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Abstract

Using coarse-grained molecular dynamics simulations, we systematically investigate

the receptor-mediated endocytosis of elastic nanoparticles (NPs) with di�erent sizes,

ranging from 25 nm to 100 nm, and shapes, including sphere-like, oblate-like and

prolate-like. Simulation results provide clear evidence that the membrane wrapping

e�ciency of NPs during endocytosis is a result of competition between receptor di�u-

sion kinetics and thermodynamic driving force. The receptor di�usion kinetics refer to

the kinetics of receptor recruitment that are a�ected by the contact edge length be-

tween the NP and membrane. The thermodynamic driving force represents the amount

of required free energy to drive NPs into a cell. Under volume constraint of elastic
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NP, the soft spherical NPs are found to have similar contact edge lengths as rigid ones

and to less e�ciently be fully wrapped due to their elastic deformation. Moreover, the

di�erence in wrapping e�ciency between soft and rigid spherical NPs increases with

their sizes, due to the increment of their elastic energy change. Furthermore, because

of its prominent large contact edge length, the oblate ellipsoid is found to be the least

sensitive geometry to the variation in NP's elasticity among the spherical, prolate and

oblate shapes during the membrane wrapping. In addition, simulation results indicate

that con�icting experimental observations on the e�ciency of cellular uptake of elastic

NPs could be caused by their di�erent mechanical properties. Our simulations provide

a detailed mechanistic understanding about the in�uence of NPs' size, shape and elas-

ticity on their membrane wrapping e�ciency, which serves as a rational guidance for

the design of NP-based drug carriers.
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Receptor-mediated endocytosis is not only an essential process for cells to internalize

molecules, macromolecules and viruses, but also a primary route exploited in drug deliv-

ery.1�3 The ultimate goal of targeted drug delivery is to protect drug molecules and selec-

tively deliver them to tumor sites by precisely controlling physicochemical properties (for

example, size, shape, elasticity and surface chemistry) of engineered nanoparticles (NPs).

Although hundreds of di�erent NPs have been proposed and synthesized in labs, few NPs

have been further used in clinical tests and approved by the US Food and Drug Adminis-

tration (FDA).4�6 Besides, most of NPs in clinical trials are spherical.7 If we look into the

nature, viruses can smartly take advantages of their elastic and geometric properties during

their interaction with cells. For instance, human immunode�ciency virus (HIV) can regulate

its elasticity at di�erent life stages:8 the immature HIV that needs to bud o� the host is

14-fold sti�er than the mature HIV which becomes softer to enter the host cell. Moreover,

an abundance of viral shapes persist in nature. HIV is spherical, Ebola virus is �lamentous,9

and tobacco mosaic virus exhibits a rod-like shape.7 In comparison with the proliferation of

viruses in nature, one of the important reasons leading to the gap between the huge number
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of NPs in labs and their poor performance in clinical applications is the lack of mechanistic

understanding of the relation between NP properties and their biological activities.

The complexity of the endocytosis process is one of the major reasons that limits our un-

derstanding. Endocytosis may refer to several di�erent mechanisms including: macropinocy-

tosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis, calthrin/caveolae inde-

pendent endocytosis and phagocytosis.10,11 Although the speci�c proteins and lipids involved

in these pathways are di�erent, they share some similarities in ligand-receptor binding and

membrane wrapping. Particularly, during the receptor-mediated endocytosis of engineered

NPs, receptors in the cell membrane freely di�use to encounter and bind ligands decorated

on NPs. The formation of ligand-receptor bonds provides a driving force for the membrane

to wrap around NPs. Therefore, both receptor di�usion kinetics and thermodynamic driv-

ing force are of great importance to determine endocytosis e�ciency. On the other hand,

the inconsistency of experimental conditions in di�erent labs could be another reason that

limits our understanding. Owing to large potential variables, such as NP materials, geome-

try, mechanical properties and cell lines, it is di�cult to make a direct comparison between

di�erent experiments and draw a solid conclusion. Furthermore, these variables might be

coupled together to in�uence the experimental results.

Despite the amount of e�ort that has been devoted to understanding the e�ects of NP's

geometry on the cellular uptake process, no solid conclusions have been drawn yet,7 and

results are inconsistent between experiments. For example, Florez et al.12 and Zhang et al.13

reported that ellipsoidal (including oblate-like and prolate-like) NPs were easier to bind,

but more di�cult to be internalized by HeLa cells compared with spherical NPs. However,

Sharma et al.14 found that the internalization e�ciency of NPs by macrophages is ranked

as follows: oblate NPs > spherical NPs > prolate NPs. On the other hand, computational

studies based on energy minimization15,16 and molecular dynamic (MD) simulations17,18

discovered that the oblate and prolate NPs were less favorable to be fully wrapped by the

membrane than spherical NPs due to their relatively larger energy barriers. However, by
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assuming the direct adhesion between the membrane and NPs during energy minimization

and much larger receptor and ligand densities in MD simulations than those in biological

systems, the true receptor di�usion kinetics cannot be re�ected by these works. Richards

et al.19 considered the receptor di�usion process in theory and found that with their �at

sides towards the membrane plane, oblate and prolate NPs are more e�ciently wrapped by

the cell membrane than their spherical counterparts. In their work, orientation of oblate

and prolate NPs is �xed during the membrane wrapping process. However, this arti�cial

orientational constraint might induce signi�cantly unphysical e�ects on the energy barrier

as well as the membrane wrapping e�ciency for anisotropic NPs.20�24

The elasticity of NPs has recently attracted increasing attention for its signi�cant role

during blood circulation,25�27 penetration in solid tumors28,29 and tumor cellular uptake.30,31

Nevertheless, con�icting experimental results have been reported in terms of the relation

between cellular uptake e�ciency and NPs' elasticity. For instance, by tuning the lipid

composition in liposomes, Takechi-Haray et al.28 found that liposomes with larger bending

rigidity exhibited a higher rate of internalization by HeLa cells than those with smaller

bending rigidity. A similar relationship was obtained by Shi et al.32,33 in their investigation

on the sti�ness e�ect of core�shell poly(lactic-co-glycolic acid) (PLGA)-lipid NPs on the

internalization e�ciency by HeLa cells. However, by changing the layer numbers, Sun et

al.34 found that hyaluronic acid (HA) layer-by-layer (LBL) capsules with smaller sti�ness

had a higher uptake rate by HeLa cells compared to the HA LBL capsules with larger sti�ness.

Hartmann et al.35 also found that softer polymer LBL capsules were transported to lysosomes

inside HeLa cells faster than their rigid counterparts. The physical mechanisms behind

these con�icting experimental results remain unknown. Both theoretical works based on

the energy minimization36,37 and MD simulations38 found that softer NPs were energetically

less favorable to be fully wrapped during the membrane wrapping process. However, as

aforementioned, the conditions used in these works cannot re�ect the receptor di�usion

kinetics. When considering the receptor di�usion, Yi et al.39 discovered that due to the larger
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contact edge length, softer NPs had a larger chance to interact with the di�usive receptors.

As a result, softer NPs are more e�ciently fully wrapped by the cell membrane. Nevertheless,

fundamental questions, such as how to relate free energy barriers to the membrane wrapping

kinetics and how to relate theoretical understandings to experimental results, remain to be

answered.

With these gaps between experimental results and current understanding on the in�uence

of NPs' geometry and elasticity in mind, we developed a coarse-grained molecular dynamics

(CGMD) model for elastic NPs to systematically investigate the receptor-mediated mem-

brane wrapping of elastic NPs with di�erent sizes and shapes. In our simulations, ligand

and receptor densities are set as comparable to experimental values. The elastic NP is mod-

eled by a thin elastic shell (Fig. 1A). Its elasticity can be systematically changed by tuning

its bending constant. The settings in our simulations allow us to capture both the receptor

di�usion kinetics and free energy changes during the membrane wrapping process. Our sim-

ulations provide clear evidence that the e�ciency of the membrane wrapping of NPs during

receptor-mediated endocytosis is a result of competition between receptor di�usion kinetics

and thermodynamic driving force. The receptor di�usion kinetics refer to the kinetics of

receptor recruitment that are a�ected by the length of the contact edge between the NP and

cell membrane, as well as receptor di�usion �ux. The thermodynamic driving force repre-

sents the amount of required free energy to drive NPs into the cell. Under the constraint of

volume change, soft spherical NPs are found to have a similar contact edge length as their

rigid counterparts. However, soft spherical NPs need to recruit more receptors to overcome

larger energy barriers induced by their elastic deformation. Therefore, soft spherical NPs

are less e�ciently fully wrapped. Moreover, the di�erence in wrapping e�ciency between

soft and rigid NPs increases with their sizes, induced by the increment of their elastic energy

change. Among spherical, oblate and prolate NPs, the oblate ellipsoid is the least sensitive

geometry to the variation of NP elasticity during membrane wrapping process due to its

large contact edge length. More importantly, in our simulations, both spherical and non-
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spherical soft NPs remain at a high energy state when fully wrapped and cannot return

to their initial stress-free state as assumed in previous theoretical studies.36,39 In addition,

simulation results indicate that the con�icting experimental observations on the e�ciency

of wrapping elastic NPs could be induced by the di�erent mechanical properties of NPs.

The elastic NPs with and without volume constraint can lead to ine�cient and e�cient cell

uptake, respectively, in comparison with their rigid counterparts. Our simulations might be

able to explain the con�icting experimental results and provide theoretical guidance on the

rational design of NPs for targeted drug delivery.

Ligand

NP matrix

Receptor

Lipid

(A) (B)

(C) (F)(D) (E) (G)

Sphere

Oblate ellipsoid Cube Disc RodProlate ellipsoid

Membrane

Figure 1: Computational models of elastic nanoparticles (NPs) and the cell membrane. (A)
The elastic NP is represented by a thin elastic shell, which consists of interactive beads (yel-
low) located at the vertex points of triangles. The yellow beads are connected by harmonic
bonds. The red beads represent ligands, which are evenly distributed on the NP surface. (B)
A single lipid molecule is represented by one single spherical bead (colored in cyan) in our
computational model. Receptors (colored in blue) in the membrane can speci�cally interact
with ligands on the NP surface. (C-G) Models of the elastic oblate, prolate, cubic, disc-like
and rod-like NPs.
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Results

Internalization of Spherical Nanoparticles
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Figure 2: Membrane wrapping of rigid spherical NPs. (A) Membrane wrapping of a spherical
rigid NP of radius R = 75 nm. (B) The receptor density distribution in the cell membrane
corresponding to snapshots in (A). The color bar represents receptor density in a unit of
nm−2. (C) Wrapping ratio evolution at di�erent NP radii. (D) Wrapping time as a function
of the NP radius. The theoretical results for spherical rigid NPs are taken from Ref.39

(E) Size-dependent cell uptake of rigid spherical NPs. The experimental data are taken
from Ref.40 Each simulation point in (D) and (E) is obtained by averaging �ve independent
simulations. The error bar is small and comparable to the symbol size.

Size e�ect in cellular uptake of spherical rigid NPs. To correctly capture the

receptor-mediated membrane wrapping process, we need to �rstly con�rm that our simula-

tion model can reproduce the receptor di�usion kinetics. In terms of the receptor di�usion,

a well-known phenomenon is the e�ect of NP size on membrane wrapping time.39,41,42 When

the size of NP is larger than its optimal value, the larger NPs need to recruit more receptors

to be fully wrapped, and the di�usion of receptors to the contact region between NP and

cell membrane is time consuming. Therefore, the larger NPs require more time to be fully
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wrapped if their sizes exceed the optimal value.41,43 To investigate this size e�ect, we �rstly

investigate the membrane wrapping process of rigid spherical NPs with radii ranging from

25 nm to 100 nm. The ligand density on these NPs is �xed as 9.44×10−3/nm2. The receptor

density in the cell membrane is set as 6.08× 10−4/nm2. Both of the densities in our model

are comparable to the experimental values.44,45 Corresponding to this low receptor density,

the one-bead solvent-free lipid model46 is adopted to provide a large membrane patch of

(875 × 875) nm2 (Fig. 1B). The membrane tension is controlled at zero in all simulations.

The membrane bending rigidity is 24 kBT , where kB and T are the Boltzmann constant and

temperature, respectively.

The snapshots in Fig. 2A show the typical membrane wrapping process of a rigid spherical

NP with radius R = 75 nm. The spherical NP is wrapped by the membrane gradually from

the bottom to top of the NP, accompanied by the bending deformation of the membrane.

During this process, we inspect the receptor distribution evolution as shown in Fig. 2B.

The receptors gradually aggregate in the contact region between the NP and cell membrane.

Importantly, as assumed in the theory,39,41 there exists a receptor depletion region in the

near vicinity of the binding region, which is associated with the receptor di�usion �ux.

The membrane wrapping process and receptor distribution evolution for other sizes of rigid

spherical NP are similar. The evolution of the wrapping ratio f for each spherical NP

is recorded in Fig. 2C. Here f is de�ned as the ratio of the wrapped area to the total

NP surface area. Our simulations indicate that R = 30 nm could be the optimum NP

size with the smallest wrapping time tw (de�ned as the time required for a successful NP

internalization). The wrapping time for NPs of R = 75 nm and 100 nm is much larger than

that at R = 30 nm. On the other hand, due to the limited ligands on the surface of the

NP of R = 25 nm, the driving force provided by ligand-receptor binding is not large enough

to overcome the energy barrier induced by the membrane bending deformation.2 Thus, the

NP of R = 25 nm is trapped in the membrane and cannot be fully wrapped (Fig. S2A in

Supporting Information).
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To compare our simulations with theoretical predictions, we normalize the wrapping

time in both simulations and theory by the wrapping time of rigid NP with R = 100 nm

in simulations and theory, respectively. As shown in Fig. 2D, our simulation results are in

excellent agreement with theoretical predictions provided by Yi and Gao.39 The choice of

the reference NP size does not change the trend in these curves. Experimentally, Chithrani

et al.40 studied the uptake of transferrin-coated gold NPs by HeLa cells. They found that

the number of NPs internalized per cell is non-monotonically dependent on the NP size. To

correlate our simulation results with this experiment, we try to calculate the number Nc of

NPs internalized by a cell. The Nc can be estimated as47 Nc = ωNg∆tob, where ω = 1/tw is

the wrapping e�ciency (wrapping rate), de�ned as the reciprocal of the wrapping time tw;

Ng the number of NPs adjacent to the cell; ∆tob the observation time. To compare with the

above experiments, we choose a value of Ng∆tob such that the maximum uptake number Nc

estimated from simulations has the same value as the one in the experiments. The results are

given in Fig. 2E, where the e�ective size of NP Rexp in the experiments is shifted to Rexp+9.3

to account for the size of transferrin receptor's ectodomain.47,48 Our simulation results again

agree well with experimental results. The deviation between the simulations and experiments

at Rexp = 20 nm is due to the cooperative cell uptake observed in experiments for NPs of

such a small size.40 Our computational model can reproduce and con�rm the theoretical

prediction41 and experimental observation40 on the size-dependent cell uptake of spherical

rigid NPs. Moreover, the membrane wrapping process in our simulations is highly related to

the internalization e�ciency in experiments. In other words, our computational model can

correctly capture the receptor di�usion kinetics during endocytosis, which has been ignored

due to the ultra-high density of receptors in previous simulations.49�52

Ine�cient cellular uptake of spherical elastic NPs. With the above model at hand,

we further explore the in�uence of elasticity on the membrane wrapping of spherical NPs.

Corresponding to the rigid case in Fig. 2A, the wrapping process of a soft spherical NP with

R = 75 nm and bending constant kbend = 0.1ε is studied �rst. Here kbend can be directly
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Figure 3: Membrane wrapping of soft spherical NPs. (A) Membrane wrapping of soft spher-
ical NP with the bending constant kbend = 0.1ε and radius R = 75 nm. (B) Wrapping ratio
evolution for rigid (kbend = ∞) and soft (kbend = 0.1ε) spherical NPs with identical radii
R = 75 nm. (C) Wrapping time for rigid and soft spherical NPs of di�erent radii.

mapped to the macroscopic bending rigidity of a soft NP.53�55 As shown in Fig. 3A, the soft

NP deforms during the wrapping process. The mean curvature at the contact edge between

the wrapped and unwrapped regions is signi�cantly increased (see Fig. S4 in Supporting

Information). As the wrapping ratio increases, the contact edge moves gradually to the top

of the NP, and eventually the soft NP is fully wrapped at the time t = 10875 µs. As shown

in Fig. 3B, the soft NP is much slower to be fully wrapped than the rigid NP. To further

explore the interplay between the size and elasticity of spherical NPs, we systematically

investigate soft NPs (kbend = 0.1ε) of di�erent radii and compare them with rigid NPs in

Fig. 3C. There are two key phenomena we can observe from this comparison. First, the

minimum size of spherical NPs that can be fully wrapped by the cell membrane is increased

to R = 30 nm for soft NPs compared to R = 27.5 nm for rigid spherical NPs (cf. Fig. S2C

in Supporting Information). This shift of limited size boundary is in agreement with the

theoretical prediction39 due to an additional energy barrier induced by the deformation of
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soft NP. Second, all soft NPs are less e�ciently wrapped than rigid ones, and the di�erence

between them increases as the NP radius increases. It is noteworthy that this trend in our

simulations seems to con�ict with the theory,39 where the soft NPs are predicted to be more

e�cient. The reason for this will be discussed in the following parts.
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Figure 4: Free energy analysis of membrane wrapping process for spherical NPs. Comparison
of (A) contact radius, (B) NP elastic energy change, (C) membrane energy change, (D)
energy barrier change and (E) bound receptor numbers between rigid and soft (kbend = 0.1ε)
spherical NPs at R = 75 nm. (F) Comparison of the energy barrier change between soft NPs
with di�erent radii.

Large energy barrier leads to ine�cient wrapping of elastic NPs. As we de-

scribed above, the receptor-mediated membrane wrapping process can be divided into two

sub-steps: (1) the receptors di�use to contact region between the NP and cell membrane and

encounter ligands on the NP surface; (2) the binding of ligands and receptors to overcome the

energy barrier induced by the membrane wrapping. The �rst step is a pure di�usion limited

process that is related to the receptor recruiting speed. This recruiting speed is determined

by the receptor di�usion �ux and the length of the contact edge between the membrane and

NP. The second step is a thermodynamic process that is driven by ligand-receptor binding.

The number of receptors needed to achieve a certain wrapping ratio is determined by the
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binding strength of individual ligand-receptor bonds and the corresponding free energy bar-

riers. The wrapping time tw depends on both the receptor recruiting speed and the number

of receptors required to form ligand-receptor bonds. Therefore, the wrapping e�ciency (or

wrapping rate) is the result of competition between the kinetics of receptor recruitment and

the amount of required driving force. In this part, we will analyze the di�erence between

rigid and soft spherical NPs in these two aspects. In our simulations, the receptor di�usion

�ux is the same for all cases with �xed ligand density on the NP surface and initial receptor

density in the membrane.22,39 To estimate the contact edge length, we calculate the mini-

mum contact circular radius in the membrane plane that can enclose the interface between

wrapped and unwrapped regions of a NP. As shown in Fig. 4A, the contact radius RC of

a rigid spherical NP of radius R0 = 75 nm �rstly increases to its radius value and then de-

creases to zero as the wrapping ratio increases. Moreover, the contact radius of the soft NP

is almost the same as that of the rigid NP at each wrapping ratio. Therefore, the receptor

recruiting speed should not be the reason for the slower membrane wrapping progress of soft

NPs.

The average individual ligand-receptor binding strength in our simulations is around 10ε.

The increment of the wrapping ratio f is associated with overcoming of the corresponding

energy barriers induced by the interplay among the NP, membrane and receptors. The total

energy barrier ∆EBarrier during the membrane wrapping process is composed of three parts:

(1) NP's elastic energy change ∆ENP; (2) membrane energy change ∆EMem; (3) the entropy

loss of receptors. Compared to the �rst two parts, the receptor entropy loss is negligible.2,56,57

The elastic energy change of a rigid NP is zero at all wrapping stages. As we demonstrated

in our previous work,51 the elastic energy change of a soft NP ∆ENP is induced by the

variations in its area, volume and curvature. These contributions to the energy change can

be recorded in our computational model. As shown in Fig. 4B, ∆ENP of a soft NP increases

with the increment of the wrapping ratio until f = 0.8, after which it decreases slightly,

ending with a value around 50ε at f = 1. Note that the elastic energy change of a soft NP is
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not zero when fully wrapped. Particularly, as shown in Fig. S5 of Supporting Information,

the surface area of a soft NP varies during the membrane wrapping process, and its volume

is slightly decreasing. Additionally, the mean curvature distribution of the soft NP at f = 1

is not uniform as the initial stage as shown in Fig. S4 of Supporting Information. These

results suggest that the soft NP can not return to its initial stress-free state at the full

wrapping stage f = 1. The deformed non-spherical shape of soft NPs is maintained and

stable till the end of our simulations, once they are enclosed by the cell membrane. We

would like to emphasize that this non-zero energy state for fully wrapped soft spherical NPs

is quite di�erent from the stress-free state assumed in the previous theoretical works.36,39

This non-zero energy state can be further understood by comparing to a vesicle adhering

on a planar cell membrane. The in-plane stress in the contact region between vesicle and

membrane is compressive.58,59 It suggests that the wrapped region of a soft NP should be

always under compression before fully wrapped. Thus, it is reasonable that the soft NP is

under compression and stays at a non-zero energy state after being fully wrapped, which can

be stabilized by the ligand-receptor binding.

For a membrane at zero tension, its bending energy far away from the contact region

with the NP is zero, following the minimal catenoid shape surface.23,60,61 Therefore, the

membrane energy change in our simulations is only contributed to by the bending energy

increment. This membrane bending calculation is non-trivial in simulations. Due to the

large degrees of freedom and thermal �uctuation, the membrane energy directly recorded

in the simulations has large variations and is not useful. Therefore, third party methods,

such as membrane con�guration estimation through theory62�64 and a force-directed free

energy calculation,17,65 are usually applied. However, these methods might not be e�ective

for soft NPs as it is di�cult to obtain a soft NP in theoretical analysis that shares the exact

same mechanical properties as the one in simulations. On the other hand, the guiding force

during free energy calculation might cause additional unrelated deformations for soft NPs.

Here we use another approach to compute the membrane bending energy. The membrane
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in the contact region adheres to the NP surface, and they share the same curvature, as

we show in the snapshots (Figs. 2 and 3). Therefore, we can utilize the con�guration in

the wrapped part of a NP to calculate the corresponding membrane bending energy,23,39

particularly, based on the triangulation information.54,55 As shown in Fig. 4C, this method

can correctly capture the membrane bending energy. The membrane bending energy ∆EMem

for the rigid NP linearly increases with the wrapping ratio f and reaches a value 8πκ at the

fully wrapped stage (f = 1), in accord with theoretical prediction.66 Here κ is the membrane

bending modulus. In comparison, the ∆EMem for the soft NP is also linearly proportional

to f , but ends with a value around 17πκ as the soft NP at f = 1 stays at a non-perfect

spherical shape. Please refer to the Supporting Information for details about the membrane

energy calculation.

The total energy barriers ∆EBarrier of rigid and soft NPs are given in Fig. 4D with

∆EBarrier of soft NP much larger than that of rigid NP at each f . Therefore, the soft NP

needs to recruit more receptors to overcome a larger energy barrier at each stage after f = 0.4

(Fig. 3B). Due to the similar receptor recruiting speed as we mentioned above, the soft NP

needs to wait longer than the rigid NP to encounter and bind extra receptors. That is also

the reason that the soft NP is slower to be fully wrapped (cf. Fig.3B). We further calculate

energy barriers of soft NPs with di�erent sizes in Fig.4F. It is found that the energy barrier

of a soft NP is increasing with the increment of the NP size. In comparison, the energy

barriers of rigid NPs with di�erent sizes are the same. This can explain how the wrapping

time di�erence between rigid and soft NPs is increasing with their radii, as shown in Fig.

3C. In summary because of their similar contact edge length and larger energy barriers in

membrane wrapping, soft spherical NPs require more time to be fully wrapped than their

rigid counterparts.
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Figure 5: Membrane wrapping of rigid oblate and prolate NPs. (A-B) Snapshots of mem-
brane wrapping process of rigid oblate and prolate NPs. (C-D) Wrapping ratio and orien-
tation angle evolution for rigid oblate and prolate NPs. (E) Functions of orientation angle
against the wrapping ratio for rigid oblate and prolate NPs.

Internalization of Nonspherical Nanoparticles

Large contact edge length results in fast internalization of oblate rigid NPs. We

proceed to investigate the membrane wrapping process of rigid oblate and prolate NPs. Their

initial con�gurations are generated based on the function (x2 + y2)/a2 + (z/b)2 = 1. The

surface areas of both oblate and prolate NPs are controlled at the same value as the spherical

NP of radius R = 75 nm. The aspect ratios b/a are set as 1/3 and 3 for oblate and prolate

NPs, respectively. Initially, the oblate and prolate NPs are placed above the membrane with

their minor and major axes perpendicular to the membrane plane, respectively. Note that

the oblate and prolate NPs are symmetric in the membrane plane. We call this entry angle
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as the tip-�rst entry mode for the oblate and prolate NPs.

As shown in Fig.5, the membrane wrapping process for the rigid oblate NP can be divided

into three di�erent stages. In the �rst stage (t < 500 µs), due to the large contact area, half

of the oblate NP is immediately wrapped by the membrane, and the wrapping ratio quickly

increases to f = 0.4 (Fig. 5C). In the second stage (500 µs < t < 2000 µs), f increases

slowly because of the highly curved edge of the oblate NP, which simultaneously rotates

slowly to adjust its orientation with respect to the membrane (Fig. 5D). In the third stage

(t > 2000 µs), one side of the oblate NP edge starts to be wrapped by the membrane. At the

same time, the wrapping ratio and orientation angle begin to increase at a faster rate than

in the second stage. The oblate NP is fully wrapped at t = 7250 µs (Fig. 5A). Compared

to the oblate NP, the prolate NP is gradually wrapped by the membrane (Fig. 5B) with a

slower wrapping rate than that of the oblate NP during the entire wrapping process (Fig.

5C). This result in our simulations seems to con�ict with the theory that the prolate NP

is more energetically favorable to be wrapped than the oblate NP with reciprocal aspect

ratio.15 Additionally, the prolate NP just slightly changes its orientation before t = 6000 µs

(f = 0.8) (cf. Fig.5D), and is almost perpendicular to the membrane during the whole

process. In Fig.5E, we obtain the function of orientation angle against wrapping ratio for

both oblate and prolate NPs. For the oblate NP, its orientation angle would not change until

f = 0.4, after which the orientation angle increases dramatically to 25◦. This orientation

variation feature of wrapping oblate NP in our simulations is consistent with the theory

that can capture the orientation kinetics of ellipsoidal NPs.22 For the prolate NP, its small

orientation variation in our simulations is consistent with the theory that at zero membrane

tension, one-dimensional NPs prefer a perpendicular entry angle.22,60,67

A key question we need to answer for the rigid oblate and prolate NP with reciprocal

aspect ratios is why the energetically unfavorable oblate NP is more e�ciently wrapped by

the membrane than the prolate NP. We further analyze the corresponding contact edge length

and energy barrier as we did for the spherical NPs. For easier comparison, the contact radii
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Figure 6: Free energy analysis for the membrane wrapping of rigid oblate and prolate NPs.
Comparison of (A) contact edge length, (B) membrane energy barrier, and (C) bound recep-
tor number between rigid oblate and prolate NPs. The dashed curves in (B) are obtained
from the membrane energy by wrapping the same NPs but at a �xed entry angle in theory.
See Fig. S6 in Supporting Information for more details.

of the oblate and prolate NPs are divided by the corresponding spherical radius R0 = 75 nm.

As shown in Fig. 6A, the contact radius of the oblate NP is signi�cantly larger than that of

the prolate NP between f = 0.1 and 0.9. This means that the oblate NP has a much larger

chance to encounter receptors, which provides a higher receptor recruiting speed. On the

other hand, as predicted in the theory,15 the oblate NP needs to overcome a larger membrane

energy barrier than the prolate NP after the wrapping ratio of f = 0.5. Correspondingly,

the oblate NP needs to recruit more receptors as f > 0.5 (Fig. 6C). As a conclusion, though

the oblate NP needs to overcome a larger energy barrier than the prolate NP during the

membrane wrapping process, the oblate NP is still more e�ciently fully wrapped as it has

a signi�cantly larger contact edge length. In addition, we compare the membrane energy

barrier with the one having �xed entry angle in theory. As shown in Fig.6B, the orientation

adjustment of the oblate NP in simulations after f = 0.4 is driven by the lower membrane

energy barrier. While the membrane energy barrier of the prolate NP is almost the same as

the one in theory with a �xed angle. Please refer to Fig. S6 in Supporting Information for

details of theoretical calculation.

Interplay between geometry and elasticity in cellular uptake of nonspherical

elastic NPs. We further investigate the wrapping of soft oblate and prolate NPs with the

same initial con�gurations as rigid ones. The bending constant for both oblate and prolate
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Figure 7: Membrane wrapping of oblate and prolate soft NPs with the bending constant
kbend = 3ε. Membrane wrapping process of an oblate (A) and a prolate (B) soft NP. (C-
E) Comparisons of the wrapping ratio, contact radius and energy barrier for rigid and soft
oblate NPs. (F-H) Comparisons of the wrapping ratio, contact radius and energy barrier for
rigid and soft prolate NPs.

NPs in this part is kbend = 3ε. Both soft oblate and prolate NPs follow the similar wrapping

pathways as their rigid counterparts. As shown in Fig. 7A, the soft oblate NP deforms

signi�cantly near the contact edge between the NP and membrane. Speci�cally, its mean

curvature distribution in Fig. S7 of Supporting Information indicates that the contact edge
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has a large mean curvature value. Moreover, the mean curvature of the highly curved edges

of soft NPs �rstly increases and then decreases until fully wrapped. As shown in Fig. 7

C-E for the comparison between soft and rigid oblate NPs, it is interesting to �nd that their

wrapping ratio evolutions are almost the same before f = 0.9. After that, the soft oblate

NP undergoes a slower wrapping. Additionally, the contact radii of soft and rigid NPs are

similar at all wrapping ratios (Fig. 7D). However, the energy barrier of the soft oblate NP

is much larger than that of the rigid NP (Fig. 7E). Particularly, accompanying with the

deformation, its energy barrier quickly increases to 275ε after f = 0.4. For the soft prolate

NP, it also deforms and has a large mean curvature at the contact edge (Fig. 7B and Fig.

S7B of Supporting Information). As shown in Fig. 7F, the wrapping of the soft prolate NP

is slower than that of the rigid NP after f = 0.4. Similar to the oblate NPs, the evolution

of the contact radii for soft and rigid prolate NPs are almost the same (Fig. 7G). The

soft prolate NP needs to overcome a larger energy barrier during wrapping than the rigid

one, and this energy barrier dramatically increases after f = 0.8, reaching 300ε at the end.

Moreover, the energy barriers values in the wrapping process of soft prolate and oblate NPs

are on the same order (around 300ε). Important to note is that the non-zero energy states of

fully wrapped oblate and prolate NPs suggest that soft nonspherical NPs also cannot return

to their initial stress-free states. It is also interesting to see that the deformation of soft NPs

promotes the orientation change for both oblate and prolate NPs (Fig. S8 of Supporting

Information). Please refer to the Supporting Information for details about mean curvature

and orientation change during membrane wrapping process of oblate and prolate NPs.

One question we have is why the energy barrier increment during the wrapping of the

soft oblate NP is not re�ected on its wrapping e�ciency before f = 0.9. We speculate

that it might be related to the di�erence in the contact edge lengths between oblate and

prolate NPs. For the oblate NPs, between f = 0.4 and 0.9, the minimum contact radius

RC/R0 is 0.8. The receptor recruiting speed of oblate NP is large enough to recruit extra

receptors to overcome the corresponding energy barrier increment before f = 0.9. After
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f = 0.9, the contact radius quickly decreases to 0. Therefore, the membrane wrapping is

sensitive to the energy barrier increment. The soft oblate NP needs to wait a longer time to

recruit extra receptors, and the evolution of its wrapping ratio becomes slower than the rigid

one. In comparison, for the prolate NPs, the maximum contact radius RC/R0 during the

entire membrane wrapping process is 0.8. Given the similar energy barrier increment as soft

oblate NPs, the energy barrier dominates the membrane wrapping process for prolate NPs.

Thus, the prolate NP is more sensitive to this energy barrier increment during the entire

wrapping process. In short, the energy barrier increment of soft NPs has di�erent e�ects

on the wrapping process of oblate and prolate NPs. Owing to the large contact edge length

of oblate NPs, their wrapping e�ciency is not sensitive to the increment of energy barrier

in the �rst wrapping stage, while the wrapping of soft oblate NP only slows down in the

late stage. In comparison, for the prolate NPs, because of their much smaller contact edge

length, the wrapping process of soft prolate NPs would be more sensitive to the increment

of the energy barrier during the whole process.
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Figure 8: Wrapping time as a function of bending constant for oblate, prolate and spherical
NPs.

To understand the interplay between the geometry and elasticity of NPs on their mem-
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brane wrapping e�ciency, we systematically study spherical, oblate and prolate NPs with a

series of bending constants, ranging from kbend = 1ε to kbend = 200ε. The wrapping time of

these NPs is plotted against the bending constant kbend for di�erent NP geometries in Fig.8.

Here the tip-�rst entry mode is adopted for non-spherical NPs. There are three interesting

phenomena we can learn from Fig.8: (1) under the same bending constant, NP geometry

plays a signi�cant role. The membrane wrapping e�ciency for di�erent geometries is ranked

as: oblate NPs > spherical NPs > prolate NPs; (2) under the same geometry, the wrapping

time of NPs decreases with the bending constant increases. Furthermore, the wrapping time

follows a scaling law against the bending constant. Interestingly, a similar scaling relation

between the bending rigidity and cellular uptake e�ciency is found for liposomes in exper-

iments;28 (3) for the scaling relation, the slope for oblate NPs is much smaller than that

for spherical and prolate NPs. This indicates that the oblate shape is the least sensitive

geometry to the bending constant change. In correspondence with these interesting results,

the analyses about the contact edge length and energy barrier are given in Fig. S9 of Sup-

porting Information. Under the same bending constant, the oblate NPs have the largest

contact edge lengths, followed by spherical and prolate NPs. This large contact edge length

for oblate NP makes oblate shape the most e�cient geometry during membrane wrapping, as

being observed in experiments.68 Furthermore, under the same geometry, NPs with di�erent

bending constants have similar contact edge lengths. The energy barrier of NPs with the

same geometry decreases as bending constant increases, leading to the scaling law between

the bending constant and membrane wrapping time. Moreover, because of the signi�cantly

large contact edge length, soft oblate NPs have a high receptor recruiting speed to bind extra

receptors for overcoming the increased energy barrier. Therefore, the oblate NPs are less

sensitive to the variation of the bending constant.

For non-spherical NPs, due to their anisotropic properties, the initial entry angle of both

oblate and prolate NPs a�ects their contact edge lengths and energy barriers.16,21,23,24 To

explore the in�uence of entry angle, we further study the membrane wrapping process of
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oblate and prolate NPs with their minor and major axes parallel to the membrane plane,

respectively. We call this entry scenario as the side-�rst entry mode. Interestingly, with

the side-�rst entry mode, the wrapping e�ciency of NPs with the same bending constant

is ranked as: prolate > spherical > oblate. This ranking sequence is totally reversed com-

pared to the non-spherical NPs with tip-�rst entry mode. Additionally, we investigate the

membrane wrapping process of soft disc-like, rod-like and cubic NPs, due to their wide

applications.69�71 It is interesting to �nd that NPs of the same geometric category (one-

dimensional shape: rod-like and prolate NPs; two-dimensional shape: disc-like and oblate

NPs; three-dimensional shape: cubic and spherical NPs) share a similar membrane wrapping

pathway and wrapping e�ciency. Please refer to the Supporting Information for the e�ect

of the entry angle and other non-spherical NPs.

Discussion

Larger receptor di�usion �ux leads to more e�cient membrane wrapping. Our

simulation results provide clear evidence that the membrane wrapping e�ciency (or wrapping

rate) is a result of competition between the receptor di�usion kinetics and thermodynamic

driving force. The receptor di�usion kinetics, referring to the kinetics of recruitment of

receptors to the binding site, are related to the receptor di�usion �ux and contact edge

length. The thermodynamic driving force, representing the amount of free energy required

to drive the NPs into the cell, is determined by energy barriers during membrane wrapping

of NPs. The receptor di�usion �ux and individual ligand-receptor binding strength are

kept the same for all the simulations above. To further con�rm our conclusion, we have

performed additional simulations to understand the in�uence of receptor di�usion �ux on

the membrane wrapping e�ciency of a rigid spherical NP with radius R = 75 nm. The

receptor di�usion �ux is determined by the receptor density gradient according to the Fick's

�rst law. Note that the receptor density gradient is a�ected by the receptor density, due

to the existence of the receptor depletion region in the near vicinity of the contact region
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between the NP and membrane. Here we have systematically varied the receptor densities in

the cell membrane. With the same spherical rigid NPs, the energy barrier at each wrapping

ratio should be the same for all cases. As given in Fig. S13 in Supporting Information, at the

same wrapping ratio of f = 0.5 and identical contact edge length, the slope of unbounded

receptor density near the NP is dramatically increasing with the increment of the receptor

density in the cell membrane. The corresponding receptor di�usion �ux is almost linearly

dependent on the receptor density. Therefore, the rigid NP should be more quickly wrapped

by the membrane with a higher receptor density, which is observed in our simulations (Fig.

S13B in Supporting Information). The relation between the wrapping time and membrane

receptor density is given in Fig. S13D in Supporting Information. As the receptor density

increases, the wrapping time dramatically decreases if the receptor density is smaller than

24.32 × 10−4/nm2, after which it levels o�. The saturation of the wrapping time should

be induced by the limited available unbounded ligands on the NP surface. At these high

receptor densities, the in�uence of receptor di�usion kinetics on the wrapping e�ciency has

been eliminated, leading to a fast membrane wrapping of the rigid NP.

Di�erent mechanical properties lead to con�icting results on e�ciency of elas-

tic NPs. In experiments, di�erent elastic NPs have been synthesized, including liposomes,

hybrid polymer-lipid NPs, layer-by-layer (LBL) capsules, and hydrogel NPs.30 Modulation

of their elasticity can be achieved by changing the phospholipid components (liposomes),28,72

the materials of core (hybrid polymer-lipid NPs),28 the layer number or thickness (LBL cap-

sules)34,73 and the cross-linking density (hydrogel NPs).26,74 Con�icting results have been

reported about the relation between cell internalization rate and particle elasticity. As shown

in Table.1, we summarize experimental results about the in�uence of NPs' elasticity on their

uptake by cancer cells. The softer lipid based NPs show lower internalization rates compared

to their rigid counterparts. But the softer LBL capsules are more e�ciently internalized.

The hydrogel NPs give controversial results. Although the di�erent experimental conditions

might contribute to the con�icting results, our simulations might also provide a basic under-
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standing behind these results. As we mentioned before, the membrane wrapping e�ciency

is determined by both contact edge length and energy barrier (or thermodynamic driving

force). The softer NPs are proven to need to overcome a larger energy barrier because of

their deformation in both theories and simulations. But the contact edge length di�erence

between soft and rigid NPs is determined by their mechanical properties. Speci�cally, in

theory, by removing the volume constraint and �xing the total area, the contact edge length

of soft spherical NP in Yi and Gao's work is 20% larger than that of the rigid counterpart.39

However, in our simulations, both the total volume and area of elastic NPs are controlled by

the potential functions. Thus, the soft spherical NP has a similar contact edge as their rigid

counterpart. Because of this di�erence, the soft NPs in Yi and Gao's work are faster than

the rigid NPs to be fully wrapped.39 While, in our simulations, soft NPs are less e�cient. In

experiments, the LBL capsules are hollow particles after removing the template. These par-

ticles can easily change their volumes during cellular uptake, leading to large contact lengths

and high e�ciencies of internalization.34,73 On the other hand, for the lipid based NPs, due

to the hydrophobicity of lipid bilayer, the interior water molecules are di�cult to penetrate

through the bilayer. Therefore, lipid based NPs can be considered as incompressible with

constant volume, similar to the elastic NPs model in present study, which have lower cellular

uptake e�ciency for softer NPs.28,72 Therefore, our works provide an insightful explanation

for these con�icting experimental results.
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Table 1: Experimental results about soft and rigid nanoparticles during cancer cell uptake.

Particle types Shape Size Mechanical properties Cell types References

More e�cient rigid NPs

PEG* hygrogel sphere 200 nm Bulk modulus: 41T cancer cells 26

10 kPa�3000 kPa

PLGA* -lipid sphere 100 nm/40 nm Young's modulus: HeLa cells 32,33

800 MPa�1200 MPa
PEGylated liposome sphere 100 nm Bending rigidity: HeLa cells 28

(2�14)×10−19 J
More e�cient soft NPs

HA* LbL capsule sphere 2400 nm Sti�ness: HeLa cells 34

7.5 N/m�28 N/m

DextS/PLArg* and sphere 2500 nm Sti�ness: HeLa cells 35

PSS/PAH* LbL capsule 0.25 N/m�10 N/m
TA/PVPON LbL capsule sphere/cube 2000 nm Young's modulus: SUM159 cancer cells 75

4.3 MPa�104 MPa
HEMA hygrogel sphere 1100 nm Bulk modulus: HepG2 cells 74

15 kPa�156 kPa

*Abbreviations: PEG, poly-(ethylene glycol); HA, Hyaluronic acid; DextS, dextran sulfatesodium salt; PLArg, poly-l-arginine
hydrochloride; PSS, poly(sodium 4-styrenesulfonate); PHA, poly(allylaminehydrochloride); TA/PVPON, tannic
acid/poly(N-vinylpyrrolidone); HEMA, poly(2-hydroxyethyl methacrylate).

Conclusions

In this work, we have systematically investigated the receptor-mediated membrane wrapping

process of elastic NPs with di�erent sizes and shapes using CGMD simulations. The elasticity

of NPs can be well controlled by the bending constant in our model. The membrane wrapping

e�ciency of elastic NPs is found to be governed by the receptor recruitment speed and free

energy barriers. The receptor recruitment speed is determined by the receptor di�usion �ux

and contact edge length between the NP and membrane. The free energy barriers are mainly

determined by the free energy changes of NPs and membrane. For spherical NPs, under the

control of volume constraint, the contact edge lengths of soft and rigid NPs are found to

be similar. Comparatively, soft spherical NPs have signi�cantly higher energy barriers due

to their ability to deform. Due to the increased energy barriers, soft spherical NPs need to

recruit more receptors to provide the driving force for the membrane wrapping. Therefore,

they are less e�ciently fully wrapped than rigid ones. Furthermore, the free energy barrier

for membrane wrapping of soft spherical NPs is increasing with their size under the same

bending constant. As a result, the di�erence in the wrapping e�ciency between soft and
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rigid spherical NPs increases with their size.

For non-spherical oblate and prolate NPs, the rigid oblate NP needs to overcome a larger

energy barrier compared to the rigid prolate NP. However, the oblate NP has a signi�cantly

large contact edge length which enables it to be fully wrapped faster than the prolate NP.

More importantly, due to the prominent large contact edge length, the wrapping e�ciency

of the soft oblate NP is the least sensitive to the bending constant variation among the

geometries of spherical, prolate and oblate shapes. Under the same bending constant, the

wrapping e�ciency is ranked as oblate NP > spherical NP > prolate NP for the tip-�rst

entry mode. However, this ranking sequence is totally reversed when the entry angle of

oblate and prolate NPs is changed to the side-�rst entry mode. It is worthy to note that

according to our simulations, both the soft spherical and non-spherical NPs remain at a high

energy state when fully wrapped and cannot return to their initial stress-free state. These

simulations provide a way to understand the con�icting experimental results in terms of the

in�uence of NP geometry and elasticity on their endocytosis e�ciency. This work might

provide a theoretical guidance for the NP design in targeted drug delivery.

Model and Methods

Lipid Membrane and Elastic Nanoparticles

In the one-bead lipid model, each lipid molecule is represented by a single spherical bead

containing both the translational and rotational degrees of freedom. The interactive force

between beads depends on their relative distance and orientation. This one-bead lipid

model can correctly reproduce both dynamic and mechanical properties of the lipid mem-

brane.46,76,77 The membrane temperature is set to T = 0.18ε/kB during the membrane wrap-

ping process, at which the membrane maintains its �uid state.46 In the elastic NP model,

the beads on the NP shell locate on a set of evenly distributed vertex points x
	
i, i ∈ 1, ..., Nv.

These vertex points are connected by Ns edges, forming Nt triangles on the shell. The
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elasticity of NP can be controlled by the area Varea, volume Vvolume, in-plane Vin−plane and

bending Vbending potentials. The total potential energy of an elastic NP is de�ned as

V (x
	
i) = Varea + Vvolume + Vin−plane + Vbending.

In our simulations, the elasticity of NP is controlled by tuning the bending constant kbend

in the potential Vbending. The bending constant kbend is directly related to the macroscopic

bending rigidity of an elastic NP based on Helfrich model.53,54 For instance, the macroscopic

bending rigidity κb of spherical elastic NPs can be expressed as53 κb =
√

3kbend/2. There-

fore, with the bending constant kbend = 0.1ε�200ε, their corresponding macroscopic bending

rigidities are around κb ≈ 0.48 kBT�956 kBT , which covers the range of bending rigidities

for liquid disordered state liposome and solid ordered state PEGylated liposome.28,72,78 To

model NPs of di�erent shapes, the initial con�gurations of elastic shells are constructed ac-

cording to di�erent geometrical functions. Particularly, the rod-like and disc-like NPs are

built based on the function [(x2 + y2)/a2]3 + (z/b)6 = 1. The aspect ratio of them is de�ned

as b/a. The cubic NPs are built based on the function x6+y6+z6 = a6. To obtain the stable

NPs, the triangularization of vertex points on the de�ned surface is of great importance.53,54

During the triangularization process, Nv vertex points are �rstly randomly distributed on

the surface, and each connected edge is assigned a spring force based on its current edge

length. These spring constants all have the same value. These Nv points are then free to

move on the de�ned surfaces until all the spring forces on all connected edges have the same

spring force value. Using this method we can construct stress-free NPs of di�erent shapes.79

Please refer to the Supporting Information for more details about lipid and NP models.

Ligand-Receptor Interaction

The ligands are evenly distributed on the NP surface. Certain lipids in the membrane are

initially randomly selected as receptors that can speci�cally interact with ligands on the NP
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surface. Therefore, the di�usion constant of receptors has the same value as that of lipids. As

the area of the cell membrane is much larger than that of the NP, the receptor density in the

region of cell membrane far away from the NP is constant during the endocytosis. To capture

this feature, the boundary of the membrane serves as a receptor reservoir. Particularly, if

one receptor in the membrane is already bound to a ligand, a lipid near the boundary will be

correspondingly changed into a receptor. In this way, we can reproduce the constant receptor

density boundary condition in simulations as is adopted in theory.41 In CGMD simulations,

to study the membrane wrapping process of NPs, the speci�c ligand-receptor interaction is

usually represented by pair-wise interactions.49,67,80 Under the pair-wise interactions, ligands

on NP surface could interact with multiple receptors simultaneously. This unreasonable

multi-binding behavior could induce local aggregation of receptors and provide extremely

large binding energy during the membrane wrapping process, which is inconsistent with the

ligand-receptor binding in biological system. To avoid this problem, the ligand-receptor

interaction in our CGMD simulations is modeled by a bond-like interaction. With this

model, a ligand can only bind with one receptor in a planar membrane at one time. This

ligand-receptor interaction is governed by the potential as Vlr(r) = 72ε[(σ
r
)1.6 − (σ

r
)0.8] at

r < rclr, where rclr = 15σ is the cuto� distance, beyond which the ligand-receptor bond will

break. The average ligand-receptor binding strength is around 10ε or 50 kBT . This strength

is within the range of ligand-receptor binding energy from literature.81�83

Simulation Protocol

In our simulations, the mass m for each bead is set to be unity value, and the time step is

∆t = 0.005τ with τ =
√
ε/(mσ2). The membrane tension is controlled by regulating the xy

in-plane pressure through a modi�ed Berendsen method.67,84 The velocity-verlet integration

algorithm is adopted for the time integration. The Nose-Hoover thermostat is used to main-

tain the temperature of the lipid bilayer, which is suggested for the one-bead lipid model.46

Considering the missing solvent degrees of freedom in the solvent free model, the temper-
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ature of NPs is controlled using the Langevin thermostat and maintained at 0.001ε/kB to

rule out the possible in�uence of thermal �uctuation on the mechanical behaviors of elastic

NPs. The physical length and time scales corresponding to our simulations could be obtained

by comparing the membrane thickness and di�usion coe�cient between computational and

experimental values. The typical membrane thickness in experiments is about 5 nm.85,86 As

the thickness of the membrane in our simulations is around 2σ, we have the basic length unit

σ ≈ 2.5 nm. The typical di�usion coe�cient of the lipid molecules in the membrane is about

5 µm2/s87 in experiments. By mapping the lateral di�usion coe�cient of lipids D = 0.2σ2/τ

in CGMD simulations with the experimental value, the basic time unit in simulations is

determined as τ = 0.25 µs. All simulations are performed with LAMMPS.88 Please refer to

the Supporting Information for more details about the properties of the lipid membrane.
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