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I
n recent years, bionanotechnology has
opened new avenues for clinical diag-
nostics and therapeutics.1�3 In particu-

lar, nanoparticles (NPs) with different sizes,
shapes, and chemical properties have been
designed for drug delivery.4,5 Therefore,
understanding how NPs interact with cellu-
lar membranes is important for the design
of drug nanocarriers.6�21 In target drug
delivery systems, NPs are usually functiona-
lized with ligands,7,10,19�23 and the speci-
fied receptor�ligand interaction enables
the delivery of chemotherapy agents to
targeted cells directly, which reduces side
effects and leads to better patient compli-
ance. In this case, receptor-mediated endo-
cytosis is the main internalization pathway
for NPs entering a cell.
Thecellular uptakeof ligand-coatedNPswas

found to be strongly size-dependent.7�10,23�25

In addition, both experimental and theoret-
ical investigations have displayed that the
optimal NP size for endocytosis is on the
order of 25�50 nm, while exceedingly
large or small NPs would yield inefficient
uptake.6,8,10,23 Furthermore, different path-
ways for NP internalization, including pas-
sive and active processes, were also found
to be size dependent.9,26�28 Theoretical
studies indicate that there exists one thresh-
old particle size for the endocytosis of a
single NP, below which NPs could not be
encapsulated by a flexible membrane.24

Thus, a question arises: could NPs with very
small size (several nanometers) enter into
cell by a mechanism of NP endocytosis
when multiple NPs are taken into account?
Furthermore, the mechanism of small NPs
internalizing into cells or just adhering on
the cell surface is still not well understood.
Although biological applications of NPs re-
quire a thorough understanding of the
pathway and kinetics of the uptake of multi-
ple small NPs, to our knowledge, no quanti-
tative study on this aspect has previously
been undertaken.

Computer simulations in our previous
paper show that for a single NP both the
extent and dynamics of receptor-mediated
endocytosis are strongly dependent on NP
size, ligand density, and membrane surface
tension.29 Computer simulations also indi-
cate that the shape anisotropy of a single NP
is crucial to the nature of the interaction
between the NP and cellular membrane16

and its endocytosis.21 However, the situa-
tion could be very different when multiple
NPs are taken into account. In some cases,
the multiple NPs form clusters before their
adsorption on the lipid membrane, and the
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ABSTRACT

The uptake of nanoparticles (NPs) by a cellular membrane is known to be NP size dependent,

but the pathway and kinetics for the endocytosis of multiple NPs still remain ambiguous. With

the aid of computer simulation techniques, we show that the internalization of multiple NPs is

in fact a cooperative process. The cooperative effect, which in this work is interpreted as a

result of membrane curvature mediated NP interaction, is found to depend on NP size,

membrane tension, and NP concentration on the membranes. While small NPs generally

cluster into a close packed aggregate on the membrane and internalize, as a whole, NPs with

intermediate size tend to aggregate into a linear pearl-chain-like arrangement, and large NPs

are apt to separate from each other and internalize independently. The cooperative wrapping

process is also affected by the size difference between neighboring NPs. Depending on the size

difference of neighboring NPs and inter-NP distance, four different internalization pathways,

namely, synchronous internalization, asynchronous internalization, pinocytosis-like interna-

lization, and independent internalization, are observed.

KEYWORDS: nanoparticles . lipid membrane . aggregation . cooperative
internalization . dissipative particle dynamics
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internalization of theNP clustermay behave as a single,
large NP. In other cases, for multiple small NPs ad-
sorbed separately on the membrane, their clustering
before uptake was observed experimentally.6,7 Experi-
ments and computer simulations have demonstrated
that curvature-inducing model proteins and NPs on
lipid bilayer membranes can experience attractive
interactions, and it is the attractive interactions that
cause the formation of a cluster.30�32 These works hint
that the endocytosis of small NPsmay occurmost likely
in a cooperative way.
In this work, we simulated the endocytosis of multi-

ple NPs by a lipid membrane using a particular variant
of dissipative particle dynamics (DPD), N-varied
DPD.29,33,34 With this method, the targeted membrane
surface tension can be controlled by monitoring the
number of lipids per area in a boundary region (for
details, see the Model and Simulation Method
section). Our simulations demonstrate that multiple

NPs on the membrane tend to internalize into a cell
cooperatively.

RESULTS AND DISCUSSION

Endocytosis of Multiple NPs Is a Size-Dependent Cooperative
Process. To clarify the pathway and kinetics for the
uptake of multiple NPs, nine ligand-coated NPs were
placed on a large lipid membrane (51.7 nm� 51.7 nm)
with 225 receptors inserted. The corresponding inter-
nalization pathway for these NPs was monitored as
DPD simulation proceeds. Simulation results indicate
that endocytosis of multiple NPs is a size-dependent
cooperative process. Different pathways for the receptor-
mediated endocytosis ofmultiple NPs could be observed
here, depending on the NP size, NP concentration, and
membrane tension.

As shown in Figure 1A, small NPs with a diameter of
2.5 nm are first partially wrapped by the membrane,
and at the same time adjacent NPs gradually approach

Figure 1. Typical snapshots during different internalization processes. (A) Nanoparticles with a diameter of 2.5 nm form close
packed aggregates before internalization. (B) Nanoparticles having a diameter of 4.0 nm aggregate into pearl-chain-like
arrangements. (C) Independent endocytosis occurs for nanoparticles having a diameter of 6.0 nm. Both top view and side
view are displayed.
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each other to form a small cluster. As the simulation
proceeds, the size of the cluster increases, and the
cluster is encapsulated by the membrane and inter-
nalizes as a whole (see Figure 1A, and Figure S1A and
Movie S1 in the Supporting Information). To show the
arrangement of the lipid membrane, the configura-
tions in Figure 1A were replotted and shown as Figure
S2 in the Supporting Information. The figure clearly
indicates that the lipid bilayer is not strongly perturbed
by the adsorption of NPs, and the receptor density
around the NPs is not high enough to form a domain in
which the arrangement of lipid molecules is strongly
disturbed.

For NPs with a larger size of 4.0 nm but roughly the
same density of ligands, the wrapping rate becomes
slower because a larger number of receptors are
required to diffuse to bind the unpaired ligands coat-
ing the NPs.7,29 Compared to the close packed aggre-
gates formed by smaller NPs of 2.5 nm, the larger NPs
tend to arrange linearly on the lipid membrane and
form a pearl-chain-like structure for the subsequent
endocytosis (see Figure 1B and Figure S1B). A deep
groove on the lipid membrane is thus induced by the
linear NP arrangement (see inset of Figure S1B). When
the diameter of the NPs increases further to 6.0 nm, no
obvious cooperative endocytosis is observed (see
Figure 1C and Figure S1C). Contrarily, the NPs tend to
be wrapped by the membrane independently. It is
found that the uptake of the larger NPs becomesmuch
slower, and the wrapping process was not complete at
the end of our simulations (8 μs). We ascribe the
incomplete uptake of NPs to the depletion of unpaired
receptors.

Consequently, both the internalization rate and
internalization pathway of multiple NPs are strongly

dependent on NP size. For the internalization of a
single NP, the small NP is rather difficult to wrap by a
cellular membrane because significant local mem-
brane deformation is required. For this reason, the NP
of a larger size can be easily wrapped because a smaller
membrane curvature is needed in the wrapping pro-
cess. Nevertheless, the situation for multiple NPs is
quite different, because the energy cost associated
with the strong local membrane deformation to wrap
a single small NP can be substantially reduced by NP
clustering, which thus facilitates the wrapping process.

NP Concentration on Bilayer Membranes Affects Endocytosis
Pathways. To study the effect of NP concentration in a
computation cost-effective way, in this work we fo-
cused on the effect of inter-NP distance on the path-
ways of NP endocytosis.

We first placed two smaller NPs of 3.8 nm on a
smaller lipid membrane (38.8 nm � 38.8 nm) with 121
receptors inserted and investigated how the initial
inter-NP distance affects the internalization pathway.
Both the final snapshots (Figure 2A) and the evolution
of the inter-NP distance (Figure 2B) show that the two
NPs tend to approach each other and cooperatively
internalize as a whole, unless their initial distance is
longer than 10.2 nm (Figure S3). We also traced the
position of individual NPs along themembrane normal
direction (Figure 2C), and their similar trend again con-
firms the existence of cooperative endocytosis. Figure 2
also shows that a slight rise of both NPs appears before
the accomplishment of cooperative endocytosis
(Figure 2C), which is accompanied by a slight separa-
tion between the two NPs (Figure 2B). The short period
of adjustment is thought to facilitate their endocytosis.

For the cases with a larger initial inter-NP distance,
the Brownian motion dominates the NP trajectories

Figure 2. Endocytosis of two identical NPs. Two smaller NPs of 3.8 nm were placed on a membrane of 38.7 nm � 38.7 nm
(A�C), while two largerNPs of 9.0 nmwere placed on amembrane of 51.7 nm� 51.7 nm (D�F). (A, D) Initial and final structure
of endocytosis of two identical NPs. (B, E) Evolutionof distance between the twoNPs. (C, F) Evolutionof NPpositions along the
membrane normal direction. The initial inter-NP distances are 6.46 nm (A�C) and 15.8 nm (D�F), respectively.
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until they are closer than a critical distance, below
which they can experience the existence of their
neighbors. This is why the cooperative endocytosis of
two NPs with larger initial distance is more time-
consuming (Figure S3F). However, if the initial inter-
NP distance is larger than 10.2 nm, the NPs tend to be
wrapped by the membrane independently with a
much longer internalization time (Figure S3G, H).

We also placed two large NPs (D = 9.0 nm) on a
larger membrane (51.7 nm � 51.7 nm) and explored
the effect of initial inter-NP distance on the wrapping
process. We found that the two NPs tend to internalize
independently (Figure 2D�F) unless they initially con-
tact each other (Figure S4). In this case, the curvature
energy of themembrane is reduced as theNPdiameter
increases, and the strong receptor�ligand interaction
exceeds the energy cost to bend a membrane. There-
fore, to maximize the number of receptor�ligand
interactions, the NPs prefer to depart from each other,
rather than approach each other to minimize the
membrane bending.

Membrane Curvature Mediated NP Interaction. In this
work, the clustering of NPs without direct attraction
in Figure 1 is ascribed to the membrane curvature
mediated attraction.31,32 The effective attraction be-
tween neighboring NPs arises purely as a result of
membrane curvature induced by NP adsorption. Due
to the strong receptor�ligand interaction, the local
geometry of a small NP deforms the membrane and
produces a local membrane curvature. When two
membrane-curving NPs approach each other, the bi-
layer deformations overlap. Then neighboring NPs
might cluster in order to reduce the curvature energy
of the membrane because the clustering could share
the work needed to bend the membrane and thereby
lower the stored elastic energy.24 The curvature-
mediated interaction between small NPs is thus effec-
tively attractive even through without direct attraction
between neighboring NPs.

The membrane curvature mediated interaction be-
tween neighboring NPs is found to be strongly sensi-
tive toNP size (see Figures 1 and Figure 2). For example,
increasing the NP size would weaken the membrane
curvature mediated interaction because the increase
of the NP size lowers the local membrane curvature.
Moreover, when the NP size becomes large enough,
we found that the effective interaction between neigh-
boring NPs seems to be repulsive, as shown in
Figure 1C and Figure 2D�F. This is because in this case
the strong receptor�ligand interaction exceeds the
energy cost to bend a membrane. Therefore, to max-
imize the number of receptor�ligand interactions, the
NPs tend to internalize separately, rather than aggre-
gate to share the unfavorable membrane curvature. In
general, not only the strength but also the sign of the
membrane curvature mediated interaction between
neighboring NPs is strongly sensitive to the NPs' size.

Besides the NP size, the initial inter-NP distance or
equivalently the dose of NPs also affects the mem-
brane curvature mediated interaction and, therefore,
the internalization pathway. For small NPs, they ex-
perience no attraction until they approach a critical
distance below which the NP-induced bilayer defor-
mations overlap, while for NPs of intermediate size,
once they are partially wrapped by the membrane, the
longer range interaction connects them one by one to
form a linear arrangement (see Figure 1B and movie
S2). In general, it is the curvature-mediated attraction,
which varies with NP size, NP distance, and the wrap-
ping extent (membrane curvature), that determines
the NP arrangement and the subsequent internaliza-
tion rate. This explains why different internalization
pathways occur for NPs of different sizes. For example,
this explains why a pearl-chain-like arrangement or
even separate endocytosis occurs for larger NPs: the
membrane curvature mediated attraction gradually
becomes repulsive as the NP size increases.

Note that there exists another possible explanation
for the clustering of NPs, i.e., the coalescence of small
domains, which reduces the free energy of the domain
boundaries. Themechanismof domain coarseningwas
used to interpret the budding dynamics of multicom-
ponent membranes.35 In this work, however, we con-
firm that it is the surface curvature of NPs causing
the interaction between neighboring NPs, rather than
the coarsening of domains formed as the result of the
enrichment of receptor molecules surrounding the
NPs. We placed two disk-like NPs on the membrane
surface and monitored their interaction. Snapshots
(Figure S5A�C in the Supporting Information) and
the evolution of NP distance (Figure S5D�F) indicate
that there is no obvious tendency for two disk-like NPs
to cluster. Therefore, the clustering of NPs and the
cooperative internalization are mainly induced by the
curvature-mediated interaction.

Membrane Tension Affects Endocytosis Pathways. To ex-
plore the effect of membrane tension on the inter-
nalization ofmultiple NPs, we placed twoNPs onmem-
branes with different membrane tensions. We found
that especially for smaller NPs the negative membrane
tension is a prerequisite for their internalization.

When the membrane tension is highly negative,
two small NPs are usually wrapped by the membrane
cooperatively (Figure 3A�C). As the membrane ten-
sion increases gradually, the wrapping rate decreases
due to the increase of energy cost to bend amembrane
(Figure 3D, E). However, when two NPs are placed on a
membranewith nearly zero tension, these twoNPs stay
slightly wrapped by the membrane in our simulation
and no NP internalization occurs (Figure 3G, I). In this
case, due to the smallmembranebending, the curvature-
mediated attraction becomes so weak that it could not
drive the two NPs to cluster (Figure 3H). In addition, the
strong energy cost for membrane bending prevents the
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NP internalization individually. Therefore, a negative
membrane tension is necessary to induce the co-
operative internalization of small NPs. As the mem-
brane tension increases, the cooperative effect
disappears and the internalization of small NPs becomes
impossible.

Receptor�Ligand Interaction Affects Internalization Effi-
ciency. We note that the real receptor�ligand interac-
tions in nature are anisotropic, and this anisotropic
interaction can affect the binding geometry to some
extent. However, in order to simplify the question and
reduce the computational cost, we employed coarse-
grained models for both ligands and receptors and
the anisotropy of the receptor�ligand interaction is
ignored.

To investigate the effect of receptor�ligand inter-
action parameter aLRH on the NP internalization, we
varied aLRH from 0.0 to as large as 22.0, and the
internalization processes for two identical NPs of
3.8 nm were simulated. The final configurations at
∼5 μs (Figure S6A in the Supporting Information) show
that the two NPs can be internalized cooperatively as
long as aLRH is not larger than 22.0. The evolution of the
number of ligands bound to receptors (Figure S6B�D)
also demonstrates that the rate of NP wrapping de-
creases slightly as the receptor�ligand binding energy
decreases. Therefore, the efficiency of NP wrapping is
affected by the receptor�ligand interaction strength.

Size Difference between NPs Affects Endocytosis Pathways.
On the basis of the above analysis, both NP size and
inter-NP distance (NP concentration or dose) are es-
sential for the pathway of NP internalization. However,
it is noteworthy that in the fabrication of NPs for their
practical applications, such as drug delivery materials,
it is hard to control the size of NPs strictly. Therefore,
exploring the effect of the size difference between
neighboring NPs on the internalization pathway be-
comes quite important.

To study this effect, in this work two NPs with
different sizes were placed on a lipid membrane, and
their internalization pathways were then monitored
from DPD simulations. In the simulation runs, the
diameter of the larger NP was fixed to 4.5 nm, and that
of the other increases from 2.5 nm, to 3.3 nm, to 4.0 nm.

According to the final structures (Figure 4A�C), the
evolution of inter-NP distance (see inset of Figure 4D�F),
and NP positions along the z axis (Figure 4D�F), one
can conclude that the internalization of two NPs with
different sizes is a cooperative process. Nevertheless,
their internalization pathway is strongly affected by the
size difference. The cooperative effect becomes wea-
kened as the size difference increases, which is clearly
revealed by the gradual increase of the inconsistency
for the two NPs in their position evolution along the
z axis (Figure 4D�F). The final structures in Figure 4A
reveal that when the size difference between the two

Figure 3. Internalization of two small NPs (3.8 nm) on themembranewith different surface tension. (A�C) 1.59 < FLNPA < 1.63;
(D�F) 1.53 < FLNPA < 1.57; (G�I) 1.48 < FLNPA < 1.52. (A, D, G) Initial and final structure of endocytosis of two identical NPs. (B, E,
H) Evolution of distance between two NPs. (C, F, I) Evolution of NP positions along the membrane normal direction.
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NPs is noticeable (e.g., one is 4.5 nm and the other is
2.5 nm), the larger NP tends to internalize first due to its
smaller curvature, which is followed by the uptake of
the smaller one. This one-by-one internalization path-
way, which is called asynchronous internalization here,
is then weakened by decreasing the size difference
(Figure 4B). When the diameter of the smaller NP in-
creases to 4.0 nm, the two NPs are internalized almost
simultaneously (Figure 4C). In this case, the internaliza-
tion pathway is called synchronous internalization.

Independent simulation runs indicate that there
exist different internalization pathways even for the
same system. By using the first situation (the diameters
for the two NPs are 4.5 and 2.5 nm, respectively) as an
example, 10 independent simulations were performed
under the same conditions. Five of these simulations
show that the NPs internalize in a one-by-one manner.
In the other simulation runs, however, three of them
indicate that the NPs internalize via a pinocytosis-like
pathway (Figure 5), and the others show an indepen-
dent internalization (Figure 6).

We first concentrate on the pinocytosis-like inter-
nalization (Figure 5). In the initial stage, two NPs are
both slightly wrapped by the lipid membrane due to
the receptor�ligand interactions. As the simulation
proceeds, the distribution of receptors around the

larger NP becomes no longer uniform due to the
existence of the smaller NP. Besides, the smaller NP
and the receptors that it bound together rigidify the
local membrane region near the larger NP. Conse-
quently, the membrane wrapping from the side of
the smaller NP is restricted. As a result, the membrane
has to protrude from the other side to wrap the larger
NP. This protrusion continuously grows, and the mem-
brane finally wraps the larger NP from the top side, just
like in pinocytosis (Figure 5). The evolution of the
extent of wrapping (Figure 5B), inter-NP distance (see
inset of Figure 5C), and NP positions along the z axis
(Figure 5C) all indicate that the pinocytosis-like inter-
nalization is a cooperative wrapping process. Here, we
must note that a negative membrane tension is a
prerequisite for the occurrence of pinocytosis-like en-
docytosis. The other factors affecting the pinocytosis-
like endocytosis are the size difference and the initial
distance between two neighboring NPs, which will be
discussed below.

The simulation runs also demonstrate that there
exists an internalization pathway without a coopera-
tive effect involved. Typical snapshots (Figure 6A) and
time evolution of the extent of wrapping (Figure 6B)
show that the larger NP is wrapped by the membrane
and internalized gradually, while the smaller NP stays

Figure 4. Cooperative endocytosis of two NPs of different size. (A�C) Typical snapshots showing different internalization
pathways. (D�F) NP position along the membrane normal, in which the evolution of the inter-NP distance is also given
(inset).
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Figure 5. Pinocytosis-like internalization pathway for two NPs of different size. (A) Typical snapshot during the pinocytosis-
like internalization process. (B) Evolution of the wrapping extent for the two NPs. (C) NP positions along the membrane
normal direction, in which the evolution of the inter-NP distance is also given (inset).

Figure 6. Independent internalization pathway for two NPs of different sizes. (A) Typical snapshot during the independent
internalization process. (B) Evolution of the wrapping extent for the two NPs. (C) NP positions along the membrane normal
direction, in which the evolution of the inter-NP distance is also given (inset).
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adhered on the membrane surface. This observation is
further confirmed by the evolution of NP positions
along the z axis (Figure 6C). Furthermore, the alter-
native increase and decrease of NP distances (see inset
of Figure 6C) indicates that the cooperative effect plays
a negligible role in the internalization process, which is
different from those in processes of pinocytosis-like
internalization (see inset of Figure 5C) and cooperative
internalization (synchronous and asynchronous inter-
nalization in Figure 4).

In order to understand the effect of NP size differ-
ence and initial inter-NP distance on their internaliza-
tion pathway systematically, we varied the size of the
smaller NP and their initial distance while fixing the
larger NP size to 4.5 nm. As shown in Figure 7, four
different internalization pathways are observed: inde-
pendent internalization, pinocytosis-like internaliza-
tion, synchronous internalization, and asynchronous
internalization, respectively.

In general, when two NPs are well separated, they
tend to be wrapped by the lipid membrane indepen-
dently. As the inter-NP distance gradually decreases,
other types of internalization processes are observed.
The pinocytosis-like internalization takes place for two
NPs having a large size difference and moderate inter-
NP distance. Synchronous internalization, however,
tends to occur for two NPs with similar size but at
shorter initial distance. In contrast, the asynchronous
internalization can be observed when the two NPs
have a large or small size difference, but the initial inter-
NP distance required for asynchronous internalization
increases as their size difference increases.

In our simulations, the internalization of NPs can be
considered as the result of competition between the
thermodynamic driving force due to the receptor�
ligandbinding and the energy cost to bend amembrane.

The driving force is mainly determined by the receptor
(ligand) density and receptor�ligand binding energy,
while themembrane bending energy is determined by
the membrane tension and NP size (curvature).

Therefore, when twoNPs of different size are placed
on a lipid membrane, the larger NP always tends to
internalize first, while the internalization of a smaller
NP is relatively difficult because of the higher curva-
ture. Because local membrane rigidity can be strength-
ened by the existence of receptors and neighboring
NPs, the internalization pathway of the larger NP is
strongly affected by the existence of a smaller NP and
the receptor�ligand binding. When the smaller NP is
close to the larger NP, it can be wrapped by the
membrane together with the larger NP (Figure 4A).
However, increasing the inter-NP distance may induce
the occurrence of pinocytosis-like (Figure 5) and in-
dependent internalization (Figure 6). In general, the
internalization of two NPs is strongly determined by
the NP size difference and the inter-NP distance.

CONCLUSIONS

The uptake of nanoparticles by cellular membranes
is known to be NP size dependent, but the pathway
and kinetics for the endocytosis of multiple NPs still
remain ambiguous. In this work, we have used the DPD
simulation method to show that the internalization of
multiple NPs is in fact a cooperative process. This is
because the energy cost associated with the strong
local membrane deformation to wrap a single small NP
can be minimized by NP clustering, which hence
further facilitates the wrapping process.
The cooperative effect, which is caused by mem-

brane curvature mediated NP attraction, depends on
NP size, membrane tension, and NP concentration on
the membranes. The membrane curvature mediated
attraction between neighboring NPs arises purely as a
result of membrane curvature induced by NP adsorp-
tion. The local geometry of adsorbed NPs deforms the
membrane and produces a local membrane curvature.
Thus neighboring NPs might cluster in order to reduce
the curvature energy of the membrane because
the clustering could share the work needed to bend
the membrane and thereby lower the stored elastic
energy.
The membrane-mediated interaction between neigh-

boring NPs is found to be strongly sensitive to NP size.
Increasing the NP size would weaken the membrane
curvature mediated interaction because increasing
the NP size lowers the perturbation of the membrane
curvature. Moreover, when the NP size becomes large
enough, the effective interaction between neighbor-
ingNPsmay become repulsive, because in this case the
strong receptor�ligand interaction exceeds the en-
ergy cost to bend a membrane. As a result, small NPs
are found to cluster into a close packed aggregate on

Figure 7. Internalization pathway for two neighboring NPs
as functions of the NP size and the initial inter-NP distance.
2 represents the independent internalization pathway; b
represents the pinocytosis-like internalization pathway; 9
represents asynchronous internalization; and 1 represents
synchronous internalization. Note that the diameter of the
larger NP is fixed to 4.5 nm.
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the membrane and internalize as a whole. While NPs
with intermediate size tend to aggregate into a pearl-
chain-like arrangement, large NPs are apt to separate
from each other and internalize independently.
Besides theNPs size, the inter-NP distance or equiva-

lently the dose of NPs also affects the membrane
curvature mediated interaction and thus affects the
NP arrangement and the subsequent internalization
pathways. The NPs with an initial inter-NP distance
shorter than a critical value tend to approach each
other and cooperatively internalize as a whole. How-
ever, if the initial inter-NP distance is larger than the
critical value, the NPs tend to be wrapped by the
membrane independently.

We also explored the effect ofmembrane tension on
the internalization of multiple NPs. We found that,
especially for smaller NPs, the negative membrane
tension is a prerequisite for their internalization. As
the membrane tension increases, the cooperative ef-
fect disappears and the internalization of small NPs
becomes impossible.
A cooperative wrapping process is also affected by

the size difference between neighboring NPs. Depend-
ing on the size difference and inter-NP distance, four
different internalization pathways, namely, synchro-
nous internalization, asynchronous internalization,
pinocytosis-like internalization, and independent inter-
nalization, are observed.

MODEL AND SIMULATION METHOD
Model. In this system, a model lipid29,34,36�38 is constructed

by connecting a headgroup with three hydrophilic beads (H) to
two hydrophobic tails of equal length, each having five hydro-
phobic beads (T). This lipid model represents dimyristoylpho-
sphatidylcholine and was found to form stable bilayers and
show typical phase behavior of the lipid bilayers.39,40 The
transmembrane receptor embedded in the lipid bilayer mem-
branes is modeled by linking seven amphipathic chains into a
cylindrical bundle. Each amphipathic chain is composed of six
hydrophobic beads (RT), each end connecting three hydrophilic
beads (RH). The seven amphipathic chains are linked to their
neighbors by a spring-like interaction, thus forming a relatively
rigid body without evident internal flexibility. The spherical
solid nanoparticle, which is composed of solid beads (P) with
a number density of 3, is constrained to move as a rigid body.
Solvent molecules (W) and other beads are not allowed to enter
the interior of the NPs. The ligands (L) coating the surface of the
NPs are modeled as short cylindrical rods.

The dissipative particle dynamics method was first intro-
duced to simulate the hydrodynamic behavior of complex
fluids41�43 and proved to be especially useful in studying the
mesoscale behaviors of lipidmembranes.36,44,45 The elementary
units of DPD simulations are soft beads whose dynamics are
governed by Newton's equation of motion, similar to the
molecular dynamics method. The interbead force exerted on
each bead is composed of conservative, dissipative, and ran-
dom forces. In this system, the interaction parameters between
beads of the same type were set to aWW= aHH = 25 and aTT = 15,
and those between the different types of beads were aTW = aRTW
= 80, aHT = aRHT = aRTH = aRHRT = 50, aHW= aRHW = 25, and aTRT = 15.
Specifically, in order to avoid aggregation of the transmem-
brane receptors, the interaction parameters were set to aRHRH =
aRTRT = 50. To describe the strong binding interaction between
ligands and mobile receptors, the receptor�ligand interaction
parameter is set to aLRH = 0.0 unless otherwise specified.
Furthermore, the NPs and ligands are thought to be hydro-
phobic, and thus their interactions with solvent were set to
aPW = aLW = 80. Although some atomistic details were sacrificed
during this coarse-graining procedure, the essential features of
the system are reproduced by the simulation model and the
parameter set. In the model of lipids and proteins, the interac-
tion between neighboring beads along the samemolecules and
the force containing the variation of bond angles were given in
our previous work.29

N-Varied DPD Simulation Method. In this work, we used the
N-varied DPD simulation method,29,33,34 a particular variant of
the DPD method in which the targeted membrane surface
tension can be controlled by monitoring the number of lipids
per area (LNPA) in a boundary region. The boundary region of
the membrane, which surrounds the central square region of
the membrane, plays a role as a reservoir of lipids. The value of

LNPA in the boundary region is kept in a defined range (FLNPAmin <
FLNPA < FLNPAmax ) by addition/deletion moves of the lipids. In an
addition move, new lipid molecules are inserted into the
boundary region if the local lipid area density is less than FLNPAmin .
Conversely, if the average area density of lipids in the boundary
region exceeds FLNPA

max , a few lipid molecules should be deleted
randomly from the boundary region. Simultaneously, a corre-
sponding number of water beads is randomly added or deleted
to keep the whole density of the beads in the simulation box
constant. In practice, we performed one addition/deletion move
every 1500 time steps inorder to leave enough time topropagate
the membrane tension to the whole membrane.
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