Brewster angle microscopy (BAM-1 set-up, Nanofilm, Germany) was used to visualize
the monolayer morphology.

3. Results and Discussion
3.1. Nanoparticle Layers

This section describes the results of the monolayers of particles without DPPC. First,
the properties of the deposited layer of cationic nanoparticles were determined, since
only monolayers of anionic particles had previously been studied in detail [35,36]. Unlike
anionic particles with sulfate groups, the charge of cationic particles depends on the pH
of the medium. To compare our results from the cationic particles with the data from the
anionic particles, the cationic particles were spread onto a subphase of hydrochloric acid
with a pH 3, where all functional groups were ionized. At the same time, monolayers of
anionic particles were deposited onto a subphase with a pH 7.

During compression, the increase of the surface concentration of cationic particles led
to a gradual increase of the surface pressure and elasticity (Figure 1, Figures S1 and S2).
The ionic strength of the monolayer subphase strongly influenced the absolute values
of the surface elasticity and the |E|(π) dependence of surface elasticity on the surface
pressure for the spread monolayers of nanoparticles. The ionic strength of the solution was
controlled by adding sodium chloride. When the monolayer was deposited onto a 0.01 M
NaCl solution, the surface elasticity gradually increased to about 100 mN/m as the surface
pressure increased to 30 mN/m (Figure 1). With further compression, the surface pressure
almost did not change, which indicated the collapse of the deposited film.
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Figure 1. Dependencies of the surface elasticity modulus on surface pressure for spread cationic
(black symbols) and anionic (red symbols) PS nanoparticles on the surface of 0.01 M (filled symbols)
and 0.1 M (unfilled symbols) NaCl solutions.

At higher ionic strength (0.1 M NaCl) the surface pressure of the spread nanoparticle
monolayer increased to about 72 mN/m upon compression (Figures S1 and S2). Therefore,
the surface tension turned out to be close to 0. In this case, the dependence of surface
elasticity on surface pressure passed through a maximum (~300 mN/m). Such behavior



Colloids Interfaces 2022, 6, 28 4 of 11

was previously observed for deposited monolayers of anionic nanoparticles [35–37]. At low
ionic strength, the nanoparticles are in a non-aggregated state due to strong electrostatic
repulsion, which can lead to an elasticity increase of up to 100 mN/m. In this case, the
surface film collapsed due to the displacement of individual particles from the surface
into the bulk under strong compression and surface pressures above 30 mN/m [36]. At
a salt concentration in the subphase of 0.1 M NaCl, the electrostatic interaction between
the particles was mainly shielded and resulted in a two-dimensional particle aggregation
due to capillary attraction forces (Figure 1). These aggregates began to interact with
each other upon compression, leading to the increase in surface elasticity and pressure
to very high values (more than 100 mN/m), i.e., close to the values observed for the
monolayers of microparticles [35]. Although the collapse pressure equaled the surface
tension of the aqueous subphase, the surface elasticity approached zero at much lower
surface pressures (measured by the Wilhelmy plate), due to the surface tension gradient
along the surface (Figure 1). It was shown previously that the apparent critical surface
pressure corresponding to the collapse depended on the particle surface concentration, due
to the development of a surface tension gradient near the moving barriers over the course
of compression [35]. The critical surface pressure at the beginning of the collapse, i.e., at
an abrupt decrease in the slope of the surface pressure isotherm, varied depending on the
different amounts of particles in the spread monolayer (Figure S3).

These findings are supported by Brewster angle microscopy data (Figure 2). At low ionic
strength, individual macroscopic two-dimensional phases cannot be observed (Figure 2b).
However, at higher ionic strength, microscopic two-dimensional regions with clear boundaries
are observed immediately after particle deposition (Figure 2a). Similar results were obtained
for films of anionic particles.
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Figure 2. BAM-images of monolayers of spread cationic polystyrene nanoparticles onto a NaCl
subphase with a NaCl concentration of 0.1 M (a) and 0.01 M (b). The surface pressure is zero. (Image
size is around 1 mm × 0.8 mm).

3.2. Mixed Films of Nanoparticles and DPPC at High Surface Tensions

This section describes the results for mixed monolayers of particles and DPPC at surface
pressures below 50 mN/m. Measurements of the dynamic surface properties for mixed
monolayers of DPPC and particles correspond to pH 3 of the subphase for cationic particles
and pH 7 for anionic particles. When the pH of the subphase was changed from 7 to 3, the
properties of a DPPC monolayer remained almost unchanged. When the surface pressure
increased, the surface elasticity initially increased too. At surface pressures close to 10 mN/m,
a minimum of the elasticity was observed. It could be assumed that it is associated with
a two-dimensional phase transition [32,38]. Further compression resulted in an elasticity
increase of up to 300 mN/m, which corresponds to a close-packed monolayer. The properties
of mixed DPPC monolayers with cationic and anionic nanoparticles were measured with
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three sets of main parameters. First: the area ratio between DPPC and particle coverages was
1 to 1, and the ionic strength was 0.01 M. Second: the area ratio between DPPC and particle
coverages was 1 to 1, and the ionic strength was 0.1 M. Third: the area ratio between DPPC
and particle coverages was 10 to 1, and the ionic strength was 0.01 M.

DPPC is a zwitterionic lipid and can exhibit some specificity for interactions with
particles of different sign in the surface charge. However, the performed studies of mixed
DPPC monolayers with cationic and anionic nanoparticles have shown that in the region
of relatively high surface tensions (>30 mN/m), the charge sign of the particles effects the
dynamic surface properties only slightly (Figure 3).
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Figure 3. Dependences of the surface elasticity modulus on surface pressure for spread DPPC
monolayers (black squares), mixed monolayers of DPPC with anionic (green triangles) or cationic
(red circles) PS nanoparticles onto the subphase of NaCl solution with concentrations of 0.01 M (A)
and 0.1 M (B). The approximate ratio of DPPC to nanoparticles surface coverage is 1:1.

At a high concentration of non-aggregated particles (0.01 M NaCl subphase), the mini-
mum dependence of the surface elasticity on the surface pressure disappeared. The surface
elasticity at surface pressures of 12 to 25 mN/m also decreased remarkably for mixed monolay-
ers as compared to the pure lipid monolayer (Figure 3A). The change of the surface elasticity
dependence is caused by changes in the surface layer structure in presence of non-aggregated
nanoparticles. Separate nanoparticles prevent the formation of a homogeneous close-packed
liquid-condensed lipid phase [39,40] (Figure 4A). In this case, a noticeable increase in surface
elasticity is observed only at surface pressures above 30 mN/m.
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Previously, it has been shown that the compression of mixed monolayers of anionic
nanoparticles in the presence of DPPC leads to an increase in surface pressure above
30 mN/m, resulting in an irreversible two-dimensional aggregation of nanoparticles in the
surface layer [23]. Due to the influence of the lipid, the collapse mechanism for nanoparticles
changes. Instead of the displacement of individual particles from the surface, a particle
aggregation occurs in presence of lipid. This process is associated with surface tension
changes at the liquid–gas interface [23]. As the mixed monolayer is compressed, the surface
tension in the area between particles decreases. As a result, the contact angle of the particles
also changes, leading to the formation of two-dimensional aggregates. The increase of
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the area occupied by a two-dimensional aggregate compared to the area occupied by an
individual particle leads to a significant increase of energy needed to remove particles from
the surface. At a high ionic strength (0.1 M NaCl), the aggregation of nanoparticles occurs
immediately after spreading. In this case, the particles’ influence on the DPPC monolayer
properties is noticeably weaker than in the previous case (Figure 3B). The dependences of
the surface elasticity show a small minimum in the region of the two-dimensional phase
transition and a noticeable elasticity increase at average surface pressures. Such behavior is
similar to that of a pure DPPC monolayer.

This situation could be explained by assuming that the particles interact only slightly
with the lipid molecules since the contact between the two components occurs only along
the edge of the two-dimensional particle aggregates (Figure 4B). The similarity of the
surface elasticity dependences for mixed monolayers with cationic and anionic particles
indicates that for both types of particles the same aggregation process takes place. A similar
influence of cationic and anionic nanoparticles on the properties of DPPC monolayers is
confirmed by the close compression isotherms for these two systems (Figure S4).

The increase of the lipid surface concentration (when the ratio between the components
is changed from 1:1 to 10:1) and the corresponding decrease of the particles fractional
coverage also leads to a decrease of particles’ influence (Figure 5). In this case, even for
particles in a non-aggregated state, the dependences of the surface elasticity for pure DPPC
and the mixed monolayer almost coincide. Only at surface pressures of about 20 mN/m
there is a slight decrease in the elasticity in the presence of particles. It is probably the case
that the number of particles is not enough to disrupt the structure of the lipid monolayer.
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3.3. Mixed Films of Nanoparticles and Lipid at Low Surface Tensions

In order to measure the effective surface elasticity in the region of high surface pres-
sures (low surface tensions) at the liquid–gas interface, a monolayer with a surface pressure
of about 40 mN/m was formed by sequential deposition and the compression of the sur-
face. Furthermore, the monolayer was subjected to harmonic deformations with different
amplitudes [32]. This approach was applied first to monolayers of pure DPPC and then to
mixed monolayers of DPPC and polystyrene particles. The dynamic surface properties of
pure DPPC monolayers in the region of extremely low surface tensions have previously
been discussed in detail [32,41].

When the surface pressure increases to around 40–45 mN/m, the surface elasticity
reaches high values due to the formation of highly ordered structures of the DPPC mono-
layer (Figures 5 and 6). Under further compression the layer becomes heterogeneous. The
heterogeneity leads to an additional mechanism of the surface stress relaxation and, as a
consequence, to a surface elasticity decrease (Figure 6). The formation of inhomogeneities
in a DPPC monolayer at high surface pressures has been observed in many studies using
atomic force microscopy [42,43]. Despite the appearance of surface layer heterogeneities,
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the effective surface elasticity of the DPPC monolayer exceeds 100 mN/m until the surface
pressure reaches about 72 mN/m, which corresponds to an almost zero surface tension.
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In this study, the effect of anionic and cationic nanoparticles on the properties of DPPC
monolayers under almost physiological conditions was studied for the first time. For this
purpose, the measurements were carried out at a high ionic strength of the subphase and
in the region of high surface pressures. At the surface of a phosphate buffer at pH 7 and a
NaCl concentration of 0.1 M, the mixed monolayers of lipid and nanoparticles were formed
by the sequential spreading of the components. Although the solution ionic strength at
physiological conditions is around 0.15 M, in this study the results relate to a slightly lower
ionic strength with the aim of comparison with the data for particle monolayers without
lipids. We can expect that the ionic strength increase does not affect the surface properties
significantly, since the electrostatic repulsion between the particles was already screened at
an ionic strength of 0.1 M.

The effective surface elasticity was measured close to the surface tension values inside
the lungs [32,33]. At high ionic strength of the subphase and low surface tension, both
cationic and anionic particles are in an aggregated state. As it was shown above, such
aggregates are characterized by a high surface elasticity.

The obtained results for mixed monolayers of DPPC and nanoparticles can be di-
vided into three groups, depending on the surface pressure: about 40 mN/m, from 40 to
50–55 mN/m, and above 55 mN/m.

At surface pressures of about 40 mN/m, even at high particle surface concentrations,
the surface elasticity remains high (Figure 6A). This is in a good agreement with previously
obtained results for monolayers of pure components which have a high (above 200 mN/m)
elasticity at such a surface pressure. The interaction between the components in the surface
layer is presumably weak at π = 40 mN/m (Figure 4C). The further surface compression
(surface pressure increase above 40 mN/m) leads to a decrease of the surface elasticity. It
can be associated not only with the changes in the DPPC monolayer structure, but also
with the changes in the structure of nanoparticle aggregates. The decrease of the surface
tension at the liquid–gas interface also changes the wetting angle of the particles [36]. It
was shown previously that the surface tension decreases from 72 to 21 mN/m during the
transition from an air–water to an oil–water interface, which resulted in a decrease of the
surface elasticity of a particle monolayer from 300 mN/m to 100 mN/m [36]. Thus, it can
be assumed that the surface elasticity becomes lower at a surface pressure increase from
40 to 50–55 mN/m due to combined effects of the lipid parts of the monolayer and the
particle aggregates.

The third group of results relates to surface pressures above 55 mN/m (Figure 4D). In
this region, the dynamic surface elasticity of mixed monolayers drops sharply to almost
zero (Figure 6). The minimum surface tension at a compression of mixed monolayers differs
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from the corresponding values for pure DPPC monolayer. At high concentrations of the
particles, the minimum surface tension for a mixed monolayer increases as compared to
that for a pure DPPC monolayer. The minimum value increases from 0.5 mN/m for a pure
DPPC monolayer to 7 mN/m for mixed monolayers. This effect may be a consequence of
changes in the structure of the mixed layer comprised of DPPC and particles. Under strong
compression and at low surface tensions, the particles can be displaced from the surface,
even if they are aggregated. The energy required to remove the particles from the surface
depends not only on the occupied area, but also on the surface tension at the air–water
interface between the particles [44]. The lower the surface tension, the easier the particles
can be displaced from the surface, and this process becomes possible even for the particle
aggregates. When the surface tension at the air–water interface between particles decreases
significantly, due to the increase in the local concentration of DPPC molecules, the energy
required to remove particles or their aggregates is significantly reduced. As a result, during
compression, some particle aggregates may be displaced from the surface. The formation
of a three-dimensional structure in a mixed monolayer can lead to a sharp decrease in the
effective surface elasticity down to zero.

At the same time, the particle displacement is incomplete and/or reversible. Brewster
angle microscopy shows that some particles are still visible at the surface at minimum surface
tension values (Figure 7). As the surface concentration of particles decreases, their influence on
the minimum surface tension values of the mixed monolayer decreases (Figure 6B). When the
surface concentration of particles is ten times less than the DPPC concentration, the minimum
surface tension values increase from 0.5 mN/m to about 3 mN/m for the mixed monolayer.
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The ability of pulmonary surfactant to reduce the surface tension to almost zero
values prevents the collapse of the alveoli during exhalation and defines many functional
properties of the lungs. Therefore, the increase of the minimum surface tension values due
to the presence of particles on the surface of the lungs could have a negative effect and
could lead to various diseases. It should be noted that the increase of the minimal surface
tension depends on the concentration of particles in the surface layer. According to the
obtained results, a significant increase in the minimal surface tension was observed for
sufficiently high surface concentrations of the nanoparticles in mixed monolayers. When
particles occupy only a small surface area, their influence on the minimal surface tension in
a compressed state of pulmonary surfactants may be negligible.

4. Conclusions

The investigation of the spread monolayers of cationic and anionic polymeric nanopar-
ticles shows that, regardless of the sign of the charge, their behavior in the surface layer is
similar. The ionic strength of the subphase and the surface tension at the air–water interface
determines the tendency of the particles to aggregate and also the properties of mixed
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monolayers in the region of relatively high surface tensions (up to 30 mN/m). At low ionic
strength and relatively low surface pressures, the particles do not aggregate in the surface
layer. Such separate nanoparticles prevent the formation of densely packed DPPC layers
with a high elasticity more effectively than the large particle aggregates.

Under conditions close to the physiological state within the lungs (surface pressures
of about 40 mN/m and a high ionic strength of the substrate), nanoparticles are aggre-
gated and have only a slight effect on the dynamic surface elasticity of DPPC monolayers.
However, the presence of particles in DPPC monolayers prevents the surface tension from
dropping to extremely low values upon compression. This drop is observed in lung surfac-
tants and pure DPPC monolayers and is considered one of the key factors of the pulmonary
surfactant’s functionality. Therefore, nanoparticles can lead to an impaired functionality of
pulmonary surfactants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/colloids6020028/s1, Figure S1: Compression isotherms of PSA
nanoparticles at the surface of 0.01 M (black circles) and 0.1 M (red squares) NaCl solutions; Figure
S2: Compression isotherms of PSC nanoparticles at the surface of 0.01 M (black circles) and 0.1 M (red
squares) NaCl solutions; Figure S3: Compression isotherms for PSA microparticles (with diameter
1 µm) on the surface of 0.01M NaCl solution when 200 µL (black squares) and 400 µL (red circles)
of the dispersion were spread at the air-water interface; Figure S4: Compression isotherms for pure
DPPC (open black squares), DPPC/PSA (red circles) and DPPC/PSC (green triangles) monolayers at
the surface 0.1M NaCl. The approximate ratio of DPPC to nanoparticles surface coverage is 1:1.
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