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Ye Li, *abc Man Zhang,abc Yezhuo Zhang,abc Xinhui Niu,abc Zhendan Liu,abc

Tongtao Yued and Wen Zhangabc

Nanoparticles have been widely used in biomedical applications such as gene/drug delivery, molecular

imaging and diagnostics. Among the physicochemical properties, shape is a vital design parameter for

tuning the cell uptake of nanoparticles. However, the regulatory mechanism remains elusive due to the

complexity of the cell membrane and multiple pathways of cell uptake. Therefore, in this computational

study, we design and clarify cell membrane wrapping on different shaped nanoparticles (sphere, rod and

disk) with a clathrin assembly to model the clathrin-mediated endocytosis, which is an important

pathway of nanoparticle cell uptake. Our simulations revealed that the clathrin-mediated endocytosis is

shape sensitive for nanoparticles. Spherical nanoparticles are easier to be wrapped by the membrane

with the self-assembly of clathrins than the other shaped nanoparticles with the same volume, and the

efficiency declines with the increase in the nanoparticle shape anisotropy. Furthermore, simulation

results showed clear evidence that rotation is one of the typical characteristics determining the kinetics

of clathrin-mediated endocytosis of shaped nanoparticles. Especially for rod nanoparticles with high

aspect ratios, nanoparticle rotation occurs in both the invagination and wrapping stages, which is

different from the case without clathrins. The size and shape mismatch between the clathrin-mediated

vesicle and the nanoparticle determines how the nanoparticle rotates and is wrapped by the membrane.

In addition, the wrapping time of nanoparticles depends not only on the shape of the nanoparticle but

also on its initial orientation and size, the rate of clathrin self-assembly and the surface tension of the

membrane. These results provide insights into the interplay between cell membrane wrapping and

clathrin assembly, where the nanoparticle shape matters. Understanding the dynamics mechanism of

clathrin-mediated endocytosis of nanoparticles will help to design targeted nanomedicines with an

improved efficacy.

1. Introduction

With the development of nanotechnology, nanoparticles (NPs)
have opened new avenues for various biomedical applications

such as drug/gene delivery,1,2 molecular imaging3,4 and diag-
nostic purposes.5–7 The process of NP internalization into the
cell is very important in most of the biomedical applications.
Clathrin-mediated endocytosis (CME) is one of the major
internalization pathways for eukaryotic cells. In previous work,
it has been reported that the uptake of numerous types of NPs
is by CME.8–11 Therefore, a better understanding of how the
clathrin mediates nanoparticle (NP) endocytosis is essential for
the design of NPs as drug/gene delivery carriers.

In previous work, numerous results have indicated that
the physicochemical properties of NPs12 such as size,13–18

shape,19–25 stiffness26–30 and surface property31–34 can affect
their internalization pathway and efficiency. In particular,
experimental studies demonstrated that CME is size-dependent
internalization of NPs.35 Using both microscopic imaging and
biological techniques to explore the processes of LDH nano-
particles, it was also found that NPs of size ranging from 50 nm
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to 200 nm were selectively internalized into cells through CME.36

To analyze the selectivity mechanism for NP size underlying
CME, in our previous computational study, we found that the
clathrin assemblage has a certain range of sizes, which ensures
whether membrane wrapping on different size of NPs is pro-
moted or suppressed.14 Besides, it was demonstrated that the
interaction between the membrane and NP can be influenced
by clathrin-coated pits.37 In addition, Deng et al. have demon-
strated that the NP size, ligand density and membrane stiffness
can influence the internalization of NPs by CME, and that the
intermediate NP size and ligand density favor NP endocytosis.38

Moreover, surface modification also plays a great role in NP
internalization, which can be tuned to alter its cell uptake
mechanism and subcellular trafficking. It has been revealed
that positively charged NPs internalize rapidly via the CME
pathway.39,40 Besides, it was observed that cationic nanoprobes
electrostatically interact with the cell membrane and enter into
the cell via CME.41 The uptake of decorated NPs used for drug
delivery to cancer cells has also been revealed by CME.42–44

Compared with different elastic NPs, the soft NPs are less
efficient to be fully wrapped by the lipid membrane due to
their elastic deformation and high local curvature.45 Besides, the
NP shape plays a vital role in the interaction of NP-membrane45

and affects the internalization pathways.46 For nanodrug delivery
systems, the shape of NPs greatly affects cell internalization as
well as tumor tissue penetration.47 The endocytosis efficiency is
higher for spherocylindrical NPs than for spheres by receptor-
mediated endocytosis.23 Besides, it was demonstrated that ellip-
soids with intermediate aspect ratios show easier endocytosis
than that of NPs with low and high aspect ratios.48 However,
the penetrating capability of NPs with sharp edges has obvious
advantages.49 Therefore, a fundamental question arises regarding
how the shape of NPs regulate cell uptake by CME. This is now
generally unclear but of great significance.

The cell membrane consists of lipid molecules and
membrane proteins, which provide an important platform for
the exchange of the matter between the cytoplasm and the
external medium. CME occurs with the assembly of clathrins,
which is the major pathway for NP internalization. In recent
years, molecular simulation has become a significant comple-
mentary method to experiments. A lot of theoretical and
computational models have investigated the mechanism of
receptor-mediated endocytosis of NPs.45,50,51 Besides, the com-
position of lipid membrane is very important for the inter-
action between the NP and the membrane. It is demonstrated
that the membrane binding of cationic lipid NPs is an entropy-
driven process.52 However, a common assumption of these
models is that the membrane wrapping around NPs is solely
accomplished by a lipid bilayer, while the roles of clathrin coat
and assembly were not considered explicitly. Besides, the shape
of NPs can influence its internalization efficiency, but majority
of previous studies focused on spherical NPs.14 Considering the
critical roles of clathrins in the endocytosis of NP, here we
studied the cellular uptake of different shaped NPs with a focus
on the clathrin assembly by dissipative particle dynamics (DPD)
simulation. Besides, the coordinate relationship between the

rotations of different shaped NPs, the assembly of clathrins and
the binding of ligand–receptor during endocytosis were system-
atically investigated. This work will underpin the design of new
strategies for drug/gene delivery into cells using NPs.

2. Computational details
2.1. Coarse-grained models

To simulate the CME of different shaped NPs, four different
shapes of NPs with the same volume and same ligand density,
namely, sphere-shaped NPs (diameter of 7.1 nm, D = 7.1 nm),
long rod-shaped NPs (diameter of 4.5 nm and height of 9.7 nm,
D = 4.5 nm and H = 9.7 nm), short rod-shaped NPs (D = 5.8 nm
and H = 5.8 nm) and disk-shaped NPs (D = 9.7 nm and H =
1.9 nm) were designed in our work (Fig. S1A, ESI†). All different
shaped NPs are composed of hydrophilic beads (denoted as P),
which are constrained to move as a rigid body (Fig. S1A, ESI†).
The ligands (denoted as L) coated onto the surface of NP are
modeled as single solid beads (Fig. S1A, ESI†), which have
attraction with the receptors on the lipid membrane. For the
lipid membrane, the head group of three hydrophilic beads
(denoted as H) to connect to two hydrophobic tails of equal
length with five hydrophobic beads (denoted as T) represents
the lipid molecule (Fig. S1B, ESI†), which can show the typical
phase behaviors of the lipid membrane.53,54 In CME, clathrins
and AP2 adaptor protein complex are two main proteins that
participate in the endocytosis process.55 AP2 intermediates bring
the cargo and clathrin together.56 The plasma membrane-specific
lipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) binds
AP2 and clathrins. To simplify by following the principle, the role
of AP2 is replaced by the attractive interaction between the
membrane and clathrin. The receptor represents the role of
PtdIns(4,5)P2 to link the NP and clathrin (Fig. S1C, denoted as
R, ESI†), which has the similar structure to lipid and has been
used in our previous work.14 Note that the real clathrin triskelion
is composed of three heavy chains. The three heavy chains provide
the structural backbone, and the three light chains are thought to
regulate the formation and disassembly of a clathrin lattice.
To simulate the structure and function of the clathrin, the clathrin
model (Fig. S1D, denoted as C, ESI†) has three heavy chains
(denoted as CH) of 7 beads with the equal length, and each
connects a single light chain of 5 beads (denoted as CL), which
was obtained from electron cryomicroscopy.57 The three short
light chains (CL) are radiating from the center of the clathrin,
which is shown in green on the clathrin model (Fig. S1D, ESI†).
In addition, the three longer heavy chains (CH) associate with
the short light chains, being connected through a corner, which
is shown in yellow on the clathrin model (Fig. S1D, ESI†).
To simulate the self-assembly process of clathrins on the
membrane, the detail of the interaction parameters are des-
cribed in the following sections. In our simulations, the clathrin
is simplified as a rigid body, and the effect of intrinsic protein
deformation is disregarded, which has been used in our previous
work.14 Thus, the initial configuration is composed of lipid
molecules, receptors, clathrins that are put close to the distal
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monolayer of the membrane and in the cytoplasm, and NP
which is placed above the membrane (Fig. S1E, ESI†). Coarse
grained single beads represent solution molecules (denoted as
W), which were included explicitly in our simulation system.
The simulation box size is 38.8 nm � 38.8 nm � 32.3 nm.
We show the initial configuration of the system from the side
view in Fig. S1E (ESI†) and bottom view in Fig. S1F (ESI†).

2.2. Dissipative particle dynamics simulation

In this work, DPD simulations were performed to study the
endocytosis of different shaped NPs by CME. DPD was intro-
duced for the first time to study the hydrodynamics of complex
fluids, and has been widely used in biomembrane systems,
especially the NP-membrane interaction, which is a coarse-
grained simulation with hydrodynamic interaction.23,49,58–61

In DPD, the dynamics of the elementary units are soft beads
that are governed by Newton’s equation of motion, dri/dt = vi

and dvi/dt = fi/mi. Typically, three forces exerted on bead i by
bead j are composed of conservative force FC

ij, dissipative force
FD

ij , and random force FR
ij. The total force exerted on bead i was

determined as follows:

Fi ¼
X
iaj

FC
ij þ FD

ij þ FR
ij

� �
(1)

The conservative force between beads i and j has the
following form:

FC
ij ¼ aij r̂ij max 1� rij

�
rc; 0

n o
(2)

where aij (in kBT/rc) is the maximum repulsive force constant
between beads i and j, rij = rj � ri (the distance between beads
i and j), rij = |rij|, r̂ij = rij/|rij|, and rc is the cutoff radius of
the force.

To reproduce the process of CME of different shaped NPs,
the interaction parameters between beads of the same type
were set to aWW = aHH = aTT = 25, aCHHH

= 35, aCLCL
= 15 and

those between the different types of beads were aTW = 80, aHT =
aCT = 50, aCH = aCR = 15, aCLCH

= 10 and aHW = aCW = 25. All the
interaction parameters in this system are shown in Table S1
(ESI†), referring from our previous simulation studies.14,62

If the interaction parameter is smaller than 25 (the water–water
interaction parameter), the interaction can be effectively
regarded as attractive. Otherwise, the interaction is repulsive
if the parameter is larger than 25.63,64

The dissipative force is expressed as follows:

FD
ij = �g(1 � rij/rc)2(r̂ij�vij)r̂ij (3)

where g is the friction coefficient, and vij = vi � vj (the relative
velocity between beads i and j).

The random force is given as follows:

FR
ij = s(1 � rij/rc)yijr̂ij (4)

where s is the noise amplitude and yij represents an uncorre-
lated random variable with zero mean and unit variance.

For each lipid molecule, the interaction between neighboring
beads within the same molecule is described by a harmonic
spring force:

FS = KS(rij � req)r̂ij (5)

where the spring constant KS = 128 and the equilibrium bond
length req = 0.7.

To maintain the bending rigidity of lipids, the force con-
straining the variation of bond angle is taken as follows:

Fj = �rUj and Uf = Kf(1 � cos(f � f0)) (6)

where f is the bond angle, which is defined by the scalar
product of two bonds respectively connecting beads i� 1, i, and
i, i + 1.65 The equilibrium bond angle f0 = p and Kf = 10.0 is the
bond bending constant.

In this work, all simulations were performed in the NVT
ensembles. Besides, periodic boundary conditions were imple-
mented in all the three directions. The system was evolved
using the velocity-Verlet algorithm with a time step of Dt = 0.02.66

To represent the membrane responses for CME, we used a
particular variant of the DPD method (N-varied DPD).67 In this
technique, to keep surface tension of the lipid membrane, we
adjusted the lipid number per area (LNPA) in the boundary
region of the membrane, which plays a role as a reservoir of
lipids. The value of LNPA in the boundary region (denoted as
rLNPA) is kept within a defined range (rmin

LNPA o rLNPA o rmax
LNPA)

by addition/deletion moves of lipids. If the local lipid area
density is less than rmin

LNPA, new lipid molecules are inserted into
the boundary region. Conversely, if the average area density of
lipids in the boundary region exceeds rmax

LNPA, a corresponding
number of lipids are deleted randomly from the boundary
region. Simultaneously, a corresponding number of water
beads are randomly deleted or added to keep the whole density
of beads in the simulation box constant. Furthermore, in order
to allow enough time to propagate the membrane tension to the
whole membrane, we performed one addition/deletion move
every 1500 time steps. In this work, the values of rmin

LNPA and
rmax

LNPA were set to be 1.66 and 1.68, respectively, which make the
value of rLNPA fluctuating around 1.67. The value of rLNPA = 1.47
represents the zero tension.62 In the real biological processes,
the negative membrane tension can be imposed by the cytos-
keleton or dynamin to realize the endocytosis process.68

To simulate the negative membrane tension, unless specified,
we set the surface tension of membrane as rLNPA = 1.67 to
represent a negative surface tension in this study.

3. Results and discussion
3.1. Endocytosis dynamics processes for various shaped NPs
with the clathrin self-assembly

Shape design is an important factor for NPs as drug/gene
delivery carriers. To systematically reveal the effect of NP shape
on the CME, four types of NPs with different shapes, which are
long rod-shaped NPs with a diameter of 4.5 nm and height
of 9.7 nm (D = 4.5 nm, H = 9.7 nm), short rod-shaped NPs
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(D = 5.8 nm, H = 5.8 nm), disk-shaped NPs (D = 9.7 nm,
H = 1.9 nm) and sphere-shaped NPs (D = 7.1 nm), that have
the same volume and density of ligands were modeled (Fig. S1,
ESI†). The effect of the initial angles between the normal
direction of NPs and the horizontal direction of the lipid
membrane, f0, was also studied. To investigate the process of
the CME, in the initial state, NP was put above the membrane
and 81 clathrin molecules were positioned at the opposite
membrane side (Fig. S1, ESI†). We performed more than 5
parallel simulations. The final results are repeatable, but the
intermediate processes may be lengthened for different parallel
simulations. The typical results are shown in the following
sections.

3.1.1. Clathrin-mediated endocytosis of long rod-shaped
NPs. First, we simulated the endocytosis of long rod-shaped
NPs and five initial NP orientations, including f0 = 01, 301, 451,
601, and 901, were considered respectively. After simulation of
15 ms, the final snapshots of the CME at different initial angles
of long rod-shaped NPs are shown in Fig. 1. The simulation
results showed that long rod-shaped NPs of different initial
orientations can be wrapped by the lipid membrane with the
self-assembly of clathrins, but they have different endocytosis
rates. The whole internalization processes can be roughly
divided into two stages: the invagination stage (Fig. 1B) and
the wrapping stage (Fig. 1C). In the invagination stage, under
the binding of ligand–receptor, long rod-shaped NPs of differ-
ent initial orientations rotated themselves to lie flat on the

membrane (Fig. 1D). It was found that the initial orientation of
NPs influences their invagination process (Fig. 1B). The results
indicated that the most appropriate invagination angle for long
rod-shaped NP is 451 (Fig. 1B), which is different from the
favorable invagination angle of long rod-shaped NPs on the
pure membrane. This result is very interesting but a counter-
intuitive phenomenon. Usually, the long rod-shaped NP with an
initial angle of 01 is favorable for receptor–ligand binding.
In our previous studies, we have found that f0 = 01 of long
rod-shaped NPs in the invagination stage completes within the
shortest simulation time.20 We speculated that the initial self-
assembly of clathrins can affect the stiffness of the membrane,
which is not beneficial for the further invagination of long
rod-shaped NPs with f0 = 01.

In the wrapping stage, the obvious rotation of long rod-
shaped NPs was also observed in CME, which is different from
the endocytosis of long rod-shaped NPs without clathrins. In
previous studies, they have revealed that usually different initial
angles of long rod-shaped NPs rotated themselves to lie flat on
the membrane,69,70 and gradually wrapped by the pure lipid
membrane with the same orientation.22 However, in CME, the
long rod-shaped NP has the second rotation in the wrapping
stage. We speculated that the NP needs to rotate itself to
promote clathrin rearrangement and realize further subsi-
dence. Moreover, the self-assembly of clathrins tends to form
an isotropic spherical cage structure. However, the wrapping
of long rod-shaped NP is likely to form an asymmetric vesicle.

Fig. 1 Clathrin-mediated endocytosis of long rod-shaped NP (D = 4.5 nm and H = 9.7 nm) with different initial angles. (A) Final snapshots for clathrin-
mediated endocytosis of different initial angles of long rod-shaped NPs from top, cross-sectional views, and only clathrin and NP. (B) Invaginated
percentage evolution for long rod-shaped NPs. (C) Wrapping percentage evolution for long rod-shaped NPs. (D) Evolution of long rod-shaped NP
orientation angles. In the figure, five initial orientations were compared.
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Fig. 2 Endocytosis kinetics for long rod-shaped NP with the initial orientation angle of 901. Several typical snapshots during endocytosis of long
rod-shaped NP in the absence of clathrin (A) and in the presence of clathrin (B). (C) Time evolutions of NP orientation angles. (D) Time evolutions of the
clathrin number on vesicles. (E)Iinvaginated percentage of NPs as a function of time. (F) Wrapping percentage of NPs as a function of time.
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The shape cooperation and adaption between the wrapping of
NP and the clathrin self-assembly lead to further rotation of
long rod-shaped NPs in the wrapping stage. Finally, long rod-
shaped NPs tended to be wrapped by the membrane with a
tilting angle (Fig. 1D). In addition, the final orientations of long
rod-shaped NPs are not uniform, which should be entropy
induced and affected by the self-assembly of clathrins (Fig. 1A
and D). Besides, during CME, three typical endocytosis states
were observed: first, NPs embedded into the membrane and
‘‘below’’ the membrane, but not complete engulfment (Fig. 1A,
f0 = 301), which is a metastable stable. Second, the NP was
wrapped by the membrane and in the center of the membrane
(Fig. 1A, f0 = 01). Third, NP was completely wrapped by the
membrane and ‘‘detached’’ from the planar membrane (Fig. 1A,
f0 = 451, 601, and 951).

To further investigate the role of clathrin assembly in
membrane wrapping on long rod-shaped NPs, the typical snap-
shots of the endocytosis of long rod-shaped NPs (f0 = 901)
without and with clathrins are shown in Fig. 2A and B. Rotation
is one of the vital characteristics for the endocytosis of long
rod-shaped NPs (Fig. 2C). Compared without clathrins, the
subsidence process of NPs became slow with the clathrin
(Fig. 2E). This is because the initial self-assembly of clathrins
rigidifies the local membrane patch, when the clathrin-
mediated cage structure is not formed. In the wrapping stage,
compared with the absence of clathrins, an obvious NP rotation
was also found in the presence of clathrins (Fig. 2C). During the

ligand–receptor binding, clathrin molecules were recruited by
the local membrane curvature at the wrapping site (Fig. 2D),
finally long rod-shaped NP completed endocytosis (Fig. 2B and F).
Besides, the self-assembly of clathrins form the ellipsoid-shaped
cage on the lower side of the membrane (Fig. 2B).

3.1.2. Clathrin-mediated endocytosis of short rod-shaped
NPs. In order to further investigate the mechanism of CME for
shape anisotropy NPs, we reduced the aspect ratio of NPs and
studied the internalization of short rod-shaped NPs. The final
snapshots of the CME at different initial angles of short rod-
shaped NPs were shown in Fig. 3A. Rotation also plays an
important role in the invagination of short rod-shaped NPs. In
the invagination stage, short rod-shaped NPs with different
initial angles rotated themselves to lie flat on the membrane
(Fig. 3D), which is caused by the ligand–receptor interaction.
However, compared with the absence of clathrins, the invagina-
tion percentage change tendency for NPs with different initial
orientations is more complex in the presence of clathrins, which
is determined by cooperative relationship between NP rotation
and clathrin aggregation. With weak shape anisotropy, the short
rod-shaped NP has no obvious rotation in the wrapping stage,
which further confirms our speculation that the shape mismatch
between the clathrin-mediated cage and the shape anisotropy of
NPs can mediate NP rotation. Finally, the wrapping dynamic
process of different initial orientations of short rod-shaped NPs
has no obvious difference (Fig. 3C), after the lying down of NPs in
the invagination process (Fig. 3B).

Fig. 3 Clathrin-mediated endocytosis for short rod-shaped NP (D = 5.8 nm and H = 5.8 nm) with different initial angles. (A) Final snapshots of membrane
wrapping on different initial angles of short rod-shaped NPs from top, cross-sectional views, and only clathrin and NP. (B) Percentage of invagination as a
function of time. (C) Percentage of wrapping as a function of time. (D) Evolution of short rod-shaped NP orientation angles. In the figure, five initial
orientations were compared.
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Fig. 4 Endocytosis kinetics for short rod-shaped NP with the initial orientation angle of 901. Several typical snapshots during endocytosis of short
rod-shaped NP in the absence of clathrin (A) and in the presence of clathrin (B). (C) Time evolutions of NP orientation angles. (D) Time evolutions of the
clathrin number on vesicles. (E) Invaginated percentage of NPs as a function of time. (F) Wrapping percentage of NPs as a function of time.
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In order to study the role of clathrins, we also compared the
endocytosis process of short rod-shaped NPs in the absence
(Fig. 4A) and presence of clathrins (Fig. 4B). The rotation of
asymmetric NPs is always observed in the invagination stage
(Fig. 4C). Similar to long rod-shaped NPs, the clathrin elon-
gates during the invagination process for short rod-shaped
NPs (Fig. 4E). However, in the wrapping stage, during the self-
assembly of clathrins on the endocytic site (Fig. 4D), the
wrapping of NP is facilitated by the clathrin-mediated cage
(Fig. 4B and F).

3.1.3. Clathrin-mediated endocytosis of disk-shaped NPs.
We also studied the endocytosis kinetics for the disk-shaped
NP. The typical final snapshots of the CME at different initial
angles of disk-shaped NPs are shown in Fig. 5A. Different from
the receptor-mediated endocytosis,20 the disk-shaped NP with
an initial angle of 901 did not show the fastest invagination in
CME (Fig. 5B). However, the NP with a tile angle is easier to be
invaginated. For example, the disk-shaped NP with an initial
angle of 601 showed the fast invagination. This is because
the initial adhesion of clathrins increased the stiffness of the
membrane, which is not beneficial for the invagination of disk-
shaped NPs with an initial angle of 901. However, for NPs with
an initial tile angle, the rotation of NP can trigger clathrin
rearrangement, which can promote the subsidence of NP.
The cooperative relationship between the clathrin self-
assembly and NP subsidence is very important for the inter-
nalization efficiency of shape asymmetric NPs. Only the

effective clathrin-mediated cage formation at the endocytosis
site can promote the subsidence and wrapping of NPs.

Rotation is also an obvious feature for disk-shaped NPs
during CME. Usually, the rotation occurs twice for the success-
ful endocytosis of disk-shaped NPs. In the invagination stage,
due to the strong ligand–receptor binding energy, all different
initial orientations of disk-shaped NPs rotate to about 751
(Fig. 5D). However, in the wrapping stage, disk-shaped NPs
undergo the second rotation (Fig. 5D). Both the rotations in
the invagination and wrapping stages are time-consuming
(Fig. 5B–D). We found an interesting phenomenon that the
disk-shaped NP with an initial angle of 01 rotated first in the
wrapping stage, but not the disk-shaped NP with an initial
angle of 901. The disk-shaped NP with an initial angle of 901 has
the largest contact area with the membrane, which is beneficial
for ligand–receptor binding. From the evolution of disk-shaped
NP orientation angles (Fig. 5D), we speculated that both the
strong ligand–receptor binding energy and the local membrane
rigidified by clathrin adhesion make the disk-shaped NP
(f0 = 901) get struck in a metastable equilibrium. How to break
the metastable equilibrium and induce the further rotation of
disk-shaped NPs (f0 = 901) play a crucial role in its further
wrapping. In order to investigate the trigger mechanism for the
further rotation of NPs, we showed the details of the self-
assembly of clathrins during the second rotation of disk-
shaped NPs (f0 = 901) in Fig. S2 (ESI†). Clathrin proteins
assemble at the endocytic site, which can tiger NP rotation

Fig. 5 Clathrin-mediated endocytosis for disk-shaped NP (D = 9.7 nm and H = 1.9 nm) with different initial angles. (A) Final snapshots of membrane
wrapping on different initial angles of disk-shaped NPs from top, cross-sectional views, and only clathrin and NP. (B) Percentage of invagination as a
function of time. (C) Percentage of wrapping as a function of time. (D) Evolution of disk-shaped NP orientation angle. In the figure, five initial orientations
were compared.
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Fig. 6 Endocytosis kinetics for disk-shaped NP with the initial orientation angle of 901. Several typical snapshots during endocytosis of disk-shaped NP
in the absence of clathrin (A) and in the presence of clathrin (B). (C) Time evolutions of NP orientation angles. (D) Time evolutions of the clathrin number
on vesicles. (E) Invaginated percentage of NPs as a function of time. (F) Wrapping percentage of NPs as a function of time.
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(t = 12 160 ns) and promote NP wrapping (Fig. S2, ESI†). Finally,
disk-shaped NP lying down on the membrane rotate itself and
then become upright (t = 12 800 ns), which promotes receptor–
ligand binding and membrane wrapping (Fig. S2, ESI†). The
endocytosis can be failed without NP rotation. For example, one
of the parallel simulation results shows that the disk-shaped
NP with an initial angle of 301 finally did not become comple-
tely wrapped by the membrane (Fig. S3, ESI†), which was due to
its delayed second rotation. However, this phenomenon may
occur randomly, which is not because of the initial angle of the
NP. In the finally wrapping stage, in order to finish the totally
wrapping of NPs, the membrane need to bend further and
promote the closure of the vesicle neck. Compared with the
final engulfment process on receptor-mediated endocytosis,

we found that the final engulfment process of NPs can be
slightly different from clathrin-mediated endocytosis. In the
presence of clathrins, it seems to elongate the closure of the
vesicle neck, which is dependent upon the NP shape. The
closure of the vesicle neck for disk-shaped NPs is more difficult
in the presence of clathrins (Fig. 5A).

To further analyse the underlying molecular mechanism
of CME, we compared the endocytosis of disk-shaped NPs
(f0 = 901) in the absence and presence of clathrins in Fig. 6A
and B. It was found that the disk-shaped NP was completely
sunk by a pure membrane in 7500 ns without clathrins, but a
long relaxation time is required for disk-shaped NP invagina-
tion with clathrins (Fig. 6E), which further confirmed our
conclusion that the stiffness of the membrane would enhance

Fig. 7 Endocytosis kinetics for sphere-shaped NP (D = 7.1 nm). Several typical snapshots during endocytosis of sphere-shaped NP in the absence of
clathrin (A) and in the presence of clathrin (B). (C) Time evolutions of the clathrin number on vesicles. (D) Invaginated percentage of NPs as a function of
time. (E) Wrapping percentage of NPs as a function of time.
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due to the initial adhesion of clathrins, which is not beneficial
for direct NP invagination. During the wrapping process, more
clathrin molecules accumulated at the endocytic site (Fig. 6B
and D). The self-assembly of clathrins can trigger NP rotation
(Fig. 6C). Finally, with the self-assembly of clathrins and NP
rotation, the disk-shaped NP was completely wrapped by the
membrane (Fig. 6B), but the wrapping process is still slower
than that in the absence of clathrins (Fig. 6F).

3.1.4. Clathrin-mediated endocytosis of spherical NPs. To
eliminate the shape anisotropy of NPs, we established a spherical
NP as a control. The endocytosis of spherical NP without (Fig. 7A)
and with clathrins (Fig. 7B) was considered. Similar to the other
shaped NPs, the self-assembly of clathrins increased the hardness
of the local patch membrane, which is not beneficial for NP
invagination (Fig. 7D). However, in the wrapping stage, different
from shape anisotropy NPs, the clathrin assembly on the surface
of the membrane promoted membrane bending (Fig. 7C) and
assisted membrane wrapping on spherical NPs (Fig. 7B and E),
further confirming that the shape match or mismatch between the
clathrin-mediated membrane vesicle and the shape of NP deter-
mines membrane wrapping on NPs is promoted or suppressed.

3.2. Dynamics wrapping mechanism for different shaped NPs
with the clathrin self-assembly

3.2.1. Effect of NP shape. To compare the kinetics of CME
of NPs with various shapes, as shown in Fig. 8, the rapidest
invagination kinetics for different shaped NPs was chosen,
such as the long rod-shaped NP and short rod-shaped NP with
an initial orientation of 451, and the disk-shaped NP with an
initial orientation of 601. The final snapshots of membrane
wrapping on different shaped NPs in the presence of clathrins
were shown in Fig. 8A. It should be noted that the kinetic
behaviors for four different shapes of NPs were quite different,
although they were wrapped by the membrane. In both the
invagination and wrapping stages, the spherical NP exhibit the
fast invagination and wrapping rate compared with other
shaped NPs, and then are the short rod-shaped NP and the
long rod-shaped NP (Fig. 8B and C). The disk-shaped NP
showed the slowest invagination and wrapping rate (Fig. 8B
and C). The number of clathrins on the vesicle with the
endocytosis of different shaped NPs is shown in Fig. 8D.

3.2.2. Role of clathrins. To further compare the kinetic
mechanism for different shaped NPs by CME, we discussed the

Fig. 8 Clathrin-mediated endocytosis for various shapes of NPs. In the figure, long rod-shaped NP adapt an initial angle 451, short rod-shaped NP adapt
an initial angle 451, disk-shaped NP adapt an initial angle 601. (A) Final snapshots of membrane wrapping on different shapes of NPs from top, cross-
sectional views, and only clathrin and NP. (B) Invaginated percentage of NPs as a function of time. (C) Wrapping percentage of NPs as a function of time.
(D) Time evolutions of NP orientation angles.
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effect of clathrins in NP endocytosis. We found that the effect of
clathrins for the endocytosis of different shapes of NPs is
dependent upon the endocytosis stages. In the invagination
stage, the clathrin initial adhesion would rigidify the local
membrane patch, which is not beneficial for NP invagination
and the influence for different shapes of NPs is similar.
Compared with the condition without clathrins, the clathrin
elongates during the subsidence process of NPs (Fig. 2E, 4E and
6E). In previous work, it has also been reported that the initial
stage of endocytosis and the maximum invagination would be
affected by clathrin coat,19 which is consistent with our simula-
tion results. However, in the wrapping stage, with the further
self-assembly of clathrins on the endocytic site, clathrins can
mediate different membrane responses for different shaped
NPs during NP wrapping. Compared the kinetic behaviors of
different shaped NPs by CME, the spherical NP has the fastest
endocytosis rate (Fig. 8C). Usually, a wrapping process required
membrane bending, which is relative to the largest local mean
curvature of the NP. The spherical NP is more favorable for
wrapping by the membrane than the shape anisotropy of NPs
with the same volume in the pure membrane. Besides, the self-
assembly of clathrins on the membrane can usually induce
spherical vesicles, which is shape matched with the wrapping
of spherical NP. However, for shape anisotropic NPs, there was
shape mismatch between the intrinsic curvature of clathrin-
mediated cage and the wrapping vesicle of shape anisotropic
NPs. For example, it needs to form long rod-shaped vesicles to

wrap long rod-shaped NPs (Fig. 8A), which has shape mismatch
with the instinct clathrin-mediated cage structure. To reduce
this mismatch, it can induce the rotation of shape anisotropic
NPs and clathrin rearrangement to accomplish NP wrapping,
both of these processes are time-consuming. Therefore,
clathrins can assist the endocytosis of spherical NPs with the
suitable size (Fig. 7E). For shape anisotropic NPs, our results
indicated that the endocytosis efficiency for short rod-shaped
NPs with an intermediate aspect ratio is higher than that
with low or high aspect ratios (Fig. 8C). Based on the above-
mentioned results, it can be concluded that CME have selectivity
for NP shape. The internalization process can be elongated with
the increased NP shape anisotropy.

To further investigate the role of clathrins for the endocytosis of
different shaped NPs, the final clathrin density distribution for the
endocytosis of various shapes of NPs is shown in Fig. 9, and the
number of clathrins on endocytosis vesicle as a function of time is
shown in Fig. S4 (ESI†). We can see that there have more clathrin
molecules on the long rod-shaped NP and short rod-shaped NP
with an initial orientation of 451, and the disk-shaped NP with an
initial orientation of 601 (Fig. 9). We further confirm that the
effective self-assembly of clathrins on the endocytic site is very
important for NP wrapping. On the contrary, the random clathrin
self-assembly on the other site of the membrane can increase the
stiffness of the membrane, which is not beneficial for NP wrapping.

3.2.3. Rotation for the endocytosis of shape anisotropy of
NPs. Rotation is one of the typical characteristics for shape

Fig. 9 The final clathrin density distribution for the endocytosis of various shaped NPs. (A) Clathrin-medisted endocytosis of long rod-shaped NP under
corresponding conditions of Fig. 1A. (B) Clathrin-medisted endocytosis of short rod-shaped NP under corresponding conditions of Fig. 3A. (C) Clathrin-
medisted endocytosis of disk-shaped NP under corresponding conditions of Fig. 5A. In the figure, five initial orientations of different shaped NPs were
compared. From left to right, the initial orientations of NPs are 01, 301, 451, 601, 901.
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anisotropy of NPs by CME. The pathways predicated in Fig. 2B,
4B and 6B capture the general trend of endocytosis of shape
anisotropy of NPs. In the invagination stage, different shaped
NPs lay down the membrane with the large contact area. From a
kinetics point of view, the ligand–receptor interaction provides
the main driving force. However, the initial adhesion of cla-
thrins on the membrane rigidified the local membrane patch.
NPs with a tile angle can promote their subsidence. For
example, the initial orientation of 601 of disk-shaped NPs
showed the rapidest membrane invagination, but not the one
with an initial orientation of 901 (Fig. 5B).

In the wrapping stage, with the increase in NP shape aniso-
tropy, the rotation is also obvious in CME. For example, both of
the long rod-shaped NP and disk-shaped NP rotate twice in
CME (Fig. 1D and 5D). In the absence of clathrins, long rod-
shaped NPs only show rotation in the invagination stage
(Fig. 2A), but an obvious rotation is not found in the wrapping
stage (Fig. 2A and C). On the one hand, the metastable
equilibrium can be broken by the rotation of NPs, which
promotes the subsidence of NPs and trigger the rearrangement
of clathrins on the endocytic site. On the other hand, due to the
shape mismatch between the instinct of the clathrin-mediated
spherical vesicle and the wrapping of shape anisotropy NPs, the
metastable equilibrium can mediate NP rotation to weaken
the shape mismatch. Our results indicated that the rotation
for shape anisotropy of NPs was more complex during CME,

which is caused by the receptor–ligand binding, the self-
assembly of clathrins, and membrane bending, and depends
on the NP shape. Besides, the final orientation angle of NPs can
be affected by the self-assembly of clathrins.

3.2.4. Effect of the NP size. In order to understand the
effect of the NP size on CME, NPs of three different sizes with
various shapes were designed: (1) Large-sized NPs, long rod-
shaped NPs (D = 4.5 nm, L = 9.7 nm), short rod-shaped-NPs
(D = 5.8 nm, L = 5.8 nm), disk-shaped NPs (D = 9.7 nm, L =
1.9 nm), and spherical NPs (D = 7.1 nm). (2) Middle-sized NPs,
long rod-shaped NPs (D = 3.2 nm, L = 8.4 nm), short rod-shaped
NPs (D = 4.5 nm, L = 4.5 nm), disk-shaped NPs (D = 7.1 nm,
L = 1.9 nm), and spherical NPs (D = 4.5 nm). (3) Small-sized NPs,
long rod-shaped NPs (D = 1.9 nm, L = 7.1 nm), short rod-shaped
NPs (D = 3.2 nm, L = 3.2 nm), disk-shaped NPs (D = 4.5 nm,
L = 1.3 nm), and spherical NPs (D = 3.2 nm). After simulation of
10 ms, compared the wrapping percentage of long rod-shaped
NPs with different sizes, we found that the small long rod-
shaped NP had the fastest wrapping ratio by CME than the
other sizes of NPs with the same shape (Fig. S5A, ESI†). At the
same time, the size effect for the wrapping of different shaped
NPs has the same tendency (Fig. S5B–D, ESI†). In a real
biological system, a clathrin leg is about 475 Å long.71 In order
to make the simulation in allowable spatial and temporal
scales, we scaled down the size of clathrins and NPs. Our simu-
lation results can qualitatively compared with the experimental

Fig. 10 Clathrin-mediated endocytosis for different shaped NPs with different membrane surface tensions. (A) Final snapshots for membrane wrapping
on different shaped NPs. (B) Percentage of invagination as a function of time. (C) Percentage of wrapping as a function of time. The size of long rod-
shaped NP (D = 4.5 nm, L = 9.7 nm), short rod-shaped NP (D = 5.8 nm, L = 5.8 nm), disk-shaped NP (D = 9.7 nm, L = 1.9 nm), spherical NP (D = 7.1 nm).
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results. This is different from the endocytosis tendency in the
absence of clathrins. Usually, the large NP is more favorable to
be wrapped by a pure lipid membrane, which needs to over-
come a smaller membrane bending energy. However, for CME,
the size match or mismatch between the clathrin-mediated
vesicle and the wrapping vesicle of NP determines whether the
endocytosis of NP is promoted or inhibited.

3.2.5. Effect of membrane surface tension. In the practical
cell, the cellular membrane may have different surface tensions.
The surface tension of the membrane also plays a very important
role in NP endocytosis. Therefore, in this work, we considered the
effect of membrane surface tension and explored these cases for
the different shaped NPs by CME, which are rBR

LNPA = 1.67 to
represent a small negative surface tension and rBR

LNPA = 1.82 to
represent a large negative surface tension. The final snapshots of
membrane wrapping on different shaped NPs by CME are shown
in Fig. 10A. It is found that the efficiency of NP invagination
(Fig. 10B) and wrapping (Fig. 10C) is promoted by the decrease in
membrane surface tension. Besides, the final structures shown in
Fig. 10A reveal that when the surface tension of the membrane
decreased, the self-assembly of clathrins on the membrane can
mediate the occurrence of empty vesicles. At the same time, the
final closure of the vesicle neck is elongated. The metastable state
lasts for a long time. This is different from the case of absence of
clathrins, our previous investigations indicated that asymmetric
endocytosis can be induced by the shape anisotropy NP and the
decrease in membrane tension.22 However, the asymmetric endo-
cytosis of shape anisotropy NPs was not found when the
membrane tension was smaller in the presence of clathrins.
On the contrary, the self-assembly of clathrins on the relaxed
membrane can promote NP subsidence.

4. Conclusions

In summary, the dynamics mechanism for CME of different
shaped NPs was investigated using DPD simulations. To gain
a deep understanding of the coupling effect of the clathrin
assembly and NP wrapping, four types of NPs were taken into
account, namely, spherical NPs, long rod-shaped NPs, short
rod-shaped NPs and disk-shaped NPs. Our simulations demon-
strated that CME is sensitive to the NP shape. The spherical NP
is more favorably wrapped by the membrane with the clathrin
assembly. For rod-shaped NPs, NPs with the intermediate
aspect ratios, such as the short rod-shaped NP, showed a higher
endocytosis efficiency than that of NPs with low or high aspect
ratios. In the process of CME, the effect of clathrins on the
membrane is complex. In the invagination stage, the local
membrane patch is rigidified by the clathrin coat, which is
not beneficial for NP invagination. However, in the wrapping
stage, it has been indicated that the self-assembly of clathrins
promoted bending of the membrane, which can accelerate the
wrapping of spherical NPs with the suitable size. However, for
rod-shaped NPs, there is shape mismatch between the intrinsic
curvature of the clathrin-mediated cage structure and the
wrapping of anisotropic NPs. This mismatch can induce NP

rotation in the wrapping stage, and clathrin rearrangement to
accomplish NP wrapping. Both of these processes are time-
consuming. In addition, the surface charge, stiffness, and the
ligand of NPs are also very important for NP internalization,
which will be investigated in our future work. In summary, our
results help gain a deep understanding of the dynamics
mechanism of CME of different shaped NPs, providing a
guidance for the design of NPs with an optimal shape in the
drug/gene delivery field.
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Toxicol., 2019, 32, 578–588.

11 U. Singh, A. G. Teja, S. Walia, P. Vaswani, S. Dalvi and
D. Bhatia, Nanoscale Adv., 2022, 4, 1375–1386.

12 Y. H. Feng, B. Z. Chen, W. M. Fei, Y. Cui, C. Y. Zhang and
X. D. Guo, AIChE J., 2022, 68, e17507.

13 Y. Wei, H. Chen, Y. Li, K. He, K. Yang and H. Pang, ACS
Nano, 2022, 16, 5885–5897.

14 Y. Li, M. Zhang, X. Niu and T. Yue, Colloids Surf., B, 2022,
214, 112467.

15 P. Hu, J. An, M. M. Faulkner, H. Wu, Z. Li, X. Tian and
J. P. Giraldo, ACS Nano, 2020, 14, 7970–7986.

16 G. Su, X. Zhou, H. Zhou, Y. Li, X. Zhang, Y. Liu, D. Cao and
B. Yan, ACS Appl. Mater. Interfaces, 2016, 8, 30037–30047.

17 S. Zhang, J. Li, G. Lykotrafitis, G. Bao and S. Suresh, Adv.
Mater., 2009, 21, 419–424.

18 Y. S. Wei, H. B. Chen, Y. X. Li, K. J. He, K. Yang and
H. B. Pang, ACS Nano, 2022, 16, 5885–5897.

19 W. Xu, X. H. Liu and X. H. Liu, J. Appl. Phys., 2022,
131, 134701.

20 B. D. Chithrani and W. C. Chan, Nano Lett., 2007, 7,
1542–1550.

21 K. Xiong, J. Zhao, D. Yang, Q. Cheng, J. Wang and H. Ji, Soft
Matter, 2017, 13, 4644–4652.

22 Y. Li, T. Yue, K. Yang and X. Zhang, Biomaterials, 2012, 33,
4965–4973.
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