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The size, shape, surface property and material composition of polymer-coated nanoparticles

(NPs) are four important parameters in designing efficient NP-based carriers for targeted drug
delivery. However, due to the complex interplay between size, shape and surface property, most
studies lead to ambiguous descriptions of the relevance of shape. To clarify its influence on the
cellular uptake of PEGylated NPs, large scale molecular simulations have been performed to
study differently shaped convex NPs, such as sphere, rod, cube and disk. Comparing systems
with identical NP surface area, ligand-receptor interaction strength, and grafting density of the
polyethylene glycol, we find that the spherical NPs exhibit the fastest internalization rate, followed
by the cubic NPs, then rod- and disk-like NPs. The spherical NPs thus demonstrate the highest
uptake among these differently shaped NPs. Based on a detailed free energy analysis, the NP
shape effect is found to be mainly induced by the different membrane bending energies during
endocytosis. The spherical NPs need to overcome a minimal membrane bending energy barrier,
compared with the non-spherical counterparts, while the internalization of disk-like NPs involves
a strong membrane deformation, responsible for a large free energy barrier. Besides, the free en-
ergy change per tethered chain is about a single kg7 regardless of NP shape, as revealed by our
self-consistent field theory calculations, where kg and T denote Boltzmann constant and temper-
ature, respectively. Thus, the NP shape only plays the secondary role in the free energy change
of grafted PEG polymers during internalization. We also find that star-shaped NPs can be quickly
wrapped by the cell membrane, similar to their spherical counterparts, indicating star-shaped NPs
can be used for drug delivery with high efficacy. Our findings seem to provide useful guidance in
the molecular design of PEGylated NPs for controllable cellular uptake and help establish quanti-
tatively rules in designing NP-based vectors for targeted drug delivery.
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1 Introduction

Freely administrated drug molecules cannot be efficiently deliv-
ered into diseased cells to treat physiological disorders due to
sequestration in the reticulo-endothelial system,!? cellular up-
take by immune cells,®># and degradation by protein adsorption.®

lation can be increased by one to two orders of magnitude.” To
date, several classes of nanoparticles (NPs) have demonstrated
promising properties as therapeutic carriers. By loading the
drug molecules into these NPs, their pharmacokinetics, toxic-
ity and bio-distribution can be significantly improved, compared

The accumulation of these freely administered drug molecules
in tumors is usually at levels < 0.1% of the injected dose per
gram tissue (% ID/g).6 However, when these molecules are en-
capsulated into liposomes, for example, the peak drug accumu-
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with their freely administered counterparts.8-11 They have been
shown to efficiently deliver drug molecules into diseased cells to
treat numerous physiological disorders. 813

In the design of efficient therapeutic carriers for targeted drug
delivery, the size and shape of NPs have been identified as two of
the most important factors. Jain and co-workers found that lipo-
somes and latex beads with diameters smaller than 300 nm could
accumulate more efficiently in the tumor tissues than larger beads
via the enhanced permeation and retention (EPR) effect.!%1>
Chan and co-workers studied the membrane receptor interna-
tionalization of gold (Au) and silver NPs with diameters ranging
from 2 to 100 nm, and found the most efficient uptake occurring
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within 25-50 nm size range.1® They also found that the intra-
cellular uptake of a rod-shaped Au NP is significantly lower than
that for a spherical one. 7 In short, the intracellular uptake of NPs
is both size- and shape-dependent. 31419 These so-called ‘naked’
NPs are poorly soluble in water and aggregate under physiologi-
cal conditions. More importantly, in vivo experimental data show
that these NPs are rapidly cleared after injection due to opsoniza-
tion. 20

To circumvent these issues, NP surfaces are often coated with
end-grafted polymer chains, such as polyethylene glycol (PEG),
which is hydrophilic and known as biocompatible, because its
properties lead to protein rejection, nonimmunogenicity, and
nonantigenicity. After PEGylation, the properties of NPs are dra-
matically changed since the surfaces of NPs are shielded by the
tethered chains, allowing the NPs to be well dispersed in solution.
The PEG outer shell of these NPs can dramatically reduce the pro-
tein opsonization on their surface and the subsequent phagocyto-
sis by the immune system, eventually elongating their circulation
time. %2122 To enhance cellular uptake of PEGylated NPs, the tar-
geting moieties (ligands) are usually covalently bound to the free
ends of tethered chains, and can specifically and firmly bind to
receptors over the surface of the diseased cell. 2326 Interestingly,
the pharmacokinetic behavior, bio-distribution and cellular up-
take of these PEGylated NPs are also found to be dependent on the
size and shape of NPs, revealed by experimental studies. 2227 The
smaller sized PEGylated NPs are found to be more easily accepted
by the diseased cells through in vitro experiments, compared with
their larger counterparts, 26 which has been further confirmed by
our large scale molecular simulations.?8 The shape and surface
functional group of PEGylated NPs are also identified to affect
their adsorption and internalization behaviors.2® Nevertheless,
due to the interplay between size, shape and surface properties
of NPs, especially for PEGylated NPs, most experimental studies
lead to ambiguous descriptions of NP shape effect. There are two
reasons for this problem: (i) differently shaped NPs have different
surface area-to-volume ratios, which makes discerning size effect
from surface effect difficult, especially when only a few differ-
ent shapes are considered; and (ii) differently shaped NPs usually
have different grafting densities of PEG polymers due to their dif-
ferent surface curvatures.2? For instance, the coverage density of
PEG polymers is only about 0.052 chains/nm? for rod-shaped Au
NPs, while it has been dramatically increased to 1.63 chains/nm?
for spherical Au NPs, under the same experimental condition.2?
Therefore, the difference of tethered PEG densities leads to the
different intracellular behaviors of these NPs, preventing the ac-
curate understanding of the relevance of shape.

To clarify the role of NP shape during the cellular uptake of
PEGylated NPs, we performed large scale dissipative particle dy-
namics (DPD) simulations, which has been proven to serve as
an efficient and accurate method to study the internalization of
PEGylated spherical NPs.?® We start with spherical NPs, then
study the rod and other shaped convex NPs that have in com-
mon an identical surface area and grafting density. Such pre-
cisely defined conditions will allow us to unambiguously explore
the shape effect of NPs during internalization. Note that such a
controlled state with known size, shape and surface property of
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Fig. 1 Differently shaped NPs: sphere, rod, cube and disk. The top
shows the transmission electron microscopy images of these NPs,
reproduced with permission from Refs.2%30 The bottom shows the
PEGylated NPs with grafting density 1.6 chains/nm? in our molecular
simulations. The cores of PEGylated NPs are colored yellow. The
tethered PEG polymers and targeting moieties are represented by cyan
lines and blue beads, respectively. To clearly reveal the shape of
different cores, only half of tethered chains (partially hidden by the core)
are shown.

NPs can only be explored through computational studies, in an
attempt to provide guidance on the design and fabrication of NPs
to achieve better efficacy in targeted drug delivery. In studying
the shape effect of PEGylated NPs, we consider four NPs geome-
tries: spheres, which account for the majority of documented NP
systems, rods, cubes and disks, as depicted in Fig. 1. Both sphere
and cube have all their three dimensions of comparable length,
while they differ in their number of edges and corners. The (pro-
late) cylindrical rod has one long axis of symmetry and two short
half axes. The (oblate) circular disk has one dimension shorter
than the other two. In this way, these differently shaped NPs have
very different aspect ratios. The cubic NP is chosen since the
Au nanocages have many unique features made them attractive
in nanomedicine.3! Our molecular simulation results reveal that
spherical NPs demonstrate the highest endocytosis rate, followed
by cubic NPs, rod- and disk-like NPs. Thus, the spherical NPs
are the most efficient therapeutic carriers among these differently
shaped NPs, since they encounter minimal membrane bending en-
ergy during endocytosis, comparing with other differently shaped
counterparts. For NPs with high aspect ratios, such as rod and
disk, their internalization rates are found to be highly dependent
on the entry angle, and delayed by the large deformation of mem-
brane and complicated rotation of these NPs. We also find that
star-shaped NPs can be quickly wrapped by the cell membrane,
similar to their spherical counterparts, indicating star-shaped NPs
can be used for drug delivery with high efficacy.

Note that endocytosis is a process during which the cell inter-
nalizes molecules, such as proteins and other macromolecules, via
a deformation of its cell membrane and an accompanying gener-
ation of membrane-bound carriers. 3233 The typical endocytotic
pathway of a NP consists of four fundamental steps:32 (1) spe-
cific binding of the NP to the cell surface; (2) membrane wrapping
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around the NP and formation of a membrane-bound NP carrier;
(3) pinching-off of the membrane budding to form an early stage
endosome; (4) endosomal release of the NP during the late state
of the endosome. The present study focuses on the critical and
necessary conditions for the NPs to be delivered into the interior
of the cell, characterized by steps (1) and (2). Steps (3) and
(4) concerning the endosomal release of NPs therefore remain
beyond the scope of the present study.

This paper is organized as follows. Section 2 describes the
DPD simulation models for PEGylated NPs and cell membrane,
and corresponding technique for studying internalization of PE-
Gylated NPs. The self-consistent field theory is also introduced to
study the free energy of tethered PEG polymers. Section 3 con-
tains the internalization pathway of different PEGylated NPs and
compares the different internalization rates induced by the shape
effect. The free energy change of grafted PEG chains during endo-
cytosis is quantified through self-consistent field theory. Section
4 discusses the NP shape effect during endocytosis and compares
the simulations results with existing experimental and computa-
tional observations. Finally, section 5 concludes the present study.

2 Model and methodology

2.1 DPD simulation technique

The DPD simulation is a coarse-grained method for stochastic sim-
ulating the dynamics and rheological properties of soft materials
with correct hydrodynamic interactions.3#3° In the DPD model,
each bead represents several atoms, whole molecules or fluid re-
gions, rather than single atoms, thus, atomistic details are con-
sidered to be irrelevant to the process addressed. The degree
of freedom for the beads in the system are integrated accord-
ing to Newton’s equations of motion, supplemented by simpli-
fied pairwise dissipative and random forces. The momentum is
locally conserved to ensure correct hydrodynamic behavior. The
DPD method allows us to access longer time and length scales
compared with those that cannot be approached by conventional
molecular dynamics simulations. A detailed description of the
DPD method and parameterization can be found in our previous
study for PEGylated spherical NPs28 and Electronic Supplemen-
tary Information (ESI) section 1. Here we just briefly describe the
model and methodology for completeness.

The DPD simulation technique has been successfully applied
to study the behaviors of cell membranes.36-40 Here we adopt
the lipid model developed by Groot and Rabone.3¢ The lipid
molecule is simplified as H3(Ts), amphiphile, where H and T
representing the hydrophilic lipid heads and hydrophobic lipid
tails, respectively. The lipid head and tail are denoted by ice-
blue beads and silver lines (cf. simulation snapshots given in
Figs. 3-4), respectively. Adjacent beads are connected via a har-
monic spring. To maintain the chain rigidities of the lipid head
and tail, a harmonic potential is applied for all bond angles in
the lipid molecule. In this way, the dynamics, bending modules
and viscosity of the self-assembled lipid bilayer are found to be
in good agreement with experimental measurements.36-3° Such
a model has been widely used to study the translocation and in-
ternalization of different NPs. 28:37,38,40-43 According to previous
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studies, ¥ we assume that 50% of lipids randomly distributed

within the bilayer are coated with receptors to accelerate the sim-
ulations, which has been found to be a useful estimate. Especially,
the endocytic kinetics can be quantitatively captured by these
accelerated simulations.37-4446 The heads of these lipids have
attractive interactions with targeting moieties covalently conju-
gated to the free ends of tethered PEG chains on NP surfaces,
providing the specific ligand-receptor interactions. %8

During the DPD simulation for cellular uptake of PEGylated
NPs, the lateral tension of the lipid bilayer is maintained to be
zero, for mimicking a real cell membrane with large surface area-
to-volume ratio. The N-varied DPD method#” is adopted to main-
tain the lateral tension, by monitoring the lipid number per area
(LNPA), rather than the lateral force/pressure. The LNPA of the
boundary region is kept constant at a value denoted as p., thus,
the boundary region behaves like a reservoir. When the LNPA of
the boundary is larger than p., the additional lipid molecules in
this region are deleted and a corresponding number of solvent
beads is simultaneously added. When the LNPA is smaller than
pe, extra lipid molecules are added and the same amount of sol-
vent beads is deleted instantaneously. The LNPA of the boundary
region is checked every 1000 time steps to ensure the zero lat-
eral tension of the lipid bilayer and allow it to be relaxed. In
this way, the N-varied DPD method enables us to control the lat-
eral tension of the membrane and provides extra membrane area
to release the tension during the endocytosis of PEGylated NPs.
Such a method has been successfully utilized to understand the
budding behavior of a multicomponent membrane, 4’ the cellu-
lar uptake of ligand-decorated rigid NPs,*® dendrimer-like soft
NPs,38 and PEGylated spherical NPs.28 In accord with previous
studies on the relationship between LNPA and lateral tension of
the membrane, 363841 p. = 1.1022 is chosen to ensure that the
lateral tension vanishes permanently during the coarse of our dy-
namic simulations.

The cores of differently shaped convex NPs, except for disk,
are cut from a bulk of beads arranged on a FCC lattice (Fig. 1)
with lattice constant 0.90 nm. The disk is formed by beads uni-
formly distributed in a circle with one bead thickness, since the
cut from the FCC lattice cannot accurately maintain the circular
shape. The close packing of these beads prevents the water and
other molecules to enter the interior of core during the DPD sim-
ulation. We first fix the radius Zphere of sphere to be 4 nm, then
construct other shaped NP with equal surface area. The aspect ra-
tio of the cylindrical rod is defined as p = (Zrod +0.5Z10d)/Zrod>
where Z,,q and %;q are the radius of the hemispherical caps at
two ends and length of cylindrical part, respectively. Here we fix
the aspect ratio p to be 3, which has been widely used in both
experiments 7 and simulations. 444° Thus, the radius %,,q and
length %;,q of the rod are 2.31 and 9.23 nm, respectively. The
side length .%, . of the cube and radius %y;g of the disk are 5.79
and 5.66 nm, respectively. In this way, the surface area of the core
(the tethering surface) for differently shaped NPs is kept constant
at Ag,s = 201 nm?. The cores of spherical, rod-like, cubic and
disk-like NPs are formed by 1566, 1272, 1098 and 522 beads, re-
spectively. Note that we choose to maintain the equal surface area
for differently shaped NPs, instead of the surface area-to-volume
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ratio. There are two reasons for this choice: 1) the drug molecule
loading capacity of NPs often relies on their surface areas, and 2)
the NPs are coated with the same amount of PEG monomers un-
der the same grafting density. More importantly, all the free ends
of tethered chains are conjugated with ligands, by mimicking the
experimental conditions.2%26 Under the constraints of equal sur-
face area and grafting density, all these NPs will have the same
ligand-receptor binding strength, allowing us to unambiguously
explore the shape effect during endocytosis. The beads forming
the NP core move as a rigid body during the DPD simulations.

A coarse-grained model has been adopted to model the PEG
polymers in our DPD simulations.>® Each monomer of PEG has
been simplified as a single bead. All the beads on the PEG chain
are consecutively connected by harmonic springs and the chain
stiffness is maintained by using the proper bond angle interaction,
also given by a harmonic potential. Such a polymer model ac-
curately captures the conformation (such as end-to-end distance
and radius of gyration) of PEG polymers in water environment
with different molecular weights, as demonstrated previously.28
The interaction parameters between PEG and lipid molecules
have been calibrated through experimental results by Groot and
Rabone. 3¢ During the DPD simulations, the PEG chains are teth-
ered on randomly selected, but distinct surface beads of the core
at the given grafting density c,. According to existing experi-
mental studies, 24>1:52 the typical grafting density of PEG ranges
from O (ungrafted) to 2.0 chains/nm?. Thus, we choose a ho-
mologous series of grafting densities 6, = 0.2, 0.4, 0.6, 0.8, 1.0,
1.2, 1.4 and 1.6 chains/nm? to explore the grafting density ef-
fect. The corresponding integer-valued numbers of grafted PEG
chains are M = 0,Aq,s = 40, 80, 121, 161, 201, 241, 281 and
322 for all shapes. The typical molecular weight of a grafted PEG
polymer is about 550-5000 Da, corresponding to polymerization
degree N, = 12-112.2426:52 Taking into account the computa-
tional cost, we choose N, to be 30 in our simulation, representing
the molecular weight of PEG as 1358 Da. The possible effect of N,
has been explored in our previous study on PEGylated spherical
NPs with N, = 18 and 36. 28 The wrapping time during endocyto-
sis will be enlarged (reduced) with longer (shorter) grafted PEG
polymers.2® All the PEG chains are randomly and covalently teth-
ered to the surfaces of the NPs. To ensure that tethered chains do
not detach from the NP surface during endocytosis, each tethered
PEG monomer is covalently bound to a surface bead of the NP via
the same harmonic bond potential used to covalently bind PEG
monomers (ESI section 1).

According to the experimental study by Xia and co-workers, 2
the measured Zeta-potential of PEGylated NP is fairly small (be-
tween -2 and 0 mV), indicating a very weak electrostatic inter-
action. Thus, we do not consider electrostatic interactions in the

present study. They have been ignored in previous related studies
1.37,44-46

6

as wel

After PEGylation, the interaction strength between NP and cell
surface has been dramatically reduced due to the non-specific
steric interaction induced by the tethered chains. Therefore, the
cellular uptake of PEGylated NPs is prohibited because the NP-
membrance interaction cannot overcome the steric hindrance of
tethered PEG.2® To enhance the specific cellular uptake of PE-
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Gylated NPs, the free ends of grafted PEG are typically conju-
gated with targeting moieties, such as anti-HER2 antibodies?® or
arginylglycylaspartic acid (RGD) peptides2>°3 These conjugated
targeting moieties can specifically recognize and bind with re-
ceptors expressed over the surface of a diseased cell. To mimic
this effect of enhanced internalization via specific ligand-receptor
interactions in DPD simulations, we assume all the free ends
of tethered chains to be bound with targeting moieties, which
have attractive interactions with receptors coated on the heads
of lipids.28 Such an attractive interaction is implement through
a modified Lennard-Jones potential with cutoff radius r., which
has been widely used in the computational works to mimic the
specific ligand-receptor interactions.28:444554 In this work, the
ligand-receptor interaction strength Fi g has been fixed to be 7.65
kgT, where kg is the Boltzmann constant and 7 is the temper-
ature, which is within the typical range of ligand-receptor in-
teraction strength measured from experiments and detailed all-
atomistic simulations (6.5 to 20 kg7).%°

In our DPD simulation, the mass, length, and time scale are all
normalized. The unit of length is taken to be the cutoff radius
re. The unit of mass m is that of the solvent beads. The unit of
energy is taken to be kg7. Then, all other quantities are given
in terms of these basic units. The velocity-Verlet integration algo-
rithm is adopted and the simulation time step is ¢ = 0.017 with
7 = (mr2/kgT)"/2. The reduced DPD units can be readily con-
verted into SI units by mapping the membrane thickness and lipid
diffusion coefficient from DPD simulation results to experimental
measured values. The simulated lipid bilayer thickness is about
5r.. By comparing with the experimentally measured thickness
for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bi-
layer, which is about 4 nm, 56 the basic length unit in the DPD
simulation is about r, ~ 0.8 nm. By mapping the diffusion coef-
ficient around 5 um?/s for POPC bilayer,>® the time unit in the
DPD simulation is about 7 = 24.32 ps. The lateral dimension of
the lipid bilayer is about 41 x41 nm, which has been proven large
enough to avoid finite system size effect.28

2.2 Self-consistent field theory

To interpret and make use of the DPD simulation results, we
employ an independent self-consistent field (SCF) theoretical ap-
proach to estimate the volume fraction profiles for each of the N,
monomers separately along a representative tethered chain, i.e.
along the surface normals. The SCF result allows us to calculate
the radial volume fraction profile ¢(r) of the spherical, polymeric
brush, the volume fraction profile of the terminal monomers,
¢n, (r), and the corresponding free energy, F,o1y. We find that the
measured PEG profiles of the unwrapped NPs are recovered us-
ing a simplest classical, parameter-free model of a polymer under
good solvent conditions, that is characterized by a dimensionless
mixing free energy density v/, (¢) = 19> +w¢> with 1 =w = 1,
where v = 0.0633 nm> denotes the excluded volume of a PEG
monomer.”’ Within the SCF we basically aim at minimizing a
single chain free energy functional Fyopy[@(r)] = Foy + Fipe that is
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composed of an elastic and interaction part, 28

Fpoly[9(r)]
LpolyP(T)] / 1
Wl 2 R2 + fm(@)dr, €9)]
where (12) =V~ [ (r — Bophere) ¢ d°r is the mean squared exten-

sion of a polymer normal to the tethering surface, that is tethered
on a sphere of radius %phere, Properly normalized by the occu-
pied chain volume V = [ ¢d*r = N,v. The quantity Ry = Ry(N,)
stands for the equilibrium size of a PEG polymer, that is intermedi-
ate between its gyration radius and mean squared end-to-end dis-
tance. We employ R = (R2,) /e using the available (RZ,) (N,,) val-
ues for a single PEG chain in water. 28 In the above equation, the
first term Fy = 3<r2> /2R3 characterizes the entropy-dominated
elastic free energy of tethered chains, representing compres-
sion/stretching of these chains relative to their equilibrium size
Ry. The interaction energy between different chains is given by
the integrated mixing free energy density Fine = [, fin(¢)d°r. It is
worthwhile mentioning that there are additional contributions to
the free energy of the NP-membrane complex, such as rigid-body
translational and rotational entropy retained by the NP, when in-
ternalized by a membrane,>® or the bending energy cost of the
membrane (to be discussed below). Additional contributions to
the free energy of the complex may also originate from the in-
troduction of new vibrational modes in the wrapped state. In an
attempt to interpret the DPD simulation results we have chosen to
monitor the variation of the above free energy contributions that
suffice to determine the polymer (and monomer) density profile
of the coated NPs in their unwrapped state.

The above free energy (eq 1) has to be minimized with re-
spect to the volume fraction profile, subject to the constraints of
conserved V and the tethering condition, ¢(r < Zsphere) = 0. A
more detailed introduction to the SCF can be found in Refs. >%-62
A most common numerical implementation of the related opti-
mization problem on a geometry-adapted grid had been intro-
duced by Scheutjens and Fleer.>® We follow the implementa-
tion described for the case of a sphere in detail by Wijmans and
Zhulina. %3 To this end, a single flexible polymer is grown sequen-
tially, using a constant bond length a = 0.33 nm (for PEG), start-
ing from a spherical surface of radius Zsppere- During (a pri-
ori) random growth within the space surrounding the NP, the
representative chain creates its own radial volume fraction pro-
file (with multiplicity of the number of tethered chains, recorded
within spherical shells of thickness a) to which it reacts, as the
volume fraction enters the probability to choose from all possi-
ble directions, at each step of the growth procedure. To be pre-
cise, it reacts by its current radial coordinate r to the dimension-
less chemical potential U(¢)/kgT = v/’ (¢) = 2¢ + 3¢> contained
in a segment weighting factor G| (r) = exp(—U(r)/kgT), where
we recall that ¢ = ¢(r). The problem is thus closely related to
a diffusion process in the presence of a potential and boundary,
and can in principle also be formally treated using Green’s func-
tions. %4 Accordingly, one introduces G, (r), the average statistical
weight of an n-mer of which the last segment is located in layer r:
Gu(r)=(Gu—1(r))Gi(r) for n=2,...,N,, where the spatial average
is taken over a sphere of radius a, centered at r. We are left with
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a closed set of coupled equations, where the averages play the
role of the coefficients of a linear system of equations that can be
solved in an iterative fashion using simple matrix inversions. Due
to head-tail symmetry of the polymer chains, the volume frac-
tion profile of an n-mer is subsequently obtained from the solu-
tion G, (r) via ¢, (r) = C,G,(r)Gy—_n+1(r) /Gy (r), where the C,’s are
normalization factors that follow from v = [ ¢,(r)d’r and finally
o(r) = XN, ¢u(r) as well as v, (r) are obtained. The method is
readily adapted to handle arbitrary geometries. Because the vol-
ume fraction profiles ¢,(r) of the unwrapped PEGylated NPs are
all well recovered, we can estimate the free energy difference
Fpoly between wrapped and unwrapped PEGylated NP upon in-
serting the two measured ¢ (r)’s fields separately into Eq. 1.

2.3 Flory theory for tethered chains

Upon assuming a flat volume fraction profile, ¢ = N,v/Vp, the
above SCF reduces to Flory theory®>:%6 that aims at minimiz-
ing a simplified free energy function of the form Fy.y(R)/kpT =

3[R?/R3 +R3/R*] + (Npv/0) fn(9o) with respect to end-to-end dis-
tance R to calculate the equilibrium brush height Req and cor-
responding equilibrium free energy F,ly(Req) of the PEGylated
NP, and Req can be identified with (+?)!/2. The additional term
(Ro/R)? is often skipped when one is interested in scaling laws,
but required to ensure Req = Ry in the absence of interactions
(and in agreement with SCF); a better motivation is given else-
where.® The additional term is only irrelevant in the strong
stretching regime, characterized by Req > Ry. Within the Flory
approach Vj is the mean volume accessible for a single chain.
It depends on R and the NP geometry. For the spherical NP,
Vo = (47/3)[(R + Rsphere)’ — sphere] divided by the number of

tethered chains, M = 47&%’5 hereOp- FoOT the other shapes see ESI
section 3. As we will see below, both Flory theory and SCF are
able to rationalize the brush heights and free energy contribu-
tions of the unwrapped configurations (cf. Fig. 2), but the SCF
expression Eq. 1 for the energy functional is employed to cal-
culate the free energy of the wrapped configurations from the
measured spatial density profile ¢(r), i.e. when the assumptions

underlying Flory theory are certainly inappropriate.

3 Results

3.1 Conformation of PEGylated NPs

The equilibrated conformations of the PEGylated NPs are given
in Fig. 1 (bottom) and ESI Figs. S1-S4. When the grafting den-
sity is low (such as 0.2 chains/nm?), the tethered PEG chains
are isolated and collapsed on the surface of the core, forming
the ‘mushroom’ conformation to minimize the conformational en-
tropy loss. 28 However, when the grafting density is high (such as
1.6 chains/nm?), the tethered chains are very close to each other.
To reduce their steric interactions, the grafted PEG polymers are
stretched out from the NP surface, forming a ‘brush’ conforma-
tion. The similar mushroom-to-brush transition has also been ob-
served for planar tethered PEG polymers with grafting density
increasing from 0.015 to 1.25 chains/nm?2. %0 Interestingly, in the
brush regime, especially for high grafting density, the cores of PE-
Gylated NPs are fully shielded by tethered chains. Thus, the shape
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in the figure.

of different NPs is not fully visible to the cell, which will play an
important role during the internalization process (to be discussed
in detail in Section 4).

To quantify the extension of the tethered chains, we use again
the mean squared ‘normal’ distance (r?) = [ 3 ¢ (r)dr® / [ ¢ (r)dr?,
where r | is the shortest distance between a position in space and
the PEGylated NP surface and ¢(r) is the volume fraction dis-
tribution of PEG monomers at position r. The obtained exten-
sion (r2)!1/2 of PEG polymers from the NP surface are shown in
Fig. 2(a) for differently shaped NPs and grafting densities. With
grafting density increasing from 0.2 to 1.6 chains/nm?, the exten-
sions of tethered chains are monotonically increasing from 3.25
to 5 nm, corresponding to the previously observed mushroom-
to-brush transition. For N, = 30, the end-to-end distance Re is
about 3 nm for a single PEG chain in water, 28 which is close to the
extension of tethered chains at grafting density 0.2 chains/nm?2.
However, at high grafting density 1.6 chains/nm?2, the tethered
chains are significantly stretched as their extension (r2)!/2 has
been increased by 54%. Interestingly, all the measured curves are
compatible with the simple Flory theory of section 2.3 with our
vim(9) = (1+¢)¢> for PEG. Since the elastic energy F; of teth-
ered chains is proportional to the extension (r?) (the first term on
the right hand side of Eq. 1), F; predicted by the SCF theory is
also in good agreement with the simplified Flory theory (results
not shown here). The interaction energy between tethered chains
Fone, given as the second term on the right hand side of Eq. 1, is
presented in Fig. 2(b). Similar to (+2)!/2, F,, is monotonically
increasing with the increment of grafting density for differently
shaped NPs, signaling the strong interaction strength between
neighboring chains at high grafting density. Again, the F given
by SCF theory lies in the range predicted by the Flory theory. The
agreement between SCF and Flory theories on brush heights and
free energy contributions of grafted PEG polymers indicates that

6| Journal Name, [year], [vol.],1-15

the simple Flory theory could be used for rational design of PE-
Gylated NPs, before they encounter the diseased cells.

3.2 Endocytic kinetics of PEGylated NPs

The receptor-mediated endocytic kinetics of PEGylated NPs are
given in Figs. 3-4 and ESI Figs. S5-S8. At high grafting den-
sity 1.6 chains/nm? (cf. Fig. 3), all the PEGylated NPs can be
rapidly accepted by the cell within 2.24-2.77 us due to the strong
ligand-receptor interactions. Initially, at 7 = 0, the PEGylated NPs
are far away from the cell surface. Thus, the targeting moieties
conjugated on the free ends of tethered PEG polymers are not vis-
ible to the receptors expressed over the lipid bilayer. When the
PEGylated NPs approach the cell surface, the targeting moieties
recognize the receptors (lipid heads) and bind with them, due
to the specific ligand-receptor interactions. Simultaneously, the
lipid bilayer starts to bend and wrap around the PEGylated NPs
(t ~ 0.24 us). In the course of time, more and more receptors
diffuse into the membrane bending region and bind with the tar-
geting moieties. This stage (0 <t < 1.70 us) is mainly driven by
the free energy release from the specific ligand-receptor binding,
accompanied by the large bending of the lipid bilayer; defining
the so-called ‘membrane bending stage’. Afterwards, the major-
ity of PEGylated NP is wrapped by the membrane, and the up-
per leaflet of the lipid bilayer starts to protrude and warp around
the PEGylated NP from the top. However, the lower leaflet only
bends slowly, compared with its large bending behavior during
the membrane bending stage. This process dominates the ‘mem-
brane monolayer protruding stage’ (1.70 us <t < 2.50 us). Fi-
nally, all the PEGylated NPs are fully wrapped by the lipid bi-
layer (at ¢ ~ 2.24-2.77 us), and located around the center of
the membrane to reduce its bending energy, reaching the ‘equi-
librium stage’. Such a wrapping pathway has been identified in

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Side view of the internalization pathway for PEGylated NPs with
grafting density 1.6 chains/nm?. The whole process can be classified
into three stages: membrane bending stage (0 <t < 0.24 ps),
membrane monolayer protruding stage (0.24 < ¢ < 2.24-2.77 ps) and
equilibrium stage (r > 2.24-2.77 ps). The lipid head and tail are denoted
by the ice-blue beads and silver lines, respectively. The color scheme for
PEGylated NPs is the same as Fig. 1. The water molecules are made
inviable for clarity.

our previous studies for PEGylated spherical NPs. 28 Interestingly,
the wrapping times 7,, for PEGylated NPs with different shapes to
be fully internalized are very close to each other, e.g. 1, =2.24—
2.77 us, indicating that the shape of NPs does not play an im-
portant role in this process. At this large grafting density of 1.6
chains/nm?, the shape anisotropy of these NPs is basically hidden
by tethered chains. As we’ll discuss below, and further evidenced
by results collected in ESI Figs. S5-S8, the densely covered NPs
can effectively be replaced by a spherical brush.

At the intermediate grafting density 0.6 chains/nm? (cf. Fig. 4),
the internalization of PEGylated NPs still follows the ‘membrane
bending stage’, then ‘membrane monolayer protruding stage’ and
finally ‘equilibrium stage’, as shown for PEGylated NPs with high
grafting density 1.6 chains/nm?. Nevertheless, the endocytic ki-
netics is much slower, compared with the scenario at grafting den-
sity 1.6 chains/nm?. The wrapping time 7, for PEGylated spheri-
cal NPs has been enlarged from 2.24 to 7.17 us with grafting den-
sity decreasing from 1.6 to 0.6 chains/nm?. More importantly,
until 13.5 us, rod- and disk-like NPs still cannot be fully inter-
nalized, leading to the frustrated endocytosis.®” Although most
parts of the rod-like NP have been covered by the lipids, only

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Top view of the internalization pathway for PEGylated NPs with
grafting density 0.6 chains/nm?. The color scheme is the same as Fig.
3. The spherical and cubic NPs can be fully wrapped by the membrane
within 7 = 7.17-8.58 pus, while rod- and disk-like NPs cannot be fully
wrapped after t = 13.5 ps.

about 60% of disk-like NP surface has been wrapped by the mem-
brane. Therefore, we have an indication that the shape of NP can
play a very important role at this intermediate grafting density. At
the very low grafting density 0.2 chains/nm?, the overall ligand-
receptor interaction strength is very weak. It cannot overcome
the energy barrier created by the bending energy of the mem-
brane and the conformational free energy loss of tethered PEG
polymers. Thus, the PEGylated NPs can only adhere on the sur-
face of the membrane, or slightly be wrapped by the membrane
(cf. ESI Figs. S5-S8).

To quantify the effects of grafting density (also the density of
targeting moiety) and shape on endocytic kinetics of PEGylated
NPs, wrapping times 7, required for PEGylated NPs to be fully
enveloped by the membrane are given in Fig. 5(a). For differ-
ently shaped NPs, 7,, is monotonically increasing with decreas-
ing grafting density (targeting moiety density), demonstrating the
important role played by the ligand-receptor interactions. 28 The
NP shape does not significantly affect the wrapping time 7, at
high grafting densities (1.4-1.6 chains/nm?), as aforementioned,
while it does play a very important role when the grafting density
is smaller than 1.2 chains/nm?. At a given grafting density, the
spherical NP is quickly accepted by the cell, followed by the cu-
bic and rod-like NPs and lastly, the disk-like NP. To further under-
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stand the NP shape effect, we choose the wrapping time 7."™" for
spherical NPs with grafting densities 0.6-1.2 chains/nm? as base-
lines. The relative cellular uptake efficiency of other shaped NPs
is then defined as 1, () /7™ (c,), where 1,,(a),) is the time for
the PEGylated NP with grafting density o), to be fully internalized.
The superscript ‘sphere’ denotes the spherical NP. To demonstrate
the NP shape effect, we only consider the grafting density ¢, =
0.6-1.2 chains/nm?. The cellular uptake efficiency for differently
shaped NPs is given in Fig. 5(b). Along with observations already
described, if the spherical NPs are considered to be 100% taken
up, only 87% cubic NPs, 77% rod-like NPs, or 65% disk-like NPs
can be internalized during the same amount of time. Thus, the
spherical NPs have the highest cellular uptake efficiency, followed
by the cubic NPs, then rod-like NPs and finally, disk-like NPs, un-
der the same amount of ligand-receptor interaction strength and
tethered PEG monomers.

3.3 Free energy change of grafted PEG polymers

During the receptor-mediated endocytosis of PEGylated NPs,
there are three major free energy changes involved:28:9 (i) the
specific ligand-receptor interaction, provided by the binding be-
tween the targeting moieties conjugated on the free ends of teth-
ered chains and receptors expressed over the membrane; (ii) the
membrane bending energy, due to the lipid bilayer deformation;
(iii) the non-specific steric interaction between the grafted PEG
polymers and the membrane, since the PEGylated NP is highly
confined by the membrane after internalization. In this process,
the specific ligand-receptor interaction AFj;, provides the major
driving force for the PEGylated NP to be wrapped around and fi-
nally enveloped by the membrane. If the energy barriers created
by the bending of membrane AFj,emp and conformational free en-
ergy loss of tethered chains AF,,, cannot be overcome by the
ligand-receptor interaction AFj;g, such as AFj;, < AFpemp + AFpoly,
the endocytosis cannot be accomplished. According to our previ-
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ous study of spherical NPs,2® the conformational free energy loss
of the grafted PEG polymers can play a very important role during
this process. Therefore, we start analyzing the free energy change
of grafted PEG polymers AF,y.

To determine the free energy change of tethered polymers dur-
ing endocytosis, the SCF theory given in Section 2.2 has been
adopted. According to the SCF theory, the AF,,y can be decom-
posed into two parts: one is the elastic energy change AF, and
the other is the interaction energy change AF,,,. AF is related
to the stretching/extension of tethered chains, and qualitatively
well approximated by the mean squared end-to-end distances of
chains in view of the above-mentioned Flory theory. It can be
easily estimated via this route, but we prefer to extract F, via
the particular second moment (72) of the volume fraction profile.
AF,, on the other hand, is poorly described by the Flory expres-
sion that implies a homogeneous situation (in both unwrapped
and wrapped configurations), and definitely requires the volume
fraction field ¢(r) of PEG monomers in the space, making it po-
tentially harder to be determined. The cross-sectional views of
the volume fraction ¢ for PEG monomers at grafting density 1.6
chains/nm?, before and after endocytosis, are given in Fig. 6 to
study origins of AF,,1, = AF + AFy. Before the PEGylated NPs
are wrapped by the membrane, the tethered PEG monomers are
more or less homogeneously distributed around the surfaces of
NPs, to reduce their steric interactions. High local volume frac-
tions of PEG monomers are mostly found nearby the cores of PE-
Gylated NPs at this high grafting density. However, after inter-
nalization, the distributions of PEG monomers in the space have
been dramatically changed.

The structural rearrangement during endocytosis, quantified
by ¢(r), gives rise to partially opposing effects. First, the occu-
pied space of PEG monomers has been globally reduced, since
the tethered chains are not only confined by the core, but also
constrained by the surrounding membrane. Thus, at first glance,

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Cross-sectional views on the PEG volume fraction distributions of differently shaped NPs with grafting density 1.6 chains/nm?.

the mean extension of tethered chains should have been reduced,
implying a negative change of elastic energy AF,; < 0, while the
mean density has increased, suggesting AF;,, > 0. Second, high
local volume fractions of PEG monomers after endocytosis not
only occur at the tethering surface but also on the outer surface
regions of polymer-coated NPs. The corresponding change of the
volume fraction profile to larger r values gives rise to AF, > 0,
and also AFj,; > 0 due to the functional form of the mixing free
energy density f,,,(¢). While AF;,; > 0 for both reasons, the sign
of AF, will be seen to depend on the grafting density.

As aforementioned, the free ends of grafted PEG chains are
bounded with targeting moieties, which can recognize and bind
with receptors expressed over the surface of the membrane. After
the PEGylated NPs has been fully wrapped by the membrane, the
free ends of tethered chains are also bound to the surface of the
membrane, due to the specific ligand-receptor interactions. Some
of these free ends, and their corresponding tethered chains, can
be very close to each other, if their bonded receptors are close.
Therefore, the local volume fraction of PEG monomers can be
very large in these regions, denoted by the ‘hot spots’ around NP
surfaces given in Fig. 6. Overall, due to the rearrangement of PEG
monomers after endocytosis, their volume fraction distributions
change from a rather homogeneous state to an inhomogeneous
state, as given in Fig. 6. Very much the same principles we detect
for PEGylated NPs with lower grafting densities, such as 0.6 and
1.2 chain/nm? (see ESI Figs. $9-510).

The change of extension for tethered chains has been quanti-
fied by calculating A(r2)!/2 (cf. Fig. 7(a)), defined by the differ-
ence of (r?)!/2 before and after internalization of PEGylated NPs.
When the grafting density o), is larger than 0.6 chains/nm?, the
extension (72)!/2 has been reduced by 0.15-0.6 nm for fully inter-
nalized NPs, as they are wrapped and confined by the cell mem-

This journal is © The Royal Society of Chemistry [year]

brane (cf. Fig. 3). However, when o, < 0.6 chains/nm?, most
of the grafted PEG polymers have been stretched, as reflected
by an increased extension A(r2)!/2 = 0.15-0.9 nm. As demon-
strated in Figs. 3-4, the tethered chains have been stretched to
enable the targeting moieties (conjugated on their free ends) to
bind with receptors at the membrane bending stage. For most of
PEGylated NPs with o, < 0.6 chains/nm?, they cannot be fully
internalized (cf. Fig. 4 and ESI Figs. S5-S8) and still stay at the
membrane bending stage. Therefore, the grafted PEG polymers
are mainly stretched, rather than compressed, due to the spe-
cific ligand-receptor binding. According to SCF (Section 2.2) and
Flory theory (Section 2.3), the change of elastic energy AF is
related to the stretching/compression of tethered chains. The ob-
tained AF per chain is given in Fig. 7(b). In accord with our
previous observations on spherical NPs, AF;; has been mostly en-
larged by 0-1kgT per chain for 6, < 0.6 chains/nm?, while it has
been reduced by 0-0.5ks7 per chain for o, > 0.6 chains/nm?.
Interestingly, the NP shape does not seem to play an important
role in AF,;, as the values of AF are very close to each other for
differently shaped NPs.

The change of interaction energy between tethered chains AF,
is shown in Fig. 7(c). As the PEGylated NPs are wrapped around
by the membrane during endocytosis, the PEG monomers have
more chance to interact with each other during this process (cf.
Fig. 6). Therefore, AF, has been increased by 0.25-2.0 kgT,
no matter the PEGylated NPs are fully or partially wrapped by
the membrane. Similar to the change of elastic energy AF,, the
values of AF,, for differently shaped NPs are also very close to
each other, for a given grafting density, indicating the NP shape
does not play an important role here. After AF, and AFj, have
been determined, the free energy change of grafted PEG polymers
AF,o1y can be readily obtained as AF,y = AFy 4 AFy. As both

Journal Name, [year], [vol.], 1-15 |9
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Fig. 7 Grafting density effect on (a) change of extension for tethered chains A<r2>1/2, (b) change of elastic energy AF,;, (c) change of interaction
energy AF, and (d) change of free energy AF,, for tethered PEG polymers, before and after endocytosis. Note that endocytosis cannot be fully
accomplished for spherical and cubic NPs with grafting densities 0.2-0.4 chains/nm?, and also rod- and disk-like NPs with grafting densities 0.2-0.6
chains/nm?. For these cases the shown values reflect statistical properties of the incompletely wrapped state. The magnitude of the related statistical
error is about 0.2 kg7/chain for all cases, obtained from 5 independent runs.

AF and AF, are not sensitive to the shapes of NPs, AF,, is also
not affected too much by the NP shape, as presented in Fig. 7(d).
AF,01y per chain is found to be around 1 kg T for all PEGylated NPs,
regardless of the NP shape or grafting density. Therefore, the total
free energy change MAF,, of the investigated M tethered PEG
polymers is in the range of 40-322 kg7, depending on the number
of grafted chains. These values are also close to the free energy
change of tethered chains for PEGylated spherical NPs with N, =
18.28

3.4 Entry angle effect

According to existing experimental’® and computational®* stud-
ies, the internalization rate of anisotropic NPs is dependent on
their entry angle when approaching the membrane. In our
present simulations, the rod- and disk-like NPs approach the
membrane with their largest contact areas at the beginning (cf.
Figs. 3-4), which enables them to be rapidly accepted by the cell
due to the strong ligand-receptor interactions. To explore the en-
try angle effect of PEGylated NPs, we next study the endocytosis
of NPs with comparably small contact areas, as given in Fig. 8. For

10| Journal Name, [year], [vol.], 1-15

the rod-like NP, the long axis of rotational symmetry is initially
perpendicular to the surface of the membrane, which greatly re-
duces the interaction between the conjugated targeting moieties
and the receptors. To allow more and more targeting moieties
on the NP surface to bind with receptors expressed over the sur-
face of the membrane, the rod-like NP continuously rotates until
it completely resides within a plane locally tangential to the mem-
brane surface during the membrane bending stage (at r = 0-0.7
us in Fig. 8). Hereafter, the upper leaflet of the lipid bilayer starts
to protrude and wrap around the NP surface, until the rod-like NP
is completely enveloped by the membrane. For the disk-like NP,
it also takes about 0.73 us to rotate and completely lay down on
the membrane surface during the membrane bending stage (cf.
Fig. 8). In contrast, the internalization of the disk-like NPs fol-
lows the membrane monolayer protruding stage and equilibrium
stage, as presented in Fig. 8 (additional details provided by ESI
Figs. S11-S12).

Comparing with the results given in Fig. 3, the entry angle does
actually play an important role during the internalization process
of these anisotropic NPs. As these NPs approach the membrane

This journal is © The Royal Society of Chemistry [year]

Page 10 of 15



Page 11 of 15

t=0 Rod

t=0.12 us

t=0.24 ps

t=0.73 us t=1.70 us t=2.43 us t=3.45 s

Disk

t=0.05ps  t=0.12 ps t=0.24 ps

t=0.73 us t=4.13 ps

t=1.70 us

t=2.43 us

Fig. 8 Entry angle effect on endocytosis kinetics of rod- and disk-like
NPs with grafting density 1.6 chains/nm2. The color scheme is the same
as Fig. 3. The complicated rotations of these PEGylated NPs have been
observed, especially during the membrane bending stage (0 <7 < 0.73
us).

surface with largest contact areas, they do not need to rotate and
lay down on the membrane surface to allow more targeting moi-
eties to bind with receptors. However, if these NPs dock the mem-
brane with their smallest contact areas, they need extra time to
rotate and lay down for targeting moieties binding with receptors.
In this way, the entry angles of anisotropic NPs can greatly affect
their internalization rate. For example, it takes about the 2.55
us for the rod-like NPs to be internalized with horizontal docking
position, while it has been increased to 3.45 us for the same NP
with vertical docking position. The internalization rate has been
reduced by 35%. Similarly, the endocytosis rate of disk-like NP
can be reduced by 49%, due to the different docking positions.
These results further confirm that the entry angle of anisotropic
NPs greatly affects their endocytosis kinetics, as already suggested
by previous studies. >*7%71 The reorientation times are quantita-
tively determined by the friction tensor coefficients characteriz-
ing the polymer-coated NP shape. Such calculations are available
for convex particles including cuboidal (including cubic), cylin-
drical (including rod-like) and ellipsoidal (including disk-like and
spherical) shapes dissolved in a structureless viscous medium 72
and in connection with phoretic forces for rarefied, less dense sys-
tems. 73

This journal is © The Royal Society of Chemistry [year]
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4 Discussion

To unambiguously clarify the effect of shape on the cellular up-
take of PEGylated NPs, we systematically study differently shaped
NPs, such as sphere, rod, cube and disk with identical surface ar-
eas, same amounts of grafted PEG polymers and identical ligand-
receptor interaction strengths. Based on large scale molecular
simulations results, we find that the internalization rate of spher-
ical NPs is the highest, followed by cubic NPs, then rod-like and
finally disk-like NPs. Upon choosing the internalization rates of
spherical NPs as a reference quantity, only 87% of cubic, 77%
of rod-like, and 65% of disk-like NPs are taken up during the
amount of time required for a spherical NP to be fully internal-
ized. If the entry angle effect of anisotropic NPs (such as rod
and disk) is considered (cf. Fig. 8), the cellular uptake effi-
ciency of rod-like and disk-like NPs can be further reduced. Thus,
the spherical NPs serve as the most efficient vectors to deliver
the drug molecules into the diseased cells, compared with non-
spherical counterparts. Not only we didn’t find any evidence that
non-spherical shapes help to establish ligand-receptor bindings in
locations that may lead to a reduction of the free energy cost re-
lated to the structural reorganization of the polymer brush. In
addition the sphere is the only homogeneous shape that cannot
suffer from reorientation issues. Importantly, we reached this con-
clusion by variation of shape while keeping all other parameters,
that may potentially affect the internalization process, constant.

The endocytosis kinetics of naked NPs with different shapes has
been computationally studied before. Li et al. explored the shape
anisotropic effect on internalization of ligand-coated NPs (with-
out PEGylation), including spherical, cylindrical and disk-shaped
NPs.>* The spherical NPs were found to display the fastest en-
docytosis rate, while the rate for cylindrical NPs was relatively
slower, and the disk-like NPs exhibited the slowest endocytosis
rate. This ordering is mainly induced by the different membrane
bending energies: the spherical NPs only need to overcome the
minimum elastic bending energy, but the disk-like NPs involve
a stronger membrane deformation and complicated rotations of
NPs are required.”* In these studies, the differently shaped NPs
did not have equal surface area or volume. Nevertheless, the
obtained trend agrees reasonably well with the findings of the
present study, suggesting an important role of the underlying NP
shape. Huang et al. studied the receptor-mediated endocytosis
of ligand-coated but otherwise naked NPs with various shapes, *°
such as spherical and rod-like NPs with different aspect ratios,
again with unmatched surface areas or volumes. Within these
studies the wrapping time for a spherical NP to be fully enveloped
by the membrane was only about 77% of that for a rod-like NP
with aspect ratio p = 1 +.%0q/2%c0q = 2-%° All these simulation
results on ligand-coated NPs (without PEGylation) are in good
agreement with our results on PEGylated NPs, ultimately reveal-
ing the spherical NPs as the more efficient therapeutic carriers.

The NP shape effect has also been explored through experi-
ments. Chan and co-workers have studied the cellular uptake of
spherical and rod-like Au NPs, whose surfaces were stabilized by
citric acid ligands to avoid their aggregation. 1’ The number of Au
NPs taken up per HeLa cell were about 3x103 and 1.5-2.0x10>
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for spherical NPs with radius Zsphere = 7 nm and rod-like NPs
with radius %,,q = 7 nm and length .Z},q4 = 26 nm, respectively.
Thus, the cellular uptake efficiency for rod-like NPs is only about
50-67%, compared with their spherical counterparts. Xia and
co-workers have investigated the internalization of Au NPs with
different sizes, shapes and surface functional groups.2® Spheri-
cal NPs with radii Zsppere = 7.5 and 22.5 nm, and cubic NPs with
side lengths % pe = 33 and 55 nm were investigated. The sur-
faces of these PEGylated NPs are tethered by PEG polymers with
their free ends conjugated by anti-HER2 targeting moieties, which
is similar to the PEGylated NP models studied in present work.
Through receptor-mediated endocytosis, they found that >90%
of spherical NPs can be internalized by SK-BR-3 breast cancer
cells, while only 70-80% cubic NPs were taken up. Muzykan-
tov and co-workers experimentally measured the endocytosis ki-
netics of spherical and disk-like particles for endothelial target-
ing.%® Their particles are made by polystyrene and their surfaces
are coated by anti-ICAM ligands for specific targeting endothelial
cells (ECs). The radii of the spherical particles are about Zgyhere =
0.1, 0.5, 1, 5 and 10 um, while the elliptical disk has dimension
0.1 x 1 x3 um. The experimental results revealed that the ECs
endocytosed 5 um spheres as fast as 0.1 um spheres, at 81.4 +
2.8% and 94.2 + 2.9% internalization after 1 hour, respectively,
and ), ~ 15 minutes in both cases. %8 Although the disks were
also internalized by ECs, their endocytosis kinetics was remark-
ably slower as 7|/, ~ 1 hour. Therefore, the cellular uptake effi-
ciency of disks is only about 40-50% of their spherical counter-
parts. 68

To summarize above observations, the different cellular uptake
efficiencies for differently shaped NPs are plotted in Fig. 5(b).
Interestingly, our present simulation results are in good agree-
ment with existing computational 4>* and experimental 17-26:68
studies, although different sizes, surface properties and compo-
sitions (materials) of NPs were considered, highlighting the key
role played by the NP shape. It also raises the most important
question: Does the shape of a NP play a role during endocytosis?

As we have discussed in Section 3.3, the internalization of PE-
Gylated NPs relies on the competition between ligand-receptor
interaction AFj;,, membrane bending energy AFyemp and confor-
mational entropy loss of tethered PEG polymers AF,jy. To un-
derstand the NP shape effect, it is important to clarify these free
energy changes. In Section 3.3, AF,,, for differently shaped
NPs has been studied through our SCF theory, indicating the NP
shape does not significantly affect AF,,,. The free energy re-
leased by the ligand-receptor binding AF;, can be easily deter-
mined as AFjj; = M x Fir, where M and Fir are the number of
tethered chains (targeting moieties) and ligand-receptor interac-
tion strength, respectively. Here we consider that all the free
ends have been conjugated by targeting moieties, closely mim-
icking the experimental conditions. 2526 Thus, the number of tar-
geting moieties is the same as the number of grafted PEG poly-
mers. The specific ligand-receptor interaction, prescribed by a
modified Lennard-Jones potential as given in our previous study
of spherical NPs, 28 is fixed to be Fir = 7.65kgT. Since all the NPs
have equal surface area and are compared under the same graft-
ing density (number of tethered chains) and ligand-receptor bind-
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ing strength, AFj;, does not depend on the NP shape. Therefore,
AFpemp must be the key to explain why the internalization rate
of PEGylated NPs is shape dependent. A second shape-dependent
mechanism that affects the internalization rate, and that we dis-
cussed above, is orientational relaxation behavior for anisotropic
NPs.

12wk

Low Membrane bending energy High

8mx [8,12)mK 27.33mK

Fig. 9 Membrane bending energy for different shaped NPs. « is the
bending curvature modulus of the membrane.

The membrane bending energy AFy,emp can be quantified by the
Helfrich-Canham-Evans free energy.’* As given in ESI section 7,
AFpemb = 87k for spherical NPs, regardless of their radii. Here
Kk is the bending curvature modulus of the membrane, which is
typically in the order of 20kgT.”7> For rod-like NPs with two hemi-
spherical caps joined by a cylinder, AFjemb = 87K + TK - ZLy0d / Prods
where %4 is the length of the cylinder and %,,q is the ra-
dius of both the cylinder and hemispherical cap. For the case
of Lod/%roq = 4, we have AFyemp, = 127k for rod-like NPs. For
cubic and disk-like NPs, it is hard to directly calculate AFemp,
since their shapes are rather complicated. By assuming endoso-
mal shapes of these NPs, we can determine AF,emp = 1277k and
27.337x (see ESI section 7). However, by closely inspecting the
vesicle shapes, we find that the endosome for cubic NPs is very
similar to a sphere (cf. Figs. 3-4), due to the appearance of
grafted PEG polymers. Thus, AFyempy € [8,12)7x for cubic NPs.
According to these values, the spherical NPs encounters the mini-
mal bending energy barrier, followed by the cubic NPs, then rod-
and disk-like NPs, as given in Fig. 9. This order is exactly the
same as the cellular uptake efficiency given in Fig. 5(b), which
further conforms that the different membrane bending energy is
the major reason for the observed NP shape effect.

In recent years, Au star-shaped NPs have been recognized as
promising cargos for drug- and gene-delivery.”®78 The method
developed in the present study can also be applied to study the
internalization of PEGylated complex-shaped, and in particular
star-shaped NPs, as demonstrated in ESI section 8. Comparing 6
arms star-shaped NPs with our four basic NP geometries at iden-
tical surface area, identical amount of tethered PEG chains and
same ligand-receptor interaction strength, we find that the wrap-
ping time of a star-shaped NPs is very close to the one we obtained
for the spherical NP (cf. ESI Figs. S15-S16). Therefore, both the
star-shaped and spherical NPs should demonstrate high efficacy
for drug-delivery, as suggested by experimental results,””, and
further confirmed by our simulation results. It is not difficult to
understand this phenomenon, as both geometries are highly sym-
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metric, indicating that they will encounter a similar membrane
bending energy during endocytosis.

Although the different internalization rates for differently
shaped NPs are induced by the different elastic bending energies
of the membrane, the grafted PEG polymer eventually plays an
important role. First, according to experimental studies, 2426 the
targeting moieties are mostly conjugated on the free ends of teth-
ered chains. Thus, high grafting densities of PEG provide more
free ends to be bound with these targeting moieties, which can
reduce the time for PEGylated NPs to be accepted by the diseased
cell (cf. Fig. 5). Second, the effective shape of NPs is changed by
its tethered polymers, with a corresponding effect on the mem-
brane bending energy. As shown in Fig. 1 and Figs. S1-S4, at
high grafting densities such as 1.6 chains/nm?, the surfaces of
differently shaped cores are fully covered by PEG polymers. The
effective shapes of the cubic, rod- and disk-like NPs are more or
less spherical. Especially for the cubic NP, the vesicle wrapped
around its surface is basically spherical, thus reducing the elas-
tic bending energy significantly from 127k to 87k, as aforemen-
tioned. For rod-like NPs, the membrane bending energy can also
be reduced to AFemp = 87K + TK-Lr0d/ (%rod + R), assuming the
PEG polymers are uniformly coated on the NP surface with thick-
ness R. Given the extensions of PEG polymers (cf. Fig. 2), the
membrane bending energy will be reduced from 127k to 9.357k.
The shape of the disk-like NP is also changed from a disk to a pro-
late ellipsoid, at high grafting densities. Thus, the corresponding
membrane bending energy will be reduced from 27.337kx down
to 137x.”! Considering the dramatic reduction of the membrane
bending energy for these PEGylated NPs at high grafting densities
(such as 1.2-1.6 chains/nm?), their internalization rates should
also become very close to each other, as presented in Fig. 5(a). It
is in the limit of both high grafting density and molecular weight
of the PEG chains, that all NPs covered by an identical large
amount of PEG monomers will ultimately approach the same size,
the same spherical shape, and behave identical.

In the present study we set our focus on differently shaped NPs
with equal surface areas of their cores. We may then ask: If or how
does the endocytosis behavior of differently shaped NPs changes un-
der the constraint of equal core volume (but different surface area)?
In an attempt to address this question, let us consider the differ-
ently shaped NPs, sphere, rod, cube and disk, with the core ra-
dius of the spherical NP fixed to be Zsphere = 4 nm. Then, #oq =
2.52 nm and .Z,q = 10.08 nm for the rod-like NP with aspect
ratio p = 3. The side length of the cubic NP is %, = 6.45 nm.
The thickness of the disk 2p and its radius Zg;y are 0.95 and
9.5 nm, respectively, by assuming that its thickness is about 1/10
of its radius. This way, all the cores have identical volume 268
nm?®. The surface areas for these cores are 201.1, 239.4, 249.6
and 623.8 nm? for the sphere, rod, cube and disk, respectively.
If we assume that these NPs exhibit the same amount of grafted
PEG polymers (implying different grafting densities) and ligand-
receptor interactions, the membrane bending energies are 87k,
127x, [8,12)nk and 17.2w« for the sphere, rod, cube and disk, re-
spectively. The sphere and disk encounter the minimal and max-
imum membrane bending energies, respectively. Therefore, the
spherical and disk-like NP should exhibit the fastest and slowest
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internalization rates, respectively, which still follows our previ-
ous conclusion. However, if instead an identical grafting density
is considered, these NPs will have different amounts of tethered
chains, a different free energy change of these chains during en-
docytosis, and a different ligand-receptor binding strength. In
that case, the NP shape effect cannot be quantitatively deduced
using the currently available results due to the complex interplay
between size, shape and surface property of these NPs.

Finally, we should emphasize that our present study focuses on
the binding of NPs to the membrane surface and their subsequent
budding behavior. As mentioned in the Introduction, the over-
all drug delivery efficacy also relies on the endosomal release of
the wrapped NPs. Vacha et al. have explored the endosomal re-
lease through changing the ligand-receptor binding strength after
wrapping.’? The NP release is found to be not only affected by
the bending curvature modulus, but also influenced by the Gaus-
sian modulus and lateral tension of the membrane. Thus, the ef-
fect of NP shape on the endosomal release can be expected to be
more complicated, and still remains to be explored independently.
In short, the efficacy of NP-mediated drug delivery relies on the
binding of NPs to the cell surface, subsequent budding, pinching
off and related endosomal release. All these factors should be
systematically considered.

5 Conclusion

In summary, large scale DPD simulations have been performed
to study the NP shape effect during internalization of PEGylated
NPs, by considering differently shaped convex NP cores such as
sphere, rod, cube and disk. Imposing the conditions of equal
surface areas of the cores, same amount of tethered PEG poly-
mers and identical ligand-receptor binding strength, the NP shape
effect has been unambiguously clarified. The spherical NPs ex-
hibit the fastest endocytosis rate, followed by cubic NPs, then
rod- and disk-like NPs. The internalization of anisotropic NPs,
such as rod and disk, can be further delayed by an unfavorable
docking orientation, since a time-consuming rotation is required
to achieve alignment. Through a detailed free energy analysis,
the NP shape effect has been identified to be mainly induced by
the membrane bending energy change: spherical NPs encounter
the minimal membrane bending energy change, while disk-like
NPs involve a stronger deformation of the membrane and exhibit
the maximal membrane bending energy change. The conforma-
tional free energy loss of tethered PEG polymers during endocy-
tosis is found to be in the order of a single kg7 per chain, via
our SCF theory, regardless of the NP shape. Thus, the effect of
shape on the internalization rate of PEGylated NPs is governed by
the membrane bending energy, when the grafting density of PEG
polymers is lower than 1.2 chains/nm?. However, if the graft-
ing density is higher, such as 1.2-1.6 chains/nm?, the surfaces
of the cores of PEGylated NPs are fully covered and shielded by
the tethered chains. Under such conditions, the shapes of the
cores are basically invisible to the cell membrane, which can sig-
nificantly reduce the energy barrier caused by membrane bend-
ing. Accordingly are the internalization rates of the differently
shaped NPs close to each other, indicating that the NP shape ef-
fect has been dramatically weakened at high grafting densities of
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PEG polymers. All these findings are useful in providing quantita-
tive guidelines and design principles for improved drug delivery
systems.

For example, increasing attention had recently been given to
the study of highly branched structures such as dendrimers and
star polymers with the hope that interesting effects of architec-
ture on biological properties may be discovered. Dendronized
linear polymers, that attain extended conformations and can be
described as somewhat rigid, cylindrical rods8° may be interest-
ing scaffolds for drug delivery as the large number of functionaliz-
able peripheral groups on the dendrons should allow for very high
levels of drug loading.®! Our current study suggests that spheri-
cal dendrimers rather than dendronized polymers should be more
efficient concerning the internalization efficiency, because den-
dronized polymers cannot be coated with linear polymers with-
out loosing all their advantages. On the other hand, there seems
to be a positive correlation between size of a dendronized poly-
mer and its blood circulation time. A long-circulating nature is
advantageous for the development as drug carriers. 81
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