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ABSTRACT: When inhaled nanoparticles (NPs) come into
the deep lung, they develop a biomolecular corona by
interacting with the pulmonary surfactant. The adsorption of
the phospholipids and proteins gives a new biological identity
to the NPs, which may alter their subsequent interactions with
cells and other biological entities. Investigations of the
interaction between the cell membrane and NPs coated with
such a biomolecular corona are important in understanding the
role of the biofluids on cellular uptake and estimating the
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dosing capacity and the nanotoxicology of NPs. In this paper, using dissipative particle dynamics, we investigate how the
physicochemical properties of the coating pulmonary surfactant lipids and proteins affect the membrane response for inhaled
NPs. We pinpoint several key factors in the endocytosis of lipid NPs, including the deformation of the coating lipids, coating lipid
density, and ligand—receptor binding strength. Further studies reveal that the deformation of the coating lipids consumes energy
but on the other hand promotes the coating ligands to bind with receptors more tightly. The coating lipid density controls the
amount of the ligands as well as the hydrophobicity of the lipid NPs, thus affecting the endocytosis kinetics through the specific
and nonspecific interactions. It is also found that the hydrophobic surfactant proteins associated with lipids can accelerate the
endocytosis process of the NPs, but the endocytosis efficiency mainly depends on the density of the coating surfactant lipids.
These findings can help understand how the pulmonary surfactant alters the biocompatibility of the inhaled NPs and provide
some guidelines in designing an NP complex for efficient pulmonary drug delivery.
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1. INTRODUCTION

Rapid development of the nanotechnology not only widens the
applications of nanoparticles (NPs) in biological engineering'”
but also increases concerns in the risk of NPs.”* The cellular
internalization of the NPs is one of the crucial processes to
estimate the dosing capacity and the nanotoxicology of NPs.”~’
Depending on the types of cells and NPs, the NPs can enter
cells via different pathways through specific and nonspecific
interactions, such as phagocytosis, receptor-mediated endocy-
tosis (RME), and direct penetration.”” The RME is considered
as one of the most efficient pathways for the NPs with a
diameter of 25—50 nm.””"" In the RME process, the NPs are
always coated with biopolymers or macromolecules or
bioconjugated with functional groups that act as ligands to be
recognized and bound by the receptors on the cell membrane.
Current studies have shown that both the chemical and physical
properties of the NPs, such as surface modification, shape, and
stiffness, impact the RME process and cellular uptake
further."” "¢

Before NPs interact with cells, they always inevitably come in
contact with the biological fluids (plasma, intestinal fluid, and
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pulmonary surfactant) first. Biomolecules in the biofluids
selectively adsorb onto these NPs, forming the so-called
biomolecular coronas that can change the surface properties
and the biorecognition of the NPs and thus possibly alter the
subsequent cellular uptake of the NPs.”'’~"” Related works
have shown that NPs via intravascular administration usually
bind with serum protein coronas that decrease or increase the
cellular uptake depending on the types of the pristine surface
properties and the adsorbed proteins.””~>’ Lung, one of the
organs directly contacting with the external environment, is
another major route to take NPs, such as nanosized air
pollutions and noninvasive drug delivery."”*** After being
inhaled, the NPs will encounter the pulmonary surfactant when
deposited in the deep lung and adsorb surfactant lipids and
proteins based on their surface properties.”*”>® Several
experiments have demonstrated that coating of the pulmonary
surfactant can enhance the uptake of NPs by different lung cell
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lines.””*" Although some experiments have been designed to
investigate the pathways of the NPs incubated in a surfactant
lipid matrix or bronchoalveolar lavage fluid, the associated
mechanism at the molecular scale is hardly to identify because
of the limitation of the available experimental techniques.””**
Mesoscale computer simulation, which has been widely applied
in an NP—membrane interaction, can provide useful
information related to the mechanics of the endocytosis from
a molecular view.”” *® Existent computational studies have
shown that the physiochemical properties of the coating
molecules (sin§1e—chain ligand,” hydrophilic polyethylene
glycol polymer,” and human serum protein*') on NPs can
impact the endocytosis process. However, to date, relevant
studies on how coating of pulmonary surfactant lipids and
proteins affects the interactions between NPs and the cell
membrane are still scarce. Here, we introduce a dissipative
particle dynamics (DPD) simulation method to investigate
these interactions.*”

Corona can be divided into two layers: one is called “hard
corona”, which tightly binds to the NP surface and lives long in
an equilibrium state, and another is called “soft corona”, which
is loosely bound and can be rapidly exchanged with the
biofluidic environment.'” Considering that the hard corona is
thought to be most determinant in physiological response,”"*
we adopt the hard corona in the present simulations to focus on
its effects on cellular uptake. Given that the coating lipids
dominate the component of the lipoprotein corona, most of
our simulations study the effect of the coating lipids on the
cellular uptake using a core (hydrophobic NP)—shell (lipid
monolayer) model, which is mapped from previous exper-
imental and computational observation.”***** For clarity, the
NPs coated only with surfactant lipids are called lipid NPs in
the present simulations. Meanwhile, hydrophobic surfactant
proteins (SPs) are always phospholipid-associated acting as a
bridge between lipid layers**® and can appear on the
lipoprotein corona without disturbing the structure of the
surfactant lipids.”® Thus, we use the lipid NPs coated with extra
hydrophobic SPs, that is, the lipoprotein NPs, to study the
effect of the hydrophobic SP on endocytosis.

In this paper, we performed a comprehensive computational
study on the effect of the physicochemical properties of the
pulmonary surfactant on the endocytosis kinetics. First, we
showed the wrapping pathway for the lipid NP by comparing
with the pristine hydrophilic and hydrophobic NPs without
coating ligands. Second, we described how the deformation of
the coating lipids affected the endocytosis for the lipid NP.
Then, we discussed how the coating lipid density influenced the
cellular uptake at a different ligand—receptor bending strength.
Finally, we studied the effect of the hydrophobic SPs on the
wrapping kinetics by comparing the wrapping pathway of lipid
NPs and lipoprotein NPs.

2. COMPUTATIONAL MODEL AND METHODOLOGY

2.1. DPD Formulation. The DPD technique, a mesoscopic
coarse-grained (CG) method, was used in this work, which has
been successfully and widely used in biomembrane simu-
lation.”**”*” In the CG molecular dynamics, a cluster of atoms
can be represented by one single bead to increase the temporal
and spatial scale and each bead is governed by the Newton
equation of motion

dy, E

1

dt m (1)

where the mass m of a single bead is set to 1. The interaction
between beads i and j consists of three types of forces:
conservative force Fg, dissipative force Fg , and random force
F}]{ The total force on the bead i can be expressed as

_ C D R

E= ) Fj +F +F
i# (2)
where the sum runs over all beads j within a certain cutoff
radius r.. The conservative force is a soft-repulsive force given

by
c_ X
Fy = “i;‘(l - rij)rij (3)

where a;; represents the maximum repulsion between the beads
i and j, ry = (r; — 1;)/r, 1; = Irl, and &; = r/Ir;]. The dissipative
force is taken as

R . aa
) = —wa(l‘ij)(l'ij"’xj)rij ®

where y represents the strength of friction, wp(r;) = (1 — r;)?,
and v; = v; — v;. The random force is given by

R X
Fy = O'C"R(ri;') iLij (5)

where &; is a zero-mean Gaussian random variable of unit
variance, wy(r;) = 1 — r;, and o is a noise amplitude and equals
to \/2kgTy. We also take r, as the characteristic length scale and

ksT as the characteristic energy scale. The characteristic time

scale is defined as 7 = y/mr.>/kzT. Equation 1 is integrated in
time with a velocity-Verlet algorithm at ¢ = 3 and At = 0.017.
The simulation box is a 100r. X 100r, X 70r. domain with
periodic boundaries in x, y, and z direction, where the particle
density is 3. All simulations are performed in the NVT
ensembles using LAMMPS package.**

2.2. Simulation Model. Figure 1 illustrates the CG DPD
model of different components in our simulation. The NP with
a diameter of 16r, is formed by particle beads arranged on a
face-centered cubic lattice to prevent other beads’ insertion and
constrained to move as a rigid body. The lipid molecule is
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Figure 1. Schematic illustration of the models in computer
simulations. Silver beads represent a NP, green beads represent
surfactant lipid heads, yellow beads represent surfactant lipid tails, and
orange beads represent hydrophobic proteins. The conformation of
the lipid NP and lipoprotein NP is shown after equilibrated in pure
water. The membrane is consisted of 5524 lipids and 5524 receptors.
Magenta beads represent membrane lipid heads, cyan beads represent
membrane lipid tails, and violet beads represent receptors.
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represented by the H;T; CG model proposed by Groot and
Rabone.*” Here, the head groups are CG to three hydrophilic
beads and every three carbon atoms of each alkyl chain are
taken together as one hydrophobic bead, which is suitable for
modeling the dipalmitoylphosphatidylcholine (DPPC) or
dimyristoylphosphatidylcholine molecule. These lipids can
assemble to a stable bilayer structure when immersed in
water. Note that the water beads are not shown here for clarity.
Considering that DPPC is the major component of the
surfactant lipids, we also adopt this lipid model to represent the
coating surfactant lipids on the NP. For modeling the
hydrophobic SP, we map the CG models provided by the
Martini force field to the DPD simulation. More details of the
CG modeling method are given in the Supporting Information.
Given that the surfactant lipids can provide biorecognition for
NPs especially related to the clearance by pulmonary
macrophages,'”* the surfactant lipid heads are considered as
the ligands.”® They can react with receptors, such as cell-
penetrating peptides, in the membrane.”’ Meanwhile, 50% lipid
heads of the membrane are considered as receptors, where the
high ratio of receptors has been proved an efficient way to
simulate the RME.”****" The ligand—receptor interaction
parameter ag; is set to 0—15kpT/r, in the DPD parameter. In
addition, to examine the interaction between the NP and the
membrane at a higher ligand—receptor binding strength, we
here introduce a soft Lennard-Jones (LJ) potential, which is
defined by

ligand—receptor
U;e ptor _ 48[(5/1-1.].)12 - (a/rij)é] + 0.22¢ (6)

where r; < r, 6 = 0.624r,, and ¢ represents the strength of the
ligand—receptor reaction and ranges from 3kyT to SkT.”*
Additionally, the repulsive force is set to be 25kzT/r. when it is
larger than 25kpT/r. to guarantee the proper running of the
DPD simulation. Given that the hydrophilic beads of the SP are
highly polar and can strongly attract with the lipid heads, we
also use this potential (¢ = 3kzT) to simplify such a strong
interaction. Other interactions between beads i and j are
followed by DPD formulation, and the exhaustive description
of the adopted parameters is shown in the Supporting
Information. One of the input scripts for the LAMMPS
package and the script to create the bond list (format for the
data file in the LAMMPS package) for the DPD protein model
based on the Martini force field have been provided in the
Supporting Information.

The lipid NPs and lipoprotein NPs are fully equilibrated in
pure water for dozens of nanoseconds to obtain the initial
conformation of the coating NPs, as shown in Figure 1. Then
the equilibrated coating NPs are placed above the membrane in
another simulation box to study the NP—membrane
interaction. During the simulations of the NP—membrane
interaction, to maintain the membrane at zero tension, the lipid
number per area at the boundary is adjusted to equal to 1.1 by
stretching or compressing the box.””***" By examining the
membrane thickness and the lipid diffusion coeflicient, we can
convert the reduced DPD units to SI units.”” The simulated
value of the bilayer thickness is about Sr and the characteristic
time scale can be obtained by the simulated lateral diffusion
constants of the lipid bilayer.”>** In practice, the thickness of
the DPPC bilayer is 4 nm and the in-plane diffusion coefficient
is 5 ym?*/s in the experiment.”” We can yield r. = 0.8 nm and 7
= 24 ps.

3. RESULTS AND DISCUSSION

3.1. Different Pathways for Bare NPs and the Lipid
NP. First, 800 pulmonary surfactant lipids are coated onto an
NP, resulting in an area per lipid of 1.00r> at the core NP
surface and 1.73r.” at the lipid NP surface. Unlike pristine NPs
without ligands, the lipid NP can be internalized by the cell
membrane via a unique wrapping pathway, as shown in Figure
2a. Generally, pristine NPs without ligands can hardly adhere to

Figure 2. Representation of the pathway for lipid NPs. (a) Different
pathways for bare NPs without ligands and lipid NPs. All of these
simulations are taken for several million steps. (b) Representative
DPD simulation snapshots for the endocytosis of lipid NPs (coated
with 800 lipids) at a low ligand—receptor binding strength (ap; = 10)
in three different views.

the cell membrane but can penetrate the membrane by an
external force or using the dynamic bond.”*** Under some
circumstances, hydrophobic NPs will enter into the lipid bilayer
because of their preference to lipid hydrophobic tails in the
water environment.”® The lipid NP, like other NPs coated with
biomolecules, can be engulfed by the cell membrane through an
RME in similar wrapping ways.””***” Note that the lipid NPs
wrapped by a lipid bilayer can be internalized through an
external force generated by actin filaments.”® Recent experi-
ments have found that the silica NPs coated with surfactant
lipids can only be detected in endosomes and lysosomes after
cellular uptake, whereas the bare silica NPs were freely
dispersed in the cytosol.’” This indicated that the internal-
ization of NPs underwent a membrane-wrapping process for
lipid NPs but suffered the direct penetration of the bare NPs
that will severely destroy the cell membrane, in accordance with
our simulations. Next, we analyze the key factors in the
endocytosis kinetics of the lipid NP.

A detailed time sequence of snapshots for the endocytosis of
the lipid NP is displayed in Figure 2b. The whole endocytosis
process can be divided into two parts: membrane bending stage
(t < 400 ns) and monolayer protruding stage (¢ > 400 ns).
During the simulation, the coating lipids at the contact region
have a different morphology compared with those at the
noncontact region. This is because the strong attractions
between receptors and surfactant lipids cause their aggregations
and lead to the conformational changes in the head groups of
surfactant lipids. Surfactant lipid tails tend to contact with the
tails of membrane lipids to make a splayed lipid conformation,
which is considered as a typical model for initial membrane
fusion.’” Previous studies have pointed that the conformational
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Figure 3. Effect of the deformation of the lipid shell on the endocytosis of NP at a low ligand—receptor binding strength (ap; = 10). (a) Typical
snapshots for the endocytosis of the lipid NP and the rigid NP. (b) Time evolution of the wrapping ratio. (c) Ratio of binding ligands or receptors to
total ligands or receptors at a different distance at the contact region. Neighboring values are selected within a distance of about 0.025r..

change in coating flexible molecules is one of the influences on
the interaction between NPs and biomembranes.”*° Therefore,
the energy consumed for such deformation of the coatings
should be taken into account for analyzing the endocytosis
kinetics of the lipid NPs.

Besides the energy cost for the deformation of the coating
surfactant lipids, other two main factors influence the
endocytosis of the lipid NPs. The first one is the bending
energy of the cell membrane, which is Fyenging = 87B for a fully
wrapped NP, where B is the bending rigidity for the
membrane.” Note that the bending energy is a constant
independent of the physicochemical properties of NP. The
second one is the adhesion energy between the NP and the
membrane, driven by specific and nonspecific interactions.”’
The specific interaction is provided by the ligand—receptor
interaction that is controlled by the binding number and
binding strength of the ligands and the receptors,”®* while the
nonspecific interaction mainly stems from the hydrophobicity
of the lipid NP. The number of the coating ligands and the
hydrophobicity of the lipid NP depend on the coating density
of the surfactant lipids. The binding strength of the ligands and
the receptors denotes the different cellular responses to the
lipid NP. As discussed above, to acquire a total engulfment of
the lipid NP, the adhesion energy must overcome the energy
cost consisted by membrane bending and deformation of the
coating lipids. In consideration of the bending energy only
depending on the rigidity of the cell membrane, we mainly
investigate how the deformation of the coating lipids and the
density of the coating lipids affect the endocytosis of lipid NPs
at different binding strengths of the ligands and receptors.

3.2. Effect of the Deformation of the Coating Lipids.
We assume a rigid NP that has the same surface properties as
the lipid NP but is unable to deform. Our simulations show that
these two NPs suffer the different fates when encountering the
same membrane (Figures 3a and 4a). At a low receptor—ligand
binding strength (ag, = 10), the lipid NP can be totally
engulfed by the membrane, whereas the rigid NP cannot
(Figure 3a,b). Figure 3a shows that a monolayer protrusion can

20371

promote the total engulfment of the lipid NP but is absent in
the endocytosis of the rigid NP. To explain this phenomenon,
we examine the ligand—receptor distributions at the binding
range (r. < 1) in the contact region for both the NPs. Here, the
ratio of binding ligands or receptors to total ligands or
receptors denotes their distributions within the binding range
(Figure 3c). We notice that the lipid NP has more ligands
involved in reacting with the membrane receptors than the rigid
NP without consuming extra receptors. Besides, the ligands on
the lipid NP can bind with the receptors more closely than
those on the rigid NP, resulting in a higher binding energy.
These results demonstrate that the flexible lipids can adjust
their posture for a better binding condition with receptors and
hence provide more adhesion energy to promote the total
engulfment. Recently, Xia et al. found that longer coating
ligands on the NPs will be rearranged during the endocytosis to
help the total engulfment of NPs, whereas the shorter ones
cannot.”* They demonstrated that the mobile ability of the
coatings can promote the endocytosis, which confirms our
finding that the deformation of the coating lipids from the
homogeneous ones to the patterned ones can be beneficial for
the endocytosis.

However, when the ligand—receptor binding strength
increases to ag; = 0, the rigid NP undergoes faster engulfment
by the cell membrane than the lipid NP (Figure 4a), as the
energy loss for the deformation of the coating lipids increases
with the binding strength and thus delays the endocytosis. The
deformation of the lipid NP can be divided into two parts: the
stretching or compression of the soft shell at the radial
direction, which is considered as one important role in cellular
uptake,*”** and the conformational changes of the head groups
as shown previously in Figure 3a. From Figure 4b, we find that
there is almost no difference in the density distribution of the
surfactant lipid beads between the lipid NP and the rigid NP.
Therefore, the lipid NP does not deform at the radial direction
because of the high elasticity modulus and small thickness of
the lipid shell. Besides, for the lipid NP, there exists a left peak
shift of the membrane lipid beads (MLBs), as the MLB can
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Figure 4. Effect of the deformation of the lipid shell on the
endocytosis of NP at a high ligand—receptor binding strength (ag, =
0). (a) Time evolution of the wrapping ratio of the lipid NP and rigid
NP. (b) Density profile of different beads at a different distance away
from the core NP. The colors of the curves for different beads are
consistent with the colors shown in snapshots. (c) Detailed illustration
for the deformation of the lipid shell compared with a rigid shell. The
membrane and shell are shown in the cross-sectional view particularly.

enter into the lipid shell after the redistributions of the head
groups of the coating lipids (Figure 4b,c). These results prove
that obvious conformational changes occur at the interface
between the lipid NP and the membrane. The energy loss for
such deformation will eventually delay the endocytosis at a high
binding strength, even though the deformation can provide
more adhesion energy. Collectively, we conclude that the
deformation of the coating lipid shell controls both the energy
consumed for the deformation and adhesion energy with the
membrane, thus affecting the cellular uptake. In practice,
nanocarriers, such as mesoporous silica NP and RNA,66’67 are
usually incubated in the lipid matrix binding types of lipids to
promote its biocompatibility. It would be beneficial for cellular
uptake to determine an optimal rigidity of the binding lipids by
altering the incubation temperature and the lipid components.

3.3. Effect of the Coating Lipid Density. The coating
lipid density of the NP often varies with the incubation
environment in pulmonary surfactant solutions and the
physicochemical properties of the pristine NP, such as surface
modification and curvature.””*® In our simulations, three
different coating lipid numbers are set to be 600, 800, and
1000, with an increase in ligand density and a decrease in
hydrophobicity. The hydrophobicities of each NP are 048,
0.37, and 0.29 calculated from the equilibrated lipid NPs, where

the hydrophobicity is characterized by the proportion of the
hydrophobic solvent-accessible surface beads to the total
solvent-accessible surface beads. These NPs undergo different
endocytosis kinetics under varieties of ligand—receptor binding
strength (ap;: 13—0, &: 3—5). The simulation results are
summarized into a phase diagram, as shown in Figure Sa. When
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Figure S. Roles of the density of the coating lipid density in the
endocytosis of NP at different binding strengths. (a) Phase diagram for
the endocytosis of the lipid NPs, and it is given as a function of the
ligand—receptor binding strength and coating lipid number. (b) Time
evolution of the wrapping ratio at different binding strengths. (c)
Typical snapshots for the endocytosis of the lipid NPs with different
coating lipid numbers at a low binding strength (ag; = 10).

the binding strength is low, none of the NPs can be engulfed by
the membrane because of their weak binding ability with the
receptors, which is called the weak binding region. As the
binding strength increases to ag; = 10, the NP coated with 600
lipids can only be partially wrapped by the membrane, while
other NPs are totally wrapped by the membrane (Figure Sb,c).
However, at the initial stage of endocytosis, the 600-lipid-
coated NP can be wrapped faster than other NPs because of its
higher hydrophobicity. This implies that the nonspecific
interaction can spontaneously affect the endocytosis once the
NPs adhere to the membrane, whereas the specific interaction
needs a time delay in accordance with current theoretic
models.”'® As time goes, all of these NPs move downward and
are gradually wrapped by the membrane. At a certain moment,
the 600-lipid-coated NP cannot be wrapped anymore.
However, for other NPs, taking the 1000-lipid-coated NP, for
example, there is a monolayer protrusion promoting the total
engulfment of the NPs (Figure Sc). The failure of the
monolayer protrusion results from the lack of the ligands at
the noncontact region and the weak binding interaction at the
contact region. With the increase of the binding strength, all of
the NPs can be totally engulfed by the membrane. Beyond this
point, coating more lipids is not beneficial anymore and instead
leads to a longer wrapping time, leading to the waste of the

ligands. Take a high binding strength (ag; = 0), for example,
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the 600-lipid-coated NP takes the shortest time for the total
endocytosis as shown in Figure Sb. Generally, the binding
strength between the NPs and the membrane is a key factor in
evaluating the cellular uptake of lipid NPs.

To further study the role of the coating lipid density in
cellular uptake, we check the ligand—receptor distributions at
the contact region for the 600-lipid-coated NP and the 1000-
lipid-coated NP (Figure 6a). For the 1000-lipid-coated NP,
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Figure 6. Effect of the lipid density on some main factors in cellular
uptake. (a) Ratio of binding ligands or receptors to total ligands or
receptors at a different distance for lipid NPs at a low binding strength
(agy, = 10). (b) Density profile of different beads at a different distance
away from the core NP for totally engulfed lipid NPs. (c) Illustration
of the initial density distribution of the receptors consumed for the
total engulfment of the 600-lipid-coated NP and 1000-lipid-coated NP.
(d) Representative snapshots for the lipid extraction by the
unsaturated (600-lipid-coated) NP. Cyan beads represent membrane
lipid tails that are within about 1.0r, around the NP surface, and other
beads are transparent for clarity.

more ligands interact with receptors to provide more adhesion
energy. Surprisingly, the in-pair ligand ratio for the 1000-lipid-
coated NP is even higher than for the 600-lipid-coated NP.
Such high lipid density can not only provide with more ligands
for specific interactions but also promote the continuous and
uniform distributions of the ligands, resulting in an enhanced
binding efficiency at a low binding strength. Furthermore, the
NPs coated with more lipids consume more receptors to
accomplish the endocytosis (Figure 6a). We also examine the

initial distribution of these receptors, where the receptors
required for the total engulfment of the 1000-lipid-coated NP
are more broadly distributed in the membrane than that for the
600-lipid-coated NP (Figure 6c). It shows that for the 1000-
lipid-coated NP, more receptors have to undergo a longer
diffusion process to reach on the NP surface, leading to a longer
time of the full engulfment. Meanwhile, by comparing the head
group distributions between these NPs, the coating density
only influences the density of binding receptors (see Figure
6a,c), without altering the total density of binding membrane
lipids and receptors (Figure 6b). This means that for a higher
lipid-coated NP, some receptors may replace the membrane
lipids at the interface between the NP and the membrane, thus
delaying the total endocytosis. Moreover, from the entry
perspective of multi-NPs, the number of the receptors in the
cell membrane is limited. Optimal ligand density may vary with
the binding strength and coating extra ligands can result in a
receptor-shortage phenomenon and weaker cellular uptake.®”
Recent experimental results have demonstrated that the cellular
uptake of NPs decreased at a high surfactant lipid coverage,
which was in line with our analysis.”® Our simulations
demonstrate that exposed hydrophobic tails of the coating
lipids can also affect the endocytosis process of the lipid NP.
Figure 6b illustrates that there are some membrane lipid tails
close to the NP surface for the 600-lipid-coated NP, proving
that the lipids of the cell membrane can enter into the interior
of the coating lipids. The detailed snapshots in Figure 6d clearly
show that the membrane lipids can diffuse to the NP surface
before the membrane wraps the NP. For the 600-lipid-NP, the
unsaturation of the lipid coating leads to few hydrophobic tails
of the coating lipids exposed in water, causing an increase in
hydrophobicity. As a result, the membrane lipids can be
extracted to the hydrophobic solvent-accessible surface, which
is similar in the observation of the graphene—cell membrane
interaction.”” Both the hydrophilic and hydrophobic fractions
of the coating lipids affect the endocytosis process of lipid NPs,
although the hydrophilic one relies on the specific interactions
with the receptors on the membrane, whereas the hydrophobic
one enhances the nonspecific interaction between the NP and
the membrane.

3.4. Effect of the Coating Hydrophobic SP. To study
the effect of hydrophobic SPs on the endocytosis, we compare
the endocytosis process of the lipoprotein NPs and lipid NPs.
The molar ratio of the SPs on the coatings is set to 0.01,
consistent to our previous simulation work.”> When the
lipoprotein NPs interact with the membrane at a low ligand—
receptor binding strength, the SPs will first contact with the cell
membrane through the rotation of the NPs because of their
hydrophobicity and strong attraction to the membrane lipids
(Figure 7a). In addition, by comparing the endocytosis
dynamics of the lipid NPs and lipoprotein NPs, we notice
that hydrophobic SPs can accelerate the endocytosis and
promote the membrane wrapping the lipoprotein NPs,
especially as they come in contact with the membrane (see
Figure 7ab). However, for lipoprotein NPs, the lack of the
ligands at the noncontact region will lead to a frustrated
endocytosis at a lower ligand—receptor binding strength
(Figure 7a), even though the coating proteins can increase
the adhesion energy. At a higher binding strength, coating with
extra hydrophobic SPs (800-lipid-coated NP and 1000-lipid-
coated NP), unlike the ligands as surfactant lipids, can increase
the wrapping speed as shown in Figure 7c. This is because the
coating SPs can increase the adhesion energy by binding tightly
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Figure 7. Effect of the coating hydrophobic SPs on the endocytosis of the NPs. (a) Typical snapshots for the endocytosis of the lipoprotein NPs with
different coating densities at a low ligand—receptor binding strength (ag, = 10). (b) Time evolution of the wrapping ratio for lipoprotein NPs with
different coating densities at a low ligand—receptor binding strength (ag, = 10) compared with the lipid NPs. (c) Time evolution of the wrapping
ratio for lipoprotein NPs with different coating densities at a high ligand—receptor binding strength (az, = 0) compared with the lipid NPs.

with the membrane lipids without intensifying the receptor
diffusion and competition.”**® At some circumstances (the
800-lipid-coated NP at ap;, = 10 and the 600-lipid-coated NP at
agy = 0), coating with extra SPs can also slightly influence the
distribution of the coating lipids on NPs. The endocytosis of
the lipoprotein NPs is somehow delayed at the end of the
endocytosis, resulted from the decrease of the ligands at the
noncontact region. Previous in vitro experiments found that the
uptake of NPs coated with the pulmonary surfactant by
macrophages mainly depends on the lipid coating and is only
slightly affected by the hydrophilic SPs.*”’® Our simulation
results show that the engulfment efficiency mainly depends on
the lipid density because of their overwhelming coverage ratio.
It is more beneficial for the uptake of the lipid NPs by
additionally coating with biomolecules (e.g., hydrophobic SPs)
that can anchor on the membrane rather than coating extra
molecules with the same ligands (surfactant lipids).

Although the CG simulation can help understand the
endocytosis mechanism of the NPs at the mesoscale, there
still exist several limitations in this research. First, compared
with the real bioenvironment, both the temporal and spatial
scales of the simulation are much smaller. Second, because of
intrinsic “smearing” of the atomic details in the CG
methodology, the present simulation is unable to consider
more detailed features of the NP—membrane interaction, such
as the hydration force, the structural and functional changes of
the biomacromolecules, and the interaction of each functional
group within the molecules, which may be important in
examining the nanotoxicology of the NPs.® Third, the natural
pulmonary surfactant is much more complicated. The charge
and the type of the lipid heads, the length of the lipid tails, and
the type of the SP probably affect the endocytosis of the NPs
coated with surfactant lipids, which is worthy of future
investigation.
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4. CONCLUSIONS

Through a DPD simulation study, we find that the pulmonary
surfactant corona can provide the biorecognition to promote
the RME for NPs. More importantly, we study the effect of the
properties of surfactant lipids and hydrophobic SPs on the
endocytosis of NPs. First, our results show that the lipid NP
can bind with more receptors because of the flexibility of the
coating lipids when compared with an assumed rigid NP, which
can promote the total engulfment of the lipid NP at a low
ligand—receptor binding strength. However, with the increase
of the ligand—receptor binding strength, the energy cost for the
deformations of the coating lipids will finally delay the
endocytosis although this deformation can provide more
adhesion energy. Second, our results demonstrate that the
coating lipid density also plays a crucial role in the RME. For
the unsaturated coated lipid NP, the hydrophobicity provided
by the exposed surfactant lipid tails can accelerate the wrapping
process once the NP attaches to the membrane. However, the
lack of the ligands will lead to a partial engulfment owing to the
failure of the monolayer membrane protrusion. In addition, the
ligand—receptor binding strength also has an important role in
the endocytosis efficiency. At a high binding strength, coating
with more lipids will intensify the competition for receptors
around the NP surface, leading to a longer endocytosis time.
Moreover, from a viewpoint of multiple NPs’ endocytosis, the
receptors consumed for the endocytosis are limited. Thus, the
optimal ligand density varied with the binding strength should
be taken seriously for the endocytosis of corona-NPs and
designing NPs for drug delivery. Finally, we study the effect of
hydrophobic SPs on the endocytosis of NPs, by comparing the
endocytosis process of the lipoprotein NPs and lipid NPs. We
find that the hydrophobic SPs can promote the uptake of NPs
owing to their extra attraction to the membrane lipids.
However, the engulfment efficiency mainly relies on the
density of the coating lipids because of their overwhelming
coverage ratio. Generally, our mesoscale computational results
can help understand the RME mechanics for NPs coated with
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the pulmonary surfactant from a molecular view and provide
some useful guidelines for designing inhaled NPs for drug
delivery to lungs.
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