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Abstract

The focus of this work is to elucidate how phospholipid composition can modulate lipid
nanoparticle interactions in phospholipid monolayer systems. We report on alterations in lipid
domain formation induced by anionically engineered carbon nanodiamonds (ECNs) as a function
of lipid headgroup charge and alkyl chain saturation. Using surface pressure vs area isotherms,
monolayer compressibility, and fluorescence microscopy, we found that anionic ECNs induced
domain shape alterations in zwitterionic phosphatidylcholine lipids, irrespective of the lipid alkyl
chain saturation, even when the surface pressure vs area isotherms did not show any significant
changes. Bean-shaped structures characteristic of dipalmitoylphosphatidylcholine (DPPC) were
converted to multilobed, fractal, or spiral domains as a result of exposure to ECNSs, indicating that
ECNs lower the line tension between domains in the case of zwitterionic lipids. For membrane
systems containing anionic phospholipids, ECN-induced changes in domain packing were related
to the electrostatic interactions between the anionic ECNs and the anionic lipid headgroups, even
when zwitterionic lipids are present in excess. By comparing the measured size distributions with
our recently developed theory derived by minimizing the free energy associated with the domain
energy and mixing entropy, we found that the change in line tension induced by anionic ECNs is
dominated by the charge in the condensed lipid domains. Atomic force microscopy images of the
transferred anionic films confirm that the location of the anionic ECNs in the lipid monolayers is
also modulated by the charge on the condensed lipid domains. Because biological membranes
such as lung surfactants contain both saturated and unsaturated phospholipids with different lipid
headgroup charges, our results suggest that when studying potential adverse effects of
nanoparticles on biological systems the role of lipid compositions cannot be neglected.
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INTRODUCTION

Recent advances in the field of nanotechnology have led to increased use of engineered
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nanoparticles (ENPs) in commercial applications such as electronic components, cosmetics,
surface coatings, and scratch-free paints and biomedical applications such as targeted drug

delivery.1:2 The small size of these engineered nanoparticles leads to altered chemical

reactivity when compared to that of their bulk counterparts. Additionally, their extremely

small size makes ENPs increasingly capable of entering the human body either through

environmental exposure or intentionally by inhalation, ingestion, skin penetration, or being

directly injected as in the case of several medical applications. Although their altered
chemical reactivity and small size make ENPs desirable for multiple commercial and

medical applications, their potential toxic impact on biological materials, living organisms,

and the environment is not yet well understood and is therefore a cause for concern.3

The respiratory route represents a unique portal of entry for inhaled nanoparticles, resulting

in their accumulation in the lung. It has long been known that nanoparticles with a
hydrodynamic radius of 10-20 nm are predominantly deposited in the alveolar regions,
where they are expected to interact with lung surfactants (LS), a mixture of lipids and

proteins that are together responsible for maintaining a low surface tension in the lung and
preventing collapse.*-8 However, an analysis of the nanoparticle deposition has also shown
that these smaller nanoparticles are often exhaled during expiration. Rather, nanoparticles
and nanoparticle agglomerates in the size range of 0.1-2 um are more likely to be retained in

the alveolar regions.”8 As a result, the past few years have seen an increase in studies

focused on the biophysical interactions of LS with polymeric and metallic nanoparticles of
different composition, size, surface potential, or modified surface chemistry. Unfortunately,
many of these studies have demonstrated contradictory effects of the nanoparticles on LS, as
summarized below.
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Galla and co-workers have reported concentration-dependent adverse effects of hydrophobic
polyorganosiloxane (AmOTrSil20) on the surface-tension-lowering ability of a model LS.
They observed an increased fluidization of the phospholipid monolayers due to interaction
with the hydrophobic nanoparticles.® In a follow-up article, this group used high-resolution
microscopy imaging to further show that the AmOrSil20 nanoparticles influence the
insertion of surfactant vesicles into the air/lipid interface in a concentration-dependent
manner, possibly by associating with surfactant-associated reservoirs of LS at higher
nanoparticle concentrations and surfactant packing® while associating with fluid regions of
the film at lower surface pressures. More recently, these authors have also provided
evidence of the molecular rearrangement of model LS around these hydrophobic
nanoparticles,!! which may also be effected by the size of the hydrophobic nanoparticles.!?
Similarly, Zuo and co-workers have not only demonstrated time-dependent adverse effects
of hydroxyapatite nanoparticles on surfactant vesicles of clinical surfactant Infasurfl3 but
also have demonstrated a difference in their translocation propensity through lipid
monolayers.14 In contrast, Beck-Broichsitter et al. reported that polystyrene nanoparticles of
size 100 nm demonstrated no change in the surface-tension-lowering ability of another
clinical surfactant (Alveofact) at a range of different concentrations.® Further, Farnoud et
al. showed that 200 nm carboxyl-modified polystyrene particles had opposite effects on the
packing of dipalmitoylphosphatidylcholine (DPPC) films depending on their mode of
exposure. When nanoparticles were injected below a preformed DPPC film, no penetration
of the nanoparticles was noted. However, when the phospholipid was spread on a
nanoparticle-laden subphase, significant alteration of the DPPC packing was observed. The
authors suggest that the sequence of particle and monolayer addition may influence
nanoparticle-lipid interactions.16

Adverse effects of metallic nanoparticle—lung surfactant lipid interactions on the surface-
tension-lowering ability was reported for TiO, nanoparticles of size ~5 nm but not for
microparticles of TiO,,17:18 suggesting that the size of these metallic nanoparticles
contributes to their interactions with lipids. Along similar lines, Kodama et al. recently
presented evidence of the existence of a critical particle size range that effects the
phospholipid domain packing of a model lung surfactant.1® Bakshi et al. reported that bare
gold nanoparticles of size 15 nm impeded the ability of model lung surfactants to lower the
surface tension?? and led to the aggregation of surfactant protein SP-B, preventing efficient
adsorption of surfactant to the air/water interface. Contrary to these results, Tatur and Badia
demonstrated contrasting behavior in the case of pure or mixed phospholipid monolayers
exposed to hydrophobic alkylated gold nanoparticles of average core diameter 2 nm.2! Their
results indicated that even though these functionalized gold nanoparticles did not alter the
surface-tension-lowering ability of lung surfactants, they altered the shape and size of liquid-
condensed domains in DPPC films, used as a model protein-free LS. Interestingly, no
adverse effects were seen for clinical surfactant Survanta?! (containing both saturated and
unsaturated lipids as well as surfactant proteins) even at nanoparticle concentrations that
were 2 orders of magnitude higher than in the case of exposure to DPPC. These results
suggested that the composition of lipid monolayers and the association of gold nanoparticles
with the lipid domains played a dominant role.
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The contrasting results of the effect of nanoparticles on phospholipid packing in model lung
surfactant function and, particularly, the potential role of surfactant composition on lipid
nanoparticle interactions form the major motivations for this study. Although the effects of
the shape, size, and surface chemistry of the nanoparticles themselves have been studied in
detail, to the best of our knowledge the effect of lipid headgroup charge and lipid saturation
on nanoparticle-induced changes in lipid domain formation and lipid packing is currently
unknown. Therefore, the focus of this work is to understand how differences in lipid
composition alter their interactions with nanoparticles. In particular, we report on the
alterations in lipid domain packing of five different lipid compositions with different alkyl
chain saturation and headgroup charge (Supporting Information, Table S1) induced by
surface-modified engineered carbon nanodiamonds (ECNSs) with a net negative charge. The
choice of lipids is explained in detail in the Discussion section and aims to reflect the major
phospholipid headgroups (phosphatidylcholine, PC; phosphatidylglycerol, PG) in native and
synthetic LS mixtures. Because both saturated and unsaturated lipids are essential for the
proper functioning of LS, our choice of lipid compositions also reflects the alkyl chain
saturations present in LS. ECNs were picked as our choice of nanoparticles because they
have recently received a lot of attention as a result of their potential applications in drug
delivery, biomedical imaging, and tissue engineering applications?2 and are regularly used
by coauthor Forrest for in vivo applications.23:24 Therefore, understanding the fundamental
physical rules governing lipid—nanapoarticle interactions using these nanoparticles is
significant from a nanotoxicity perspective.

MATERIALS AND METHODS

Materials

Methods

Phospholipids dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylglycerol
(DPPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) used in this study were purchased
from Avanti Polar Lipids (Alabaster, AL) as organic mixtures in chloroform at a final
concentration of 5 or 25 mg/mL. Texas red 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt, (TXR-DHPE) lipid dye was purchased in the
dried form from Life Technologies (Invitrogen, Grand island, NY) and dissolved in high-
performance liquid chromatography (HPLC)-grade chloroform (final concentration 0.5 mg/
mL). All organic solvents used for this work were purchased from Thermo Fisher Scientific
Inc. (Pittsburgh, PA). The subphase water (resistivity 18.2 MQ/cm) was prepared using a
Millipore gradient system (Billerica, MA). The lipid mixtures were stored at —20 °C when
not in use to ensure no evaporation of the organic solvent. The carbon nanodiamonds used in
this study were obtained from Microdiamant, Lengwil, Switzerland.

Stock solutions of pure DPPC or DPPG or mixed phospholipids of DPPC:DPPG,
DPPC:POPC, and DPPC:POPG in a 70:30 molar ratio for DPPC:POPC and DPPC:POPG
and a 75:25 molar ratio for DPPC:DPPG were mixed with 0.5 mol % TXR-DHPE dye in
HPLC-grade chloroform:methanol (4:1) mixtures. The ratio of 7:3 was selected primarily
because many synthetic lung surfactant mixtures contain this ratio of PG. Stock solutions of
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the ECN were prepared by suspending the ECNs initially in water and in the
methanol:chloroform mixture and allowing the solution to sonicate for 2 h. Immediately at
the end of the sonnication process, the particle size and zeta potential (for the aqueous
sample) of the samples were measured using dynamic light scattering (NanoBrook Omni,
from Brookhaven Instruments Corporation). The particle size was also measured in the
presence of phospholipids in the organic solution. For these samples, stoichiometric volumes
of the ECN were added to the organic lipid solution immediately after sonication and used
for particle size analysis or for the Langmuir trough experiments described below. Table 1 in
the Supporting Information shows the particle size distribution, obtained using the
Smoluchowski equation that is built into the software. Our results showed that the carbon
nanodiamonds formed aggregates of effective size 219 nm (average of three measurements),
with a polydispersity of 0.19 when dispersed in water, whereas the effective size of the
aggregates in the organic mixture used for further experiments was found to be 235 nm with
a polydispersity of 0.35. Furthermore, we found that this aggregate size did not change
within the first half hour after sonnication, ensuring that the particle size did not change
during the experiment. The zeta potential was measured using a 1.0 mM KCI solution and
was found to be —28 mV. The anionic nature of the ECN surface is a result of the
interactions of these nanodiamond powders with air or ozone (during the purification
process), which typically results in the presence of COOH groups on the ECN surface.?2
This anionic nature of the ECNs enables several surface modifications that are advantageous
for various delivery-based applications.22

To initiate each experiment on the Langmuir trough, the lipid/nanoparticle mixture was
made in a chloroform:methanol mixture (4:1) and was added dropwise from a Hamilton
glass syringe to a water subphase equilibrated to a temperature of 22 °C at a pH of 5.6,
contained in a ribbon Langmuir trough (Biolin Scientific Inc.) of maximum area 166 cm?
and minimum area 46 cmZ. In these experiments, water was chosen as the subphase of
choice to eliminate the effect of cations on the phospholipid packing and to compare and
contrast our results with previous biophysical measurements using similar phospholipid
systems where water was chosen as the subphase.921.25.26 The moveable ribbon allowed
controlled compression and expansion of the lipid monolayer formed at the interface,
serving as an in vitro model mimicking the change in the alveoli area during inhalation and
exhalation. Only the compression cycle is shown here. The trough is computer controlled
using the trough control software available at Biolin Scientific. After the sample was spread,
the solvent was allowed to evaporate by waiting for 20 min before any compression was
started. In this study the monolayer compression rate was kept at 7.0 cm?/min. This rate is
slow enough to allow time for simultaneous focusing on the monolayer film during
compression and also mimic a quasistatic compression rate. Compression studies were also
conducted at 125 cm2/min to ensure that the changes in the isotherms were not dependent on
the rate of compression. A wet calibrated filter paper was used as a Wilhelmy plate balance
allowing continuous recording of the surface pressure during the compression/expansion
cycles. The Langmuir trough was mounted on a custom-modified Nikon Eclipse
fluorescence microscope with motorized focusing to allow continuous monitoring of the
surface morphology during film compression. A 40x-long working distance objective
designed for fluorescent light was used to view the lipid monolayer film. A dichroic mirror/
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barrier filter assembly directed the excitation light onto the monolayer films at a normal
angle of incidence and filtered the emitted light. The images were detected by a fast CCD
camera (Andor LUCA), and short image sequences (five frames) were recorded at every 1-5
mN/m surface pressure interval depending on the sample and the surface pressures.

Compressibility Modulus

The compressibility of a lipid monolayer is sometimes used to describe the monolayer
mechanical properties. The isothermal two-dimensional bulk modulus of a material can be
described as the material’s ability to store mechanical energy as stress. Mathematically, this
two-dimensional bulk modulus, g, is defined as

_ ol [0y 1
o= 4(5a) 4 (Gx), == o

The inverse of Sis defined as the isothermal compressibility, x, and is often used to quantify
mechanical properties of lipid monolayers. Note that fand # are both second-order
derivatives of the free energy, G. y= (0G/0A)t and = (92G/0A2)1. Therefore, a dip in an
experimentally obtained g vs A profile (or a discontinuous change at which f— 0 or x —
o0) signifies a first-order phase transition. In addition, a higher incompressibility suggests
the formation of condensed well-packed films and is essential to the proper functioning of
LS. For our experimental results, the compressibility modulus was calculated by taking the
derivative of the surface pressure vs area isotherms using built-in functions in Origin 8.62.
The data was smoothened using an FFT filter over five points for all points except near the
monolayer collapse region.

Calculation of Line Tension Changes from Domain Size Distribution

It is now well known that lipid molecules at the interface undergo lateral organization of the
molecules to form domains.2” Theoretical and experimental work by McConnell and co-
workers have shown that the distribution of domain sizes and shape in monolayers is a result
of a balance between the interfacial energy at the domain edges (line tension) and
electrostatic interactions between domains.28-30 The difference in lipid chain lengths
between the liquid-ordered (l,) and liquid-disordered (lg) phases (or liquid condensed (LC)
and liquid expanded (LE) phases in the case of monolayers) leads to a line tension, 4,
proportional to the hydrophobic mismatch between domains and the interfacial tension of
the hydrocarbon-air interface (1 o (I — lg) 7). Similarly, a difference in the packing density
and composition between lipid phases results in a change in the average dipole density (Am?
=mgy — Mg) due to electrostatic repulsion between and within the domains. This electrostatic
repulsion in turn leads to changes in the electrostatic energy of the film. However, these
parameters are often difficult to measure, particularly in the presence of small impurities,
such as the ECN in this work. We have previously demonstrated a technique to calculate the
line tension and dipole density difference of phospholipid domains by comparing the
measured size distributions with a theory derived by minimizing the free energy associated
with the domain energy and mixing entropy.31:32 In these systems we assume that the
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domains are in equilibrium. Briefly, for a circular domain, the radius of the domain (R) is
related to the energy E by the equation

E  2ag A Am21 <4R>
N R 4mee, "\ ea @

In this expression, line tension, A, between the domains of area ag promotes fewer, larger
domains, and the dipole density difference, Am2, (C/m) between the domains promotes
smaller, more numerous domains. A is a length on the order of molecular dimensions, ~ 1
nm, ¢ is the dielectric constant of water (~80), and &, is the permittivity of free space (=
8.854 x 10712 C2/J m).28 N is the number of molecules with radius R and can be given by
minimizing eq 2, showing that the minimum-energy radius, Ry, for an isolated domain is

e3A 4dmee,
Ro=— [exp (mﬁ] ®

However, our results demonstrate that the lipid domains at interfaces are polydisperse and
do not alter their shapes for several hours. This observation suggests the role of the entropy
of mixing, leading to a domain size distribution. Assuming an ideal entropy of mixing (i.e.,
no interactions between domains) and equality of the chemical potential of lipid condensed
domains of radius R or Ry, we have shown that one can write an equation for the number
fractions of domains (Cy ) with N (radius R) or M (radius Rg) molecules in terms of the
radius of the domains of molecules N and M:3!

2 2
_ Am2RO Ry 2 R*/ R
COn=| CuP I \ B 1 @

Equation 4 is used to fit the experimentally obtained domain size distributions, using Cy,
(AM2Rg)/(4£,£KT), and Ry as the three fitting parameters (fits of adjusted r2 values greater
than 0.8 were accepted as good fits). Equation 3 is then used to calculate the line tension.

Image Analysis

All fluorescence microscopy images were analyzed using ImageJ (NIH). To calculate the
total change in the packing of the lipid ordered domains, the change (&) in the area fraction
of the ordered condensed domains (the dark domains in the images) is calculated using the
following equation:

Acondensed area fraction=
condensed area fraction(control) —condensed area fraction(w/ECN)
condensed area fraction(control)

where
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area of dark domains

condensed area fraction=
total area of frame

The domain size distribution is plotted as normalized histograms with the width of the size
distribution being set by dividing the maximum measured domain size by the square root of
the number of domains analyzed, n¥2. The minimum resolved domain radius was set to be
0.5 um, which was determined by the resolution of the optical microscope. To improve the
statistics, two neighboring frames were analyzed. To represent the histogram as a probability
distribution, we represent the number of domains as a relative frequency. Using the
nonlinear curve fit feature of Origin 8.6, the domain size distribution of DPPC:DPPG and
DPPC:POPG domains with and without ECNs was fit to eq 4, and the fitting parameters
were used to calculate the line tension of these monolayers.

Atomic Force Microscopy (AFM)

RESULTS

The location of the ECNs in the anionic lipid monolayers inferred from the domain size
distribution of DPPC:DPPG and DPPC:POPG domains with and without ECNs was
correlated with high-resolution AFM images of the phospholipid films at a surface pressure
of 20 mN/m transferred onto a freshly cleaved mica substrate. A home-built inverse
Langmuir—Schaffer technique similar to the technique developed by Lee et al. was used for
the film-transfer process.32 This technique allows the visualization of the film during the
transfer process to ensure that there were no perturbations in the domain distribution during
the transfer process. Briefly, the mica substrate was placed on an aluminum holder with
machined knife edges following the design of Lee et al.33 This whole apparatus was first
thoroughly cleaned and then placed on the bottom of the trough and kept submerged during
the compression cycle. When the desired surface pressure was reached, the water was very
slowly aspirated until the knife edge cut the monolayer and let it fall onto the substrate. The
focus was readjusted throughout the process to ensure that the surface was always visible.

The transferred monolayers were imaged at ambient temperature in air using a Veeco
diMultimode V microscope. A J scanner with an X-Y scan range of 125 x 125 um? was used
in tapping mode using antimony-doped silicon probes (Bruker Scientific) with a resonance
frequency of 371 kHz. Images were collected at a scan rate of 1 um/s at a resolution of 512
pixels/line. The images were later flattened using the built-in software to compensate for
sample tilt (raised features were excluded from this flattening). The captured images were
exported and saved for further use and height analysis.

Isotherms of DPPC

Figure 1A shows a quasi-static surface pressure vs mean molecular area isotherm for a
DPPC film containing 1.0 wt % (10 pg/mL) ECN. The averages of three sets are plotted.
Surface pressure is defined as IT = y, — y, where j, = 72 mN/m for water and y is the
measured surface tension. The red dashed line shows a characteristic surface pressure vs
mean molecular area of a pure DPPC film. At a very high area per molecule, the monolayer
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was in the gas phase, with a nearly zero surface pressure. As the area of the trough was
decreased, the total area exposed to the molecules increased, which in turn caused the
surface pressure to increase from zero. With increased compression, the film entered the
liquid expanded (LE) phase, which was accompanied by a smooth increase in the surface
pressure until a plateau was reached at IT = 7 mN/m, corresponding to the start of the liquid
condensed (LC) region. The presence of a plateau region on further compression of the
trough was due to an increase in the fraction of LC domains at the expense of the LE phase
at a nearly constant surface pressure (coexistence plateau). At the end of this coexistence
plateau, the surface pressure increased almost linearly with decreased molecular area until
the film underwent collapse at a surface pressure ~72 mN/m. The black dashed—dotted curve
shows the measured surface pressure vs mean molecular area after the DPPC film had been
incubated with ECN. No significant changes in the collapse surface pressure or the surface
pressure corresponding to the LE/LC coexistence plateau were noted when the DPPC
solution was incubated with 1.0 wt % (10 pg/mL) ECN. However, the addition of ECN did
cause a shift of the curves to smaller mean molecular areas occupied by the lipid molecules,
suggesting that the ECNs have a condensing effect on the DPPC domains.

Isotherms of DPPG

Figure 1B shows a typical surface pressure vs mean molecular area isotherm for a DPPG
film containing 1.0 wt % (10 pg/mL) ECN. As expected, on the basis of previous reports, a
pure DPPG film (red dashed curve) at room temperature did not show an explicit LE/LC
coexistence plateau seen for DPPC. Vollhardt et al. showed that this is because DPPG films
on a pure water subphase already existed as an LC phase at a surface pressure of 0 mN/m.2
Upon compression, the surface pressure increased sharply until the film underwent
monolayer collapse at a surface pressure of around 60 mN/m. Adding 1.0 wt % (10 pg/mL)
ECN did not alter this surface pressure vs area isotherm.

Isotherms of DPPC:DPPG

DPPC:DPPG was used as a model lipid system containing a net negative charge due to the
PG headgroup, and the alkyl tail length and tail saturation were the same for both lipids.
This model mixture has previously been used by Harishchandra et al. to study the effect of
hydrophobic AmOrSil20 on model lipid films. As seen in Figure 1C, the characteristic
surface pressure vs mean molecular area isotherm (red dashed curve) resembled that of a
pure DPPG film, with no LE/LC coexistence region typical of a DPPC film but had a
collapse surface pressure corresponding to a DPPC film. No changes in the pressure area
isotherms were observed when 1 wt % (10 pg/mL) ECN was added to this lipid mixture
(black dashed—dotted line).

Isotherms of DPPC:POPC

The introduction of unsaturated POPC molecules with mixed alkyl chains alters the ability
of DPPC molecules to form well-packed structures. As a result, the addition of POPC
significantly alters the surface pressure vs mean molecular area isotherms compared to a
characteristic DPPC film. As shown in the red dashed curve in Figure 1D, the LE/LC
coexistence plateau was not present at a surface pressure of ~7—-9 mN/m; however, a
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shoulder appeared at a surface pressure of ~42 mN/m, corresponding to the collapse pressure
of pure POPC films. This shoulder corresponds to the “squeeze-out” pressure in LS and
causes the pure DPPC film remaining at the interface to reach the ultralow surface pressures
desirable for healthy breathing.3! The black dashed—dotted curve demonstrates the isotherm
obtained for DPPC:POPC lipids mixed with 1 wt % (10 ug/mL) ECNs. We found that the
surface pressure vs area isotherms obtained overlapped completely with the pure
DPPC:POPC system.

Isotherms of DPPC:POPG

Addition of anionic POPG with mixed alkyl chain saturation to the DPPC film caused an
increase in both the fluidity of the membrane, as well as a net negatively charged lipid
monolayer. Figure 1E (red dashed curve) demonstrates that the LE/LC coexistence was
found to occur at a surface pressure of about ~15-17 mN/m. Surface pressure vs mean
molecular area isotherms obtained from samples containing 1 wt % (10 pg/mL) ECNs
overlapped completely with the characteristic curves of the ECN-free control systems (black
dashed—dotted lines).

Compressibility Modulus

Figure 2 shows the compressibility modulus as a function of mean molecular area for all five
samples described above. As seen in Figure 2A, at high mean molecular areas (>75 A2/
molecule), the DPPC film demonstrated a gradual increase in the compressibility modulus to
about 25 mN/m followed by a sharp dip at a mean molecular area of about 70 A2/molecule.
Beyond this dip, the compressibility modulus remained constant at a very small value until it
shot up to 190 mN/m corresponding to monolayer collapse. ECN (black dashed curve) did
not cause any significant alterations in the compressibility modulus, except at collapse
where the maximum compressibility modulus was found to be higher (by 50 mN/m) in case
of the lipid film containing ECN. Additionally, the position of the peak compressibility
value also shifted to lower mean molecular areas. Figure 2B shows the compressibility
modulus for DPPG films before and after adding ECNs. For the control system (red dashed
curve), the lack of a significant discontinuity signifies the absence of a first-order phase
transition in this system.25 The addition of ECN showed almost overlapping curves with the
control, except for the absolute value of the maximum compressibility modulus, which was
higher for the control. Figure 2C shows that for the DPPC:DPPG mixed lipid system no
change in the compressibility modulus was observed after adding ECN. Moreover, the
position of the maximum shifted to lower mean molecular areas. Figure 2D shows that the
compressibility modulus of a DPPC:POPC film (red dashed curve) did not change due to
ECNs. Figure 2E shows that no significant changes occur in the DPPC:POPG (red dashed
curve) monolayer mechanical properties due to interactions with the ECNs (black dashed—
dotted line).

Fluorescent Images of DPPC Monolayers Incubated with ECNs

Figure 3A represents a typical set of images showing the domain morphology of a pure
DPPC monolayer at two different surface pressures: 4 mN/m, representative of the LE
phase, and 9 mN/m, representative of the LE/LC coexistence phase. In the LE phase,
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homogeneous mixing of the lipid dye caused the film to appear uniformly bright. However,
this landscape quickly changed with the introduction of ECNs. Images obtained by
spreading DPPC solutions mixed with ECN showed clusters of small circular dark domains.
The contrast in these images is due to the selective segregation of bulky dye molecules in
the more fluid regions, being excluded from the well-packed condensed domains that appear
dark.2734 In the LE-LC coexistence region, the pure DPPC film showed kidney bean-
shaped domains characteristic of DPPC. However, films formed after adding ECNSs to the
lipid solution started to cause alterations in the domain morphology. The kidney bean-
shaped domains started to aggregate to form multilobed structures whereas the net area of
condensed LC domains increased, as shown in Figure 6A.

Fluorescence Images of DPPG Monolayers Incubated with ECNs

Figure 3B shows fluorescence microscopy images of DPPG films at two different surface
pressures (20 and 30 mN/m) before and after the addition of 10 pg/mL ECNs. The images
for the pure DPPG appeared dark because the film exists in an LC state at both of the
surface pressures reported.2®> Our images show that adding ECNs caused the DPPG domains
to decrease in size, but they were still very well packed. Further analysis of the changes in
the LC domains is shown in Figure 6B.

Fluorescence Images of DPPC:DPPG Monolayers Incubated with ECNs

Because the effect of ECN interactions on lipid domain formation were significantly
different in DPPC lipids compared to that in anionic DPPG films, we wanted to study what
would happen when ECNs were introduced into a system containing both of these lipids.
Figure 4 is a representative set of images of our observations. We found that DPPC:DPPG
films formed well-packed circular domains. Domains formed by DPPC:DPPG molecules
incubated with ECNSs showed alterations in the size of the domains and also the domain
packing, with more fluid regions being visible. An analysis of the domain size distribution
(Supporting Information Figure S4) showed a decrease in the width of the domain size
distribution and also a decrease in the minimum-energy radius Rq. Furthermore, Figure 6B
shows that in this lipid environment the ECNs induced a significant decrease in the
condensed area fraction.

Fluorescence Images of DPPC:POPC Monolayers Incubated with ECNs

To further explore if the alteration in domain packing induced by the ECNs may be
modulated by the presence of unsaturated lipids, we also studied the domain formation in a
DPPC:POPC film. As noted before, the introduction of phospholipids with mixed alkyl
chains such as POPC increased the fluidity of the monolayer when compared to a pure
DPPC system, without altering the overall headgroup charge. Figure 5A summarizes our
results at two different representative surface pressures (20 and 30 mN/m). The control
systems indicate that the kidney bean-shaped domains characteristic of DPPC monolayers
were still present, with more bright regions compared to a pure DPPC monolayer. Figure 6
shows that adding ECNs to the lipid solution caused alterations in both the domain shape
and domain size distribution. At 30 mN/m, ECNs had an effect similar to that of the pure
DPPC system, where the domains developed fractals or spikes arising from the domains.
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Furthermore, as shown in Figure 6B, the addition of ECNSs to this system caused a decrease
in the condensed area fraction of the domains.

Fluorescent Images of DPPC:POPG Monolayers Incubated with ECNs

Finally, to test the effect of both lipid membrane saturation and electrostatic interactions
between the anionic lipids and the anionic ECNSs, we tested the formation of lipid domains
in DPPC:POPG films containing ECNs. The introduction of POPG into DPPC films causes
the appearance of circular domains which are not as well packed as films containing
disaturated PG lipids, as shown in Figure 5B. It is well known that unlike the DPPC:DPPG
system the POPG molecules occupy the more fluid LE phase whereas the DPPC domains
make up the LC domains. Although the addition of ECN did not show any visual change in
the domain shape or the overall fluidity, an analysis of the domain size distribution
(Supporting Information Figure S4) showed that ECNs induced an increase in the minimum-
energy domain radius and a decrease in the width of the domain size distribution.

To further analyze the domain morphology of the different lipid systems, due to the presence
of the ECN we plot the change in the condensed domain fraction, as shown in Figure 6. A
negative change indicates an increase in the total condensed domain fraction, while positive
values indicate a decrease. Interestingly, we find that apart from DPPC lipids (Figure 6A) all
other lipid mixtures showed a decrease in the net dark domains (Figure 6B), although this
value was almost negligible (~5%) for the DPPC:POPG mixture.

We also calculated changes in the line tension of the two anionic lipid mixtures, as shown in
Figure 7. We find that the presence of saturated PG lipids causes the ECNs to induce an
increase in the line tension, whereas in the presence of unsaturated PG lipids the line tension
was found to decrease.

AFM Images of DPPC:DPPG and DPPC:POPG Monolayers Incubated with ECNs

Finally, to correlate the calculated changes in the line tension of the two anionic lipid
mixtures with the location of the ECNs in the monolayers, we imaged the DPPC:DPPG and
DPPC:POPG films transferred onto a mica substrate at a surface pressure of 20 mN/m.
Figure 8 shows higher-resolution images of the lipid domains in the absence (Figure 8A,B)
and presence (Figure 8B,D) of ECNs. The light-brown regions correspond to LC domains,
and the dark-brown regions correspond to LE regions. The highly ordered lipid tails in LC
domains cause LC domains to be slightly higher than the LE regions. Moreover, as noted
earlier, the saturated DPPC and DPPG molecules form well-packed LC domains, and the
unsaturated POPG lipids occupy LE regions. As a result, Figure 8A shows more LC
domains, and the DPPC:POPG film in Figure 8C shows circular but less condensed regions.
Furthermore, Figure 8C,D shows the appearance of raised features of height 30-50 nm and
size 200 to 400 nm in lipid films containing ECNs. TEM images and DLS measurements
described earlier suggest that even though the size of the ECNs in the dry powder state is 5—-
10 nm, thermodynamics causes these particles to exist as aggregates of size greater than 200
nm. Therefore, in the AFM images, the pink regions of height greater than 20 nm and size
greater than 200 nm are attributed to ECNs. A height analysis of some of the raised features
in Figure 8C,D (E,F) is also presented for further information on the dimensions of these
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raised features. In the case of the DPPC:DPPG films, these large raised features of height
greater than 30 nm are away from the domain boundaries, whereas for the DPPC:POPG
films these features appear along the domain boundaries. Figure 8C also shows a few raised
features within the LC domains. However, a detailed height and size analysis shows that
these regions within the LC domains are less than a couple of nanometers high, suggesting
that these cannot be ECN aggregates that are composed of spherical or diamond-shaped
particles of size 5-10 nm.

DISCUSSION

This research is motivated by the need to understand how lipid headgroup charge and lipid
membrane fluidity modulate lipid/nanoparticle interactions leading to alterations in the
mechanical and structural properties of lipid monolayers. The effects of both positively and
negatively charged nanoparticles on the packing of zwitterionic lipids have been explored
both experimentally and theoretically.32:36 However, to the best of our knowledge, how the
lipid membrane packing is altered by charged nanoparticles in zwitterionic, anionic, or
mixed zwitterionic/anionic lipids with differences in membrane fluidity is currently not well
understood. Our experiments were designed to study both the effect of lipid headgroup
charge and lipid chain saturation on lipid nanoparticle interactions. DPPC is the major
phospholipid component of LS, and PG lipids form the second most abundant component in
native LS. Moreover, native and synthetic LS also contain unsaturated lipids to allow
efficient adsorption of LS. Therefore, the lipids used in this study were carefully selected to
represent these combinations. Although the studies described here followed changes in the
lipid domain packing due to the incubation of lipid molecules with one concentration of
ECNs, Supporting Information (Figures S2, S3, and S5) also shows the effect of an order of
magnitude higher ECN concentration on these biophysical characteristics. Even though the
thermodynamic properties of the lipids are not always significantly affected by the ECNs,
both the lipid headgroup charge and lipid alkyl chain saturation can dramatically influence
the overall lipid domain shape and size in these systems. Our results conclusively establish
that in addition to the surface properties of nanoparticles, the biophysical properties of the
lipid compositions can also significantly influence the nanoparticles tendency to alter the
phospholipid packing. Below we discuss our results in more detail.

Effect of Lipid Headgroup Charge on Lipid/ECN Interactions in Pure Lipid Systems

DPPC monolayers, with well-characterized monolayer phases, were used as an example of a
zwitterionic lipid with a net neutral charge, and DPPG was used as our model anionic lipid.
The thermodynamic properties of both of these systems are well characterized. The tail
lengths of both of these systems were chosen to be the same to ensure that the difference in
lipid/nanoparticle interaction in these two pure systems is only a result of differences in
electrostatic interactions between the anionic ECNs and the net neutral or anionic
phospholipid headgroups. Although the isotherms for the DPPC films before and after
adding ECNs did not show any significant alterations, the compressibility modulus slightly
shifted to lower mean molecular areas and showed an increase in the maximum
compressibility modulus. This increase implies that exposure to ECNs affected the overall
mechanical properties of the DPPC films and caused a possible condensation of the lipid
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domains. This possibility was explored further using fluorescence microscopy. Fluorescence
microscopy is used to monitor the molecular organization of lipid molecules in lipid
monolayers,2’ and the morphology of DPPC monolayers is now well established.28:37 By
comparing the domain morphologies of DPPC films before and after adding ECNs, we
found that ECNs caused the early nucleation of lipid domains. Furthermore, an increase in
the net condensed area was also measured, further confirming that the ECN caused a
condensation of the lipid domains. Such an observation was also reported by Tatur and
Badia, even though the physicochemistry of their gold nanoparticles is significantly different
from that of our ECNs.21 We also found that ECNs caused the characteristic bean-shaped
domains of zwitterionic DPPC films to form more aggregated multilobed domains. Shape
alteration in DPPC films from a kidney bean structure to a more stretched out spiral
structure indicates a lowering of the line tension between the LC domains and the
surrounding LE regions.28:38 Such an alteration in domain shape has previously been
reported when small amounts of cholesterol were added to a pure DPPC film.28:3% Galla and
co-workers found a similar effect with hydrophobic polymeric nanoparticles,® and Tatur and
Badia observed a similar effect when studying interactions between alkylated AuNPs and
DPPC films, where AFM images showed the presence of aggregates of AuNPs around
condensed DPPC domains.?! The lowering of line tension indicates that like the
hydrophobic polymeric and gold nanoparticles, ECNs act as line-active species that prefer to
associate with grain boundaries in saturated zwitterionic lipid films, thus altering the
phospholipid packing in these systems.

Comparing the results for the effect induced by ECNs on a pure zwitterionic system
compared to a pure anionic system such as DPPG, we found that the isotherms and
compressibility moduli overlapped completely for the systems with and without ECN,
except that a decrease in the maximum compressibility modulus was noted. These
observations suggest that the thermodynamic properties of the DPPG films were not affected
by exposure to ECN but that the compressibility modulus was decreased, suggesting a slight
increase in the membrane fluidity. Similarly, no significant changes were observed in the
shape of well-packed large lipid domains of DPPG, after exposure to the ECNs. However,
careful analysis of the condensed area fraction did show that ECN induced a decrease
(~20%) in the total fraction of dark domains, indicating an increase in the membrane
fluidity. McConell and co-workers have previously shown that domain morphologies are
determined by a balance between the line tension between domains and electrostatic
energies resulting from dipole interactions between domains.28 The tendency to minimize
line tension causes long stretched-out domains, while minimizing dipole interactions causes
the breakup of larger domains into smaller sizes. Even though the domains were still well
packed for the DPPG films, the decrease in the overall dark condensed domains and the lack
of spiral or multilobed domains in the case of pure DPPG suggest that for the pure anionic
saturated phospholipid systems these ECNs are no longer line-active species but rather
increase the overall fluidity of the monolayers. However, this change was subtle enough that
it could not be detected in the compressibility isotherm.
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Effect of Lipid Headgroup Charge and Membrane Packing on Lipid/ECN Interactions in
Mixed Lipid Systems

To further prove that the differences in the changes in the lipid domain shape and size
distribution induced by ECN were due to differences in the interactions with the different
lipid headgroups, DPPC:DPPG (7:3) was used as a mixed saturated lipid system. In this
system, the LC domains are net negatively charged because of the tendency of DPPG to
form LC phases even at very low surface pressure. If our hypothesis, stated above, is correct,
then we would expect that the anionic ECNs would be repelled by the anionic LC domains,
causing an increase in the membrane fluidity. Furthermore, repulsion from the domain
boundaries would cause ECN to increase the line tension because of repulsion from the lipid
domain boundary.3! Indeed, we experimentally measured that the ECNs induced a decrease
in the condensed area fraction of domains. We also measured an increase in the line tension
between domains for the DPPC:DPPG system, suggesting that the ECNs avoid the line
boundaries. To further confirm this, we replaced DPPG with POPG molecules. Because
POPG is unsaturated, unlike the DPPG molecules, it is expected to occupy the LE phases in
the monolayer.31 According to our explanation, this would suggest that in the presence of
POPG, the ECNs would avoid the fluid LE phases and continue to prefer the condensed
DPPC domains, which in turn would cause a lowering of the line tension. Indeed, we do
measure a decrease in the line tension between domains for the DPPC:POPG films. This
observation is also expected from our previous observations of lipid—protein interactions.3
We have reported that positively charged proteins caused an increase in line tension between
domains in a clinical lung surfactant mixture, where the POPG molecules occupy the fluid
LE regions. Finally, our AFM images provide concrete evidence of this hypothesis. Careful
analysis of the location of raised features of height 20 nm or greater and sizes greater than
200 nm conclusively established that indeed the submicrometer-sized ECN aggregates
prefer the fluid LE phase in the case of the DPPC:DPPG films, while they avoid the anionic
LE phase and prefer the LC domain boundaries in the case of the DPPC:POPG films.
Furthermore, our Supporting Information shows that at higher ECN concentrations the
nanoparticles do cause a visible breaking of the circular domains into spirals, suggesting a
further lowering of line tension. Similarly, changing the subphase from water to buffer
accentuates the lowering of the line tension in DPPC:POPG films, as shown in the
accompanying Supporting Information. Finally, we expect that if the LC domains retain
their zwitterionic charge, the ECNs will continue to demonstrate their line-active behavior.
Again, this is what was experimentally observed for the DPPC:POPC monolayers. We
observed that ECNs caused a decrease in the total condensed area as well, indicating that in
the presence of unsaturated lipids the ECNs lose their ability to nucleate and condense the
DPPC domains. The reason for this is currently unclear, although one possibility is that at
lower surface pressures the ECNs coexist with the unsaturated lipids and are hence unable to
serve as nucleation sites for domain condensation. Because the lipid morphology and line
tension between domains have been shown to be related to the ability of lung surfactant
films to resist collapse at ultralow surface tensions, the potential for readsorption and
respreading of lipid material after monolayer collapse, and membrane curvature in lipid
bilayers (which in turn can be related to the stability of membranes),3! we hypothesize that
the same nanoparticles can demonstrate significantly different effects on the biophysical
performance of different model lipid mixtures. Therefore, our results suggest that when
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reporting the potential adverse effects of hanoparticles one should also consider the lipid
headgroup charges and alkyl chain saturation and their effects on lipid/nanoparticle
interactions.

CONCLUSIONS

We report that phospholipid headgroup charge, lipid composition, and lipid alkyl chain
saturation modulate nanoparticle-induced changes in lipid systems. We found that anionic
ECNs were line-active and interacted with lipid domain boundaries, resulting in a lowering
of line tension, when present in a zwitterionic environment. This observation is in line with
prior results with hydrophobic metallic and polymeric particles. In addition, we found that in
the presence of anionic phospholipids, electrostatic repulsion between the domains
dominated and controlled the alterations in lipid domain packing induced by the ECNSs, even
in a mixed system with an excess composition of the zwitterionic lipid. Although the effects
of nanoparticles of different surface charge, surface modification, and size on the packing of
phospholipids have been described before, we present for the first time a controlled study to
understand how physicochemical properties of lipids modulate lipid—nanoparticle
interactions. Future studies would need to focus on using nanoparticles with different aspect
ratios, size, and possibly other physciochemical properties while also varying the lipid
composition to obtain a complete biophysical understanding of lipid/nanoparticle
interactions in varying lipid environments. Additionally, future studies in our group will also
focus on the effect of ionic strength and the presence of ions with different valence on
nanoparticle-induced changes in lipid domain packing. A complete understanding of the
fundamental physical principles governing lipid—nanoparticle interactions is essential to
developing methods to predict the potential adverse effects of ENPs with varied
applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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containing 1 wt % (10 pg/mL) ECN.

Langmuir. Author manuscript; available in PMC 2016 May 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chakraborty et al.

—300-
250 4 DPPE.H-ECN (10 pg/ mi) g DPPG + ECN (10 pg/ mi)
' i E 250 !
=200 - o ]
1 lﬁ" S 200 #
31504 ol 2 ® _ _orrc
'f o Z 150 Iil r
= "1\, ~opPc z - .I"f‘
o [/ 2 14
£100 h W\ 2 100 !' v
3 g o R § | ~DPPG + ECN
50 | A\ | \""
=l N §%18) i
A = [5] A
o 04 M4 st T o.......---—/ £
01 02 03 0.4 05 0.6 20:7 0.8 0.9 01 02 03 0.4 05 0s, 0.7 0.8 0.9
Mean Molecular Area (nm*“/ molecule) Mean Molecular Area (nm“/ molecule)
150+ 150 -
g DPPC:POPC (7:3) + ECN (10 pg/ mi) 3 DPPC:POPG (7:3) + ECN (10 pg/ mi)
E 3 l‘f - DPPC.POPG (7:3)
100 - 2100 t
é D‘PPF:POPC {7:3)+ ECN 3 100 ‘
H - J
§ j 4\ DPPCPOPC (7:3) §. J’,{ \
£ R ! = bl ’ 3+
::.; 50 - ﬂ l! \.\\‘ ; ) 3 s50. I' t DPPC:POPG (T:3) + ECN
AR 7 E Y "
B (Ol 1 NA L Ly AT~
E N l" \"-r-" [’1 l. Eh \
S o] i . S of 1

041 02 03 04 05 06 07 0.8 03
Mean Molecular Area (nmz:r molecule)

Figure2.

01 02 0.3 0.4 05 0.6 0.7 0.8 09
Mean Molecular Area (nm“/ molecule)

200

Compressibility Modulus (mN/m)
a3 8 2

o
L

Page 20
DPPC:DPI}G (75:25) + ECN (10 pg/ mi)
i \ ":r ~DPPC DPPG (75:25)
4 il'll":
| L
b ! ' DPPC:DPPG (75:25)
! . ?. +ECN
LY
! )
@ |/ \
— = g

04 02 03 0.4 05 06 0.7 08 0.9
Mean Mol lar Area (nm*/ )

Compressibility modulus vs mean molecular area isotherms for (A) DPPC, (B) DPPG, (C)
DPPC:DPPG (75:25), (D) DPPC:POPC (7:3), and (E) DPPC:POPG (7:3) monolayers
containing 1 wt % (10 pg/mL) ECN.
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Figure 3.
Fluorescence microscopy images of pure (left) DPPC and (right) DPPG monolayers before

(control) and after adding 1 wt % (10 pg/mL) ECN at two representative surface pressures.
Contrast in these images is due to the selective segregation of bulky phospholipid-modified
dye molecules into the more fluid regions. The kidney bean structures, characteristic of a
pure DPPC system, underwent drastic transitions to a more spiral shape because of
interactions with the ECNs. The scale bar is 10 pm.
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With ECN

Figure4.
Fluorescence microscopy images of a mixed DPPC:DPPG (75:25) monolayer with a net

anionic charge before (control) and after adding 1 wt % (10 pug/mL) anionic ECNs. A
decrease in the domain size and an increase in the number density were noted (Supporting
Information Figure S1), but unlike a pure DPPC film, no change in the shape of the domains
was observed. The scale bar is 10 um.
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Figure5.
Fluorescence microscopy images of a mixed (A) DPPC:POPC (7:3) monolayer with a net

neutral charge and a (B) DPPC:POPG (7:3) monolayer with a net anionic charge and
unsaturated lipids before (control) and after adding 1 wt % (10 ug/mL) anionic ECNs. The
scale bar is 10 um.
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Figure®6.

Change in the condensed area fraction with the addition of ECN as a function of surface
pressure. Positive values indicate a lowering in the area of the condensed region whereas a
negative value refers to an increase in the area. (A) For DPPC, there was an increase in the
domain area with the introduction of ECN, and the change decreased sharply with the
increase in surface pressure. (B) In the case of DPPG, the condensed area fraction decreased
as the negatively charged domains repelled the nanoparticles. A similar trend was observed
for DPPC:DPPG. For DPPC:POPC, we recorded the highest reduction in area, but the
change decreased with an increase in the surface pressure. Finally, we found very little

change in the area for DPPC:POPG.
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Changes in the line tension of (A) DPPC:DPPG and (B) DPPC:POPG at two different
surface pressures in the absence and presence of 1 wt % (10 pg/mL) ECN.
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Figure 8.

AFM images of the net anionic binary mixtures of phospholipid films transferred onto a
solid mica substrate. (A, C) DPPC:DPPG films in the absence and presence of ECN,
respectively. (B, D) DPPC:POPG films in the absence and presence of ECN respectively.
(E, F) Height analysis of the raised features indicated by white lines in C and D.
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