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ABSTRACT: We present a method of modeling nanoparticle
(NP) hydrophobicity using coarse-grained molecular dynamics (CG
MD) simulations, and apply this to the interaction of lipids with
nanoparticles. To model at a coarse-grained level the wettability or
hydrophobicity of a given material, we choose the MARTINI
coarse-grained force field, and determine through simulation the
contact angles of MARTINI water droplets residing on flat regular
surfaces composed of various MARTINI bead types (Cl1, C2, etc.).
Each surface is composed of a single bead type in each of three
crystallographic symmetries (FCC, BCC, and HCP). While this
method lumps together several atoms (for example, one cerium and
two oxygens of CeO,) into a single CG bead, we can still capture
the overall hydrophobicity of the actual material by choosing the
MARTINI bead type that gives the best fit of the contact angle to
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that of the actual material, as determined by either experimental or all-atom simulations. For different MARTINI bead types, the
macroscopic contact angle is obtained by extrapolating the microscopic contact angles of droplets of eight different sizes
(containing N,, = 3224—22978 water molecules) to infinite droplet size. For each droplet, the contact angle was computed from a
best fit of a circular curve to the droplet interface extrapolated to the first layer of the surface. We then examine how small
nanoparticles of differing wettability interact with MARTINI dipalmitoylphosphotidylcholine (DPPC) lipids and SP-C peptides
(a component of lung surfactant). The DPPC shows a transition from tails coating the nanoparticle to a hemimicelle coating the
water-wet NP, as the contact angle of a water droplet on the surface is lowered below ~60°. The results are relevant to

developing a taxonomy describing the potential nanotoxicity of nanoparticle interactions with components in the lung,

B INTRODUCTION

Inorganic nanoparticles (NPs) play an important role in
modern nanotechnology because of their applications in

.o 1—4 .o S5=9 s 10—14
electronics, optics, and medicine to name but a
few. In particular, their potential applications in biomedical
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science, including bioimaging, biosensing,

and drug
delivery,”' ~** have drawn significant research interest. Recently,
both the atomistic>**® and coarse—grainedm’27

simulations have been performed extensively to investigate

molecular

the role of morphology”® (size and shape) and surface
chemistry”® of an NP in its interaction with membrane and
lipids and proteins. Ramalho et al,”” for example, used coarse-
grained simulations to investigate the effect of an NP on the
structure and phase transformations of DPPC bilayers. Nangia
et al”” studied the role of the shape of a NP on its translocation
through cell membrane. Hu et al.”® employed coarse-grained
simulations combined with experiments to show how the
physiochemical properties of NPs regulate translocation across
the pulmonary surfactant monolayer. Simonelli et al,”" using
computer simulations, described how monolayer-protected
anionic NPs translocate into cell membranes step by step.
Thus, simulation studies can predict the efficiency of a given
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NP as a diagnostic and therapeutic agent and also help in
rational designing of a better NP agent.

However, the complexity of structures of even model
biosystems limits fully atomistic simulations to relatively short
time and length scales. Hence, most of the above-mentioned
simulation studies employed a coarse-grained model, often the
MARTINI coarse-grained force field, to reduce the numbers
of degrees of freedom and to access longer time scales. In the
MARTINI model, coarse-grained beads are categorized into
polar (P), intermediate polar (N), and apolar (C), among other
bead types, depending on their interaction strengths with the
water beads. The polarity of a material determines its
wettability, which is an important parameter for designing an
efficient drug carrier. Apart from the biomedical applications,
the MARTINI force field also has been used widely to model
surfactants,”** polymers,**** biopolymers,***” and inorganic
materials.”**’ Therefore, it is important to establish the
wettability of a material made of the individual MARTINI
beads. One important application of such a coarse-grained
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Figure 1. (a) Top and (b) side views of the initial water box (N,, = 9694) on an FCC (111) surface.
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Figure 2. (a) Top and (b) side views of a water droplet (N,, = 9694) spread on a (111) FCC surface after a 120 ns MD simulation.

model is in the area of nanotoxicology, where nanoparticles
ingested through the lung might make their way into organs of
the body, possibly after acquiring a “corona” of lipids and
proteins in the lung.** The hydrophobicity of the nanoparticle
is expected to play an important role in determining what, if
any, corona might form on such nanoparticles as a result of
passage through the lung or other tissues. More generally,
coarse-grained force fields such as MARTINI are widely used,
and problems with interfaces, including both solid and liquid
interfaces, are among the most important applications.”'~*
Thus, correlating MARTINI bead type with the wettability of a
surface made of beads of that type constitutes a basic
characterization that can guide selection of MARTINI bead
types for applications to problems with interfaces more
generally.

In this work, we use molecular dynamics (MD) simulations
to model the wettability of materials at the coarse-grained level.
We employ the MARTINI force field to model the material and
then compute the contact angle of water on top of a flat surface.
We note that the water forms a wide range of contact angles
(120 to 20°) on flat surfaces made of different standard
MARTINI beads (C1, C2, etc.). These, plus some new bead
types that we specifically introduce to expand the number of
contact angles available, allows us to systematically investigate
the role of hydrophobicity of a given material on its interaction
with various biomolecules such as lipids and proteins. We then
explore the interaction of a small NP with DPPC lipids as a
function of its wettability. Our results predict a transition from
tails coating the nanoparticle to hemimicelle coating to water-
wet NPs when the contact angle of the material is lower than
58°. We also investigate the role of SP-C peptides, a
component of pulmonary surfactant, on the lipid—NP system.
In the following, we first describe the methodology used in the
simulation, then discuss the results, and finally provide a
summary of the main results.

B METHODOLOGY

To measure the microscopic contact angle of a water droplet, a
cube of water is placed on top of a crystalline surface
(approximately 60 nm X 60 nm), as shown in Figure 1. We
consider eight different droplet sizes containing between 3224
and 22978 water beads. The macroscopic contact angle of a
given bead type is obtained by extrapolating the microscopic
contact angles of these droplets to infinite droplet size.
Substrates of three different crystal symmetries (FCC, BCC,
and HCP) are used to investigate how this affects the contact
angle of water. The box lengths along the X and Y directions are
taken to be the same as the dimension of the slab, and the box
length along the perpendicular direction of the surface is set to
be 25 nm. The simulation box is large enough to avoid
interaction of the water droplet with its periodic images. Bad
contacts between the water beads and the crystalline surface in
the initial system are removed by steepest descent energy
minimization. The system is then gradually heated up to 298 K
temperature and equilibrated for 60 ns at constant volume and
temperature. The equilibration step is followed by another 60
ns production run during which data are collected for analysis.
A time step of 30 fs is chosen for both the equilibration and
production runs. The temperature of the system is controlled
by a V-rescale thermostat.** A cutoff distance of 1.2 nm is used
for van der Waals interaction. All simulations are Performed by
using the GROMACS-4.5.6 simulation package.”

B RESULTS AND DISCUSSION

Contact Angle Calculations. The initially cubic water
droplet reshapes into a hemicircular droplet during the course
of the simulation, as shown in Figure 2. We consider three
different kinds of crystalline surfaces: (111), (110), and (001)
facets of FCC, BCC, and HCP structure, respectively, to
investigate the effect of crystallographic symmetry on
wettability of the material. The contact angle of a droplet is
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measured by following a method described in ref 46. Briefly,
this approach is a two-step method that first defines a water
droplet density profile on the solid surface, and then fits a circle
through the top surface of that profile, defined by the locus of
positions at which the density drops to half that of bulk water.
To carry this out, the xy plane is defined as the plane parallel to
the layers of the substrate surface while the z-axis is the axis
passing through the center of mass of the droplet normal to the
xy plane, with position z = 0 defined by the centers of the
topmost layer of the solid surface, as marked in Figure 3 by the
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Figure 3. Density profile of the water droplet (N,, = 9694).

red horizontal line. The water density profiles are obtained by
averaging over an MD simulation trajectory with water bead
positions accumulated in cylindrical bins. Since the droplet
shape has radial symmetry, we define a point P using (r, z)
coordinates, where r is the distance from the center of the
droplet in the xy plane. The droplet volume is discretized into
rings of height Az = 0.1 nm that span from r to r + dr, where dr
= 0.1 nm. The radial location R(z) of the droplet interface
against the vacuum for each z-slice is determined as the
position at which the density is half of bulk water using the
following density relation for the liquid—gas interface

A, . 2(r — R(2))
p(r, z) = 5 [1 t h[iw(z) ]) 0

where the vapor density is assumed to be zero, p is the density
of bulk liquid,  is the radial distance from the z axis to the
droplet surface, R(z) is the center of the interface region, and
w(z) is the z-dependent interface thickness. In the second step,
the best-fit circle through the boundary points R(z) is
extrapolated to the first layer of the substrate surface (at z =
0 as defined above), which gives the microscopic contact angle
0 as the local slope of the circle at this point of intersection (see
Figure 3). Since the centers of mass of the lowest layer of water
beads lie slightly above the substrate surface and the water bead
center of mass density therefore becomes small within a thin
layer just above the substrate surface, we use the water density
profile down to a height of z, = 8 A (which is marked in Figure
3 by a green horizontal line), and extrapolate the circle the rest
of the distance to z = 0 where the contact angle is defined.

The macroscopic contact angle 6, is then calculated by
fitting a set of microscopic contact angles () for various sized
droplets to the modified Young’s equation that accounts for
droplet size through inclusion of the line tension,”” as given
below.

=¥, + ¥, cosO + ‘

sL /Ly o @)

In the above, the y’s are surface tensions between pairs of
materials, namely, solid (S), liquid (L), and vapor (V) phases,
while 7 is the line tension and ry is the droplet base radius.

We simulate eight droplets of different sizes for each bead
type. The microscopic contact angle for each droplet is
measured using the method described above, and the droplet
base radius ry is taken as ry = R(0) for the z-slice where the
extrapolated droplet intersects with the surface plane. Figure 4
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Figure 4. Cosine of the contact angle as a function of the droplet base
curvature for the (111) FCC surface composed of beads of type Cl.
The inset represents the contact angle of the material as a function of
the simulation time.

shows cos @ as a function of the curvature of the droplet base
radius (1/rg) for eight different droplets on a crystalline surface
composed of type Cl beads, where “C1” designates a very
hydrophobic bead type within the MARTINI force field. For
each droplet, the contact angle is calculated for every 3 ns over
the last 60 ns of simulation time in order to minimize the error
in the calculated contact angle (inset of Figure 4). Then, the
averaged contact angle for each droplet is calculated and the
macroscopic contact angle is obtained by extrapolating to
infinite droplet size (zero value of 1/ry) as described in the
modified Young’s equation (eq 2). This method was
implemented earlier in the work of Park and Aluru® for
atomistic simulations of droplets on substrates such as TiO,.
However, the MARTINI model has the well-known problem
that the water beads in the bulk have a freezing point between
280 and 300 K. This freezing can ordinarily be suppressed by
adding 10—12% of “anti-freeze” particles, which are larger in
size than regular MARTINI water beads, to the regular water
beads. However, when the water molecules are simulated on
top of a flat crystalline surface, we find that, to suppress
freezing, we need to add 20% antifreezing particles of the total
number of water beads (in particular for hydrophilic surfaces)
to the regular water beads. We note that these extra antifreeze
particles have little effect on the contact angle measurement, as
shown by comparing the contact angle obtained with 20%
antifreeze with that for 10% antifreeze beads (Table 1).
(Although the water beads adjacent to the surface crystallize
with 10% of antifreezing beads, the contact angle proves to be
little affected by this crystallization.) Therefore, 20% antifreeze
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Table 1. Macroscopic Contact Angles from Extrapolation of
Microscopic Contact Angles for Eight Droplets of Differing
Sizes, as Illustrated in Figure 47

bead type 0,,FC(111) 6..5¢¢(110) 0., (001)

C1 114.42 + 0.88 116.02 + 1.07  113.64 + 0.61
(114.23 + 0.78)

C2 88.48 + 0.69 (87.28 + 0.94)  92.4 + 0.56 83.58 + 0.84
C3/C4 7690 + 0.94 (72.46 + 1.06)  83.79 + 0.86 74.22 + 0.83
Cs 69.64 + 0.82 (65.68 + 0.83)  73.34 + 1.02 63.08 + 0.76
c6 57.95 + 0.98 64.23 + 0.76 52.64 + 0.86
c7 4746 + 0.74 50.36 + 0.84 4343 + 0.79
C8 40.54 + 0.92 4223 + 092 36.94 + 0.96
NO 21.50 + 1.11
Na 18.55 + 0.92
Nd 18.21 + 0.89
Nda 17.26 % 0.76

“Values correspond to the contact angles with 20% anti-freezing water
beads, except for values reported in parentheses, which are for 10%
anti-freeze. Note that the contact angles of water for C3 and C4 bead
type are the same as the self-interaction and cross-interaction
parameters with water are the same for these two bead types.

particles are used in all of the simulations, except for a few test
cases with 10% antifreeze particles, and the corresponding
extrapolated macroscopic contact angles are reported in Table
1.

As shown in Table 1, for a surface composed of beads of type
C1, the interaction between surface and water is the most
repulsive, leading to a contact angle of 114°, while, for surfaces
with bead types “Nd”, “Na”, and “Nda”, which are much more
hydrophilic bead types, the contact angle is much smaller
(~20°). In the case of a polar bead type (“P”), the water—
surface attraction is so strong that the droplet completely
spreads out on the surface, leading to a zero contact angle for
all droplet sizes (results not shown). To test for equilibration,
we use the equilibrated droplet on a C5 surface, which has a
microscopic contact angle of 69°, as an initial condition, and
run the simulations for C1, for a microsystem with a droplet
possessing 7640 water beads. Following this change in surface
bead type, the new contact angle after re-equilibration increases
to 116.40 + 1.24°, which is close to the value of 119.33 + 2.15°
obtained on this C1 surface when a cubic droplet is used (as
described earlier) as the initial configuration for the simulations.
This demonstrates that the contact angles calculated from the
initially cubic droplet are sufficiently equilibrated to be reliable.
We also find that the contact angles of water are slightly higher
on BCC surfaces than on FCC or HCP surfaces. However, the
differences are not very significant, and we can largely ignore
them.

The calculated contact angles for surfaces with different bead
types and symmetries, presented in Table 1, range from 114°
for C1 bead type to 69° for the CS bead type of the MARTINI
force field, with contact angles of zero for all “P” and “Q” bead
types. We note that the value of 114° for C1 is consistent with
the experimental contact an%le for water on smooth paraffin,
which is around 105—110°," which is expected, since the C1
bead type is typically used for alkanes within MARTINI The
surface can then be classified as super hydrophobic (0, >
150°), hydrophobic (65° < 6, < 150°), hydrophilic (0° < 8, <
65°), or super hydrophilic (6, ~ 0°).°>' Since these
conventional MARTINI beads produce no intermediate
hydrophilic surfaces (with contact angles between 30° < 0,
< 65°), we introduce here three new MARTINI bead types by

linearly interpolating between CS (apolar) and NO (inter-
mediate polar) bead types, allowing us to make hydrophilic
surfaces with relatively smaller contact angles (40—65°). We
name the new bead types C6, C7, and C8. As the self-
interaction LJ parameters for CS and NO are the same, the self-
interaction parameters for C6, C7, and C8 are assumed to be
the same as well. It is the cross interaction terms between these
new bead types and the water bead type (P4) that differ, and
these are obtained by interpolating linearly between the cross
interaction parameters for C5—P4 and NO—P4. The Lennard-
Jones (1]) parameters for self-interactions and cross interaction
with water of the three new bead types are given in the
Supporting Information. The cross interaction parameters
between these new beads and the rest of the MARTINI bead
types used in our simulations can also be found in the
Supporting Information. The contact angles of these new bead
types, ranging from 40 to 58° along with those for
conventional MARTINI bead types, are given in Table 1.
The new bead types allow us to model surfaces with
intermediate hydrophilic character. In Figure 5, we show the
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Figure S. Contact angle as a function of the water—surface interaction
strength for the FCC surface. The solid line is a third order polynomial
fitting. Contact angles for Na, Nd, and Nda are not included in the
fitting.

contact angle as a function of water—surface interaction
strength for the FCC surface. There is a sharp drop in the
contact angle near ¢ = 3.1 (0, &~ 65°), which is the signature of
a hydrophobic-to-hydrophilic transition. Later we will show
that lipids interact with the NP differently below and above this
contact angle.

Now we discuss the reliability of the contact angle values of
the MARTINI water obtained from the coarse-grained
simulations. It is well-known that the MARTINI model poorly
reproduces the water/air surface tension. The experimental
surface tension of the water/air interface is 73 mN/m, whereas
a value of 30 mN/m is predicted by the MARTINI model.**
Thus, one would expect the contact angle obtained from the
MARTINI model to be inaccurate. However, as we mentioned
earlier, the contact angle of MARTINI water on the “C1” FCC
surface is 114°, which is close to the experimental contact angle
of water on smooth paraffin (105—110°),* which is usually
modeled using the C1 bead type. To understand this better-
than-expected agreement, we use the MARTINI model to
calculate the surface tension values of different interfaces of
dodecane for which the experimental surface tension values are
known. Dodecane is modeled using the C1 bead type, as
proposed by Marrink et al.>* The surface tension values are
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Table 2. Surface Tension of Water/Air, Dodecane/Air, and Water/Dodecane Interfaces

interface/model MARTINI polarizable MARTINI BMW-MARTINI experimental value

water/air (mN/m) 29.6 30.9¢ 77.8 73%

30.0% 349" 77.0%

30.55%4

dodecane/air (mN/m) 22.8 22.8 22.8 247

23.0%
water/dodecane (mN/m) 40.7 51.9 93.3 5232

50.0%

“The shift method was used for electrostatic energy computation. “The PME method was used for electrostatic energy computation.

(@)

(b)

Figure 6. Initial configuration of (a) NP-DPPC and (b) NP-DPPC-SP-C systems. Water is omitted for clarity.

given in Table 2. We refer the reader to the Supporting
Information for details of the surface tension calculation. Here
we simply note that we obtain a different surface tension value
for the dodecane/water interface from what Marrink et al.>
reported for this interface. Marrink et al. observed a size
dependence of this value, which also contradicts our results, as
we show in the Supporting Information. The MARTINI model
underestimates two of the three interfacial surface tensions,
namely, yy; and yg. Using the MARTINI surface tensions, the
macroscopic contact angle of water on dodecane from Young’s
equation is 6, = cos [ (ysy — 7s.)/¥v] = cos ' [(22.8 — 40.7)/
29.6 = 127°, while from the corresponding experimental surface
tensions one obtains 6, = cos™'[(24 — 52)/73] = 113°. The
two contact angles are reasonably close, since the poor surface
tension value of the water/air interface obtained from the
MARTINI model is largely canceled out by a similar error in
the water/dodecane surface tension. Note that the contact
angle of water on the dodecane surface (modeled by the C1
bead type) is similar to the contact angle value of the water on
the C1 FCC surface (114°) that we predicted above.
Recently, two other CG models of water, namely, the
polarizable MARTINI water™” and the BMW model,>> were
proposed as models that reproduce bulk water properties more
realistically than the regular MARTINI water model can. To
test whether these models might be better models for
predicting contact angles, we calculate the interfacial surface
tensions they give for dodecane and water and compare them
with the experimental values in Table 2. The polarizable
MARTINI model reproduces the water/dodecane surface
tension correctly, but it still poorly reproduces the water/air
interfacial tension. On the other hand, the BMW model
correctly reproduces the water/air surface tension but over-

estimates the water/dodecane interfacial tension. From these
values, the contact angle of water on the dodecane surface is 0,
= cos ![(22.8 — 51.9)/34.9] = 147° and O, = cos™'[(22.8 —
93.3)/77.8] = 155° for the polarizable water and BMW models,
respectively. Note that these two values are much higher than
the experimental value (113°). This is expected, since only one
of the three surface tension values is wrongly estimated in both
the polarizable water and the BMW water model and hence the
wrongly estimated surface tension value is not canceled out in
the contact angle calculations.

To verify further, we calculate the contact angle of BMW
water on the FCC crystal surface (Figure S1 of the Supporting
Information) and the values are 146.5, 139.4, 126.7, 122.6, and
113.8° for C1, C3, NO, Nda, and P1 bead types, respectively.
These are much higher than what is predicted by the MARTNI
model. This is expected, as we already mentioned the BMW
model overestimates the hydrocarbon/water surface tension.
We also put a BMW water droplet on a P4 FCC crystal surface
and equilibrate it at 298 K for 140 ns. One would expect the
water droplet to spread over the crystal surface, as the “P4” is
one of the most polar bead types. However, the BMW water
droplet adapted a stable hemicircular shape on the crystal
surface, as shown in Figure S2 of the Supporting Information.
Thus, we conclude the BMW water is not suitable for modeling
the hydrophobicity of the nanoparticles. We also attempt to
obtain the contact angle of polarizable water on FCC crystal
surfaces of bead types C1 and NO, but the water droplets
completely crystallize (Figure S3 of the Supporting Informa-
tion), as might be expected in the absence of a suitable
antifreeze bead for polarizable water. The contact angles
obtained may therefore be unreliable, as the droplets may not
adapt the correct structure before they are frozen. Their values,
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Figure 8. Snapshots of the DPPC corona formation process at (a) 20 ns, (b) S5 ns, and (c) S00 ns around an NO bead type NP.

given in the Supporting Information, are close to the Thus, on the basis of our results for the water contact angle
on the dodecane surface, the MARTINI model is likely to

corresponding MARTINI water values. predict the contact angle of water on a substrate more
13089 DOI: 10.1021/acs.langmuir.6b01963
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Figure 9. Corona formation around NP as a function of NP surface hydrophobicity.

accurately than the other two models do, especially for
hydrophobic substrates. However, the MARTINI model
underestimates the water/air and the hydrocarbon/water
surface tensions. In the next section, we will discuss the
interactions of the NPs of different bead types with the DPPC
lipids using the MARTINI, polarizable MARTINI, and BMW
water models. We will also show how the lipids interact with
the NP for each water model.

Interaction of NPs with Lipids. In this section, we first
discuss the interaction of DPPC lipids with nanoparticles
(NPs) as a function of NP hydrophobicity using the MARTINI

model. A spherical NP of 5 nm diameter is built from a bulk
FCC crystal and put in the center of a 15 nm cubic box. Each
bead of the NP is connected to neighboring beads by a
harmonic bond, to prevent any crystal reconstruction. The NP
is allowed to rotate and translate during the course of the
simulation. To investigate the interaction of lipids with this NP,
200 DPPC lipids are randomly placed in the simulation box
using the “genbox” module of GROMACS, as shown in Figure
6. The simulation box is then solvated with MARTINI water
beads. As mentioned before, we use 20% antifreeze particles to
block freezing of the MARTINI water. The initial system is
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energy minimized, followed by an equilibration for 5 s at 1.0
bar pressure and 298 K temperature. A V-rescale thermostat™*
and Berendsen barostat’ are employed to control the
temperature and pressure, respectively. A cutoff of 1.2 nm is
used for both the van der Waals and electrostatic interactions.
We use a time step of 20 fs for the simulations containing lipids.
We consider only NPs cut from FCC crystals, since the contact
angles for different crystal symmetries are not too different, and
in any event change in a systematic way, as shown in Table 1.

In all of the simulations, we observe spontaneous corona or
micelle formation of the lipids around the NP during the course
of the simulation. Figure 7 and Figure 8 show the
representative snapshots of the corona formation process
around a hydrophobic NP and a micelle-like structure
formation process around a hydrophilic NP, respectively. In
the corona/micelle formation process, multiple small micelles
are initially formed in the solution. These small micelles
aggregate to form bigger micelles in the solution, which are
then directly adsorbed on a hydrophobic surface. However, in
case of a hydrophilic surface, multiple small micelles are initially
adsorbed to the NP surface (Figure 8a,b). These individual NP-
attached micelles grow by adsorbing lipids from the solution.
When they have grown large enough, the micelles aggregate to
form a bigger single micelle attached to the NP surface, as
shown in Figure 8c. The final structures obtained for different
kinds of NPs after S ps long simulations are presented in Figure
9. The DPPC lipids form a corona around the hydrophobic
NPs (bead types C1—CS), as the hydrophobic lipid tails are
bound to the hydrophobic NP surface while the hydrophilic
lipid heads are exposed to the water. The situation changes near
the vicinity of hydrophilic surfaces (C6, C7, NO, and Nda),
where a micelle-like structure is formed and a small part of the
micelle is attached to the NP. This structure appears to be
analogous to the binding of rod-like micelles to NP—surfactant
complexes described in simulations with the MARTINI force
field by Sambasivam et al.*’ The rest of the NP remains
exposed to the water. The NP—micelle complex structures are
observed for all hydrophobic NPs (C6, C7, NO, and Nda
beads) and are stable during the S us long simulation run,
confirming the stability of these complex structures. The
transition from a tail-coated NP surface to a micelle attached to
the NP surface occurs at a contact angle of around 58°, which is
within the range of hydrophilic materials (0° < 6, < 65°). We
computed the radial distribution function (RDF) between the
NP beads and lipid beads to scrutinize the complex structures
formed by the lipids and NPs. As expected, the density of lipid
tails is large near the hydrophobic surface and decreases near
the hydrophilic surface (Figure 10). Interestingly, we observe
that the lipid density near the NP surface is very similar for all
NPs with a contact angle above approximately 58°. Below this
contact angle, the lipid density near the NP surface sharply
drops to a low value, suggesting a first-order-like transition of
the DPPC lipid density near the NP surface.

Nanoparticles made of FCC material usually adapt a faceted
structure containing [100] and [111] surfaces, rather than the
more spherical surfaces studied above. Thus, we also investigate
the effect of NP shape on interactions of DPPC lipids with an
FCC NP containing eight [111] and six [100] surfaces, as
shown in Figure S4. We perform the simulations with a CS NP,
the least hydrophobic material for which a corona forms, and
with a C7 NP, the most hydrophobic material for which an
attached micelle structure forms. As can be seen in Figure S4,
the DPPC lipids form a corona around the faceted CS NP and
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Figure 10. Radial distribution function (RDF) between all the NP
beads and DPPC head (upper panel) and tail beads (lower panel). All
data for bead types C1—CS are superposed onto essentially a single
line, with the remaining data for C7 through Nda superposed on a
second line.

form a micelle structure attached to the C7 NP surface, just as
they did for the corresponding spherical NPs. Thus, we
conclude the shape of a very small NP has little effect on its
interaction with DPPC lipids.

We also carry out simulations of NP—lipid interactions in the
presence of BMW and polarizable MARTINI water. We first
discuss the results obtained from the BMW model. The cubic
simulation box (15 nm) containing a single NP and 200
randomly dispersed DPPC lipids is solvated using the BMW
water. The system is energy minimized, heated, and
equilibrated in the same way as we described before. In the
final structure obtained after a 1 us long simulation, shown in
Figure S, the lipids form a corona around the NP composed of
CS, NO, or Nda beads and form micelles attached to P1 NP.
This is expected, since the BMW model overestimates the
water/hydrocarbon surface tension and hence the contact angle
of water is much higher than that of the MARTINI water for all
bead types, as we already described earlier. Thus, each CG bead
type is more hydrophobic for the BMW model. As a result, we
observe the transition from tails coating the NP surface to a
hemimicelle attached to water-wet NPs near a contact angle of
113.8° (P1 bead type) which is much higher than the transition
angle of 58° predicted by the MARTINI model. However, it
seems unlikely that lipids would form a micelle structure
attached to a NP made of a material having a contact angle as
much as 113.8° since this contact angle indicates a hydro-
phobic material for which lipids should form a corona structure.
Thus, we conclude that the BMW model is not suitable for
modeling the hydrophobicity of the NPs, while the MARTINI
model gives more reasonable predictions.

We now present the results of the NP—lipid interactions in
the presence of polarizable MARTINI water. The lipids form a
corona for a C5 NP and hemimicelles attached to the NP
surface for an NO NP, as shown in Figure S6, just as observed
for these bead types in the MARTINI model. There are some
small differences relative to the MARTINI simulations, such as
the presence of a small free-floating micelle not part of the
corona for the C5 NP and the presence of two, rather than one
hemimicelle, attached to the NO NP, as shown in Figure S6.
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(These small differences might disappear if runs longer than 1
us could be carried out.) The similarity in results for polarizable
and MARTINI water suggest that the hydrocarbon/water
surface tension is probably more important in determining the
lipid—NP interaction rather than the water/air surface tension.
The hydrocarbon/water surface tensions for the dodecane/
water interface obtained from the MARTINI water (40.7 mN/
m) and polarizable MARTINI water (51.9 mN/m) differ but
not by much, and hence, these two models predict similar
structure in the NP-lipid interactions. However, the BMW
model predicts the hydrocarbon/water surface tensions much
higher (93.3 mN/m for the dodecane/water compared with the
experimental value of 52 mN/m) and hence cannot predict the
NP-lipid interactions correctly. However, as we mentioned
earlier, the polarizable MARTINI model cannot predict the
contact angle correctly and thus we suggest one should use the
MARTINI water to model the NP hydrophobicity. The
hydrocarbon/water surface tension is about 20% too low for
MARTINI water, but for NP—DPPC lipid interactions, this
modest discrepancy does not seem to affect the NP—lipid
interaction much, as shown by the similar results obtained with
the polarizable MARTINI water, which give the correct
hydrocarbon/water surface tension. In the next section, we
discuss the interaction of NP—lipids in the presence of SP-C
peptides.

Interaction of NPs with Lipid and Peptide Complex.
We first investigate the interactions of SP-C peptides with the
NPs. SP-C is a 31-residue amphipathic peptide found in lung
surfactant.”> The atomic structure of the SP-C peptide and its
amino acid sequence are shown in Figure S7. The structure and
topology of the coarse-grained peptide are generated using the
“martinize.py” script publicly available in the MARTINI
webpage.”® SP-C peptide contains both hydrophobic (proline,
alanine, glycine, phenylalanine, isoleucine, valine, and leucine)
and hydrophilic (serine, aspartic acid, tyrosine, arginine,
histidine, and lysine) residues. Therefore, we consider two
NPs: one hydrophobic (C1 bead type) and another hydrophilic
(NO bead type). The SP-C peptides interact in a very similar
way with both the hydrophobic and hydrophilic NPs. They do
not form any corona structure around a hydrophobic (C1) NP
as DPPC lipids doj; rather, they form an aggregate that partly
covers the NP surface, as shown in Figure S8 for both the
hydrophobic and hydrophilic NPs. A large portion of the NP
surface is exposed to water. However, part of the NP surface is
still covered by the peptides. Thus, the SP-C peptides should
compete with the lipids for access to the NP surface in a
solution of DPPC and SP-C mixture. We also carry out
simulations of a NP/DPPC/SP-C complex to investigate the
effect of SP-C peptides on the NP—DPPC interactions. A total
of 40 SP-C peptides are randomly placed along with 200 DPPC
lipids in a 15 nm cubic box, as shown in Figure 6b. The coarse-
grained structure of a DPPC lipid contains 12 MARTINI beads,
whereas that of a SP-C peptide contains 72 MARTINI beads.
Thus, we chose a 1:5 ratio of peptide molecules to lipid
molecules so that both components have roughly comparable
numbers of MARTINI beads and roughly comparable mass
concentrations. We note that, when the NP is hydrophobic
(C1—C3 bead type), DPPC sits on the surface and the SP-C
peptide resides on top of the lipid head groups, as shown in
Figure 9. As the hydrophobicity of the NP decreases, the
peptides move closer to the NP surface, with both the lipids
and peptides contacting the C5 bead type surface. Figure 9
shows that the peptides remain far away from the more

hydrophilic C7 bead-type NP surface, as the peptide coats the
micelle-like structure formed by the lipids at this hydro-
phobicity. Note that for a C7 NP the interaction between the
peptides and lipids is stronger than that between peptides and
the NP. Since the lipids form a micelle-like structure and the
peptides sit on the circumference of the micelle, the peptides
remain far away from the NP, as shown in Figure 9 (C7 bead
type) and Figure 11b. As the hydrophobicity decreases further
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Figure 11. RDF between (a) DPPC beads and (b) SP-C peptide
beads with all the NP beads.

(for the NO bead type), the interaction between the NP and the
peptides becomes stronger than that between lipids and
peptides, and the density of peptides near the NP surface
increases (Figure 11). For an Nda type NP, the peptides are
mostly attached to the NP surface while the lipids are pushed
away. Thus, a super hydrophilic NP having both donor and
acceptor sites has the strongest interaction with the SP-C
peptides.

We also investigate the interaction of the NP/DPPC/SP-C
complex in the presence of polarizable MARTINI water. We
perform the simulations with a C3 NP, the least hydrophobic
material for which the peptides reside on top of the lipid corona
around the NP, and with a CS NP, the most hydrophobic
material for which the peptides just start to be in contact with
the NP surface. As can be seen in Figure S9, the peptides reside
on top of the corona structure around the C3 NP and start to
be in contact with the CS NP surface just as they did for the
corresponding NPs in the presence of MARTINI water (Figure
9).

B CONCLUSIONS

We have performed coarse-grained molecular dynamics
simulations to model the hydrophobicity of inorganic NPs.
We showed that the crystalline surfaces made of different
MARTINI beads form a wide range of contact angles with
water which allowed us to perform a systematic study of the
interaction of NPs with lipid and protein systems as a function
of the NP hydrophobicity. We note that the lipids form a
corona around a hydrophobic NP whose contact angle with
water droplets in a vacuum is higher than ~60°, but they form a
micelle structure attached to the NP surface when the contact
angle of the NP is lower than 60°. Interestingly, we observed
that the transition from tails coating the NP surface to
hemimicelle coating to water-wet NPs as contact angle changes
is abrupt, suggesting a first-order-like transition. We also
investigated the role of SP-C peptides on the interaction of
NP-lipid systems. The NPs with higher hydrophobicity are
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covered by the lipids, and the peptides reside on top of the lipid
corona. As the hydrophobicity of the NP decreases, the
peptides compete with the lipids to access the NP surface.
When the hydrophobicity of the NP is close to 20°, most of the
NP surface is in contact with the peptides and the lipids sit on
top of the peptides. Our calculation of contact angles, and
introduction of new bead types, will be helpful in modeling
materials in general at the coarse-grained level, by allowing
future researchers to choose an appropriate MARTINI bead
type whose contact angle with water is similar to that of the
material being modeled. For example, Wang et al.”’
experimentally measured the contact angle to be 127 and
98.3° for the graphene and graphite surface, respectively.
However, Wu et al.>® used a C1 MARTINI bead type for both
the graphene and graphite surface. Our study suggests that a C1
and C2 type MARTINI bead would be more appropriate for
graphene and graphite, respectively.
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