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Cellular uptake is a crucial process in nanomedicine and

drug-delivery; however, the factors that affect its effi-

ciency/speed are not well understood. We report computer

simulations on passive uptake via receptor-mediated en-

docytosis of nanoparticles coated ligands. In particular,

we study how the distribution of ligands on the nanopar-

ticle’s surface influences uptake rate. The speed of mem-

brane wrapping and uptake was found to be the fastest

for nanoparticles with homogeneous ligand distributions,

where ligands are spread almost evenly on the surface. We

show that the diffusion of the ligands on the nanoparticle

can hinder its uptake, since the upon interaction with the

membrane the ligand distribution becomes extremely in-

homogeneous, with a large ligand-free patch. When the

ligand-free-area was more than 20 % of the surface, we

did not observe uptake within the scale of our simulations.

1 Introduction

Understanding and controlling nanoparticle uptake across cel-

lular membranes is a key step in nanomedicine develop-

ment.1,2 It was recently shown that the process of nanopar-

ticle internalization via receptor mediated endocytosis can be

spontaneous for homogeneous nanoparticles.3–8 The thermo-

dynamic force that drives the passive endocytosis is mediated

by interaction between membrane receptors and nanoparticle

ligands. Once internalized, the nanoparticle remains encapsu-

lated by the membrane, from which it can be released upon

change of pH or other external conditions.9 Different chem-

ical compositions and shapes of nanoparticles have been re-

cently studied.4,5,7,10–15 However, the uptake dependence on

different ligand distributions on the nanoparticle surface re-

mains unknown.

Many nanoparticles are inspired by virus capsids, where

ligand distribution corresponds to the surface distribution of
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receptor binding sites, also known as virus attachment pro-

tein positions. Such distribution follows the symmetry of the

virus capsid but is generally not known. A few examples have

been recently revealed by cryo-electron microscopy. The virus

family Picornaviridiae, which includes the Rhinovirus and Po-

liovirus species, has 60 binding sites located between the bi-

nate and the quintet symmetry axis on an icosahedral capsid.16

On the Canine Parvovirus capsid the receptor binds to the cen-

ter of the face on the capsid.17

As we are interested in the generic aspects of how the ligand

distribution influences endocytosis, we use a simplified coarse

grained model. We employed icosahedral shape particles, be-

cause it is the most common shape of virus capsids and is close

to spherical nanoparticles. The effect of nanoparticle shape

has been investigated before.4,18–20 We performed Molecular

Dynamics (MD) simulations of nanoparticles in contact with

a tensionless phospholipid membrane and studied the uptake

process with focus on the influence on the uptake time by the

concentration and distribution of binding sites on the nanopar-

ticle’s surface.

2 Methods

We employed an implicit-solvent coarse-grained model, in

which the phospholipid molecules are represented by a three-

bead chains.21 The first bead (hydrophilic headgroup) is

purely repulsive, while the other two beads, representing hy-

drophobic tails, attract each other. Half of the lipids had a

modified headgroup bead to act as simplified model receptors.

The excess of receptors was chosen to eliminate the effects

of receptor diffusion but also to mimic the important case of

cancer cells, where membrane receptors are usually overex-

pressed.22 We constructed the model bilayer from 8000 phos-

pholipid molecules, placed a rectangular box with periodic

boundary conditions.

Nanoparticles were made of beads of the same size as phos-

pholipids and are mostly hydrophilic (i.e., purely repulsive).

Specific numbers of beads(ligands) were made attractive to

the membrane receptors (short range attraction with 8 kT min-

imum) and the positions of these beads were varied to repre-

sent different ligand distributions. The nanoparticle shell was

made of 792 beads resulting in a diameter of about 13 nm.
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