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Nanoparticle-Induced Structural Changes in Lung Surfactant Membranes: An
X-ray Scattering Study
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The inhalation of ultrafine particulate, including engineered nanoparticles, can lead to respiratory health problems as these
particles are inhaled without resistance and deposit in the alveolar region of the lung, where they are retained and interact
with the lung surfactant membrane.Although much of the lung surfactant literature focuses on anionic nanoparticles, we find
that cationic nanoparticles have a much greater impact on membrane structure and moreover, this impact occurs at much
lower concentrations than previously considered. These structural changes have implications for the film mechanical proper-
ties that govern the breathing process, with the potential for immediate impairment of respiratory function.. These findings
contribute to a better understanding of the biophysical impact of nanoparticle-lung surfactant interactions.
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The effect of low concentration (0.001 wt%) of charged silica nanoparticles (NPs) on the molecular structure of lung

surfactant monolayers was investigated at the air/water interface using grazing incidence X-ray diffraction (GIXD) and X-

ray reflectivity (XR). The lipid systems investigated included 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), mixtures

of DPPC and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

(POPG), and Infasurf (a clinical lung surfactant formulation). In all cases, the anionic silica NPs interacted with the films but

induced only small structural changes. By contrast, the cationic NPs induced a significant reduction of the alkyl chain tilt

angle when anionic lipid was present. This appears to be associated with a condensation of the POPG lipids that would

alter the ratio of liquid-expanded and condensed phases. Thus, this study reveals that low concentrations of cationic NPs

can induce structural changes that could impact film mechanical properties that are important for pulmonary function.

Introduction

We investigated the immediate and direct impact of aqueous
dispersions of anionic and cationic silica nanoparticles (NPs) on
the structure of Langmuir monolayers of lung surfactant and
relevant lipid-only mixtures at the air/water interface. Detailed
information regarding two-dimensional order on the angstrom
scale was obtained using synchrotron grazing incidence X-ray
diffraction (GIXD) and X-ray reflectivity (XR) techniques.l'2 GIXD
is sensitive to the ordered condensed phase of the monolayer,
while XR is sensitive to both the disordered (liquid-expanded)
and ordered phases. The combination of these two techniques
provides a more complete picture of the monolayer structure
and nanoparticle-induced effects.

NPs can enter into the human body via inhalation, skin
penetration, ingestion, or direct injection into the bloodstream
in medical applications.g’4 Among these different entry routes,
the respiratory tract, with its large surface area, facilitates the
entry of airborne NPs to the lung through inhalation.” After
inhalation, these particles can be deposited into the alveolar
region of the Iung,6 where they are retained and likely interact
with (and/or are embedded into) the lung surfactant
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monolayer.7’8 This lipid-protein monolayer film coats the
alveolar air/fluid interface of the lungs and the reversible
compression of this film during inhalation and exhalation via a
monolayer-multilayer equilibrium reduces the work of
breathing and prevents alveolar collapse. The physicochemical
interaction of NPs with this pulmonary surfactant film can lead
to its malfunction or even inactivation.’

The growing demand for applications of nanomaterials has
urged many research groups to study the impact of various
kinds of NPs on the lungs. These studies generally fall under
three main directions: toxicology studies which focus on the
link between inhaled NPs and pulmonary disease, including the

10-12 . .
studies which
13-15

consequential cell response after exposure,
look at the effect of NPs on lung surfactant function,
studies that focus on structural and morphological effects.
These aforementioned effects of NPs depend on the surface
properties, shape, solubility, surface charge, and size of the

16,22
NPs.

Hydrophobic NPs have a much higher probability of
embedding within the hydrophobic alkyl chain region of lipid
layers and it has been shown that these are retained in the
lung surfactant film even with repeated compression-
expansion cycles.”’23 Such highly surface-active hydrophobic
NPs have been shown to alter lung surfactant film morphology
9,18-20 . . g .

induce fluidization and/or
18,20
and embed

and
16-21

and domain structure,
expansion of the condensed domains,
preferentially in the fluid phase17 or at phase boundaries®™.
Many of these effects are dose-, time-, and size-dependent.uf
15.18,2024 Hydrophilic particles are less likely to remain
embedded in the hydrophobic surface film, unless coated by
the lipid to produce a hydrophobic coating.25 For hydrophilic
particles that reside in the aqueous subphase, a key parameter
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governing their interaction with the lung surfactant film is the
surface charge. Again, these particles have been shown to
interact with the lipid domain boundaries while decreasing the
line tension in these areas,4 increase the film fluidity,25 and
hinder domain formation.”>?® Molecular arrangement changes
have been inferred from morphological studies, but have not
been shown via direct measurements of the phase structure.”

To date, studies on the NP-induced dysfunction of lung
surfactant have mainly focused on relatively high
concentrations of NPs. For systems in which the NPs are co-
spread with the lipid, the ratio of NP/lipid ranges from 0.001 to
3 mg NPs/mg lipid. For NPs dispersed in the aqueous
subphase, in particular for silica NPs, frequently concentrations
in the range of 1 wt% are used.” One study reported that at
low concentrations (10'5 and 10™ g/L NPs in the subphase) no
impact of negatively-charged, polystyrene beads was
observed.”® We chose 0.001 wt% as it was the lowest
concentration for which any of the systems investigated here
showed an impact on the surface-pressure area isotherms.

The NP types chosen for this study are ion-stabilized
cationic and amorphous silica particles of
approximately 20 nm diameter (see Table S1 of ESI" for the NP
characteristics). Contrary to hydrophobic NPs that are prone to
aggregation and also likely to be retained in the film at the
air/water interface, the hydrophilic silica nanoparticles are
easily dispersed in water and most likely to pass through the
film into the lung lining fluid. An aqueous dispersion of NPs
under the Langmuir monolayer allows one to study the particle
association with and impact on lung surfactant films.
Moreover, given the presence of charged lipids and proteins in
lung surfactant,29 charged NPs are of particular interest given
the potential for strong electrostatic interactions. Silica NPs
are widely used as fillers, binders, and catalysts. Furthermore,
silicon has been found to be a frequent component of
atmospheric nanoparticles.30 Inhaled amorphous silica
particles are believed to produce an inflammatory pulmonary
condition in rats®* and silicosis, an occupational pulmonary
disease caused by the inhalation of crystalline silica dust.*?

Infasurf, a solvent extract of calf lung lavage, was used as a
natural lung surfactant and is comprised mainly of 91 wt%
phospholipids (including 43% DPPC and 4.5%
phospatidylglycerol, PG), 5-8 wt% cholesterol, and 1.6-2.2 wt%
of the hydrophobic proteins SP-B and sp-c.” Lipid-only
monolayers were used to mimic the major phospholipid
constituents of lung surfactant and to discern the impact of
surface-specific proteins on the interaction of NPs with lung
surfactant. The systems selected represent (i) the condensed
phase of lung surfactant (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine, DPPC), (ii) the saturated:unsaturated lipid
balance of lung surfactant and charge difference between the
condensed and fluid phases (DPPC and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol, POPG, in 7:3 mole ratio). An
analogous binary mixture that comprises a similar condensed:
fluid phase balance but with only zwitterionic headgroups, i.e.
no charge difference between the phases (DPPC and 1,2-
dilauroyl-sn-glycero-3-phosphocholine, DLPC, in a 7:3 mole
ratio) was also investigated (see Scheme 1).

anionic
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Scheme 1. Molecular structures of DPPC, DLPC, and POPG (left), and cationic and
anionic silica nanoparticles (right).

This study uses both GIXD and XR to systematically probe
the structural effects of charged silica NPs on lung surfactant
monolayers. We investigate the impact of the NPs on the
structure of the monolayers at high lateral surface pressure
(35 mN/m) to ensure that the monolayers are laterally phase-
separated into the condensed and liquid-expanded phases and
still be below the squeeze-out plateau of Infasurf. We show
that the nature of the liquid-expanded phase and the NP
surface charge influence the unit cell packing of the condensed
phase. Furthermore, we show that in the binary DPPC:POPG
mixture and Infasurf, the cationic silica NPs not only change
the molecular ordering of the condensed phase, they also
cause the condensation of the POPG-enriched fluid phase,
which additionally leads to a very small tilt angle of the alkyl
chains for the DPPC-rich condensed phase that has not
previously been observed at a similar temperature and

33,34
pressure.

Materials and Methods

Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) and
1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) were

purchased as dry powders form Avanti Polar Lipids (purity
>99%) and used without further purification. The main phase
transition temperatures (Tm) of the lipids are: DPPC 41 °C,
DLPC -2 °C, and POPG -2 °C.>® Infasurf was donated by ONY,
Inc. (Amherst, NY). Ultrapure deionized water with resistivity
of 18.2 MQcm was obtained by the purification of distilled
water with an Easypure Il LF or Milli-Q gradient purification
system. The colloidal silica Levasil 200S (cationic) and Bindzil

This journal is © The Royal Society of Chemistry 20xx
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30/360 (anionic) were donated by Akzo Nobel and received as
aqueous dispersions (30% by weight). Ruby muscovite mica
sheets (V-1/V-2, optical grade 1) were obtained from S&)J
Trading Inc. (Queens, NY).

Surface Pressure-Area Isotherms

Lipid solutions with a total lipid concentration of 1 mM were
prepared for DPPC, DPPC:DLPC, and DPPC:POPG and 1 mg/mL
for Infasurf. A molar ratio of 7:3 was used for the DPPC:DLPC
and DPPC:POPG mixtures. A 9:1 v/v
heptane/ethanol was used as a solvent to prepare the
DPPC:DLPC solution, while spectrograde chloroform was used
as the solvent for the other lipid systems. The Infasurf
suspension was first lyophilized and then mixed with
chloroform to obtain the desired solution. The aqueous
dispersions containing 0.001 wt% of Levasil or Bindzil NPs used
as the subphases in the Langmuir trough were prepared by a
3.3 x 10°-fold dilution of the colloidal silica concentrates with
ultrapure water. DPPC (90 pL), DPPC:POPG (90 pL), DPPC:DLPC
(90 pL), and Infasurf (100 pL) were spread on the surface (area
of 705 cmz) of the aqueous subphase (volume of 375 mL) of a
702 BAM Langmuir trough (Nima Technology Ltd., Coventry,
England) thermostatted at 22.0 + 0.5 °C. After solvent
evaporation (20 min), the lipid monolayer was symmetrically
compressed at a rate of 8 cmz/min (or 1.5 /°-\2/(molecule.min)).
The surface pressure was measured with a precision of 0.1
mN/m using a Wilhelmy balance and a roughened platinum
plate. For each phospholipid system, surface pressure-area
isotherms were repeated until three overlapping isotherms
were obtained on pure water and with NPs. Between
measurements on ultrapure water or with a given NP type, the
Langmuir-Blodgett trough was cleaned thrice with ethanol
(95%). Between NP types, the trough was cleaned with
dishwashing detergent.

mixture of

Langmuir Monolayer Transfer onto Mica

Monolayer films of DPPC, DPPC:POPG, DPPC:DLPC, and
Infasurf were transferred from the air/water interface (area of
768 sz) of a KSV 3000 trough (KSV Instruments Ltd., Helsinki,
Finland) onto freshly-cleaved mica. The inverse (horizontal)
Langmuir-Schaefer technique described by J.A. Zasadzinski et
al.*® was used to deposit the DPPC:POPG, DPPC:DLPC and
DPPC films. To hold the substrate, a custom-made, stainless
steel transfer unit was used. First, the unit with the
immobilized mica was submerged in the aqueous subphase < 1
mm below the water surface. Then, the phospholipid solution
was spread at the air/water interface. After solvent
evaporation (20 min), the monolayer was symmetrically
compressed to 35 mN/m at 15 cmz/min or 2.5
Az/(molecule.min). The DPPC:POPG and DPPC:DLPC films were
transferred onto the substrate right after the target pressure
was reached. DPPC was held at 35 mN/m for 20 min before
horizontal deposition. The compression barriers were stopped
and the subphase carefully aspirated out of the trough using a
Pasteur pipet to lower the subphase level below the top of the
transfer unit so that the lipid head groups of the floating

This journal is © The Royal Society of Chemistry 20xx

monolayer contacted the underlying mica. The knife-edge rim
of the transfer unit cut through and held the monolayer at a
fixed molecular area and surface pressure. The Langmuir-
Blodgett technique was used to deposit the Infasurf monolayer
onto the mica. The mica substrate was submerged vertically
into the water subphase and the Infasurf monolayer formed.
The monolayer was compressed to and held for 20 min at a
target pressure of 35 mN/m. The substrate was then vertically
withdrawn (upstroke) from the water subphase at a rate of 5
mm/min. The solid-supported films were allowed to dry under
ambient conditions for 30 min and imaged by AFM within 24 h
of their preparation.

Atomic Force Microscopy (AFM)

AFM imaging was performed in air on a Dimension ICON AFM
(Bruker, Santa Barbara, CA) in ScanAsyst mode using silicon
nitride probes with nominal spring constant of 42 N/m,
resonance frequency of 300 kHz, and tip radius of <10 nm.
Images were recorded at a scan rate of 1 Hz, 512 x 512 pixel
resolution, and analyzed with Nanoscope software version
7.30.

Zeta Potential and Dynamic Light Scattering

The surface charge of the anionic and cationic NPs (0.001 wt%
dispersions) and the hydrodynamic radius of the particles were
measured using a zeta potential analyzer (Malvern ZETASIZER
NANO) and dynamic light scattering (DLS). All tubes and plastic
cuvettes were dried with a flow of nitrogen gas before the
addition of the NP suspensions. Approximately 600 pL and 700
puL of the NP suspension were added to the plastic cuvettes
used for DLS and zeta potential measurements, respectively.
The refractive index of the dispersant (water) was set to 1.33
and the refractive index of the silica NPs was set to 1.46. The
experiments were performed at a temperature of 22.0 £ 0.5
°C.

Grazing Incidence X-ray Diffraction (GIXD)

The GIXD experiments were performed at beamline 15-ID-C
ChemMatCARS at the Advanced Photon Source (APS) in
Argonne National Laboratory with the following parameters: X-
ray beam wavelength of 1.239 A, incidence angle of 0.0906°,
horizontal size of 20 um, and vertical size of 120 um, leading to
a beam footprint of 20 um by 7.6 cm. The detector used was
the 2D Swiss Light source PILATUS 100K set to single-photon
counting mode. Two sets of slits, one placed in front of the
detector and the other placed 292.0 nm from the sample,
were used to minimize intense low-angle scattering.
Experiments were performed at the air/water interface of a
340 cm? Langmuir trough, where the monolayer was spread
and then compressed at a speed of 5 cmz/min (equivalent to
1.5 /°-\2/(molecule.min)) using a mobile barrier after 20 min of
equilibration time.

The measured GIXD data is plotted as contour plots of the
intensity as a function of both the horizontal (q,,) and the
vertical (q,) scattering vector components. The lattice spacing
dh« was obtained from the in-plane diffraction data as dy =
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21t/ql, where the Miller indices h, k were used to index the
Bragg peaks needed to calculate the unit cell parameters for
the in-plane lattice. The full width at half maximum (fwhm) of
the Bragg peaks after correction for the instrumental
resolution (0.0084 /:\'1) was used to calculate the in-plane
correlation length using the Scherrer formula®” as:
Exy = 0.9 X 2/ fWhMiptrinsic (qxy) Where,
Whmint‘rinsic(qu) = 1/2
fWhmintrinsic (Qch)Z - fWhmresolution(qu)z] .
The fwhm of the Bragg rods was used to estimate the vertical
correlation length as:
L ~0.9x 27r/fwhm(qz).38 All GIXD experiments were
performed at a lateral surface pressure of 35 mN/m and
temperature of 22.0 £ 0.5 °C.

X-ray Reflectivity (XR)

XR is measured as a function of the vertical scattering vector
component (q,). XR probes the electron density variation p(z)
of the vertical structure of the layers at the air/water interface.
A slab model was used to represent the monolayer as a stack
of slabs, with each slab having a constant thickness and
electron density. The electron density profile p(z) was
laterally averaged over both the ordered and disordered parts
of the monolayer under the footprint of the X-ray beam and
was calculated by a sum of error functions as:

p(2) = 25 erfCE) (piss — pi) + 2222

where, erf(z) = (2/vr) foze_tz dt, N is the number of
internal interfaces, o is the surface roughness which is
calculated from capillary wave theory, z; is the position of the
ith interface, p; is the electron density of the jth interface, and
Po is the electron density of the aqueous subphase.”‘40 X-ray
reflectivity data was analyzed using an open source software
developed by Wei Bu, beamline scientist at ChemMatCARS.
The measured X-ray reflectivity R(q,) is normalized by the
Fresnel reflectivity Rr(q,) which, is calculated for a sharp
air/water interface. X-ray reflectivity was calculated using the
Parratt method.**™* Nonlinear least-squares fitting was used
to determine the minimum number (N-1) of internal slabs to
best fit the X-ray reflectivity data. In our XR data analysis, all
systems were treated as a homogeneous monolayer film
although lateral phase separation occurs under the
experimental conditions. This assumption was made based on
the sizes of the condensed and liquid-expanded phases which
are less than the footprint of the X-ray beam in all of our
systems. This assumption has been previously used in the
literature, where the domain sizes of the phase-separated
patches are smaller than the X-ray beam footprint.45 All XR
experiments were performed at a lateral surface pressure of
35 mN/m and temperature of 22.0 £ 0.5 °C.

Results and Discussion

Phase Behavior and Structure of the Different Lipid Systems on
Water

4| J. Name., 2012, 00, 1-3

Surface Pressure-Area Isotherms. The surface pressure-area
isotherms for the four systems, DPPC, DPPC:DLPC (7:3),
DPPC:POPG (7:3), and Infasurf, on ultrapure water at 22 °C are
shown in Figure 1. Although 22 °C is not physiological
temperature, literature has shown the phase behaviour of
DPPC, DPPC:POPG and Survanta (a bovine lung solvent
extract) to be similar but with the phase transitions shifted to
higher surface pressures.46 It should be noted that the
isotherm for Infasurf is reported in terms of the trough area
and not molecular area since its exact composition is not
known. The isotherms resemble those reported in the
literature.”®*’*® The single-component DPPC film undergoes a
liquid-expanded (LE)-to-condensed (C) phase transition as
evidenced by the LE-C plateau between 8 and 10 mN/m. In the
case of the binary lipid mixtures, the phase transition is
broadened and shifted to higher surface pressures between 15
and 20 mN/m. The unsaturated POPG and shorter-chain,
disaturated DLPC both remain in the LE phase until their
respective collapse pressures,‘w’49 as confirmed by the lack of
diffraction peaks in GIXD (data not shown). In binary mixtures
with DPPC, this leads to lateral phase separation into DPPC-
rich condensed domains within a DLPC- or POPG-rich fluid or
LE phase. In the case of the more complex Infasurf mixture,
the LE-C phase transition longer apparent in the
isotherm. The plateau at 40 mN/m is associated with squeeze-
out of the LE phase and reservoir formation.”®>! After the
squeeze-out, the surface pressure increases again due to
compression of the residual condensed phase. The DPPC,
DPPC:POPG and Infasurf monolayers can be compressed to
high surface pressures and finally collapse between 67 and 70

is no
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Figure 1. Surface pressure-area isotherms of DPPC, DPPC:DLPC (7:3),
DPPC:POPG (7:3), and Infasurf on a pure water subphase at 22.0 + 0.5
°C. Isotherms of DPPC, DPPC:DLPC, DPPC:POPG are reported in terms
of molecular area (bottom axis). The isotherm of Infasurf is presented
in terms of the trough area (top axis).

mN/m_ while the DPPC:DLPC monolayer collapses at the lower
collapse pressure of DLPC (53 mN/m), as has been previously
reported.52

AFM Images and X-ray Scattering Results. The lipid
monolayers were all transferred onto mica at 35 mN/m by
inverse Langmuir—Schaefer36 to limit the transfer-induced

This journal is © The Royal Society of Chemistry 20xx



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Environmental Saience:Nano

Journal Name

distortion of the film morphology and phase structure imaged
by atomic force microscopy (AFM). The AFM images of the
transferred films are given in Figure 2 and the tabulated
analyses are presented in Table 1. The GIXD contour plots of
the monolayers at the air/water interface acquired at 35

Figure 2. AFM height images of the lipid monolayers deposited onto mica:
(a% DPPC:DLPC (7:3), (b) DPPC:POPG (7:3), and (c) Infasurf. The monolayers
were transferred by inverse Langmuir-Schaefer at 35 mN/m (a, b) or by
Langmuir-Blodgett at 33 mN/m (c). Left-hand side images are 50 x 50 pm
and right-hand side images are 10 x 10 pm*.

mN/m are shown in Figure 3. The fitted unit cells parameters
are given in Table 2 and the fitted peak positions can be found
in ESI". The XR data is presented in Table 3.

The single-component DPPC monolayer presents a
homogeneous condensed phase (AFM data not shown). The
diffraction pattern shows three low-order reflections (10, 01,
11) with their Bragg rod maxima above the horizon (Q, > 0),
characteristic of a system with an oblique chain lattice and tilt
azimuth in the non-symmetry direction (between nearest
neighbor (NN) and next nearest neighbor (NNN)).2 d spacings
of 4.60 (10), 4.47 (01), and 4.28 (11) A were calculated from
fits of the Bragg peaks and a chain tilt angle of 27.1° was
determined from the Bragg rod analysis. The large tilt angle of
the DPPC chains is comparable to the values reported in the
literature®® at similar surface pressures and temperatures and
has been ascribed to the area mismatch of the hydrated
phosphatidylcholine head group (50 A2)53 and the alkyl chains
(38 A2)53.34 This area mismatch is compensated by tilting the

This journal is © The Royal Society of Chemistry 20xx
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chains until a balance between the projected area of the
chains and that of the head group can be achieved.**

The DPPC:DLPC, DPPC:POPG, and Infasurf monolayers
show two phases of different thicknesses in AFM (Figure 2).
The proportion of the films occupied by the thicker condensed
phase ranges from 40 % to 65 % (Table 1), with DPPC:POPG
showing the greatest coverage of condensed phase. The height
difference between the LE and C phases is very similar for all
three systems and ranges from 5 to 6 A. One should note that
the height difference obtained by AFM is strongly dependent
on the force applied to the sample during imaging.54

DPPC and DLPC have previously been reported to exhibit
phase separation with partial miscibility in monolayers.52 The
AFM image of DPPC:DLPC (Figure 2(a)) confirms the presence
of lateral phase separation. As previously reported, at higher
pressures, the condensed phase breaks up to form branch-like
extensions that protrude from a circular nucleus.’® A similar
effect has been reported for giant unilamellar vesicles and
attributed to partial lipid miscibility due to a low chain
mismatch (four methylenes).47 The mixed monolayer exhibits
an oblique lattice with tilt azimuth in the non-symmetry
direction (Figure 3), analogous to pure DPPC. However, the
diffraction peaks are of significantly lower intensity, which may
be due to phase separation, i.e., the reduced amount of
condensed phase in the beam footprint, and/or a lower
crystallinity of the condensed phase due to the break up of the
condensed phase domains when the system is held at constant
high pressure. d spacings of 4.65, 4.59, 4.29 A and a
hydrocarbon chain tilt of 28.4° were calculated for the mixed
monolayer on the water subphase. In comparison to pure
DPPC, the unit cell shows an expansion and the chains are
more tilted away from the surface normal, with a
correspondingly larger projected area per chain (see Table 2),
resulting from an increased area mismatch between the
shorter-chain DLPC and longer-chain DPPC. The incorporation
of DLPC in the DPPC condensed phase is confirmed by the
shifts in the diffraction peak positions as well as the shorter
vertical coherence length (13.5 A from GIXD) and smaller
average alkyl chain thickness (13.3 A from XR) compared to
those of DPPC (16.5 A and 15.9 A, respectively). Because the
GIXD measurements are only sensitive to the ordered phase of
the film, we observe a higher value for the alkyl chain region
thickness in comparison to the XR value that is an average
value for the alkyl chain region of the entire (non-
homogeneous) film, that is, the average thickness of both the
condensed and fluid phases.

The DPPC:POPG monolayer film exhibits compact micron-
size lobe-shaped domains; smaller submicron-size condensed
phase domains are also found in the fluid phase (Figure 2(b)).
The GIXD diffraction pattern again shows three diffraction
peaks and an oblique unit cell in agreement with the
literature.>® However a lower alkyl chain tilt angle of 20.0° was
calculated for this system. It has been shown that POPG
partially incorporates into the molecular packing structure of
the condensed DPPC phase.34 Replacing the bulkier
phosphatidylcholine head group with phosphatidylglycerol
reduces the area mismatch between the head groups and
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chains, leading to a smaller tilt angle.34 Unlike DPPC:DLPC, the
diffracted intensity is not as dramatically decreased for the
DPPC:POPG system despite the monolayer being phase
separated. This is in agreement with the greater proportion of
condensed phase in the film (Table 1). The incorporation of
POPG into the DPPC crystalline phase causes the average in-

water anionic NPs

DPPC:DLPC

Qz[AT]

DPPC:POPG

Infasurf

DPPC:DLPC

DPPC:POPG

sncezNano

Journal Name

plane correlation length (£) to increase from 151.6 A in pure
DPPC to 166.1 A in DPPC:POPG.

Two distinct size populations of condensed phase domains
are observed for Infasurf (Figure 2(c)). The larger domains are
approximately 15-20 um in diameter while the smaller are 1-2
um. There is no evidence of submicron condensed domains in

cationic NPs

DPPC:DLPC

DPPC:POPG

Infasurf

Qxy A

Figure 3. Contour plots of the X-ray intensities versus in-plane scattering vector components and Q, for DPPC, DPPC:DLPC (7:3), DPPC:POPG (7:3), and
Infasurf on subphases of ultrapure water (left), 0.001 wt% anionic silica NPs (middle), and 0.001 wt% cationic silica NPs (right) at a surface pressure of 35

mN/m and temperature of 22.0 £ 0.5 °C.
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the fluid phase. Moreover, the larger domains reveal a
domain-in-domain structure that has previously been
attributed to the formation of both a cholesterol-rich liquid-
ordered and DPPC-rich tilted condensed phase.29 The complex
lipid composition, multiple phases present, and reduced alkyl
chain tilt angle in Infasurf prevented an accurate
determination of the diffracted peak positions. It is however
clear that the diffraction peaks are found at lower Q, values
than the lipid-only systems, indicative of a smaller tilt angle.
Previous literature reports indicate three diffraction peaks, an
oblique alkyl chain lattice, and a low tilt angle of 6.9 + 10.°

Effect of the Silica Nanoparticles on the Structural Organization

This study compares the effects of cationic and anionic
amorphous silica particles of approximately 20 nm diameter
on the structure and phase behavior of lung surfactant films.
Additional experiments were performed with neutral silica
NPs, however these were not stable and acquired a negative
charge with time (i.e., zeta potential measurements), and
consequently showed a similar effect to that of the anionic
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min of equilibration (see experimental section). Longer
equilibration times were also investigated but showed no
significant effect. We worked at a NP concentration of 0.001
wt% in the subphase (equivalent to 0.01 g/L) and a
corresponding lipid to NP ratio of approximately 150:1. The
surface pressure-area isotherms collected on the aqueous
nanoparticle subphases showed no significant differences,
with the exception of DPPC:POPG and Infasurf (Figure 4). In
the case of DPPC:POPG, both particle types induce an
expansion of the mixed monolayer but have no impact on the
collapse pressure. By contrast, only the cationic NPs impact
the Infasurf isotherm, but only at pressures above the
squeeze-out plateau which begins at ~40 mN/m.

The results of the GIXD and XR measurements performed
on monolayers formed on aqueous dispersions of the silica
NPs are presented in Tables 2 and 3 and Figure 3. In all cases,
fitting of the reflectivity curves required an additional layer in
the presence of the NPs, confirming their presence at the
aqueous/monolayer interface. Moreover, the anionic and
cationic particles yielded layer thicknesses of 150-160 A and
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Figé;re 4. Surface pressure-area isotherms of DPPC, DPPC:DLPC (7:3), DPPC:POPG (7:3), and Infasurf on pure water versus aqueous
subphases containing 0.001 wt% of anionic or cationic silica NPs at 22.0 + 0.5 °C.

silica NPs (data not shown). The lipids were spread on a NP
containing subphase and subsequently compressed after 20

This journal is © The Royal Society of Chemistry 20xx

223-228 A, respectively, in agreement with the average
particle sizes determined by DLS (Table S1 of ESIf).
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Anionic Silica NPs. For all four lipid systems on the anionic NP-
containing subphase, the alkyl chains remain in an oblique unit
cell with tilt between NN and NNN. Additionally, the particles
only induce minor changes in the d-spacings and alkyl chain tilt
angles that may simply be due to the reorientation of the head
groups to interact with the charged particles. Both DPPC and
DPPC:POPG exhibit a small expansion of the unit cell in the
presence of the NPs. Although the diffraction peaks of Infasurf
could not be definitively fitted, as already mentioned, the
contour plots clearly indicate that the diffraction peak shifts to
a higher value of Q,, indicating a unit cell expansion similar to
that of DPPC and DPPC:POPG. In the case of DPPC:POPG, this
small difference can be surprising given that the NPs hinder
the condensed phase formation, shifting the LE-to-C plateau to
higher surface pressure (Figure 4). What this suggests is that
the anionic NPs have an effect on the molecular spacing of the
POPG-rich LE phase, which is not detectable by GIXD. By
contrast, the changes in unit cell of the condensed phase of
DPPC:DLPC shows a small contraction that may be a
consequence of the expansion already induced by the DLPC.
Additionally, the low intensity of the diffraction peaks makes
an absolute determination of this change difficult.

The XR results show subtle changes in the alkyl chain
thickness in all of the lipid systems compared to those on the
water subphase, in agreement with the small changes in the
chain tilt angles obtained from the diffraction data. The
thickness of the head group region however shows a decrease
consistent with a head group re-orientation. Such re-
orientations have previously been demonstrated in the
presence of charged amphiphiles and counterions.”® It has
been shown that in the water subphase, the head group is
positioned with the phosphorous-nitrogen axis oriented
approximately parallel to the water subphase.ss’57 In the
presence of positively-charged entities, it adopts a new
orientation with tilting of the nitrogen towards the water
subphase. By contrast, in the presence of negatively-charged
entities, the head group adopts a conformation with the
nitrogen facing towards the monolayer film.”® The latter re-
orientations lead to a decrease in the thickness of the head
group region, consistent with our XR results.

6

Cationic Silica NPs. The GIXD results of the DPPC and
DPPC:DLPC systems show that the alkyl chains remain in an
oblique unit cell with tilt between NN and NNN. Like the
anionic NP subphase, a slight expansion of the unit cell is
observed along with a small increase in the alkyl chain tilt and
a commensurate decrease in the thickness of the alkyl chain
region. The XR results also confirm the adsorption of the NPs
to the monolayer film. However, in this system the thickness of
the head group region is slightly increased relative to the
water subphase. As discussed above, DPPC has been reported
to re-orient in the presence of cationic entities and tilting of
the nitrogen towards the subphase yields an increased head
group thickness.

For DPPC:POPG, the cationic NPs induce a significant
change in the diffraction pattern, which comprises two Bragg

8 | J. Name., 2012, 00, 1-3

peaks, both with their Bragg rod maxima above the horizon (Q,
> 0), indicating a centered rectangular unit cell with the tilt
azimuth in the NNN direction. From the fitted Bragg peaks, d
spacings of 4.35 and 4.26 A and a hydrocarbon tilt angle of
6.8° were calculated, indicating that the cationic NPs induce a
significantly more compact and less tilted condensed phase.
Such a small tilt angle has not been observed for the DPPC
condensed phase at a similar temperature and pressure,ss’34
except in the presence of chaotropic agents,‘:’8 i.e., pure DPPC
monolayers on water do not achieve this low tilt angle. Given
that the cationic NPs do not have a significant impact on pure
DPPC, this must be a consequence of the anionic POPG that
has some partial miscibility in the DPPC-rich condensed phase.
In order to probe this interaction, XR and GIXD measurements
were performed on pure POPG films. As expected, no
diffraction peaks were observed for POPG on either water or
the subphase containing the anionic NPs (data not shown).
However, in the presence of the cationic NPs, a weak
diffraction peak is observed, indicating a local condensation of
the POPG at 35 mN/m. The peak intensity increases with
compression and a sharp peak was observed by 44 mN/m
corresponding to a hexagonal lattice of untilted chains (Figure
5 and Table S3). Isotherms of POPG on a cationic NP subphase
exhibit a change in compressibility (relative to those on water),
commensurate with a more condensed monolayer (Figure S1).

Q[T

Figure 3. Contour plot of the X-ray intensity versus the
in-plane scattering vector components Q,, and Q, for
POPG on the subphase containing 0.001 wt% cationic
NPs at a surface pressure of 44 mN/m and
temperature of 22.0 £ 0.5 °C.

We cannot conclude whether the cationic NPs induce an
condensation of the POPG molecules, which
increases the proportion of POPG in the condensed phase and
consequently reduces the tilt angle of this phase and/or
whether the cationic NPs induce a strong re-orientation of the
POPG already distributed throughout the condensed phase.
Both a single condensed phase structure and overlapping
diffraction peaks from two distinct condensed phases were fit
to the data, however the single condensed phase gave a better
fit considering the peak position of pure POPG on cationic NPs.
Furthermore, with the very small tilt angle of 6.8° for
DPPC:POPG, one expects an increase in the hydrocarbon chain
region thickness. The vertical coherence length (15.0 + 0.6 A,

additional

This journal is © The Royal Society of Chemistry 20xx
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GIXD) as well as the chain region thickness (15.5 A, XR) both
show a decrease in the alkyl chain thickness (approximately
1.5-2.0 A compared to water). A similar decrease is also
observed for pure POPG (ESIf, Table S4). This suggests that the
strength of the cationic NP-anionic lipid interactions pulls the
monolayer film towards the aqueous subphase.

The contour plots for Infasurf, which contains a significant
proportion of anionic Iipids,29 clearly indicate that the
diffraction peak also shifts to a lower value of Q,, indicating a
tilt angle reduction. The extent of this reduction is lower than
observed with DPPC:POPG, however it should be noted that
the tilt angle is already quite small for Infasurf on water and
the LE phase for Infasurf comprises both charged and
uncharged lipids. Thus, the amount of POPG that can be
condensed is lower.

Noteworthy is that the interaction of DPPC:POPG with the
cationic nanoparticles induces a tilt angle similar to that of
Infasurf on water based on the position of the out-of-plane
scattering vector components (Q,). This could imply that the
positively-charged proteins (SP-B and SP-C) exert a condensing
effect analogous to that of the cationic NPs. Hadicke and
Blume®® reported that cationic peptides can accumulate on
negatively-charged lipids and serve to minimize charge
repulsion, thereby inducing a film contraction. This condensing
effect was reported for both the negatively-charged
condensed and LE phases. Although cationic nanoparticle-lipid
clusters have been observed by Brewster angle microscopy
(BAM) for much larger nanoparticles (107 nm) and at 10-fold
higher nanoparticle-lipid rati021, to our knowledge, there has
been no direct evidence that a condensed phase has been
induced from an LE-forming lipid. BAM imaging yielded no
evidence for such clusters in this system (data not shown)
however the particle size is much smaller, and clusters may be
below the 1 pm limit of resolution of BAM. For POPG, the
critical temperature above which no monolayer condensed
phase is observed has been reported to be 20 °C (i.e., below
this temperature a condensed phase can be induced at high
pressures).49 Thus, it appears that the interaction of the
cationic NPs with the anionic lipid head groups can sufficiently
reduce the charge repulsion, resulting in a shift of the critical
temperature by a few degrees such that a condensed phase
can be formed. This condensation will affect the LE-C phase
ratio. Alonso et al.*® demonstrated that the viscosity of lung
surfactant is highly sensitive to this ratio with a significant
increase in viscosity beyond a critical condensed phase
fraction. They noted that subtle changes in this ratio could
have a significant impact on the mechanical properties of lung
surfactant films.

Herein, we have shown that cationic NPs have a
significantly greater impact on lung surfactant than anionic
NPs. This is concordant with cytotoxicity studies that have
shown that charged NPs have a more cytotoxic effect on non-
phagocytic cell membranes than neutral forms,60 with cationic
particles being more cytotoxic than anionic ones.’'™®
Furthermore, computational modeling66 and experimental
studies®” have shown that cationic NPs penetrate into lipid
films containing anionic phosphatidylglycerols, while anionic

This journal is © The Royal Society of Chemistry 20xx

particles do not penetrate either in DPPC, DSPC or DPPC:POPG
membranes. It has been shown that the interaction with
anionic NPs induces a film expansion, albeit in systems with
much higher particle concentrations.*?” At the much lower
concentrations used here, isotherm expansions are not always
observed, even when significant structural changes are
induced via lipid-NP interactions. Moreover, even at low
concentrations, anionic particles can hinder the formation of
condensed domains, as has been previously observed,zs'26
shifting the LE-C phase transition to higher surface pressures.

Conclusions

The structural organization of the condensed phase in lung
surfactant films can be modified by exposure to low
concentrations of charged silica nanoparticles. The choice of
lipids to model the liquid-expanded and condensed phases of
lung surfactant is an important parameter. First of all, the
extent of lipid partial miscibility is a function of the choice of
the fluid-phase forming lipid and this can cause subtle changes
to the DPPC-rich condensed phase. The similarity of the
structural changes for DPPC:POPG and Infasurf upon
interaction with the NPs suggests that using a charged
(anionic) lipid such as POPG as the fluid-phase forming lipid
provides a better mimics of the natural extract Infasurf. For
hydrophilic NPs dispersed in the subphase, anionic NPs
interact with the lipid head groups, but only induce a small
change in the lipid head group and alkyl chain organization and
orientation as determined by GIXD and XR. These results are in
agreement with previous studies on anionic NPs causing a
slight expansion of the condensed phase.4 While much
attention has been given to negatively-charged particles (e.g.,
hydroxyapatite, polystyrene, engineered carbon
nanodiamonds, and silica), at the low concentration of 0.001
wt%, it is the cationic NPs that have a marked effect on the
structure of the film. In particular, the cationic NPs induce a
condensation of the normally fluid phase POPG resulting in a
large net reduction of the chain tilt angle in the condensed
phase. This has implications for the LE-C phase ratio and
consequently the film mechanical properties.
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:: ; Table 1. Height differences and percent area coverages determined for DPPC:DLPC, DPPC:POPG, and Infasurf.

13 Lipid System Height difference (LE-C) [A]° % area coverage of condensed phase’

14 DPPC:DLPC (7:3) 5.8+0.8 48 + 14

15 DPPC:POPG (7:3) 5.2+0.6 65+7

16 Infasurf 5.6+0.4 40+ 8

17 ? Height differences and percent area coverages determined from an analysis of the depth histograms of 2-4 AFM images acquired on different areas of the sample.

18

19

20

21 TaPIe'Z. d spacings, chain tilt (t'), p'rojected area per chain (A,,), lattice type, and tilt azimuth for DPPC, DPPC:DLPC (7:3), and DPPC:POPG (7:3) on subphases of water, 0.001 wt%

2 anionic NPs, and 0.001 wt% cationic NPs, calculated from GIXD measurements at 35 mN/m and 22.0 + 0.5 °C.

23 System Subphase d (10) d(01) d(1+1) Chain tilt? Ay Lattice Tilt azimuth

24 A | i (Al [’ [A’)

25 DPPC Water 4.60 4.47 4.28 27.1 22.9 Oblique Intermediate
DPPC Anionic NPs 4.74 4.65 4.29 32.7 24.1 Oblique Intermediate

26 DPPC Cationic NPs 4,71 4.60 4.29 31.3 23.3 Oblique Intermediate

27

28 DPPC:DLPC Water 4,65 4.59 4.29 28.4 235 Oblique Intermediate

29 DPPC:DLPC Anionic NPs 4.62 4.46 4.28 26.7 23.0 Oblique Intermediate

30 DPPC:DLPC Cationic NPs 4.72 4.63 4.29 28.4 239 Oblique Intermediate

31

32 DPPC:POPG Water 4.46 4.38 4.26 20.0 22.0 Oblique Intermediate

33 DPPC:POPG Anionic NPs 4.50 4.43 4.28 22.7 22.4 Oblique Intermediate

34 DPPC:POPG Cationic NPs 4.26 4.35 4.26 6.8 21.5 Centered rectangular NNN

35 ® The chain tilt (t) is the angle of the fully-extended alkyl chain relative to the normal and A,y is the area occupied by the chain in the x-y plane.

36

37

38 Table 3. Fitted parameters for XR data for DPPC, DPPC:DLPC (7:3), and DPPC:POPG (7:3) on subphases of water, 0.001 wt% anionic NPs, and 0.001 wt% cationic NPs at 35 mN/m

39 and 22 £ 0.5 °C.

40 System Subphase Tail Head group Nanoparticle

41 Thickness p Thickness o Thickness o G

42 [A] [e/A°) [A] le/A°) [A] le/A°) [A]

43 DPPC Water 15.9 0.317 8.7 0.455 - -- 3.47

44 DPPC Anionic NPs 15.8 0.321 7.9 0.470 160.4 0.334 3.31

45 DPPC Cationic NPs 15.4 0.314 9.2 0.453 227.7 0.334 3.46

46 DPPC:DLPC Water 13.3 0.324 8.7 0.418 - -- 3.62

47 DPPC:DLPC Anionic NPs 13.6 0.323 8.0 0.417 150.5 0.335 3.68

48 DPPC:DLPC Cationic NPs 12.9 0.320 9.3 0.413 228.3 0.335 3.62

49

50 DPPC:POPG Water 17.5 0.320 8.5 0.463 - -- 3.79

51 DPPC:POPG Anionic NPs 17.2 0.326 7.9 0.477 159.7 0.334 3.87

52 DPPC:POPG Cationic NPs 15.5 0.312 10.6 0.476 223.4 0.339 4.02

53 ? 6 is the root mean square of roughness at the interface.

54

55

56

57

58 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 12
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Low concentrations of cationic silica nanoparticles impact lung surfactant membrane structure while anionic nanoparticles
have minimal effect.
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