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Endocytosis behaviours of nanoparticles
with helically decorated ligands
Zhou Guan, Liquan Wang,* Jiaping Lin* and Jiaxiao Xue

Abstract

In this work, the receptor-mediated endocytosis of nanoparticles with helically decorated ligands was investigated by perform-
ing coarse-grained molecular dynamics simulations. The results showed that a helical distribution of ligands can generate a
unique spinning stage during endocytosis in which the nanoparticle is internalized with precession. This precession behaviour is
primarily caused by a lateral torque acting on the nanoparticle. Compared with nanoparticles that present uniformly distributed
ligands, nanoparticles with helically decorated ligands present an enhanced endocytosis capacity. Additionally, a longer spin
duration and larger precessional angle were obtained by decreasing the helical period of the ligands. Increasing the aspect ratio
of the nanoparticles strengthens their capacity to take the spinning endocytosis pathway. The present study not only reveals the
mechanism underlying a new endocytosis pathway of nanoparticles with helically structured surfaces but also provides valuable
theoretical information for the design of novel drug delivery systems that primarily occur via cellular uptake.
© 2019 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION
Endocytosis is the universal process through which cells internalize
objects, such as proteins, molecules, viruses and nanoparticles.1–4

Among the various endocytosis pathways (e.g. receptor-mediated
endocytosis, caveolae-mediated endocytosis, pinocytosis and
phagocytosis),5–8 receptor-mediated endocytosis has received
considerable attention recently because it is the most likely path-
way for the entry of drug delivery vehicles (e.g. nanoparticles,
block copolymer micelles, vesicles and dendrimers) into lesion
cells.3,9–12 By loading drugs inside those delivery systems, drug
accumulation occurs in cells and reduced cytotoxicity can be
achieved. In receptor-mediated endocytosis, particles with bio-
compatible surfaces bind strongly to receptors (e.g. cholesterol
and membrane protein) on the membrane, which leads to efficient
engulfment and internalization by cells. By decorating the particle
surface with ligands (e.g. electrolytes, peptides and proteins),13–15

enhanced cellular uptake performance and even targeted delivery
can be achieved. Therefore, understanding the effect of ligands
on the behaviour of receptor-mediated endocytosis is significant
for academic studies and biomedical applications.

Recently, considerable research effort has been focused on
evaluating ligands that decorate the substrates of nanoparticles
and examining their endocytosis behaviours. In experimental
investigations, various biocompatibility ligands were adopted,
and new techniques for decorating those ligands on the surface
of delivery vehicles were explored.16–19 For example, Sawant
et al. studied the cellular uptake capacity of poly(ethylene
glycol)-phosphatidylethanolamine micelles,16 and they found
that, by modifying transferrin at the hydrophilic end of the poly-
mers, the cellular internalization capacities of these micelles
can be effectively enhanced because of the strong binding
between transferrin and transferrin receptors during endocytosis.

In addition to the experiments, theoretical studies have focused
on the effects of ligands on endocytosis behaviours, such as the
ligand–receptor binding strength and the surface density of
ligands.20–23 For example, Li et al. used dissipative particle dynam-
ics (DPD) simulations to study the endocytosis of nanoparticles
grafted with polyethylene glycol (PEG) polymers,20 and they found
that increasing the surface density of ligands can benefit endocy-
tosis. In addition to the DPD simulation method, coarse-grained
molecular dynamics (CGMD) simulation approaches have been
developed and applied to investigate the receptor-mediated
endocytosis behaviour of nanoparticles.24–28 The various molecu-
lar potentials involved in CGMD methods are physically suitable
for simulating biological systems, such as cell membranes. For
example, the solvent-free model proposed by Cooke et al., which
maintains the principal properties of the cell membrane (e.g.
bending modulus, surface tension and diffusion constant),26

has been adopted to simulate the endocytosis of nanoparticles.
With this method, a deeper understanding of the mechanisms
of endocytosis was gained. For example, a critical radius value
was observed for the completion of endocytosis by spherical
nanoparticles.28

Recently, the topological distribution of ligands on the
particle surface was found to influence the cellular uptake
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performance.29–32 For example, Schubertová et al. found that
nanoparticles with homogeneously distributed ligands exhib-
ited a shorter endocytosis duration.29 Studies published on
receptor-mediated endocytosis have generally focused on the
distribution of ligands in the form of separate patches (i.e. lig-
ands form several domains on the substrates).23,29 Other possible
topological distributions have not been addressed. Reports have
shown that ligands with a stripe-like distribution may improve
the cell-penetrating capacities of small nanoparticles (at approx-
imately 4 nm in diameter, the cellular uptake pathway occurs via
direct penetration not endocytosis).30,31 Inspired by this evidence,
large nanoparticles (larger than 10 nm in diameter) decorated
with ligands in a stripe-like distribution pattern may exhibit a
unique endocytosis pathway or performance. However, relevant
investigations addressing this issue have not been conducted;
thus, the endocytosis of large nanoparticles with stripe-patterned
ligands remains unknown.

Viruses are among the most ubiquitous nanoparticles in nature
and can provide insights into the facile topological distribu-
tions of ligands on particle surfaces.29,33–36 Among these surface
structures, helices are observed in several families of virus par-
ticles (e.g. tobacco mosaic virus and Poxviridae). This surface
topology has been successfully imitated in the substrates of
laboratory-prepared particles.37–40 For example, Cai et al. recently
discovered that poly(𝛾-benzyl-L-glutamate)-b-poly(ethylene
glycol) (PBLG-b-PEG) rod–coil block copolymers and rigid
PBLG homopolymers were able to co-assemble into virus-like
super-helical rods.37 In these structures, the homopolymers
serve as a cylindrical template on which the block copolymers
self-assemble into helix-like nanostructures. The distal methoxy
group of PEG blocks, which forms the corona of the helix bun-
dle, can be regarded as a proper ligand because it can bind to
receptors on the plasma membrane.41,42 These polymeric aggre-
gates can be modelled as nanoparticles with helically decorated
ligands, which have been proved to be capable in cellular inter-
nalizations by means of endocytosis.43 However, the detailed
endocytosis pathways of these nanoparticles and the explicit
role played by the uniquely distributed ligands have not been
well addressed. Because experimental approaches cannot easily
obtain molecular-level insights into nanoparticle–membrane
interaction procedures (e.g. how nanoparticles enter cells), the
CGMD simulation represents a powerful tool that can be used to
address the above challenges.

In the present study, we performed CGMD simulations to inves-
tigate the receptor-mediated endocytosis of nanoparticles with
helically decorated ligands. First, we studied the endocytosis
kinetics. Compared with traditional nanoparticles that present
uniformly packed ligands, enhanced endocytosis capacity was
observed for nanoparticles with helically decorated ligands. The
mechanisms underlying this enhanced endocytosis capacity were
analysed. Then, we examined the effects of the initial contact
angle, the ligand helix period and the nanoparticle aspect ratio
on endocytosis behaviour. The present study provides important
insights on the endocytosis of nanoparticles decorated with helical
ligands, and our findings may provide valuable theoretical infor-
mation for the design of nanoparticles used in biological environ-
ments, such as drug delivery systems.

SIMULATION METHOD
Herein, we constructed a system that contains a ligand-decorated
nanoparticle and a plasma membrane. The models are illustrated

Figure 1. Model of the simulation. (a) Ellipsoidal nanoparticle and helical
ligand; (b) phospholipid and receptor; (c) initial status of the system. The
nanoparticle with helical ligands can serve as a model for (d) the Poxviridae
virus particle and super-helical nanoparticles prepared in our previous
work.39 The image of the virus particles in (d) is reproduced from Wikipedia
under the entry ‘Parapoxvirus’.44 The super-helical nanoparticles in (d) are
reproduced with permission of ref. 39, Copyright 2011, Royal Society of
Chemistry.

in Fig. 1. Figure 1(a) shows the model of the nanoparticle and
ligand. The coarse-grained nanoparticle model (shown in green)
is presented as a hollow ellipsoid substrate formed by beads. Heli-
cally distributed ligands (shown in red) are compactly decorated
on the substrate of the particle. The nanoparticle and ligand are
fixed as a rigid body in the simulations. The model of the bilayer
plasma membrane formed by phospholipids is shown in Fig. 1(b).
According to the solvent-free model proposed by Cooke et al.,26

the coarse-grained phospholipid model consists of three beads
connected by harmonic bonds. The head lipid bead is hydrophilic
and shown in purple. The two tail beads are hydrophobic and are
shown in orange. A specific amount of lipids in the membrane are
receptors, which have head beads shown in blue and strongly bind
to the ligands of nanoparticles. The ligand-decorated nanoparticle
is in intense contact with the membrane, and it can serve as a
model of the virus particle of Poxviridae44 and the super-helical
rod-like nanoparticles prepared in our previous study,39 as shown
in Figs 1(c), 1(d).

Although the complexity of cell membranes is not precisely
represented, this coarse-gained model successfully maintains the
essential features of the cell membrane, such as the bending
module, fluidity and the binding between ligands and receptors.26

Using this model, results that agree with experimental observa-
tions were gained in existing theoretical simulation work.25,28 We
believe that this simulation method is capable of revealing the cel-
lular uptake behaviours of nanoparticles.

The molecular potentials and parameters were all set according
to those used in published work.25,26,28,29 For lipids, a finite extensi-
ble nonlinear elastic potential was adopted for defining the bonds
linking two neighbouring beads:

Ubond(r) = −1
2

kbr2
b ln

[
1 −

(
r

rb

)2
]

(1)

In this equation, the strength kb is 30𝜀0/𝜎2 and the maximum
extent rb of the bond is 1.5𝜎. Here, 𝜀0 and 𝜎 denote the energy and
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length unit, respectively. Additionally, a harmonic spring potential
is applied between the head and second tail beads to maintain the
straightened shape of the lipids:

Uangle(r) =
1
2

ka(r − ra)2 (2)

In this equation, the strength ka = 10𝜀0/𝜎2 and the equilibrium
bond distance ra = 4𝜎. The value of ra is set to be larger than
2rb (3𝜎) so that the stiffness of lipids in the simulations can
be maintained. This value was also adopted in some reported
simulation work.24–26

In this model, the potential energy among all the beads is
represented as follows:

Uall(r) =
⎧⎪⎨⎪⎩

4𝜀0[(𝜆𝜎∕r)12 − (𝜆𝜎∕r)6] r < rcut

−𝜀atrcos2[𝜋(r − rcut)∕2ratr] rcut ≤ r ≤ rcut + ratr

0 r > rcut + ratr

(3)

The top part of the function is the Lennard-Jones potential. In
addition, 𝜀0 is the interaction strength and is set as the unit energy,
𝜎 is the length unit and rcut = 21/6𝜆ij𝜎. The values of 𝜆HH and 𝜆HT

were both set to 0.95, and the subscripts H and T denote the
head/ligand and tail beads of the phospholipids, respectively. The
values of 𝜆ij for other beads were all set to 1. The middle part of
the function represents the attraction between all the tail beads
of the lipids as well as the binding between ligands and receptors.
For the tail beads, 𝜀atr = 𝜀0 and ratr = 2.53𝜎, which should represent
the optimal values for obtaining a plasma membrane. For a pair of
ligand and receptor, 𝜀atr was set to 4𝜀0 unless otherwise specified.
Moreover, ratr was set to 1.45𝜎, which was used as a proper value
in the simulation work by Vácha et al.28

During the endocytosis, the nanoparticles are continuously
engulfed by lipids. The membrane has to keep a constant lateral
tension to provide enough lipids for this engulfment. To simulate
the endocytosis behaviour of nanoparticles, we adopted constant
lateral tension conditions in the simulations. A modified Berend-
sen barostat was used to maintain the desired lateral tension.
According to the current membrane lateral tension, the simulation
box and bead coordinates were rescaled in the dimensions paral-
lel to the membrane (i.e. x/y dimensions in our simulations). The
scaling factor 𝜆x/y is determined as follows:45

𝜆x∕y = 1 +
[Γ0 − Γ(t)]dt

TrelK
(4)

where dt is the time step, T rel is the relaxation time, K is the
compression modulus, and Γ0 and Γ(t) denote the desired tension
and the current membrane lateral tension, respectively:

Γ(t) = −
Pxx(t) + Pyy(t)

2
(5)

In our simulation system, T rel and K were set to 100 and 0.001,
respectively. All the simulations were run under conditions with
zero membrane tension (i.e. Γ0 = 0). In addition, the simulations
were performed under a constant temperature. A Langevin ther-
mostat, which was developed by Schneider and colleagues, was
adopted. The beads were coupled to a heat bath. The equation of
motion is written as follows:46

mi

dvi

dt
= Fi − 𝜁vi + W i(t) (6)

where mi and vi are the mass and velocity of the ith bead,
respectively; Fi is the force acting on the ith bead, calculated by
the potential energies consisting of Ubond(r), Uangle(r) and Uall(r);
and 𝜁 is a friction constant. In Langevin dynamics, the effects of
solvent molecules are implicitly treated by the noise term W i(t),
which can be calculated according to the fluctuation–dissipation
relation:47,48

⟨W i(t) · W j(t
′ )⟩ = 6kBT𝜁𝛿ij(t − t

′ ) (7)

where kB is the Boltzmann constant. Under the NΣT ensemble
(N, Σ and T denote the number of beads, the membrane lateral
tension and the system temperature, respectively), all simulations
are conducted in a cubic cell with an initial size of 70× 70× 70
𝜎3. A membrane formed by 4400 lipids is set in the middle of
the box, and the surface is perpendicular to the z axis. Fifty per
cent of the lipids are receptors. The semi-lengths of the long (ra)
and short (rb) axes of the nanoparticle are set as 15𝜎 and 8𝜎,
respectively. The number of beads forming ligands was fixed at
147. The CGMD simulations were run for at least 5× 106dt, where
the time step dt was set to 0.01𝜏 . The length unit 𝜎 and time unit
𝜏 were converted to 1 nm and 0.01 μs, respectively, according to
the diffusion constant of the membrane (Supporting Information,
Section S1).

RESULTS
Spin behaviour of nanoparticles with helically decorated
ligands
First, the receptor-mediated endocytosis of nanoparticles with
helically decorated ligands was studied. Snapshots of the endocy-
tosis process are illustrated in Fig. 2. Generally, endocytosis follows
a traditional process.28 After the initial contact with the mem-
brane, the nanoparticle is gradually engulfed by the membrane as
shown in Figs 2(a)–2(d). Subsequently, the nanoparticle is entirely
engulfed by the membrane, and a vesicle is formed. The vesicle is
connected to the membrane via a lipid ‘neck’ as shown in Fig. 2(e).
After the neck breaks, the vesicle is detached from the membrane
as shown in Fig. 2(f ), and the receptor-mediated endocytosis pro-
cess is completed. After carefully examining the endocytosis pro-
cess of the nanoparticle, we found that the nanoparticle spins
while it is endocytosed. The spin behaviour includes precession
and rotation. The schematic illustration of the precession during
endocytosis is shown in Fig. 2(g).

The unique spin phenomenon observed in the present study
is rarely reported in studies of the endocytosis of nanoparticles.
To reveal the spin behaviours of the nanoparticle, we studied
the spinning trajectories during endocytosis. The results are pre-
sented in Fig. 3. Figure 3(a) shows the profiles of angles 𝜃, 𝜑 (cor-
responding to precession) and 𝛾 (corresponding to rotation) and
the wrapping percentage of the nanoparticle (𝜂) as a function of
time. Figure 3(b) illustrates the definitions of the angles 𝜃, 𝜑 and
𝛾 . Regarding the rotation, the nanoparticle spins around its own
major axis as shown in Fig. 3(b), where 𝛾 denotes the rotated angle.
For the precession aspect, the major axis of the nanoparticle reori-
ents and spins around another axis vertical to the membrane (i.e.
the z axis in the simulation box) as shown in Fig. 3(b). 𝜃 denotes
the angle between the major axis of the nanoparticle and its pre-
cession axis, and the precession angle is denoted by 𝜑. The value
of the angle 𝜑 is calculated by the projection of the nanoparticle
main axis on the membrane plane (x/y plane), oscillating between
0 and 𝜋. As shown in Fig. 3(a), endocytosis is completed at 360 μs
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Figure 2. Snapshots during endocytosis: (a) initial contact between the
nanoparticle and the membrane; (b)–(d) engulfing the nanoparticle; (e)
the lipid-formed vesicle is connected to the membrane with a ‘neck’; (f )
after the neck is broken, the vesicle detaches from the membrane. (g)
Schematic illustration of the precession behaviour during endocytosis.

according to the profile of 𝜂 (i.e. 𝜂 reaches 100% at 360 μs). Prior to
360 μs, the value of 𝜂 gradually increases, which indicates that the
engulfment rate of the nanoparticle is nearly constant. Regarding
rotation, the 𝛾 angle evolves from 0 to 𝜋/2 before 150 μs; subse-
quently, the angle is mostly unchanged. This phenomenon sug-
gests that the nanoparticle rotates around its own major axis at an
angle of approximately 𝜋/2 before 150 μs and stops rotating after
that. That the rotation is stopped at 150 μs may be because there
is insufficient free space as more than half of the nanoparticle sur-
face is engulfed by lipids after 150 μs. For the precession aspect,
the 𝜃 angle is close to but larger than 0. The profile of the 𝜑 angle
presents a sine/cosine wave before 300 μs, and the sine/cosine
curve has approximately two and a half periods. After 300 μs, the
𝜑 angle slightly fluctuates around 0. The evolution of the 𝜃 and
𝜑 angles before 300 μs indicates that the nanoparticle precesses
for two and a half periods with its major axis nearly vertical to
the membrane. According to the spin behaviour of the nanopar-
ticle, the endocytosis procedure can be divided into three stages:
spinning stage (both rotation and precession can be observed),
spinning-free stage (i.e. the nanoparticle stops spinning but has
not been completely endocytosed) and the end of endocytosis
stage (i.e. endocytosis is complete). In Fig. 3(a), the three stages are
denoted by the letters S, SF and E. Movies showing the endocytosis
procedure can be found in the Videos S1 and S2.

A comparison of the rotation and precession behaviours showed
that the precession is much stronger (the particle precesses by
two and a half periods) than the rotation (the particle rotates at
a small angle). In addition, a control study of the endocytosis of
a nanoparticle uniformly decorated with ligands was performed,
and the results showed the rotation phenomenon in the endocy-
tosis procedure. However, precession does not occur in this endo-
cytosis process. Details of the control study can be found in the
Supporting Information, Section S2. Therefore, in the study on the

spinning behaviour of nanoparticles, we considered only the pre-
cession behaviour.

In addition to the spinning trajectories, we further studied the
mechanisms of precession by examining the precessional torque
(𝝉pre) on the nanoparticle. The evolution of the torque during
endocytosis is presented in Fig. 4. Figures 4(b) and 4(c) represent
the schematics of the torque acting on the nanoparticle. Herein,
𝝉pre is the sum of all torque for all beads that compose the
nanoparticle and ligands:

𝝉pre =
n=N∑
n=1

rn × Fn (8)

where rn and Fn denote the lever arm relative to the precession
pivot and the force acting on the bead n, respectively, as shown in
Figs 4(b) and 4(c); and N is the total number of beads that compose
the nanoparticle and ligands.

Figure 4(a) shows the profiles of the torque in three orthogonal
directions (𝜏x , 𝜏y and 𝜏z) and indicates that 𝜏x and 𝜏y present cosine
and sine waves, respectively, before 300 μs and their curves have
a phase difference of approximately a quarter period. Therefore,
the torque acting on the nanoparticle in the xy plane is almost
unchanged before 300 μs. 𝜏z fluctuates around 0 all the time. The
torque profiles before 300 μs indicate that the forces acting on
the nanoparticle drive the particle precession around an axis ver-
tical to the membrane. After 300 μs, 𝜏x and 𝜏y are both gradu-
ally reduced to 0 and fluctuate around 0, which means that pre-
cession stops. Compared with the precession trajectory in Fig. 3,
the torques (𝜏x and 𝜏y) and 𝜑 angle have the same periods and
sine/cosine wave duration. This synchronization also shows that
the torques in the x and y directions are responsible for the pre-
cession.

In our simulations, we also discovered that the precession
behaviours depend on the ligand–receptor binding strength. We
performed simulations by increasing the ligand–receptor binding
strength (denoted by 𝜀atr in Eqn (3)). A large 𝜀atr could represent
a more bio-active ligand decorated on the nanoparticle surface,
such as transferrin and low-density lipoprotein. In addition to a
faster endocytosis, we also observed that the proportion of the
precession duration to the entire endocytosis duration decreased
(i.e. T spinning/T endocytosis became smaller, where T denotes time) with
increasing 𝜀atr.

Endocytosis capacity of the nanoparticles with helically
decorated ligands
The simulations indicate that nanoparticles with helically deco-
rated ligands can spontaneously spin during endocytosis. This
endocytosis pathway may contribute to a unique cellular uptake
performance. We performed endocytosis simulations for two
types of nanoparticles to provide deep insights into the cellu-
lar uptake capacity contributed by this unique endocytosis path-
way. One type of nanoparticle is helically decorated with ligands
and the other has uniformly distributed ligands (denoted by H
and U, respectively). These two types of nanoparticles have lig-
ands with the same size (ra = 15𝜎 and rb = 8𝜎) and surface den-
sity (𝜉L = 0.08/𝜎 2). A smaller receptor–ligand binding strength
𝜀atr of 3𝜀0 is adopted. By analysing the simulated results, the endo-
cytosis capacities of these two types of nanoparticles were com-
pared.

The snapshots during endocytosis of these two nanoparticles
under a binding strength of 𝜀atr = 3𝜀0 are presented in Fig. 5. The
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Figure 3. (a) Spinning trajectory (denoted by the evolution of 𝜃, 𝜑 and 𝛾) and wrapping ratio (𝜂) during endocytosis of a particle with helix period P = 5
and initial contact angle 𝜃0 = 0. (b) Schematic illustrations of precession and rotation denoted by angles 𝜃, 𝜑 and 𝛾 . S, SF and E in (a) denote the spinning,
spinning-free and end of endocytosis stages, respectively.

Figure 4. (a) Torque on the nanoparticle relative to its precession pivot. (b),
(c) Schematic illustrations of the lever arm (rn) and the force acting on the
nth bead (Fn). The three orthogonal components of rn and Fn , which are
denoted by rx , ry , rz and Fx , Fy , Fz , are presented in (b) and (c), respectively.

endocytosis procedures of nanoparticles H and U with an initial
contact angle 𝜃0 = 0 (vertical contact) are shown in Figs 5(a) and
5(b), respectively. Nanoparticle H is shown to endocytose within
600 μs, and the orientation angle during endocytosis is relatively
small (i.e. a preference for tip-oriented endocytosis), as shown
in Fig. 5(a). However, nanoparticle U prefers a larger orientation

angle (i.e. a preference for side orientation) while being endocy-
tosed and cannot be totally engulfed and endocytosed, as shown
in Fig. 5(b). Although the nanoparticle is intensely attached to
the membrane, a vesicle is not formed and endocytosis can-
not be accomplished, even when the simulation is performed
for 800 μs. A similar phenomenon can be observed when the
two nanoparticles endocytose with an initial contact angle of
𝜃0 = 𝜋/2 (horizontal contact). As shown in Fig. 5(c), nanoparticle
H exhibits a side-oriented entry and can be endocytosed within
350 μs, and nanoparticle U remains side oriented before 200 μs
and becomes tip oriented after 600 μs. The endocytosis duration
for the nanoparticle in Fig. 5(c) is shorter than that in Fig. 5(a) as a
result of closer nanoparticle–membrane initial distance. However,
endocytosis is not completed even after 800 μs for nanoparticle U.
Figure 5(d) shows that the vesicle formed by lipids cannot be com-
pletely formed, which results in endocytosis failure. Moreover, the
failed endocytosis of nanoparticle U can be observed only under
a smaller receptor–ligand binding strength (𝜀atr = 3𝜀0). When the
binding strength is strengthened (e.g. 𝜀atr > 3𝜀0), nanoparticle
U can accomplish endocytosis. The duration of endocytosis of
nanoparticle U is longer than that of nanoparticle H.

The simulation results indicate better endocytosis for nanoparti-
cle H than for U. Herein, we attempted to further reveal the mecha-
nisms underlying this phenomenon. According to the Helfrich for-
mula, during endocytosis the particle should overcome the bend-
ing energy of the plasma membrane:49

EB = ∫
𝜂

A
[
𝜅

2
(C1 + C2 − C0)2 +

𝜅G

2
(C1C2)2

]
d𝜂 (9)

where 𝜅 and 𝜅G are the bending moduli of the mean and Gaus-
sian curvature of the membrane, respectively; A is the area of the
membrane that has already engulfed the particle; 𝜂 is the wrap-
ping ratio of the nanoparticle (0≤ 𝜂 ≤ 1); C1 and C2 are the local
principal curvatures; and C0 denotes the spontaneous curvature
of the membrane. For membranes simulated under zero surface
tension, C0 = 0.

Using the Helfrich formula, we calculated the evolutionary mem-
brane bending energies during the endocytosis of nanoparti-
cles H and U initiated from contact angles 𝜃0 = 0 and 𝜋/2. The
receptor–ligand binding strength 𝜀atr was set to 4𝜀0. In this case,
the endocytosis of both nanoparticles can be accomplished. The
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Figure 5. (a)–(d) Snapshots of the endocytosis process for nanoparticles with helical ligands (a), (c) and uniformly packed ligands (b), (d) under initial
contact angles 𝜃0 = 0 (a), (b) and 𝜃0 = 𝜋/2 (c), (d). Ligand–receptor binding strength is set as 𝜀atr = 3𝜀0. (e) Membrane bending energies during the
endocytosis of those two nanoparticles with two initial contact angles, where 𝜀atr = 4𝜀0. (f ) Profiles of the critical force for the endocytosis of the two
nanoparticles.

results are shown in Fig. 5(e), where the vertical and horizontal
axes denote the membrane bending energy Eb/𝜅 and the wrap-
ping ratio (𝜂) of the nanoparticle surface, respectively. The values
of Eb/𝜅 for all four cases start from 0𝜀0/𝜅 as 𝜂 = 0 and increase
to 33𝜀0/𝜅 when 𝜂 = 1. However, the evolutions of these profiles
are different from each other. Generally, the increased membrane
bending energies of nanoparticle U are more intense than those
of nanoparticle H. Therefore, the value of Eb/𝜅 for nanoparticle U
is higher than that for nanoparticle H until the end of endocyto-
sis. This finding indicates that a lower energy barrier occurs before
nanoparticle H completes its endocytosis than for nanoparticle U.
Consequently, nanoparticle H has a greater endocytosis capabil-
ity. According to the Helfrich formula and spinning endocytosis
pathways of nanoparticle H, we can conclude that the enhanced
endocytosis capability is a consequence of the smaller membrane
curvatures (i.e. C1 and C2 in Eqn (9)). The spinning behaviour of the

nanoparticle, especially the precession, can effectively reduce the
membrane curvature during endocytosis.

For further comparison of the endocytosis capabilities
between the two nanoparticles under the same ligand den-
sity (𝜉L = 0.08/𝜎2), we calculated the critical force for endocytosis.
When the receptor–ligand binding strength 𝜀atr is larger than the
critical force, the nanoparticle can be completely endocytosed.
The statistical results are presented in Fig. 5(f ). Endocytosis cannot
be accomplished when the period of the ligand helix is smaller
than 4, which is mainly caused by the extremely inhomogeneous
distribution of ligands when the helix period is equal to 1, 2 or 3
and is consistent with the reported theoretical investigations.29 In
this study, we provide the results only for cases with periods larger
than 4 in Fig. 5(f ). Nanoparticle U has a critical force of approx-
imately 3.4𝜀0/𝜎, which means that when the receptor–ligand
binding strength 𝜀atr is smaller than 3.4𝜀0/𝜎 the nanoparticle
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cannot be completely endocytosed. However, for nanoparticle H,
as the helix period of the ligands varied from 4 to 12, the critical
forces increased from approximately 2.2𝜀0/𝜎 to 3.1𝜀0/𝜎, which
is smaller than that of nanoparticle U. Obviously, an enhanced
endocytosis capacity can be predicted for nanoparticle H. In
addition, nanoparticle H has the smallest critical force when the
helix period is 4. With an increase in the helix period, the critical
force increases gradually and approaches the critical force of
nanoparticle U (3.4𝜀0/𝜎). Therefore, under a fixed surface ligand
density, nanoparticles with smaller ligand helix periods can have
a greater endocytosis capacity.

Effects of the initial contact angle of nanoparticles on the
endocytosis pathway
When anisotropically shaped nanoparticles are internalized
by membranes, the initial contact angles between nanopar-
ticles and membranes can have an effect on the endocytosis
behaviours.25,50,51 In the present study, we performed simulations
of nanoparticles that have different initial contact angles with the
membrane and studied the results of endocytosis. In the simula-
tions, the helix period of the ligands (denoted by P) decorated on
nanoparticles was set to 5, and the initial contact angles (denoted
by 𝜃0) varied from 0 (vertical contact) to 𝜋/2 (horizontal contact).
Under each initial contact angle, the simulations were performed
at least 10 times to make sure of the statistical accuracy.

The results are shown in Fig. 6. Figures 6(a)–6(c) present repre-
sentative snapshots of nanoparticles with an initial contact angle
𝜃0 = 𝜋/6, 𝜋/3 and 𝜋/2 during endocytosis. Figures 6(a) and 6(b)
correspond to endocytosis initiated with an angle 𝜃0 = 𝜋/6 and
𝜋/3, respectively. The figures show that the nanoparticle spon-
taneously ‘stands up’ and the major axis rotates perpendicular
to the membrane. When the initial contact angle is increased to
𝜋/2, the nanoparticle is endocytosed with its major axis parallel
to the membrane at all times. By carefully examining the endo-
cytosis of nanoparticles with different initial contact angles, we
found that the ‘stand up’ entry is observed only when the value
of 𝜃0 is smaller than a critical value, which is approximately 4𝜋/9
(i.e. ‘stand up’ and ‘laying down’ entries can be observed under
0≤ 𝜃0 ≤ 4𝜋/9 and 4𝜋/9<𝜃0 ≤𝜋/2, respectively). In our 10-times
statistics, all the nanoparticles exhibit precession behaviour when
𝜃0 is smaller than the critical angle. In Fig. 6(d), profiles of the 𝜃

angle with different initial contact angles during endocytosis are
shown. From these profiles, we can directly observe the evolution-
ary orientations of the major axis. For the case 𝜃0 ≤𝜋/3, 𝜃 angles
are dramatically changed to a small value (approximately 𝜋/12)
and fluctuate around this value during endocytosis. At 𝜃0 = 𝜋/2,
the 𝜃 angle is approximately 𝜋/2 at all times. Additionally, preces-
sion can be observed for the case 𝜃0 ≤𝜋/3. The evolutionary 𝜑

angles during endocytosis under different initial contact angles are
shown in Fig. 6(e). When 𝜃0 ≤𝜋/3, the profiles of 𝜑 angles present
sine/cosine waves before 300 μs. When 𝜃0 = 𝜋/2, the 𝜑 angle is
approximately 0. These results indicate that the nanoparticles dec-
orated with helically distributed ligands have the capacity to spon-
taneously stand up and endocytose with precession even if they
have a relatively large initial contact angle.

In most reported studies on the receptor-mediated endocytosis
of non-spherical nanoparticles, the ligands are uniformly arranged.
Generally, these nanoparticles will lie down rather than stand up
before accomplishing endocytosis to obtain the maximum contact
area with the membrane.25,52 However, the present study shows
that, for nanoparticles with helically decorated ligands, they have

a tendency to spontaneously stand up (tip oriented) during the
spinning stage and enter with precession.

Effect of the helix period of ligands on the endocytosis
pathway
In addition to the initial contact angle, we studied the effects of
the helix period (P) of ligands on the endocytosis of the studied
nanoparticles because P is an important parameter of the helix.
The number of ligand beads was kept constant at 147, and P varied
from 4 to 10. All initial contact angles between the nanoparticles
and membranes were set to 𝜃0 = 0 (vertical contact) to guarantee
endocytosis with spinning.

Figure 7 presents the endocytosis behaviours of nanoparticles
with P = 4, 7 and 10. The snapshots during endocytosis are shown
in Figs 7(a)–7(c), in which the major axes of the nanoparticles
are denoted by arrows. All three types of nanoparticles are endo-
cytosed with their major axes changing directions all the time.
However, the transformation tendencies of the directions are dif-
ferent when the helix period varies. Before 100 μs, as P increases,
the contact angles between the major axes of the nanoparticles
and the membrane surface are closer to 𝜋/2 (perpendicular con-
tact). After 100 μs the situation is reversed and, as P increases, the
nanoparticles are more likely to lie down as shown in the snap-
shots, which indicates that the major axes are more parallel to the
membrane. From Figs 7(d) and 7(e), we can clearly see the preces-
sion behaviours of the nanoparticle, and the evolutionary 𝜃 and
𝜑 angles during endocytosis are shown. Again, three stages can
be observed during these procedures: spinning, spinning-free and
end of endocytosis, which are denoted by the letters S, SF and
E respectively in Fig. 7(e). The precession behaviours of nanopar-
ticles with P = 4, 7 and 10 can be confirmed according to the
sine/cosine waves during the spinning stage. However, the dura-
tion of these two stages varies under different P. With increas-
ing P, the duration of the spinning stage is shortened and the
spinning-free stage is lengthened. The solid and dashed lines in
Fig. 7(d) indicate the maximum 𝜃 angle during the spinning stage
and the average 𝜃 angle during the spinning-free stage. The results
show that, with increasing P, the maximum 𝜃 angles during the
spinning stage decreased but the average 𝜃 angles during the
spinning-free stage increased.

This phenomenon indicates that, for a ligand helix with a smaller
period, endocytosis exhibits a longer spinning stage. For larger
P, nanoparticles show a shorter duration for the spinning stage
but a longer duration of the spinning-free stage with larger con-
tact angle. Therefore, the tendency for tip entry with precession
behaviour can be effectively strengthened by reducing P. We can
also predict the results when P approaches infinity (P →∞). In
this case, the duration of the spinning stage will be 0 and of the
spinning-free stage will be the duration of endocytosis. The con-
tact angle will also be rather large. This endocytosis behaviour is
very similar to the behaviour of nanoparticles with uniformly dec-
orated ligands when attached to substrates (Supporting Informa-
tion, Section S2). Actually, as P approaches infinity (P →∞), we can
regard the ligands as being uniformly distributed on the surfaces
of the nanoparticles.

Effect of the aspect ratio of nanoparticles on the endocytosis
pathway
We examined the effects of the aspect ratio (denoted by 𝜆) of
the nanoparticle on the endocytosis behaviour. The semi-length
of the long axis of the nanoparticle was fixed at ra = 15𝜎, and the
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Figure 6. (a)–(c) Snapshots during endocytosis of nanoparticles with initial contact angles 𝜃0 = 𝜋/6, 𝜋/3 and 𝜋/2. (c), (d) Profiles of 𝜃 and 𝜑 during
endocytosis of nanoparticles with 𝜃0 = 0, 𝜋/6, 𝜋/3 and 𝜋/2. Blue arrows in (a)–(c) denote the orientation of the major axis.

semi-length of the short axis rb varied from 3 to 15𝜎. In this case,
the value of 𝜆 changed from 0.2 to 1.0. Except for the aspect ratio,
all other parameters were the same as the parameters from the
previous section. All nanoparticles have the same mass, and 148
ligands are decorated on the surfaces. P is set to 4. The binding
strength between the ligands and receptors was fixed at 4𝜀0. The
initial contact angles between the nanoparticle and membrane
varied from 0 to 2𝜋.

The simulation results show that all these nanoparticles can be
endocytosed under the applied conditions. The entire endocytosis
process can be divided into the following three stages as discussed
in the section ‘Spin behaviour of nanoparticles with helically dec-
orated ligands’: spinning, spinning-free and end of endocytosis. At
the first stage, the nanoparticle can spontaneously stand up and
be endocytosed with precession. However, with changes in the
aspect ratio of the nanoparticle, the critical initial contact angle
for stand-up endocytosis with precession changes. The profile of
the critical angle as a function of the aspect ratio is shown in
Fig. 8. When the aspect ratio increases, the critical angle gradu-
ally increases. As the aspect ratio is increased to 1.0, the critical
angle is increased to 2𝜋. Therefore, a nanoparticle with a spheri-
cal shape can spontaneously stand up while being endocytosed
under any initial contact angle. In addition to the critical angle,
the duration of the first stage (i.e. spinning stage, denoted by
T spinning) is changed on varying the aspect ratio. Because the dura-
tion of the entire endocytosis process (denoted by T endocytosis) also
varies according to changes in the aspect ratio, we studied the

values of T spinning/T endocytosis. The statistical results are shown in
Fig. 8. This profile indicates that the value of T spinning/T endocytosis is
increased as the aspect ratio increases, which corresponds to an
elongated spinning stage throughout the endocytosis process.
These results indicate that a nanoparticle with a larger aspect ratio
can more easily exhibit a ‘gyroscope-like’ endocytosis pathway.
The spherical-shaped nanoparticle has the strongest capacity for
precessional behaviour during endocytosis. On further increasing
the aspect ratio to 𝜆> 1.0, the simulation results indicate that the
endocytosis pathways are similar to that of 𝜆≤ 1.0. The spinning
behaviour was also observed for 𝜆> 1.0. For simplicity, those sim-
ulation results are not provided in the present work. In addition,
we compared the cellular uptake capacities of two types of spher-
ical nanoparticle (𝜆 = 1.0). One nanoparticle has helically deco-
rated ligands and the other has uniformly distributed ligands. The
results are qualitatively identical to those for the oblate nanoparti-
cles (𝜆≠ 1.0) in the present work. The helical distribution of ligands
contributes to a stronger endocytosis capacity of nanoparticles
under any aspect ratio.

DISCUSSION
The present theoretical simulations demonstrate a unique endo-
cytosis pathway (precessional endocytosis) resulting from helically
distributed ligands and reveals the mechanisms underlying this
phenomenon. The rotation behaviour of nanoparticles during
endocytosis has been predicted in theoretical work investigating
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Figure 7. (a)–(c) Snapshots during the endocytosis of nanoparticles with a ligand helix period P = 4, 7 and 10. (d), (e) Profiles of 𝜃 and 𝜑 during the
endocytosis of nanoparticles with different ligand helix periods. Solid and dashed lines in (d) denote the maximum 𝜃 during the spinning stage and
average 𝜃 during the spinning-free stage, respectively. The spinning, spinning-free and end of endocytosis stages are illustrated in (e).

Figure 8. Critical angle for a spontaneous standing up endocytosis and
the percentage of Tspinning/Tendocytosis as a function of the aspect ratio (𝜆).
Insets show the initial states of a system with nanoparticles at 𝜆 = 0.2, 0.5
and 1.0.

the cellular uptake of nanoparticles.24,28,52 It is proved that these
movements play important roles in endocytosis pathways. How-
ever, the rotation behaviour reported in existing work is almost
a non-periodic two-dimensional movement. For example, an

oblate-shaped nanoparticle enters the cell by changing its
orientation within 𝜋/2 in the normal plane of the membrane.53 In
the present work, the unique precession behaviour is a periodic
three-dimensional movement. The nanoparticle with helically
decorated ligands rotates around the normal direction of the
membrane for several periods, driven by the periodic torque act-
ing on the nanoparticle. The present work reveals a novel rotation
behaviour and could benefit further exploration for potential
endocytosis pathways.

In addition to guiding theoretical investigations, the present
work provides insights for understanding some experimental
observations. For example, the results can serve as a clue for reveal-
ing the cellular internalization pathway of virus-like nanoparticles.
In nature, a variety of virus particles have capsids with helical struc-
tures (e.g. Poxviridae). These natural nanoparticles are supposed
to have unique cellular internalization pathways. Some evidence
supports the different endocytosis behaviours of virus particles.
For instance, Yoshida and colleagues investigated the exocytosis
behaviours of fowlpox and pigeonpox (belonging to the family
of Poxviridae),54 and they found that these virus particles can
exocytose in a tip-oriented manner, which provides a clue for the
stand-up form of membrane penetration with spinning behaviour.
However, because of the limitations of the experimental approach,
the spinning behaviours could not be confirmed in their study.
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In our simulations, the tip-oriented endocytosis process is
reproduced, which is different from the side-oriented endocytosis
of traditional nanoparticles. We found that these nanoparticles can
spontaneously stand up when the initial particle–membrane con-
tact angle (𝜃0) is smaller than a critical value. Meanwhile this novel
endocytosis behaviour cannot be observed when 𝜃0 is larger than
this critical value. This prediction can be proved by some of the
images provided in the work done by Yoshida and colleagues.54

Additionally, our simulations suggest that these virus-like
nanoparticles could endocytose with precession. This finding
could serve as valid evidence for phenomena that have yet to be
revealed experimentally. The precession behaviour revealed by
our simulations may be an essential motivation for the substantial
capacity to enter host cells shown by certain virus particles. Under-
standing this efficient internalization pathway is meaningful for
enhancing the immunity of the human body and designing anti-
bodies against these viruses.55 Moreover, understanding the endo-
cytosis pathways of these virus-like nanoparticles can provide
theoretical insights for designing virus-mimetic drug delivery sys-
tems with improved cellular uptake performance. Compared with
traditional nanoparticles or polymeric aggregates with smooth
surfaces (i.e. uniformly packed ligands on the surface), novel parti-
cles with helical surfaces show enhanced cellular uptake capacity.
Therefore, introducing helically arranged ligands on drug delivery
system particles may represent an ideal approach for obtaining
sufficient internalization performance and therapeutic efficacy.

It should be noted that the coarse-grained model adopted in
the present work is an ideal system. The situation is much more
complex for real in vivo or in vitro environments. For instance,
the nanoparticles usually absorb proteins (e.g. serum proteins)
before entering the cells, which could lead to a change of cellular
uptake performance. Most of these proteins have stronger binding
strength to the membrane receptor,41 which could enhance the
cellular internalization efficacy. Besides, as the absorbed proteins
change the surface structures of the nanoparticles, we therefore
predict that the precession behaviours discovered in the present
work may not be observed in such a situation. In addition, the
nanoparticles are assumed to be rigid body in our simulations,
and maintain the original shape during the endocytosis. In reality,
the nanoparticles could be soft (e.g. dendrimers, gel and polymer
assemblies). When these soft nanoparticles are translocating
through the membrane, the particle–membrane interaction
pathways could be complicated,25 due to deformation of the
nanoparticles. In this case, spinning behaviours of nanoparticles
may rarely occur. Another potential phenomenon that could
happen for soft nanoparticles is the unpackaging of the carrier or
endosomal escape. When designing a carrier system, the disas-
sembly of the carriers during the entrance into the cells should be
carefully considered. Fortunately, one can reduce or avoid these
effects by several means. The key is to enhance the rigidity of
the nanoparticles.17 For a nanoparticle much more rigid than the
membrane, deformation or unpackaging can be excluded. The
results predicted in the present work could serve as a guidance
for nano-carrier designing.

CONCLUSIONS
Using the CGMD simulation method, the endocytosis behaviour
of a nanoparticle with helically decorated ligands was investi-
gated. The endocytosis procedure for this nanoparticle can be
divided into three stages: spinning, spinning-free and end of

endocytosis. One of the most significant features of this endocyto-
sis pathway that has not been observed in traditional pathways is
precession in the initial stage (spinning stage). The lateral torque
acting on the nanoparticle is responsible for the precession. This
unique endocytosis pathway revealed in the simulations can be
attributed to a reduced bending energy of the plasma membrane,
which enhances the endocytosis capacity of the nanoparticles. The
effects of the initial contact angle between the nanoparticles and
membrane and the ligand helix period were examined. The results
indicated that precessional endocytosis is favoured when the ini-
tial contact angle between the nanoparticle and the membrane is
smaller than a certain value (i.e. a critical initial contact angle for
precessional endocytosis). The precession behaviour can be effec-
tively strengthened by reducing the ligand helix period or increas-
ing the aspect ratio of the nanoparticle. The present study may
provide useful information on cell internalization of virus particles
with stripe-patterned surfaces and insights for the design of a drug
delivery system with predominantly cellular uptake.
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