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Aggregation of polyethylene glycol polymers
suppresses receptor-mediated endocytosis of
PEGylated liposomes+

Zhigiang Shen,? Huilin Ye,® Martin Kroger & and Ying Li @ *2

The PEGylated liposome, composed of an aqueous core and a fluid state lipid bilayer shell, is one of the
few Food and Drug Administration (FDA) approved drug delivery platforms. To prevent the absorption of
serum proteins, the surface of a liposome is decorated by hydrophilic and bio-compatible polyethylene
glycol (PEG) polymers, which can significantly extend the blood circulation time of liposomes. In this
work, with the help of dissipative particle dynamics (DPD) simulations, we explore how the tethered PEG
polymers will affect the membrane wrapping process of PEGylated liposomes during endocytosis.
Specifically, we compare the membrane wrapping process of a PEGylated rigid nanoparticle (NP) with a
PEGylated liposome under identical conditions. Due to the mobility of grafted PEG polymers on the lipo-
some's surface, the complete wrapping of a PEGylated liposome can be dramatically delayed and
blocked, in comparison with a PEGylated rigid NP. For the first time, we observe the aggregation of PEG
polymers in the contact region between a PEGylated liposome and the membrane, which in turn leads to
a ligand-free region on the surface of the liposome during endocytosis. Subsequently, the partially
wrapped PEGylated liposome can be bounced back to a less wrapped state. Through free energy analysis,
we find that the aggregation of PEG polymers during the membrane wrapping process of a PEGylated
liposome introduces a dramatic free energy penalty of about ~800kgT, which is almost twice that of a
PEGylated rigid NP. Here kg and T are the Boltzmann constant and temperature, respectively. Such a large
energy barrier and the existence of a ligand-free region on the surface of PEGlylated liposomes prevent
their membrane wrapping, thereby reducing the chance of internalization by tumor cells. Therefore, our
DPD simulation results provide a possible explanation for the inefficient cellular uptake of PEGylated lipo-
somes. In addition, we suggest that by increasing the repulsive interactions between grafted PEG poly-
mers it might be possible to limit their aggregation, and in turn, facilitate the internalization of PEGylated
liposomes. The current study provides fundamental insights into the endocytosis of PEGylated liposomes,
which could help to design this platform with high efficacy for drug delivery.

Although the concept of NP-based nanomedicine is very prom-
ising, there are limited numbers of NPs translated to clinical

Nanoparticle (NP)-based drug delivery has been an attractive
research area in recent years.'* These engineered NPs carry
drug molecules or imaging agents, protect them and deliver
them to target tissues or organs. Thus, the NP-based drug car-
riers are able to selectively detect and destroy tumor cells.>®
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applications.* Once injected into the human body, the admi-
nistered NPs immediately confront with both physical and bio-
logical barriers.> For instance, serum proteins in the blood
flow can quickly interact and be absorbed on the surface of
NPs. These absorbed proteins act as opsonins that initiate pha-
gocytosis of the mononuclear phagocyte system (MPS), result-
ing in the clearance of most NPs.**” Therefore, the properties
of NPs, such as size, shape, stiffness and surface, could greatly
affect their interactions with surrounding environment and
determine their fate during the drug delivery process.® '° Doxil
is one of the few Food and Drug Administration (FDA)
approved NPs for drug delivery,"" which is doxorubicin encap-
sulated in a long-circulating stealth liposome. The liposome is
formed by a phospholipid bilayer, which encloses an aqueous
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Fig. 1 Molecular structures of computational models: (A) PEGylated
rigid NP, (B) PEGylated liposome, and (C) lipid and PEG polymer models
for both types of PEGylated NPs. Lipid heads and tails in a liposome are
colored in light blue and ice blue, respectively. The PEG polymers are
colored in blue. The ligands (targeting moieties) conjugated on the distal
ends of PEG polymers are represented by red beads. (D) Lipid membrane
with over-expressed receptors. Lipid heads and tails in the membrane
are colored in green and gray, respectively. The molecular structure of
receptors is the same as for lipids in simulations. The bead colored in
tan on the head of the receptor is the active site to specifically bind to a
ligand.

core inside (see Fig. 1). The bilayer could be either in fluid or
in gel state depending on lipid compositions and environ-
mental temperature. In addition, to reduce the absorption of
serum proteins, PEGylated lipids, such as 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)
(DSPE-PEG), are incorporated into the bilayer, forming a poly-
ethylene glycol (PEG) polymer brush on its surface.
Furthermore, targeting moieties,'> such as peptides'>'*
antibodies," are conjugated on the free ends of PEG polymers
to enable selective targeting by interacting with specific over-
expressed receptors on the cell surface. Despite being success-
ful among their counterparts, the efficacy of PEGylated lipo-
somes is still limited by the releasing of encapsulated drug
molecules. Upon entering tumor sites, PEGylated liposomes
stay outside of tumor cells without internalization.'"'® As a
result, drug molecules need to be firstly released from the lipo-
some to the tumor ex-cellular interstitial fluid and then diffuse

or

into the tumor cells.'”*® Therefore, due to the existence of a
trans-membrane barrier, the amount of drug molecules taken
up by tumor cells might be dramatically reduced. To resolve
this issue, it is crucial to study the interaction between
PEGylated liposomes and tumor cells.

Endocytosis is one of the fundamental processes for cells to
internalize molecules or macromolecules, which is also a
primary route exploited by engineering NPs.>'*?*° Depending
on the proteins and lipids involved, endocytosis could be sub-
classified into several other mechanisms, such as macropino-
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cytosis, clathrin-mediated endocytosis, caveolae-mediated
endocytosis and calthrin/caveolae independent endocytosis.
All of these mechanisms share the same steps in ligand-depen-
dent binding, membrane budding and pinching off.”’>* Note
that the typical endocytic pathway of NPs consists of the fol-
lowing four steps:*"** (1) specific binding of ligands on the NP
surface to receptors over-expressed on the cell membrane; (2)
membrane wrapping around the NP and formation of a mem-
brane-bound NP carrier; (3) pinching-off of the membrane-
bound NP carrier to form an early stage endosome in the cyto-
plasm; and (4) endosomal release of the NP during the late
stage of the endosome. The current study mainly focuses on
the first two steps, related to the membrane wrapping of NPs,
which is a critical and necessary condition for NPs to be inter-
nalized. The last two steps related to the endosomal release of
NPs remain beyond the scope of the present study.

Fundamental understandings about endocytosis could
provide a guideline for the rational design of NP-mediated
drug delivery. For example, during the endocytosis process,
receptors in the cell membrane diffuse and rearrange to inter-
act with ligands decorated on a NP surface. Since the mem-
brane wrapping of large sized NPs requires the recruitment of
a large number of receptors, the efficiency of endocytosis is
limited by the receptor diffusivity in the cell membrane.”*** In
contrast, due to the limited number of available ligands, small
sized NPs are unable to overcome the energy barrier due to the
membrane bending penalty.**** Considering the balance of
receptor diffusion and ligand-receptor binding, a radius of
around 30-50 nm has been suggested as the most efficient size
for spherical NPs,>****” which is in good agreement with
experimental observations.>*® In addition, soft NPs like lipo-
somes are deformable during endocytosis. When approaching
the tumor cell, soft NPs can deform to increase their contact
area with the cell membrane, resulting in a high curvature
area in the contact region. This large deformation of NPs leads
to a high energy barrier that blocks the membrane wrapping
of soft NPs during endocytosis.>® Therefore, rigid NPs were
suggested to offer a higher chance of internalization.***° Apart
from their size and stiffness, both the shape and surface pro-
perties of NPs are also found to play important roles during
the membrane wrapping process,* % which can dramatically
affect the cellular uptake efficiency.

Compared with PEGylated gold NPs, the PEG polymers in
PEGylated liposomes are able to rearrange their positions and
configurations during endocytosis due to the fluid nature of
the lipid bilayer. For instance, by using molecular mean-field
theory, Szleifer and co-workers investigated the interaction
between a PEGylated micelle and a planar surface (mimicking
the surface of a tumor cell).”> When the PEGylated micelle
approaches the planar surface, the polymer chains can migrate
from the confined gap region between the micelle and the
planar surface to the unconfined regions. Such a movement
can dramatically reduce the polymer segment density in the
confined region, leading to the reduction of the energy penalty
induced by restricted configurations and increased excluded
volume interactions in the confined regions. Furthermore,
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when conjugated with targeting moieties (ligands), polymer
chains can migrate to the gap boundaries to promote ligand-
receptor binding and to reduce the polymer energy penalty.>®
The mobility of polymer chains can therefore promote the
adhesion of PEGylated micelles on a cell surface, compared to
the PEGylated rigid (gold) NPs. In addition, through compu-
tational modeling, Gorfe et al. suggested that the rearrange-
ment of polymers on lipid-polymer hybrid (LPH) NPs could
benefit the adhesion of LPH on membrane surfaces.’”
However, considering the endocytosis, the situation is more
complicated due to the wrapping and deformation of the
membrane. The re-distribution of polymers is not only deter-
mined by the ligand-receptor binding and polymer energy
penalty, but also the free energy change associated with the
deformation of the membrane. Therefore, the problem related
to how the PEG mobility will affect the endocytosis of
PEGylated liposomes remains largely unexplored.

In this work, with the help of large-scale molecular
dynamics simulations, we reveal the physical details about the
endocytosis of PEGylated liposomes. Specifically, we explore
how the PEG mobility affects the membrane wrapping process
during endocytosis. To understand the influence of PEG mobi-
lity in a better way, we also study the receptor-mediated endo-
cytosis of PEGylated rigid (gold) NPs, where the tethers of PEG
polymers are fixed on the NP surface. As shown in Fig. 1, the
PEGylated rigid NP consists of a solid core and tethered PEG
polymers. In comparison, the PEGylated liposome is com-
posed of an aqueous core and a fluid state lipid bilayer shell.
To control the mobility of grafted PEG polymers during simu-
lations, the rigid NP is mimicked by treating the lipids and
water beads in the liposome as a single rigid body in our simu-
lations. Therefore, the PEGylated rigid NP and liposome share
the same size and surface chemistry. The only differences
between them are the mobility of grafted PEG polymers and
deformability of the liposome. Under the same conditions, we
find that the PEGylated liposome is more difficult to be fully
wrapped by the membrane during endocytosis, compared to
its rigid counterparts. In particular, we observe the aggregation
of PEG polymers in the contact region between the PEGylated
liposome and the membrane, which in turn leaves a ligand-
free region on the surface of the liposome. Due to this ligand-
free region, ligand-receptor binding does not occur during the
late stage of membrane wrapping for PEGylated liposomes.
Furthermore, the PEGylated liposome can be bounced back to
a less wrapped state, by reducing the free energy penalty due
to membrane bending. Through a free energy analysis, we find
that the free energy change of PEG polymers during mem-
brane wrapping plays the most important role. Specifically, the
aggregation of PEG polymers during endocytosis of PEGylated
liposomes introduces a dramatic free energy penalty
(~800kgT), which is more than twice of the membrane
bending energy. Such a large energy barrier and the existence
of a ligand-free region on the surface of PEGylated liposomes
prevent their membrane wrapping, thereby reducing the
chance of its internalization by tumor cells. Our simulation
results thus provide a possible explanation for the inefficient
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cellular uptake of PEGylated liposomes. In addition, we
suggest that by increasing the repulsive interactions between
PEG polymers or ligands one might be able to limit the
polymer aggregation, and in turn, facilitate the internalization
of a PEGylated liposome.

2. Results and discussion

The dissipative particle dynamics (DPD) method is adopted in
our molecular dynamics simulations to investigate the mem-
brane wrapping of PEGylated NPs during endocytosis, which
has proved to be an efficient and accurate method in our pre-

vious studies.>*3338

In this model, each lipid molecule con-
tains one lipid head group and two lipid tails. A PEG polymer
is modeled by a linear chain, as shown in Fig. 1. Each PEG
polymer has N = 30 monomers (molecular weight around 1000
Da). To prepare the PEGylated liposome, a liposome is firstly
formulated through self-assembly by lipids. Lipid molecules in
the outer leaflet of the liposome are then randomly selected
for grafting PEG polymers on their head bead. Afterwards, the
PEGylated liposome is further relaxed for 10°z, at a tempera-
ture of T = 1, where 7 is the basic time unit and kBT the basic
energy unit in DPD simulations. Two differently sized lipo-
somes with 800 and 1701 lipids are prepared with radii around
7ro and 151, respectively. Here r, is the length unit in the DPD
simulations. The planar membrane bilayer is fully relaxed in
the simulation box of size (70 x 70 x 100)r,’. The stretch
modulus and bending rigidity of the membrane are around
Ka ~ 17.42kgT/ry> and k ~ 6kgT, respectively. The membrane
tension is maintained constant during the membrane wrap-
ping process via the N-varied DPD method.*****°*! The physi-
cal length and time scales, corresponding to 7 and r, in simu-
lations, could be obtained by the relations r, ~ 0.9 nm and 7z =
11.8 ns, considering the thickness of the cell membrane and
the diffusion coefficient of lipids. Details about the DPD
model and simulation procedures are given in the section
Models and method and in the ESL.}

2.1. Aggregation of PEG polymers during membrane
wrapping of PEGylated liposomes

We first investigate the membrane wrapping of PEGylated rigid
NPs and liposomes with a size of r = 7r, under the same con-
ditions, as shown in Fig. 2. 20% of lipids (800 lipids in total)
in both the rigid NP and the liposome are PEGylated. The
membrane tension is controlled at —0.38ksT/ry> (1kgT/ro”
corresponds to 5 mN m™'). At startup (¢ = 0), both the
PEGylated rigid NP and the liposome are placed above the
planar membrane at the distance 3r,. For the PEGylated rigid
NP, the membrane wrapping process can be divided into three
stages: membrane bending stage (0 < ¢ < 10 0007), membrane
protruding stage (10 0007 < ¢ < 80 0007) and equilibrium stage
(t > 800007). At the membrane bending stage, due to the
thermal fluctuation and flexibility of PEG polymers, the target-
ing moieties (ligands) conjugated on the distal ends of PEG
polymers can interact with and bind to receptors in the planar
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Fig. 2 Representative snapshots for membrane wrapping processes of (A) PEGylated rigid NPs and (B) PEGylated liposomes with a size of r = 7rq.
The membrane tension in both cases is controlled at —0.38kgT/ro?. Water beads are not shown for clarity. The color scheme is the same as that

given in Fig. 1.

membrane, resulting in adhesion of the NP at time ¢ = 10007.
Then, driven by the ligand-receptor binding, the planar mem-
brane starts bending and wrapping around the PEGylated rigid
NP. With the simulation time running, more and more recep-
tors diffuse into the membrane bending region and bind to
ligands on the free ends of tethered PEG polymers. The energy
released by the ligand-receptor binding provides the major
driving force to overcome the energy barriers during the mem-
brane bending. At time ¢ = 40 000z, most of the PEGylated rigid
NP is wrapped by the membrane, and the membrane starts to
protrude and wrap the PEGylated rigid NP from the top (¢ =
50 0007). The lower part of the membrane only bends slowly
and weakly, compared with its performance at the membrane
bending stage. Afterwards, the PEGylated rigid NP is slightly
pulled upwards and located around the center of the mem-

4548 | Nanoscale, 2018, 10, 4545-4560

brane to reduce the bending energy penalty from the lower
membrane part. At time ¢ = 80 0007, the PEGylated rigid NP is
fully wrapped by the membrane. A similar membrane wrap-
ping pathway has been observed in previous studies on
PEGylated rigid NPs,***? hydrophilic NPs decorated by ligands
only (without PEGylation)*>** and liposome-like NPs.***!

At the early stage of membrane wrapping, both the
PEGylated rigid NP and the liposome demonstrate similar
behaviors. However, at the late stage, their behaviors are com-
pletely different. As shown in Fig. 2, at time ¢ = 50 000z, we
observe the aggregation of PEG polymers into the membrane
wrapping region, due to the strong ligand-receptor binding in
this area. This difference is more pronounced at ¢ = 10 000z,
when the unwrapped part of the liposome almost becomes a
PEG polymer free region. The majority of PEG polymers aggre-

This journal is © The Royal Society of Chemistry 2018
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gate within the contact region between the liposome and the
membrane. Later on, rather than being fully wrapped by the
membrane, the PEGylated liposome is gradually bounced back
on the surface of the planar membrane and returns to the pre-
vious membrane bending state (¢ = 40 0007), although most of
the ligands on PEG polymers bind to receptors in the planar
membrane. Therefore, the membrane wrapping process for
the PEGylated liposome can be divided into membrane
bending stage (0 < ¢ < 50 0007) and liposome bouncing back
stage (50 0007 < ¢ < 100 0007).

To further quantitatively understand above different beha-
viors between the PEGylated rigid NP and the liposome, we cal-
culate the wrapping ratio, ligand-receptor binding ratio and
asphericity of NPs, as given in Fig. 3. The wrapping ratio,
defined as the ratio between the membrane’s wrapped surface
area to the total surface area of NPs, can be used to quantify
the endocytosis efficiency. The ligand-receptor binding ratio,
defined as the ratio between bound ligands to the total
number of ligands on NP surfaces, directly reflects the ligand-
receptor binding during the membrane wrapping process. The
asphericity of NPs, given by 1,> — (4 + 4,°)/2, is used to
capture the deformation of NPs. Here 4,°, 4,” and A,” are the
principal moments of the gyration tensor (1,” < 4,” < 1,%) of a
liposome. A large asphericity value indicates a pronounced an-
isotropic shape.** As shown in Fig. 3, the wrapping ratio of the
PEGylated rigid NP monotonically increases with simulation
time. By contrast, due to the ‘bouncing back’ phenomenon,
the wrapping ratio of the PEGylated liposome decreases after
reaching a plateau value of around 0.6. Different from the
wrapping ratio, the ligand-receptor binding ratio of the
PEGylated liposome increases more sharply than that of the
PEGylated rigid NP. If we consider the ligand-receptor binding
as a chemical reaction and fit the simulation results by an expo-
nential growth function y = A + B exp(—kz),>® the mean lifetime
1/k, needed to achieve the equilibrium of the ligand-receptor
interaction, for the PEGylated liposome (1/k = 2.8 x 10°7) is only
half of that of the PEGylated rigid NP (1/k = 6.2 x 10’7). This
observation signifies that the mobility and aggregation of PEG
polymers in the PEGylated liposome can significantly promote
the ligand-receptor binding during endocytosis, consistent with
previous studies.>®*® In addition, due to the deformable nature
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of the liposome, the asphericity of the PEGylated liposome
varies with simulation time during the membrane wrapping
process. At the initial stage of wrapping, the liposome deforms
dramatically to maximize the contact area, leading to a highly
anisotropic shape. After ¢ = 10 000z, with the increment of the
wrapping ratio, the asphericity decreases to reduce the energy
cost from liposome deformation.>® It is worth noting that
during the ‘bouncing back’ stage (¢ > 50 0007), the changes of
the asphericity are almost symmetric to their early stage behav-
ior. The maximum asphericity value during the membrane
wrapping process is about ~87,>.

Note that both the PEGylated rigid NP and the liposome are
considered under identical conditions, such as the same size
and surface property. Therefore, we believe that the above
difference between ‘fully wrapped’ and ‘bouncing back’ of the
PEGylated rigid NP and the liposome, respectively, should be
induced by the aggregation of the PEG polymer during the
membrane wrapping process. During binding between ligands
and receptors, PEG polymers are under stretched conditions
because of the restricted configurational space.>**> Moreover,
the PEG polymers on the edge of the contact region between
the liposome and the membrane should be more stretched
than the ones in the central part.*®*” As the PEG polymers are
movable in the PEGylated liposome, they prefer to migrate to
the center of the contact region, to reduce the stretching
energy penalty of PEG polymers and to assist recruiting free
ligands at the edges. Due to the aggregation of PEG polymers,
the unwrapped surface of the liposome becomes a ligand free
region. Thus, ligand-receptor binding cannot be provided for
further wrapping of this ligand free region during the late
stage of membrane wrapping. This inhomogeneous ligand dis-
tribution on the liposome is unfavorable for the endocytosis of
NPps.*®

To further confirm the above phenomenon and rule out
possible effects potentially stemming from the NP size and
membrane tension, we explore the membrane wrapping
process of a 20 mol% PEGylated liposome with 1701 lipids in
total (radius r = 15r,) and 340 PEGylated lipids (340/1701 =
20%). The membrane tension during endocytosis is main-
tained at 0.08k7/r,”. The whole membrane wrapping process
is similar to that of the small sized PEGylated liposome

10
— Rigid NP
9 K
—— Liposome
. —s
2 ° =
g, o 57
2 o S 6
| £ ]
g £ £ 5
s n o o Rigid NP | 2 ,
02} —=— Rigid NP o Liposome
—=— Liposome 3
A C
0.0 0.0 2
0 2 4 6 8 10 (x10%) [} 2 4 6 8 10 (x10%) [} 2 4 6 8 10 (x10%)
Time (1) Time (t) Time (1)

Fig. 3 A comparison of the (A) wrapping ratio, (B) ligand—receptor binding ratio and (C) asphericity between the PEGylated rigid NP and the lipo-
some during the membrane wrapping process. In (A), the wrapping ratio is defined as the ratio between the wrapped surface area of a NP and its
total surface area. In (B), the ligand—receptor binding ratio is defined as the ratio between the numbers of bound and total ligands. The scattered
points are the data obtained during simulations. The solid lines are obtained by fitting the data by an exponential growth function y = A + B exp(—kz).
In (C), the asphericity is defined by 2 -2+ Ayz)lz, where 1,2, /Iyz and 1,2 are the principal moments of the gyration tensor (L2 < iyz < 1,2 fora NP.
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(¢f Fig. S4 and S5 in the ESI}). Again, the PEG polymers aggre-
gate in the contact region between the liposome and the
membrane, accompanied by a ligand free region from the
unwrapped surface. The half-wrapped liposome then regresses
to an ‘adhesive’ state, rather than being fully wrapped. In con-
trast, the PEGylated rigid NP with identical size and
PEGylation can be fully wrapped, as given in Fig. S4 of the
ESIt All of these observations confirm that the aggregation of
PEG polymers could be a common problem for the endocytosis
of PEGylated liposomes. Considering the computational cost
of the large size PEGylated liposomes, we still use the small
size liposome with r = 7r, for a detailed study in the following
parts.

2.2. The influence of the PEG molar ratio and membrane
tension

The molar ratio of PEGylated lipids is one of the key design
parameters for PEGylated liposomes; in experiments it ranges
from 10% to 50%.'° In particular, the targeting moieties are
conjugated on the free ends of PEG polymers. Thus, the total
number of PEG polymers or the molar ratio of PEGylated
lipids also determines the overall strength of ligand-receptor
binding during the wrapping process. Moreover, the diffusion
coefficient of ligands on the liposome surface decreases with
increasing PEG molar ratio, as shown in Fig. S2 of the ESL¥
On the other hand, cells could actively adjust their membrane
tension through various mechanisms.'® For instance, mamma-
lian cells could change their membrane tension from 0.01 to
10 mN m™~".*° Therefore, in this part, we explore how the mem-
brane wrapping of PEGylated liposomes will be affected by the
membrane tension and the molar ratio of PEGylated lipids.
First, we fix the membrane tension to be —0.38kzT/r,>, which
is the same as the one in Fig. 2. Then, we increase the molar
ratio of PEGylated lipids from 20% to 40%. As presented in
Fig. 4, the PEGylated liposome can be fully wrapped by the
membrane, in comparison with the 20% PEGylated liposome.
During this process, although the PEG polymers aggregate
within the contact region (100007 < ¢ < 50 0007), the area of
the ligand-free region is much smaller due to the increased
number of PEG polymers. After ¢ = 600007, the membrane
lipids near the contact region protrude and start to spread over
the ligand free region. Note that, after being fully wrapped by
the cell membrane, the PEG polymers are redistributed and
become homogeneously distributed on the surface of the lipo-
some at ¢ = 70 0007.

Upon further increasing the membrane tension from
—0.38ksT/ry” to 0.08ksT/ry>, the 40 mol% PEGylated liposome
cannot be fully wrapped and demonstrates the ‘bouncing
back’ phenomenon after time ¢ = 60 0007, as shown in Fig. 4B.
To further understand this difference, we calculate the wrap-
ping ratio, ligand-receptor binding ratio and asphericity of
these two cases. As evidenced from Fig. 4B, the increase of
membrane tension creates a higher energy penalty, dramati-
cally reduces the membrane wrapping of PEGylated liposome,
and promotes the aggregation of PEG polymers (¢ = 40 0007).
Therefore, under large membrane tension, a bigger ligand-free
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region has been observed on the surface of the PEGylated lipo-
some, although the ligand-receptor binding for these two
cases is almost the same (see Fig. 4D). In addition, we find
that the asphericity of the liposomes is not significantly
affected by the membrane tension, as shown in Fig. 4E.
Therefore, we can conclude that the increment of membrane
tension leads to a higher energy barrier and more aggregation
of PEG polymers during endocytosis, resulting in the partially
wrapped state of the PEGylated liposome.

To further understand the influence of PEG mobility, we
systematically vary the molar ratio of PEGylated lipids from
10% to 40%, and the membrane tension from —0.75k;T/ro> to
1.0kgT/r,>. The phase diagrams for different wrapping states of
the PEGylated rigid NP and the liposome are displayed in
Fig. 5. Note that all the distal ends of PEG polymers are conju-
gated with targeting moieties (ligands) in our simulations.
There is a threshold PEG molar ratio value Vpgg for both the
PEGylated rigid NP and the liposome, below which the ligand-
receptor interaction is not strong enough to overcome energy
barriers during membrane wrapping. On the other hand, there
is also a membrane tension upper bound value Vr.,, above
which the energy penalty from the membrane is too large that
prevents endocytosis. These two boundary values divide the
whole phase diagram into two regions: fully wrapped and par-
tially wrapped regions. As shown in Fig. 5, the area of the fully
wrapped region for the PEGylated liposome is dramatically
smaller than that of the PEGylated rigid NP. The fully wrapping
state of the PEGylated liposome can only be achieved under the
high PEG molar ratio and low membrane tension. This differ-
ence further highlights the important role played by the PEG
mobility, which will be further analyzed in the next part.

2.3. Free energy analysis for membrane wrapping of the
PEGylated liposome

To provide a detailed understanding on the important role
played by the PEG mobility, we carry out a free energy analysis
of the membrane wrapping process of the PEGylated liposome.
As evidenced from the simulation results (¢f. Fig. 2), the total
free energy change of the system consists of (i) the ligand-
receptor binding AF;g; (ii) deformation of liposome AF p; (iii)
bending and stretching of the cell membrane AFyg\; and (iv)
the configurational entropy change of PEG polymers AFpgg.
Note that the possible free energy changes induced by the
membrane fluctuation and translational entropy loss of recep-
tors (and solvent molecules) are much smaller than the above
energy barriers.’>>' We ignore their contributions to simplify
this free energy analysis. Therefore, the total free energy
during the membrane wrapping process could be expressed as

AF = AFLR -|— AFLIP + AFMEM + AFPEG' (1)

If AF < 0, the driving force from the ligand-receptor
binding is large enough to overcome all the barriers. And the
membrane could achieve full wrapping around PEGylated NPs.
Otherwise, the wrapping process might be blocked. In this
part, taking the example in Fig. 2 (20 mol% PEGylated lipid,

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The endocytosis process of the 40 mol% PEGylated liposome (radius r = 7rg). (A) Snapshots of the PEGylated liposome under a membrane
tension of —0.38kgT/ro? (compression). (B) Snapshots of the PEGylated liposome under a membrane tension of 0.08kgT/ro? (tension). The molar
ratio of the PEGylated lipid for (A) and (B) is 40%. A comparison of the (C) wrapping ratio, (D) ligand—receptor binding ratio and (E) asphericity

between these two cases.

membrane tension —0.38kgT/r,>), we attempt to analyze all of
these energy changes of the PEGylated liposome and compare
them with those of the PEGylated rigid NP. First of all, the
individual binding strength between the ligand and the recep-
tor in our DPD simulations is about ~6.8kgT. Thus, the
maximum energy gained through ligand-receptor binding is
around AFpp ~ —1088kp7, considering the total number of
targeting moieties is 160. The estimations of AFip, AFygwm,
and AFpgg are discussed in the following sections.

This journal is © The Royal Society of Chemistry 2018

2.3.1.
during the wrapping process of PEGylated liposomes (cf.
Fig. 3C and 4E). The significant shape change in the deformed
liposome indicates the energy change AF;p of the liposome.

Liposome bending energy. The liposome deforms

During the endocytosis process, the area of the liposome is
usually assumed to be constant.*’> In addition, for an
initially relaxed liposome in our simulations, the energy
change associated with the pressure difference between
interior and outside of the liposome could be very small and is

Nanoscale, 2018, 10, 4545-4560 | 4551
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partially membrane wrapped during endocytosis.

neglected.?® The major contribution to AF;;p should therefore
consist of the bending energy change that relates to curvature
variations of the deformed liposome. To estimate this bending
energy change, we fit the shape of the liposome at each time
step by an ellipsoid.”® Based on the fitted shape, the bending
energy of the liposome can be obtained according to Helfrich’s
theory53'54

K
Evp = L% (cip + CiIP)ZdS’ (2)

where «p1p is the bending rigidity of the liposome, and ¢}, and
¢} are the principal curvatures of the fitted ellipsoid surface.
As illustrated in Fig. 6A, the bending energy change of the
liposome follows the trend of its asphericity change.
The maximum value of the bending energy change for the
liposome is smaller than 20kg7. We hence conclude that
AFyp < 20kgT. Since the rigid NP cannot deform during the
wrapping process, there is no energy contribution by the core
of the PEGylated rigid NPs.

2.3.2. Membrane bending and tension energy. The cell
membrane bends to wrap PEGylated NPs and might be
stretched or compressed for the excess surface induced by this
wrapped membrane. The energy change of the membrane
Euren consists of two parts:>>™’ (i) membrane bending energy
Eypena and (ii) membrane tension energy Eyyren, given by

Emem = EmBend + Emten- (3)

To estimate the membrane elastic energy in our simu-
lations, a theoretical model is here developed. To this end we
assume that a planar membrane wraps around a solid NP
(¢f Fig. 6C), which is rotational symmetric with respect to the
z axis. Moreover, to evaluate the influence of liposome defor-
mation, three different NPs (Fig. 6D) are considered: (I) a

4552 | Nanoscale, 2018, 10, 4545-4560

spherical NP with a radius of r; (II) an oblate ellipsoid NP; and
() a prolate ellipsoid NP. The shape function of both oblate
and prolate ellipsoids is defined by (x* + y*)/a + z*/b = 1, where
a and b are the length of major and minor axes of the ellipsoi-
dal particles. All of the three particles share the same volume
under the control of relation r = (a®)". In particular, the
specific values of r, @ and b are taken as follows: (I) r = 7r, for
the spherical NP, which has the same radius as the liposome;
(I) @ = 7.198ry and b = 6.619r, for the oblate ellipsoidal NP;
and (III) a = 6.817r, and b = 7.380r, for the prolate ellipsoidal
NP. Under these conditions, the asphericity values of both
oblate and prolate ellipsoids are 8r,%, which is the maximum
value of the deformed liposome during the membrane process
(¢f Fig. 3C). It is noteworthy in Fig. 6D that the deformation of
the liposome is actually small during the whole wrapping
process. By comparing the wrapping processes of these three
NPs, we should be able to estimate the upper and lower
boundaries of the membrane energy change for both the
PEGylated rigid NP and the liposome.

Within this model, we consider a symmetric membrane
and assume no topological change during the whole mem-
brane wrapping process. The bending and tension energies of
the planar membrane are then expressed as

EmBend = L k(¢ + ¢2)*ds, (@)

Emren =0AS,

where « is the bending rigidity of the membrane, ¢, and ¢, are
the principle curvatures, ¢ denotes the membrane tension,
and AS is the excess area induced by the wrapping of the mem-
brane. Subject to a given wrapping ratio, the whole membrane
can be divided into two parts®” (cf. Fig. 6C): the wrapping and
free parts. The geometry of the membrane in the wrapping

This journal is © The Royal Society of Chemistry 2018
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ellipsoid with an asphericity value of 8. The remaining three drawings show the membrane shapes for spherical, oblate and prolate ellipsoid NPs

with wrapping ratios of 0.10, 0.34, 0.65 and 0.80.

part is determined by the shape of the NP.>” Therefore, both
the membrane bending and tension energies are readily calcu-
lated according to the prescribed shape of NPs within the
wrapping region. To obtain the elastic energy of the free part,
we assume that the tangent angle ¢(s,) has a Fourier series
form with respect to the profile of the arc length in the free
part s,.°>°° The profile of the free part and the corresponding
membrane elastic energy at a given wrapping ratio are

This journal is © The Royal Society of Chemistry 2018

obtained by searching parameters in the Fourier series with
minimum membrane energy. More details about the theore-
tical approach are given in the ESI section 1.5.}

The membrane energy change AFygy along with the wrap-
ping ratio for all three cases is given in Fig. 6B. At the first
stage of the wrapping process, AFygm increases with increas-
ing wrapping ratio, reaching its peak value at around 25kgT. At
this stage, the membrane energy change is dominated by the
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bending energy cost. At a later stage, the tension energy will
dominate the whole membrane energy, because of the negative
membrane tension and large excess area of lipids. Therefore,
AFypm decreases to a negative value of around —80kgT. In
addition, due to the deformation of the liposome (¢f. Fig. 6D),
AFyem can be slightly affected. In short, we could conclude
that AFypm < 25kgT for both the PEGylated rigid NP and the
liposome. It is also interesting to note the pronounced
reduction of membrane energy after a wrapping ratio of 0.5,
which might be able to explain why the 20 mol% PEGylated
rigid NP and the 40 mol% PEGylated liposome can be fully
wrapped after the saturation of ligand-receptor binding under
a membrane tension of —0.38ksT/r>.

2.3.3. PEG polymer energy change. The PEG polymers on
the PEGylated liposome diffuse and rearrange their configur-
ations and locations to facilitate the binding between targeting
moieties on the free ends and receptors in the membrane.
During this process, the free energy change of PEG polymers
has three contributions:****%° (i) elastic free energy change
AF,; representing the configurational entropy loss of each
polymer; (ii) interaction free energy change AF;,, denoting the
change of interaction energy between different polymer
chains; and (iii) translational free energy change AF,,, reflect-
ing the translational entropy loss of polymer chains:

AFpgg = AFe| + AFint + AFyans- (5)
Based on our previous studies,’**® these free energy
changes of PEG polymers can be estimated by feeding self-con-
sistent mean field (SCF) theory with the information about
PEG polymer configurations and local volume fractions from
DPD simulations. According to SCF theory,***? the elastic part
F, of a single PEG chain is linearly proportional to the mean
squared extension (r..”) of a polymer normal to the tethered
surface, Fe/ksT = (3/2)(ree”)/Ro>, Where R, represents the equili-
brium span of an unconstrained PEG polymer with polymeriz-
ation degree N. We employ R, = (r..”)/e using the available
(re*(N)) values for a single PEG chain in water.**** Within the
SCF, the mean interaction free energy per chain Fj, is quanti-
fied through the spatially inhomogeneous volume fraction ¢ of
PEG monomers, Fine/ksT = [ fn(¢)d’r, where f, = (¢ + ¢*)v
for PEG,** and v = 0.0633 nm® denotes the excluded volume of
a PEG monomer; the integral extends over the mean volume of
a single chain. In addition, the translational free energy Firans
is directly related to the variable distribution of PEG tethering
points on the surface. We use the volume fraction to estimate
this contribution, Fians/ksT = (Nv) ' [¢ In (¢)d%r. If the
tethering points are immobile, this purely entropic term is
absent. Note that the intrinsic relaxation time of a PEG
polymer with polymerization degree N = 30 is about
100 ps,”®®" while a time step At in our DPD simulations
corresponds to about 118 ps. It means that the PEG polymers
are able to relax themselves on a time scale that is short com-
pared with the total simulation time, the equilibrium SCF
approach can be considered applicable, and we can extract
AFpgg in the course of time. In the following, we will monitor

4554 | Nanoscale, 2018, 10, 4545-4560
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both the volume fraction distribution ¢ and the mean end-to-
end distance of PEG polymers Re. = M~! Zﬁl Teei (M is the
total number of PEG polymers) in the simulations. By transfer-
ring the information about ¢ and R.. into the F, Fi, and
Firans formulas above, we can directly calculate the corres-
ponding free energy changes. More details about the free
energy changes of PEG polymers are given in section 1.4 of the
ESLT

The local volume fraction distribution of PEG polymers
changes along with the rearrangement of polymer chains
during membrane wrapping. The PEG volume fraction distri-
bution is given in Fig. 7 for both the PEGylated rigid NP and
the liposome. For the PEGylated rigid NP, the volume fraction
of PEG chains in the wrapped region of the NP is increased
(¢t = 5000-10 0007) compared to its initial state. Within the
wrapped region, the occupied space of PEG polymers is
reduced due to the confinement from the rigid NP core and
the membrane. One the other hand, we observe highly concen-
trated PEG polymer segments at time ¢ = 40 000-100 0007,
induced by the aggregation of bound receptors.** For the
PEGylated liposome, apart from these two phenomena, the
aggregation of mobile PEG polymers on the liposome further
contributes to a highly inhomogeneous volume fraction distri-
bution (¢ = 5000, 100007 in Fig. 7B). This inhomogeneity is
more pronounced for the PEGylated liposome during the
‘bouncing back’ stage (¢ = 50 000-100 0007 in Fig. 7B), in com-
parison with the PEGylated rigid NP. All these observations
confirm that the mobility of PEG polymers on the PEGylated
liposome facilitates their aggregation during the membrane
wrapping process, which creates additional energy barriers.

The mean end-to-end distance R, of the PEG polymers also
changes along with the ligand-receptor binding. As illustrated
in Fig. 8A, the value of R.. for both the PEGylated rigid NP and
the liposome increases rapidly at the initial stage because of
stretching of individual PEG polymers during ligand-receptor
binding. However, the R.. of the PEGylated liposome exceeds
that of the PEGylated rigid NP due to the PEG mobility facili-
tated ligand-receptor binding. Interestingly, after the ‘boun-
cing back’ of the PEGylated liposome, its R.. value decreases
and converges to that of the PEGylated rigid NP.

The corresponding free energy changes from PEG polymers
during membrane wrapping are illustrated in Fig. 8. The fea-
tures of the free energy profiles are different at the membrane
bending stage (0 < ¢ < 50 0007) and liposome ‘bouncing back’
stage (¢ > 50 0007) for the PEGylated liposome. At the mem-
brane bending stage, both AF, and AFj, + AF.,s of the
PEGylated liposome increase rapidly, reaching values of
400kgT and 300kgT, respectively. Over the same time period,
these energy penalties from the PEGylated rigid NP also
increase, but reach smaller values of 300kgT and 150kgT,
respectively. These differences should be attributed to the
aggregation induced inhomogeneous distribution of PEG
volume fractions and the large end-to-end distance value. At
the liposome ‘bouncing back’ stage, the elastic energy AF,; of
the PEGylated liposome decreases and becomes comparable to

This journal is © The Royal Society of Chemistry 2018
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PEGylated liposome.

that of the PEGylated rigid NP, while its interaction and trans-
lational free energy AFj, + AFyans further increases. This com-
petition between AF, and AFj, + AFya,s leads to the incre-
ment of the total PEG polymer energy penalty and reaches a
plateau at the end. In comparison, over the same time period,
the PEG free energy changes of the PEGlyated rigid NP almost
remain unchanged after saturation of the ligand-receptor
binding (Fig. 8D). In summary, we obtain AFppg ~ 800kpT for
the PEGylated liposome and AFpgg =~ 450ksT for the PEGylated
rigid NP.

To sum up the above free energy analysis results, we have
calculated separate contribution to the energy barriers: (1) for
the PEGylated liposome, AFpp < 20kgT, AFyvem < 25kgT and
AFppg ~ 800ksT; and (2) for the PEGylated rigid NP, AF;;p = 0,
AFypm < 25kgT and AFpgg =~ 450kgT. In light of these findings,
the energy barrier from PEG polymers is the main factor prohi-
biting the endocytosis of the PEGylated rigid NP and the lipo-
some. More importantly, the PEG mobility-induced aggregation

This journal is © The Royal Society of Chemistry 2018

further increases the value of AFppg =~ 800kg7, in comparison
with that of the PEGylated rigid NP, AFpgpg =~ 450kgT. Such a
large energy barrier AFpg induced by the aggregation of PEG
polymers and the appearance of a ligand-free region on the lipo-
some surface are the main reasons that the PEGylated liposome
is more easily trapped during the membrane wrapping process.
To further confirm the important role played by the PEG
aggregation, we treat the water beads inside the liposome as a
single rigid body to prevent the deformation of the liposome
during membrane wrapping. The tethered PEG polymers are
still able to diffuse on the liposome’s surface. All other con-
ditions remain the same as for the case depicted in Fig. 2. As
shown in Fig. S6 of the ESI,f the membrane wrapping process
of this PEGylated liposome with a rigid core follows the
similar behavior of the PEGylated liposome. The PEG polymers
aggregate within the contact region between the liposome and
the membrane, leading to a trapped and partially wrapped
state of the PEGylated liposome. Besides this, the wrapping

Nanoscale, 2018, 10, 4545-4560 | 4555
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ratio and the ligand-receptor binding ratio of this case are very
similar to those of the PEGylated liposome, indicating that the
deformation of the liposome plays a negligible role during
membrane wrapping. However, the asphericity value of the
liposome stays constant since the interior water beads are
treated as a single rigid body.

2.4. Correlation with theoretical and experimental observations

Our DPD simulation results suggest that the mobility of poly-
mers on the PEGylated liposome can induce their aggregation
within the contact region during the membrane wrapping
process. Such an aggregation can lead to an inhomogeneous
distribution of PEG polymers and targeting moieties (ligands)
on their free ends. Although the mobility of PEG polymers and
their flexibility can promote the ligand-receptor binding and
adhesion of PEGylated NPs at the early stage of the membrane
wrapping process, the aggregation of PEG polymers also
results in a higher energy barrier and ligand-free region on the
liposome surface. Both of these factors give rise to the ineffi-
cient cellular uptake of PEGylated liposomes, in comparison

4556 | Nanoscale, 2018, 10, 4545-4560

with PEGylated rigid NPs. In fact, the ligand distribution on
the NP surface is also an important design parameter. Both
theoretical and computational studies suggest that the
inhomogeneous distribution of ligands on a NP surface can
prohibit the endocytosis of NPs.*®® For instance, Schubertova
et al. explored the influence of the ligand distribution on the
cellular uptake efficiency of rigid NPs through coarse-grained
molecular simulations.*® The simulation results reveal that the
NPs with homogeneous ligand distributions demonstrate fast
membrane wrapping and cellular uptake, while the diffusion
of ligands on the NP surface can delay and block the uptake of
NPs, due to the ligand-free NP surface. Moreover, a recent
theoretical study by Michele et al.®® argues that the mobility of
ligands on the NP surface can accumulate and impede the
endocytosis. They propose that the increment of the steric
force between ligands can prevent their aggregation and facili-
tate the endocytosis of NPs with movable ligands. However,
the influence of tethered PEG polymers was not considered in
these studies, thus ignoring the large energy barrier induced
by the aggregation of PEG polymers.

This journal is © The Royal Society of Chemistry 2018
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In experiments, a large number of studies demonstrate that
conjugated targeting moieties on the distal ends of PEG poly-
mers can effectively facilitate the internalization of PEGylated
rigid (gold) NPs.®*°® However, there are pieces of evidence
showing that decorating ligands on the free ends of the lipo-
some’s PEG polymers might not be enough to efficiently
deliver the encapsulated drug molecules into tumor cells. For
instance, Goren et al.®” demonstrate that the adhesion of a
ligand (anti-erbB2-2) conjugated PEGylated liposome on N-87
cell surfaces (erbB-2-positive human gastric carcinoma) can be
significantly improved, compared to a plain PEGylated lipo-
some. However, no improvement in cytotoxicity against N-87
cells can be observed, which indicates that the conjugation of
ligands can barely improve the internalization of the
PEGylated liposome. On the other hand, utilizing receptor-
specific peptides as ligands, Stefanick et al.'*®® showed that
the number of peptide-conjugated PEGylated liposomes inter-
nalized by H929 and MM.1S multiple myeloma cells cannot be
increased compared with a plain PEGylated liposome.
However, increasing the hydrophilicity between peptides can
dramatically improve the internalization of the peptide-conju-
gated PEGylated liposome. All these experimental observations
can be explained by our simulation results: the mobility of
PEG polymers and conjugated targeting moieties can promote
the binding and adhesion of PEGylated liposomes on cell sur-
faces, but can impede the membrane wrapping due to the
large energy penalty induced by the PEG polymer aggregation.
Therefore, increasing the repulsive interactions between PEG
polymers or targeting moieties can reduce their aggregation
and facilitate the endocytosis.

3. Conclusion

In this work, we performed large scale DPD simulations to
understand the influence of PEG polymer mobility during the
endocytosis of PEGylated liposomes. Comparing the mem-
brane wrapping processes of a PEGylated rigid NP and a lipo-
some under identical conditions, we find that the PEGylated
liposome gets only partially wrapped, while the PEGylated
rigid NP can be fully wrapped by the cell membrane. During
the membrane wrapping process, the mobility of PEG poly-
mers enables them to diffuse on the liposome surface and to
rearrange themselves to promote the ligand-receptor binding
and adhesion of the PEGylated liposome. However, the aggre-
gation of PEG polymers also occurs within the contact region
between the liposome and the membrane, leading to a ligand-
free region on the liposome. The PEG polymer aggregation and
ligand-free region on the liposome surface block the further
membrane wrapping and result in the ‘bouncing back’ of the
liposome to a less wrapped state. By systematically varying the
molar ratio of PEGylation and membrane tension, we find that
the PEGylated liposomes are overall more difficult to be fully
wrapped than PEGylated rigid NPs. To understand the physical
mechanisms behind this difference, we analyzed the free
energy changes of the PEGylated liposome during its mem-

This journal is © The Royal Society of Chemistry 2018
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brane wrapping process, including the bending energy change
of the liposome, the elastic energy change of the membrane,
the ligand-receptor binding energy change, and the free
energy change of the PEG polymers, and compared them with
those of the PEGylated rigid NP. We find that the free energy
penalty induced by the aggregation of PEG polymers is about
~800kgT for the PEGylated liposome, which is twice that of the
PEGylated rigid NP. We therefore conclude that the large free
energy penalty induced by PEG aggregation, and the ligand-
free region on the liposome surface are the main reasons that
PEGylated liposomes cannot be efficiently taken up by tumor
cells. In addition, we suggest that by increasing the repulsive
interactions between grafted PEG polymers or targeting moi-
eties might help to limit their aggregation, and in turn, facili-
tate the internalization of the PEGylated liposome. The current
study provides fundamental insights into the endocytosis of
PEGylated liposomes, which could help to design PEGylated
liposomes with high efficacy for drug delivery.

4. Models and methods

All coarse-grained molecular simulations performed in this
work are based on the dissipative particle dynamics (DPD)
method.®®”® The basic interacting sites in DPD simulations
are represented by soft beads. Between each pair of DPD
beads, effective two-body interactions consist of three major
forces:*>”° a conservative force F°, a random force F® and a
dissipative force F°. Specifically, the conservative force
between beads i and j is F;© = a;o(r;)e;, where r; denotes the
distance between the two beads i and j, and e; is the unit
vector pointing from i to j; a; represents the maximum repul-
sion force. The weighting factor w(r;) is a normalized distri-
bution function as w(ry) = 1 — ry/r, for ry < ro, while w(r;) = 0
for r; > ro. Here ry is the cutoff distance for pairwise
interactions. The random forces are specified by
Fg- = \/2p,;iksT/Atw(ry)ae;, where a represents a normal dis-
tributed Gaussian random number with zero mean and unit
variance, At = 0.01r with 7 = \/m denotes the inte-
gration time step, f3; is a bead friction coefficient. The dissipa-
tive force is given by F;” = —p;w’(r;)(e;v;)ey;, where vy is the
relative velocity vector between beads i and j. All pair-wise
interactions a; between different types of beads are listed in
ESI Table S1.}

All the lipid molecules in our simulations share the same
model, in which two lipid tails (with four tail beads each) are
connected with two head beads, respectively. The head group
contains three head beads. Adjacent beads making the lipid
molecules are connected by a harmonic spring potential Us; =
Kgi(ry — r51)?, with spring coefficient Ky, = 64k5T/ry?, and equili-
brium distance ry; = 0.5r. The stiffness of the lipid tails is
guaranteed by an angular potential Uy, = Kyp(1 — cos6) with
Ky, = 15kgT. Under control of these potentials, the tension of a
planar bilayer is linearly related to the lipid molecular area.”"”*
The stretch modulus of the membrane can be obtained from
the related slope (ESI Fig. S1t) as K, = 17.42kpT/r,>. The
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bending rigidity of the membrane is given by”>7* k = Kadpn’/48
6kgT. The physical length corresponding to our
simulation units are obtained by comparing the membrane
thickness in simulations dyy = 41, to the thickness of a real
membrane, dyy ~ 3.53 nm,”” indicating 7, = 0.9 nm. The
experimental lipid lateral diffusion coefficient of DMPC”® is
D ~ 5 pm” s™'. In our simulations, the lipid lateral diffusion
coefficient, Dypiq = 7.3 X 107°r,/z, is obtained by averaging the
values under different membrane tensions (¢f. Fig. S27).
Herefrom, we estimate the physical time scale r = 11.8 ns. Note
that these spatial and temporal mappings are only used to
approximate the length and time scales of all DPD simu-
lations, which are different from the real length and time
scales in all-atom molecular dynamics simulations.

A hydrophilic PEG polymer in our DPD simulations is
modeled by a linear chain consisting of coarse-grained mono-
mers. The monomers of PEG polymers are sequentially con-
nected by a harmonic bond potential: Uy, = Ky(ry — rs2)?, with
spring stiffness K, = 2111.3kgT/r,> and equilibrium distance
sy = 0.4125r,. The known flexibility of the PEG polymer is
taken into account by an angular potential between each three
consecutive monomers, defined by Uy, = Kg,(cos 6 — cos 6,7),
with bending stiffness Ky, = 16.4946kgT, and equilibrium
angle 0, = 130°. Such a DPD PEG model could correctly repro-
duce the conformation of a PEG polymer in water, including
the radius of gyration and end-to-end distance, as shown in
our previous studies.***? To describe the PEGylated lipid, one
end of the PEG polymer is bonded to the lipid head bead
through a harmonic bond potential. In addition, the mono-
mers at the free end of PEG polymers are defined to act as tar-
geting moieties (ligands) (¢f. Fig. 1). The polymerization degree
of PEG polymers in our simulation is set to N = 30 (represent-
ing a molecular weight around 1000 Da), falling within the
typical range of 500-5000 Da in experiments.”">””

To mimic the ligand-receptor interaction during endocyto-
sis, we assume that 50% of lipid molecules in the planar
bilayer act as receptors. In this way, the receptor diffusion will
not be a factor that limits the efficiency during the membrane
wrapping in our simulation.”*”® Receptors in the planar mem-
brane follow the same configuration as a lipid, with the head
bead acting as an active site to interact with the ligand. The
ligand-receptor interaction follows a modified Lennard-Jones
potential®>** as Uy = 4éjigand[(ov/7)"> = (0b/73)°] = Ucur, when
Tii < Teue and Uy = 0 otherwise. Here, ey = 1y for a short-range
attractive interaction and Ueye = 4€jiganal(6b/T0)'> — (b/70)°]. The
equilibrium distance is fixed by ¢ = 0.624r,. Additionally, the
repulsive force is limited to 25kgT/ry. We use éjigang = 12kgT.
The single ligand-receptor binding energy is then around
6.8ksT.>

Due to the elasticity of the lipid membrane, the tension of
membranes in cells can be adjusted, changing from 0.01 to
10 mN m™".*° The N-varied DPD method is applied during the
endocytosis process to ensure a constant tension of the planar
membrane.*>****~*! In practice, the boundaries of the lipid
bilayer are treated as a lipid reservoir for addition and removal
of lipids. If the lipid number per unit area is larger

with « ~
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(or smaller) than the target density p; (or p,), lipid molecules
will be deleted (or inserted) into this boundary region to main-
tain a constant lipid number density. Meanwhile, a corres-
ponding number of water molecules will be inserted (or
deleted) randomly in the simulation box to ensure a constant
bead density of 3.0/r,> in the simulation box. By using the
N-varied DPD protocol, the lipid density in the membrane can
easily be controlled to maintain the membrane’s lateral
tension during the endocytosis process. More details are given
in the ESL. ¥
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