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1. Introduction

Interplay between ligand mobility and
nanoparticle geometry during cellular
uptake of PEGylated liposomes and bicellest

Zhigiang Shen, ©2 Huilin Ye, © 2 Martin Kroger, & ° Shan Tang*© and Ying Li & *2

We explore the cellular uptake process of PEGylated liposomes and bicelles by investigating their mem-
brane wrapping process using large-scale molecular dynamics simulations. We find that due to the mobi-
lity of ligands on the liposome/bicelle, the membrane wrapping process of a PEGylated liposome/bicelle
can be divided into two stages, whose transition is determined by a critical wrapping fraction f.; it is
reached when all the ligands are exhausted and bound to receptors within the cell membrane. Before this
critical scenario is approached, the grafted polyethylene glycol (PEG) polymers aggregate together within
the membrane—-wrapped region of the liposome/bicelle, driven by ligand—receptor binding. For wrapping
fractions f > f., membrane wrapping cannot proceed unless a compressive membrane tension is provided.
By systematically varying the membrane tension and PEG molar ratio, we establish phase diagrams about
wrapping states for both PEGylated liposomes and bicelles. According to these diagrams, we find that the
absolute value of the compressive membrane tension required by a fully wrapped PEGylated bicelle is
smaller than that of the PEGylated liposome, indicating that the PEGylated bicelle is easily internalized by
cells. Further theoretical analysis reveals that compared to a liposome, the flatter surface at the top of a
bicelle makes it energetically more favored beyond the critical wrapping fraction f.. Our simulations
confirm that the interplay between ligand mobility and NP geometry can significantly change the under-
standing about the influence of NP geometry on the membrane wrapping process. It can help us to
better understand the cellular uptake process of the PEGylated liposome/bicelle and to improve the
design of lipid-like NPs for drug delivery.

enter into tumor cells. During this process, there are many bio-
logical barriers confronted by NPs. For instance, serum pro-
teins in the blood flow can detect and absorb NPs on their sur-

Nanoparticle (NP) based cancer nanomedicine aims to
improve the diagnosis and treatment of diseases by engineer-
ing NPs to specifically identify or deliver drugs to tumor
sites. ™ After being injected into the human body, NPs need
to circulate in blood flow,* penetrate leaky vessel walls under
the enhanced permeability and retention (EPR) effect,” diffuse
through the extracellular matrix of tumor stroma,*” and finally
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faces, and thus act as an indicator for macrophage cells to
clear these NPs.® The cell membrane is an additional physical
barrier to inhibit the NPs from entering the cytoplasm of
tumor cells.” Therefore, compositions and surface modifi-
cations of NPs are of great importance to NP delivery
efficiency.'***

Lipid-like NPs stand themselves out among various NP
candidates."""*"” For instance, a liposome that consists of a
fluid or gel state lipid bilayer shell and an aqueous core is one
of the first studied NPs as a drug carrier."®>° The phospholipid
surface of a liposome makes it biologically inert, weakly immu-
nogenic, and less toxic compared to other NP formulations.">*
Specifically, Doxil (PEGylated liposome-encapsulated doxo-
rubicin) is the first US Food and Drug Administration approved
NP-based delivery formulation for clinical applications.'” By
grafting polyethylene glycol (PEG) polymers on their surface,
liposomes demonstrate a prolonged blood circulation time,
which significantly improves the drug accumulation within
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tumor sites through the EPR effect.>” By loading doxorubicin
into the PEGylated liposomes, Doxil demonstrates a higher
efficacy for cancer therapy than freely administered doxo-
rubicin molecules.® Nevertheless, liposomes still have some
limitations, such as morphology instability,"®** low delivery
efficiency® and difficulty in size control.'®*®

A bicelle that is composed of a single disc-like lipid bilayer
has attracted a lot of attention due to its unique properties
and its biocompatibility which it shares with the
liposome.>*® For instance, bicelles are found to be able to
penetrate through the narrow intercellular spaces of the
stratum corneum and show a promising platform for dermal
applications.>® Furthermore, compared with liposomes,
bicelles are found to have a better chance to be internalized by
tumor cells. For example, Wang et al.>° compared the cellular
uptake of bicelles and liposomes with the modification of the
octa-arginine (R8) sequence in four different cell lines, includ-
ing MM-231, human breast cancer cell MCF-7, human umbili-
cal vein endothelial cell HUVEC and murine macrophage cell
RAW264.7. They found that bicelles are more efficiently inter-
nalized by all these cells. In particular, the number of bicelles
internalized by MCF-7 cells is 2.5 times larger than that of
liposomes. Additionally, Aresh et al**?' also found that the
cellular uptake efficiency of bicelles is significantly higher
compared with that of liposomes, based on three different
human cancer cell lines of CCRF-CEM, KB and OVCAR-8.

Despite these important and promising applications in
nanomedicine, knowledge about the interactions between cells
and a liposome/bicelle is still quite limited. One of the key
reasons is the possible interplay between NP elasticity, NP geo-
metry, and the ligand mobility during the cellular uptake
process. First, a fluid or gel state liposome/bicelle is soft and
has the ability to deform itself.**® Second, a liposome is
spherical, while a bicelle is disc-like. These two shapes have
dramatically different curvature distributions on their surfaces,
leading to different internalization kinetics.’” Third, ligands
tethered on PEGylated lipids can freely diffuse on the lipo-
some/bicelle surface.*®*° Each of these factors can influence
the cellular uptake process of a PEGylated liposome/bicelle.
For instance, due to the deformation of elastic NPs, a soft NP
is less energetically favorably wrapped by the membrane than
its rigid counterpart.’®*' Compared with a spherical NP, a
disc-like NP is more difficult to be fully wrapped by the cell
membrane due to its highly curved surface edge.*”™**
Moreover, the mobility of ligands would induce the aggrega-
tion of PEG polymers and ligands, which suppresses the mem-
brane wrapping.*®*° However, it is still not clear how the NP
elasticity, geometry and ligand mobility can play together to
influence the whole membrane wrapping process. In particu-
lar, the question on why a bicelle is more efficiently interna-
lized by cancer cells remains to be answered.

To fill the knowledge gap between experimental results and
our current understanding, we explore the cellular uptake of a
PEGylated liposome and bicelle through large-scale molecular
dynamics simulations. In our simulations, the cellular uptake
process is mimicked by a membrane wrapping process
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Fig. 1 Molecular structures of computational models: (A) PEGylated
bicelle, (B) PEGylated liposome, and (C) lipid and PEG polymer models
for both PEGylated bicelle and liposome. Lipid heads and tails in a lipo-
some/bicelle are colored in light blue and ice blue, respectively. The
PEG polymers are colored in blue. The ligands (targeting moieties) con-
jugated 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 that of lipids in
simulations. The bead colored in tan on the receptor head is the active
site to specifically bind to a ligand. As highlighted in (A) and (B), the
maximum radii of the liposome and bicelle are the same, sharing a value
of 11ro.

initiated by ligands on grafted PEG terminals and receptors in
the cell membrane (¢f. Fig. 1). To obtain a full picture for the
membrane wrapping process of the PEGylated liposome/
bicelle, the membrane tension and PEG molar ratio are sys-
tematically varied. In this work, we define the wrapping frac-
tion f as the ratio between the membrane’s wrapped surface
area and the total surface area of the liposome/bicelle. As the
ligands are mobile on the surface, the ligand-receptor binding
fraction is defined separately. We find that due to the mobility
of ligands on the liposome/bicelle, the membrane wrapping
process can be divided into two stages, separated by a critical
wrapping fraction f.. This f; is defined as the wrapping fraction
fwhen all the ligands are exhausted and bound to receptors.
As long as f < f. PEG polymers aggregate within the mem-
brane-wrapped region of the liposome/bicelle, driven by
ligand-receptor binding, while for f > f. the membrane wrap-
ping cannot proceed unless a compressive membrane tension
is provided. From the phase diagrams about different wrap-
ping states, we find that the absolute value of the compressive
membrane tension boundary for the PEGylated bicelle is
smaller than that of the PEGylated liposome, indicating that
the PEGylated bicelle is easily internalized. We further proceed
to analyze the free energy changes due to PEG polymers, NP
elastic deformations, and membrane bending. The free energy
analysis reveals that the energy barrier induced by PEG poly-
mers is much larger than that of the NP elastic deformation.
These energy barriers can be overcome by ligand-receptor

This journal is © The Royal Society of Chemistry 2019
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binding when f < f.. Otherwise, the membrane wrapping is
driven by a compressive membrane tension. Our theory con-
firms that due to its flatter surface at the top, a bicelle is easily
wrapped compared to a liposome when f > f.. Our simulations
reveal the interplay between the mobility of PEG polymers and
NP geometry and demonstrate that under certain situations a
disc-like NP is energetically more favored than a spherical NP.
These findings help us better understand the cellular uptake
process of the PEGylated liposome/bicelle, and can thus
become useful in the design of lipid-like NPs for drug delivery.

2. Computational model 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 FS = ayw(ry)e;, where r; denotes the
spatial distance between the two beads i and j, and ey is the
unit vector pointing from 7 to j; a; represents the maximum
repulsion force strength. The weighting factor w(r;) is a nor-
malized distribution function as w(r;) = 1 — ry/ry for ry < 1y,
while w(r;) = 0 for r;; > ry. Here r, is the cutoff distance for pair-
wise interactions. The random forces are specified by

Fjf = | /2p;ksT/At w(ry)ae;, where a represents a normal dis-

tributed Gaussian random number with zero mean and unit

variance, At = 0.017 (t = \/mr2/ksT) denotes the integration
time step, and f; is a bead friction coefficient. The dissipative
force is given by Fg = —Bjw*(ry)(e;vy)es 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 Table S1 of the
ESLT

Two different lipid models are adopted in our simulations
to represent the lipid molecules in a liposome/bicelle and the
membrane, respectively. A DPD lipid model that mimics 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is utilized to
assemble the liposome and bicelle. In this model, the head
group of each lipid molecule is represented by three linearly
connected hydrophilic beads, while each of the two tails is rep-
resented by 5 hydrophobic beads,””*® ¢f. Fig. 1(C). Adjacent
two beads are connected by a harmonic spring potential Us; =
K (rj — rs1)°. The stiffness of the head and tail groups is con-
trolled by a harmonic bending potential applied on the adja-
cent three beads Uy, = Ky(9 — 901)°, where § denotes a
bending angle. Due to the flexible head group in this DPPC
lipid model, the energy penalty to form the bilayer edge in the
bicelle is relatively small, facilitating the formation of a larger
sized bicelle. The line tension of the edge in this model is
around 1 = 1.4kgT/r,. Because of the favorable energy state, a
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bicelle will transform into a liposome only above a critical size.
It is impossible in the simulation to create a liposome and
bicelle with an identical lipid number. Following the idea in
experiments,*®?' the liposome and bicelle are assumed to
have the same size, around R = 117, (as denoted in Fig. 1), in
our simulations. Our liposome and bicelle have 800 and 392
lipid molecules, respectively. A DPD lipid model that mimics
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) is utilized
to form the planar membrane. In this lipid model, two lipid
tails (carrying four tail beads each) are connected with two
head beads, respectively, cf. Fig. 1(D). The head group contains
three head beads. Adjacent beads in each lipid molecule are
connected by a harmonic spring potential Uy, = Ky (ry — 7).
The stiffness of the lipid tails is guaranteed by the bending
potential Uy, = Ky,(1 — cos d). Using this DMPC lipid model,
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 (c¢f ESI Fig. S1f) as K, =
17.42kpT/ri. The bending rigidity of the membrane is given
by®"** km = Kad?,/48 with K, ~ 6kgT, which is within the
range of 5-50ksT obtained in the experiments.”*”* The size of
the planar membrane bilayer used to investigate the mem-
brane wrapping is (70 x 70)rz. Please refer to the ESIf for
details about the interaction potential parameters and the cali-
bration of mechanical properties.

A hydrophilic PEG polymer in our DPD simulations is
modeled by a linear chain consisting of coarse-grained mono-
mers. The PEG monomers are linearly connected by the har-
monic bond potential Ug; = Kg;(r7 — rs3)%, with spring stiffness
K3 = 2111.3kpT/rt and equilibrium distance rg = 0.4125r,. The
semi-flexibility of the PEG polymer is taken into account by
adding the bending potential Ug; = Ky3(cos § — cos 9y3)%, with
bending stiffness Ky; = 16.4946kpT, and equilibrium bending
angle 63 = 130° between each three consecutive monomers.
Such a DPD PEG model could correctly reproduce the confor-
mation 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 har-
monic bond potential. In addition, the monomers at the free
end of PEG polymers are defined to act as targeting moieties
(ligands) (Fig. 1). The polymerization degree of PEG polymers
in our simulation is set as N = 20 (representing a molecular
weight of around 660 Da), falling within the typical range of
500-3000 Da in experiments.®*>”° Four different sets of PEG
polymer molar ratios of 40, 50, 60, and 70 mol% will be inves-
tigated. The corresponding numbers of PEG polymers n. on
liposomes are 320, 400, 480 and 560, respectively. Those n. on
bicelles are 156, 196, 235 and 274, respectively.

To mimic the ligand-receptor interaction, 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 efficlency of membrane wrapping in our
simulations.>”® Receptors in the planar membrane follow the
same configuration as a lipid, cf. Fig. 1(D), with the head bead
acting as an active site to interact with the ligand. The ligand-
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receptor interaction follows a modified Lennard-Jones
potential®”*” as Uy = 4éjigand[(ov/7y)"? = (0b/7)°] = Ueur, when 1
< Teut and Uy = 0 otherwise. Here, rey = o for a short-range
attractive interaction and Uey = 4€igand[(0b/70)"> — (0b/70)°]. Due
to the difference between this ligand-receptor cutoff distance
and bilayer thickness, ligands on the NPs can only interact
with the receptors on the outer leaflet. The equilibrium dis-
tance is fixed by using o, = 0.624r,. Additionally, the repulsive
force is limited to 25kpT/ro. We use éjigana = 12kgT. The single
ligand-receptor binding energy is then around 6.8kgT.*” This
pair-wise interaction setting between ligands and receptors is
a commonly used strategy in simulations to speed up the
membrane wrapping process.'*?*?%3¢ Different from the
valence-limited interactions,’ the pair-wise potential can lead
to multivalent ligand-receptor interactions. The maximum
bound receptors for a ligand is 6 in our simulations. Such a
multivalent interaction is also experimentally possible by
engineering antibodies.®’

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
membrane wrapping process to ensure a constant tension of
the planar membrane.?”**”¢*"%* In practice, 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 (or
smaller) than a target density p, lipid molecules will be deleted
(or inserted) into this boundary region to maintain a constant
lipid number density. Meanwhile, the corresponding number
of water molecules will be randomly inserted into (or deleted
from) the simulation box to ensure a constant bead density of
3.0/} in the simulation box. The target density p is taken
based on the relationship between the membrane tension and
lipid area given in ESI Fig. S1.1 By using the N-varied DPD pro-
tocol, the lipid density in the membrane can easily be con-
trolled to maintain the membrane’s lateral tension during the
membrane wrapping process.

The physical length corresponding to our simulation unit is
obtained by comparing the membrane thickness in simu-
lations dyy = 47 to the thickness of a real membrane, dyy ~
3.53 nm,*” indicating r, = 0.9 nm. The experimental lipid
lateral diffusion coefficient of DMPC is D ~ 5 pm? s7'.%° In our
simulations, the lipid lateral diffusion coefficient Dy;piq =~ 7.3 x
107%r2/z is calculated by averaging the values under different
membrane tensions. Hereafter, we deduce the physical time
scale 7 = 11.8 ns. Note that these spatial and temporal map-
pings are only used to approximate the length and time scales
of all DPD simulations, which are different from the real
length and time scales in all-atom molecular dynamics
simulations.

3. Results and discussion
3.1. Membrane wrapping of the PEGylated liposome and bicelle

PEG polymers aggregate during the membrane wrapping
process. We firstly investigate the membrane wrapping process
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of the PEGylated liposome and bicelle under a membrane
tension of —0.74kgT/r2, where 1kgT/r2 corresponds to 5 mN m™ .
The PEG polymer molar ratio in both the liposome and bicelle
is 60% mol. As given in Fig. 2, the PEGylated liposome and
bicelle are initially placed above the membrane at a distance of
5ro. The PEG polymers are almost evenly distributed on the
liposome and bicelle surfaces at ¢ = 0. Due to the attraction
between the ligand and receptor, the PEGylated liposome
quickly adheres on the membrane. At the same time, the
membrane starts to bend and partially wrap the liposome.
Furthermore, the PEG polymers aggregate within the wrapped
region of the liposome because of their mobility.*® The aggre-
gation is more pronounced at ¢ = 118 ps in Fig. 2(A), which
results in a PEG/ligand free region at the top of the yet
unwrapped part of liposome. As investigated in our previous
work,*® the ligand depletion on top of a NP will suppress the
membrane wrapping on the PEGylated liposome compared to
arigid NP. At ¢ = 472 ps, the membrane begins to protrude and
spread over the top part of the liposome. At ¢ = 944 ps, the lipo-
some is fully wrapped (f = 1). Associated with this full wrap-
ping, the PEG polymers rearrange and redistribute over the
entire liposome surface. As shown in the lower panel of Fig. 2
(A), the liposome adjusts itself to deform along with the evol-
ution of the wrapped state.

The wrapping process of the PEGylated bicelle shows a
similar configurational pathway in terms of the PEG polymers’
aggregation and rearrangement in Fig. 2(B). Half of the bicelle
is quickly wrapped by the membrane at ¢ = 59 ps. PEG poly-
mers start to aggregate within the wrapped region. At ¢ =
118 ps, with more PEG polymers aggregated, the bicelle
elongates into a strip-like shape. Compared to a disc-like geo-
metry, this strip-like shape has a longer edge, in which it pro-
duces a large curvature. This large curvature at the edge can
release the increased interactive energy between aggregated
PEG polymers.®” At ¢ = 236 s, the bicelle slightly rotates to
release the membrane energy. At the same time, lipids in the
membrane start to protrude. Following the membrane protrud-
ing and PEG polymer rearrangement, the bicelle recovers its
initially disc-like shape when fully wrapped at ¢ = 336 ps. It is
also interesting to note that during the wrapping processes for
both the liposome and bicelle, the ligands arrange in an
ordered strip-like pattern. This specific arrangement of ligands
should be caused by the competition between the PEG free
energy and ligand-receptor binding energy.

To explore more details behind the membrane wrapping
process, we proceed to calculate both the ligand-receptor
binding fraction and wrapping fraction f. The binding fraction
is defined as the ratio of the bonded ligand number to total
ligand number in the liposome/bicelle. As given in Fig. 3(A)
and (B), due to the mobility of ligands on PEG polymers, the
increment of the binding fraction is much faster than that of f
in both the PEGylated liposome and the bicelle. As highlighted
by the dashed lines, it is worth noticing that all the ligands in
the liposome and bicelle are bound to receptors in the mem-
brane and exhausted at the critical wrapping ratio f. ~ 0.7. It
means that no driving force can be provided by ligands at the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Membrane wrapping process of the PEGylated liposome and bicelle. (A) The snapshots in the upper panel represent the membrane wrapping
process of the PEGylated liposome. The snapshots in the lower panel show the corresponding morphology change of liposome. (B) The snapshots
in the upper panel represent the membrane wrapping process of the PEGylated bicelle. The snapshots in the lower panel show the corresponding
morphology change of the bicelle. Water beads are not shown for clarity. The membrane tension is maintained at —0.74kgT/r3. The PEG molar ratio
of both the PEGylated liposome and bicelle is 60%. The scale bar indicates 20 nm.

later wrapping state (f> f.). To fully wrap the liposome/bicelle,
the key question is what will drive the membrane wrapping
after ligands have been exhausted.

We further calculate the asphericity of the liposome/bicelle,
and the end-to-end distance of grafted PEG polymers. The
asphericity of the liposome/bicelle, defined by rgz - O.S(réx +
15 is plotted against f in Fig. 3(C). Here, rg,, rg, and rg, are
the ordered principal moments of the NP gyration tensor (réx
< rgy < rgz). A large asphericity value indicates a pronounced
anisotropic shape.®® As we can see in Fig. 3(C), the variation of
asphericity is more pronounced for the bicelle. In particular,
near the wrapping fraction of f ~ 0.75, the asphericity of the
bicelle has increased by a factor 2 compared with its initial value.
This large variation corresponds to the strip-like shape of the
bicelle at ¢ = 118 ps, ¢f. Fig. 2(B), when all the PEG polymers are
aggregated within the wrapped region. The average end-to-end
distance R.. = (R2,)""* as given in Fig. 3(D) is another indicator of
PEG polymer configurations. The R.. for both the liposome and
bicelle increases with increasing wrapping fraction below f = 0.7,
since PEG polymers still tend to aggregate within the wrapping
region. Afterwards, their R.. values change slightly with the redis-
tribution of PEG polymers.

PEGylated liposome and bicelle cannot be fully wrapped
under positive membrane tension. To explore possible

This journal is © The Royal Society of Chemistry 2019

different states for both the PEGylated liposome and bicelle
during the membrane wrapping process, we next investigate
the situation with a slightly positive membrane tension
0.09ksT/r3. Additionally, a series of different PEG molar ratios,
ranging from 40% mol to 70% mol, are considered. As we can
see in Fig. 4, under the positive membrane tension, all of the
PEGylated NPs cannot be fully wrapped by the membrane, and
remain in a partial wrapped state. Furthermore, due to their
mobility, all PEG polymers are aggregated within the wrapped
region of the liposome/bicelle, leaving a ligand-free region at
the top. Specifically, the morphology of the liposome at the
trapped state is highly dependent on the PEG molar ratio as
shown in Fig. 4(A). At 40% mol and 50% mol, the liposomes
deform into ellipsoidal shapes. The membrane wrapping
process of 50% mol is given in ESI Fig. S3.T At 60% mol, it is
interesting to find that lipids at one side of the liposome’s
contact edge form a tubular shape. This tubular shape should
be caused by the continuously aggregating PEG polymers,
which results in highly packed PEG polymer (and linked
lipids) states in the contact edge (c¢f ESI Fig. S3t). The for-
mation of the tubular shape is favorable as it releases the
increased steric interaction for both PEG polymers and lipids.
More importantly, the liposome with 70% mol PEG polymers
ruptures during the wrapping process and deforms into a

Nanoscale, 2019, 11, 15971-15983 | 15975
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Fig. 3 Detailed information about the membrane wrapping process of the PEGylated liposome and bicelle. (A and B) The comparison of the
ligand—receptor binding ratio and membrane wrapping fraction for the liposome and bicelle, respectively. (C) The evolution of asphericity for both
the liposome and bicelle. The asphericity is defined by rZ, — 0.5(r%, + r3,), where r3,, r3, and rZ, are the principal moments of the gyration tensor (r3,
< r2 < rgz) for a NP. (D) The evolution of average end- to end dlstance for PEG polymers in both the PEGylated liposome and bicelle.
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Fig. 4 Membrane wrapping states of the PEGylated (A) liposome and (B) bicelle with different PEG molar ratios under a membrane tension of
0.09kgT/r3. All the simulations are run long enough without further wrapping state changes.

strip-like shape at the end of simulation. The rupture of the
liposome should be induced by a decrease of the water storage
space. Details about the rupture process of the PEGylated lipo-
some during the membrane wrapping process are available in
the ESL.}

Concerning the PEGylated bicelle, its configuration within
the trapped state is also dependent on the PEG molar ratio. At
40% mol and 50% mol, the trapped bicelle maintains its disc-
like shape, while it finally deforms into the above-mentioned

15976 | Nanoscale, 2019, 11, 15971-15983

strip-like shape at 60% mol and 70% mol. The membrane
wrapping processes for bicelles with 50% mol and 70% mol
PEG polymers are given in ESI Fig. S4.F

Phase diagrams reveal a compressive (negative) membrane
tension boundary. In view of the different wrapping states of
the PEGylated liposome/bicelle, to come up with a complete
picture, we proceed to investigate the influence of both the
membrane tension and PEG molar ratio. The membrane
tension is varied from negative tension of —0.74kgT/r to posi-

This journal is © The Royal Society of Chemistry 2019
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tive tension of 1.0kg7/r3, beyond which the membrane has
large chances to ripple or rupture in the simulation. A phase
diagram is obtained for both the PEGylated liposome and
bicelle as shown in Fig. 5. For the PEGylated liposome, accord-
ing to Fig. 5(A), there are three main regions in the phase
diagram: (1) when the PEG molar ratio is high, the liposome
ruptures. This upper boundary about the PEG molar ratio
limits the maximum number of decorated ligands. (2) If the
PEG molar ratio is not large enough or the membrane tension
is positive, the liposome is only partially wrapped by, and
trapped inside the membrane. (3) A fully wrapped state for the
PEGylated liposome exists only for the situation with a high
PEG molar ratio and compressive (negative) membrane
tension. For the phase diagram of PEGylated bicelles shown in
Fig. 5(B), there are two main regions: (1) when the membrane
tension is positive and the PEG molar ratio is small, the
PEGylated bicelle is partially wrapped by, and trapped inside
the membrane. (2) If the membrane tension is sufficiently
small and the PEG molar ratio is high, the PEGylated bicelle is
fully wrapped by the membrane. Additionally, both the
PEGylated liposome and bicelle have extra minor regions
about tubular and strip-like shapes, respectively.

Comparing these two phase diagrams, we find that the
PEGylated bicelle has a larger chance to be fully wrapped.
First, the possibility for the PEGylated liposome to rupture sets
an upper limit boundary to the PEG polymer molar ratio,
which does not exist for the PEGylated bicelle. Additionally,
the minimum required PEG molar ratio for the PEGylated lipo-
some is larger than that of the PEGylated bicelle. More impor-
tantly, it is interesting to find that the full wrapping (f= 1) of
the PEGylated liposome and bicelle can only occur when the
effective membrane tension is compressive. Due to the mobi-
lity of PEG polymers, the ligands on the liposome/bicelle are
exhausted before its fully wrapped state is reached. It is the

This journal is © The Royal Society of Chemistry 2019

compressive tension that makes it energetically favorable and
drives the membrane wrapping after the ligands are exhausted.
Furthermore, the PEGylated bicelle has a larger membrane
tension boundary compared to that of the PEGylated liposome,
i.e., the absolute value of the compressive membrane tension
boundary for the PEGylated bicelle is smaller than that of the
PEGylated liposome. This suggests that a PEGylated bicelle is
more easily fully wrapped by the membrane than its liposomic
counterpart. The key question about the membrane tension
boundary is why the PEGylated bicelle is more favorable. In
living cells, the required compressive membrane tension can
be produced through active mechanisms.®® For instance, the
contraction of actomyosin can produce a compressive stress on
the cytoskeletal network, resulting in a locally compressive
membrane tension.”®”" It might also suggest that for the cellu-
lar uptake of the PEGylated liposome/bicelle, other biological
mechanisms should be involved apart from the receptor-
mediated membrane wrapping.

Considering the importance of ligand exhausting, we calcu-
late and compare the critical wrapping fraction f. for a
PEGylated liposome and bicelle. When f> f, any further mem-
brane wrapping is driven by the compressive membrane
tension alone. As shown in Fig. 6, the f. is increasing with the
increment of the PEG molar ratio. At the same PEG molar
ratio, the PEGylated liposome and bicelle share a similar f.
value. Moreover, within the studied range of the PEG molar
ratio, all the f. values are larger than 0.68.

3.2. Free energy analysis of the membrane wrapping process

To gain deep insights into why a PEGylated bicelle is easier to
be wrapped than a PEGylated liposome under otherwise
similar conditions, we perform a free energy analysis for the
membrane wrapping process. During this process, free energy
changes are composed of four major parts: (1) the ligand-

Nanoscale, 2019, 11, 15971-15983 | 15977
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receptor binding energy AFiy that provides the driving force
for membrane wrapping. (2) The energy change caused by PEG
polymer aggregation and configurational changes, AFpgg. (3)
The energy change induced by the deformation of a soft lipo-
some or bicelle, AFyp. (4) The energy change associated with
the membrane bending, AF,,. In our simulations, the individ-
ual binding strength between the ligand and receptor is about
6.8kgT. Therefore, AF;x has a linear relationship with the
ligand-receptor binding fraction. In the following parts, we
will analyze these free energy changes. Note that the possible
free energy changes induced by the membrane fluctuation and
translational entropy loss of receptors (and solvent molecules)
are small compared with the above free energy changes.”>”*
We ignore their contributions to simplify the free energy
analysis.

Aggregation of PEG polymers leads to a large energy barrier.
We firstly investigate the free energy change of PEG polymers.
Along with the aggregation and rearrangement of PEG poly-
mers, their free energy change consists of three parts:*”*”"
(1) elastic energy change AF,, associated with the stretching or
compressing of polymer chains, in analogy to elastic springs.
(2) Interaction free energy change AFj,, caused by the change
of interaction strength between PEG polymers. (3)
Translational free energy change AF.ys, reflecting the transla-
tional entropy loss of polymers. Therefore, the total free energy
change of PEG polymers can be expressed as

AFppg = AF + AFint ~+ AFyans.- (1)

Following the approaches in our previous studies, each part
of AFppg can be estimated by feeding self-consistent mean
field (SCF) theory with the information about PEG polymer
configurations and local volume fractions from DPD
simulations.?”*®%77>7% Based on the SCF theory, the mean
elastic energy Fe; per chain is linearly proportional to the mean
squared end-to-end distance (R2,), Fa/nksT = 3(R2)/2RZ,
where R, represents the equilibrium span of an unconstrained
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PEG polymer with polymerization degree N, and n. denotes the
number of PEG chains. We employ R? o (RZ,),, using the avail-
able N-dependent (R2),, values for a single PEGchain in
water.?” The mean interaction free energy of each chain Fy, is
quantified through the spatially inhomogeneous volume frac-
tion ¢(r) of PEG monomers. Fiy/ksT = [ fmix(¢p)d*r, where
Sfoi®) = (¢* + ¢®)/v is a mixing free energy density, and v =
0.0633 nm? is the excluded volume for a PEG monomer. The
integral extends over the whole PEG-populated volume. The
translational free energy AFi..ns is directly related to the vari-
able distribution of mobile PEG tethering points on the NP
surface. It is estimated by the volume fraction profile as
Firans/NcksT = j¢ln(¢)d3r/Nv. Note that the intrinsic relaxation
time of a PEG polymer with polymerization degree N = 20 is
smaller than 100 ps,”” while a time step At in our DPD simu-
lations corresponds to 118 ps. It indicates that PEG polymers are
able to relax themselves on a time scale that is short compared
with the total simulation time, the equilibrium SCF approach
can be considered applicable, and we can extract AFpgg in the
course of simulation time.

Taking the membrane wrapping processes in Fig. 2 for
example, the local volume fraction distributions ¢(r) of PEG
polymers change dramatically during their aggregation and
redistribution, as quantified in Fig. 7. Under the conditions of
60% mol PEG polymers and —0.74kzT/rZ membrane tension,
the evolution of ¢(r) can be divided into two different stages.
Before the exhausting of ligands (¢ = 472 ps and ¢ = 118 ps for
the PEGylated liposome and bicelle, respectively), the PEG
volume fraction in the wrapped part of the liposome/bicelle
significantly increases due to the aggregation of PEG polymers
and at the expense of a dramatically reduced ¢(r) value, associ-
ated with the depletion of PEG polymers, in the unwrapped
part. This highly inhomogeneous PEG volume distribution
manifests itself in coexisting highly compacted and reduced
occupied regions for PEG polymers, disfavored by Fy,;,. Along
with the spreading of the membrane over the top part of the
liposome/bicelle, the PEG volume fraction starts to recover its
initial homogeneous distributed state. Note that if the lipo-
some/bicelle remains at the trapped state as for the positive
membrane tension cases, the PEG volume fraction distribution
is maintained at the highly inhomogeneous state as shown in
ESI Fig. S5.F

Combining the above PEG volume fraction distribution and
end-to-end distance of PEG polymers in Fig. 3, we can estimate
the free energy change of each of the three contributions to
AFpgg as shown in Fig. 8. The dashed lines denote the location
of the f. values. For the PEGylated liposome, AFpr; dramati-
cally increases along with the ligand-receptor binding and
PEG aggregation as long as f < f.. The maximum value of
AFpgg is around 1000kgT for the liposome. The changes of
elastic energy AF. and interaction energy AFj, are seen to
dominate the PEG energy increment. Compared with AF, and
AFy,, the translational entropy change of PEG polymers
AFans is near zero and can be neglected. With recovering to a
homogeneous PEG distribution, the AFprg decreases. The PEG
free energy changes of the PEGylated bicelle follow a similar

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Free energy changes of PEG polymers during the membrane wrapping process for the PEGylated (A) liposome and (B) bicelle, respectively.

trend, while they are overall smaller due to the smaller
number of PEG polymers in our bicelle; the maximum
energy barrier is at AFpgg ~ 600kgT for the bicelle. Note that
for the trapped state of the liposome/bicelle, the AFppg will
maintain at its maximum value due to the end-to-end distance
increment and highly inhomogeneous PEG volume fraction
distribution as given in ESI Fig. S5.f In short, the PEG
polymers produce a large energy barrier during the
membrane wrapping process for both the PEGylated liposome
and bicelle.

Nanoparticles’ elastic deformation energy is small. We
proceed to analyze the energy change AFyp accompanying the
deformations of the liposome and bicelle. We consider the
membrane wrapping processes in Fig. 2 as representative
examples to estimate the energy penalty due to NP defor-
mation. For the deformed liposome as given in Fig. 2(A), its
surface area is usually assumed to be time-independent.
Additionally, the energy change caused by an osmotic pressure
variation is negligible because of the relaxed initial state of the
liposome.*" Therefore, the major contribution to AFyp for the
liposome should be the bending energy associated with curva-

This journal is © The Royal Society of Chemistry 2019

ture variation. This bending energy can be estimated by fitting
the shape of the liposome by an ellipsoid as we proposed in
our previous work.*® Based on this fitted shape, the bending
energy of the liposome can be obtained by following Helfrich’s
expression, Eijip = kiip/2 [, (Cllip + cﬁp)zds, where «y, is the
assumed spatially homogeneous bending rigidity of the lipo-
some, and cllip and clzip are the principal curvatures of the fitted
ellipsoidal surface. For a bicelle, its total deformation energy
consists of bending energy and edge energy.”®”® The bending
energy change of the bicelle is negligible, due to the small vari-
ation of curvature during the entire membrane wrapping
process, c¢f. ESI Fig. S6.7 To estimate the energy change from
edge length variation, we fit the bicelle by an ellipse. The
energy change of the bicelle can then be obtained as Ey;. = L4,
where L is the perimeter of the fitted ellipse, and 1 is the line
tension of the bicelle. The estimated free energy changes AFyp
for both the liposome and bicelle are given as a function of
fin Fig. 9. The energy variation of the liposome is smaller
than 25kgT during the whole wrapping process, consistent
with the observed small asphericity (Fig. 3). For the bicelle, its
energy increases more significantly with its elongation. Its

Nanoscale, 2019, 11, 15971-15983 | 15979
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maximum value is around 70kgT. However, compared with the
energy change AFpps due to PEG polymers, Fyp is much
smaller for both the liposome and bicelle.

Critical membrane tension is crucial for full wrapping. As
we mentioned, the PEG polymers produce a large free energy
barrier during the membrane wrapping process. This barrier
can be overcome below the f. by consuming the ligand-recep-
tor binding. However, beyond the f;, ligands on the liposome/
bicelle are exhausted. The membrane wrapping cannot
proceed unless any other driving force is provided. As revealed
by the phase diagrams, a compressive membrane tension is
required for a successful wrapping. Therefore, the membrane
energy change plays a crucial role for f> f.. Here, we provide a
theoretical analysis about membrane energy change to reveal
and compare the required compressive membrane tensions for
the liposome and bicelle.

The membrane energy E,, consists of two parts: (1) mem-
brane bending energy Egpena and (2) membrane tension
energy Emtens

Em = Embend + Emtens- (2)

To estimate E;, we assume that an uncorrugated mem-
brane wraps around a solid NP. The geometry of the solid NP
is taken based on the shape of the liposome and bicelle in
Fig. 2. As illustrated in Fig. 10(A), three different shapes are
considered. The first one is a spherical NP to represent the
liposome. The radius of the spherical NP is taken as 14.5r,
based on the radius of the liposome 11r, and the thickness
3.51, of the PEG polymer shell. The second one is an oblate NP
to mimic the undeformed bicelle. Its principle radii are R; = R,
=14.5r5 and Rz = 61y, obtained from the principle radius of the
bicelle and thickness of the PEG polymer shell. The third one
is a biaxial ellipsoidal shape to represent the elongated bicelle,
with the principle radii R, = 197y, R, = 107, and Rz = 4r,. These
values are taken from the fitted ellipsoidal shapes of the entire
PEGylated bicelle during the wrapping process (c¢f ESI
Fig. S71). To simplify the analysis, we only consider the
wrapped (red) part of NPs, which can effectively catch the
main membrane energy penalty during the wrapping
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process. With these parameters at hand, the contri-
butions to the membrane energy (Eq. 2) at a certain wrapping
fraction f can be expressed as

Embend(f) = %J (Crln + C?n)zdsv (3)

Entens (f) = oAS, (4)

where K, is the bending rigidity of the membrane; ¢}, and ¢
are its spatially dependent principal curvatures. The inte-
gration is taken over the wrapped region of the NP; ¢ is the
membrane tension and AS is the excess membrane area
caused by membrane bending. The details about the
expressions of curvatures and excess membrane area are given
in the ESL.T We firstly calculate the membrane bending energy
Empend for these three NPs. As given in Fig. 10(B), the Eyypeng 1S
always positive and monotonically increasing with increasing f
due to the large curvature of NPs. Additionally, near the critical
wrapping fraction (f ~ 0.7), the Eppena Of the bicelle is larger
than that of the liposome, consistent with our previous obser-
vations.?” However, the derivative of Eypenq With respect to fis
smaller for the bicelle than for the liposome. Note that,
according to our previous discussions, the membrane wrap-
ping is driven by the compressive membrane tension for f> f..
To gain an energetically favorable state by membrane wrap-
ping, the derivative of the membrane energy with respect to f
should be smaller than zero, dE,(f)/df < 0. Based on the
derivative of the membrane energy, we can thus conclude that
0(f) < Ocritical Mmust hold, where the critical membrane tension

is given by
Elerare)(y) o

The corresponding numerically evaluated ocriticar for all
three shapes is given in Fig. 10(B). Comparing the critical
membrane tension for the liposome and bicelle, it is interest-
ing to find that there are two regions. For wrapping fractions f
< 0.7, the oeritical for the bicelle is smaller than that of the lipo-
some because of its highly curved edges. However, for f> 0.7,
the ocriticar for the bicelle is larger than that of the liposome,
which indicates that it is easier to wrap the bicelle after f=0.7.
After f= 0.7, both the 6;iical Values for the liposome/bicelle are
around ocritical = —O.1kBT/r(2). Interestingly, this value is consist-
ent with the membrane tension boundary we found in the
phase diagrams (Fig. 5). Moreover, the transition wrapping
fraction of f = 0.7 is in good agreement with the critical wrap-
ping fraction f; in Fig. 6. These agreements further prove that
our membrane energy analysis can estimate the key energy
barrier for the bilayer wrapping on a NP. In short, our theore-
tical analysis explains why the bicelle is energetically more
favorable than the liposome after the exhausting of ligands.

The free energy analysis above reveals that the membrane
tension required by the disc-like bicelle is larger than that of
the liposome. It suggests that under the driving of compressive
membrane tension beyond the f, the disc-like bicelle is ener-
getically more favorable than the spherical liposome. Our

Ocritical =

This journal is © The Royal Society of Chemistry 2019
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the wrapping is only driven by compressive tension.

result is different from the previous conclusion that driven by
the ligand-receptor binding, a disc-like NP is energetically
difficult to be fully wrapped compared to a spherical NP.*>™**
Our results indicate that the interplay between ligand/PEG
mobility and NP geometry can significantly change the existing
picture about the influence of NP geometry on the membrane
wrapping process. To confirm the interplay between ligand/
PEG mobility and NP geometry, we further analyze the critical
membrane tension for spherical and oblate NPs with different
aspect ratios at f > 0.5. The surface areas of spherical and
oblate NPs are considered identical. As given in ESI Fig. S8,
all the oblate NPs with aspect ratio >1 require larger mem-
brane tensions than spherical NPs. Furthermore, the wrapping
fraction, beyond which an oblate NP is energetically favorable,
is decreasing with increasing aspect ratio. This fact indicates
that driven by the compressive membrane tension, an oblate
NP with a larger aspect ratio is more easily fully wrapped in
the later membrane wrapping stage (at f > f.) due to its flat
surface on top.

4. Conclusions

In this work, we performed large scale DPD simulations to
understand the membrane wrapping processes of the

This journal is © The Royal Society of Chemistry 2019

PEGylated liposome and bicelle. We find that during the wrap-
ping process, characterized by the wrapping fraction f, PEG
polymers on the liposome and bicelle aggregate within their
wrapped region due to the mobility of polymers and ligand-
receptor binding. This aggregation promotes the ligand-recep-
tor binding in the early membrane wrapping state. But the
quick ligand and receptor binding results in a critical wrap-
ping fraction f., after which the ligands are exhausted.
According to the f, the entire membrane wrapping process for
the PEGylated liposome/bicelle can be divided into two
different stages: (1) as long as f < f, the membrane wrapping is
driven by ligand-receptor binding. (2) For f > f., no driving force
can be provided by ligand-receptor binding. Membrane wrap-
ping cannot proceed unless a compressive membrane tension is
provided. Furthermore, by systematically varying the molar ratio
of PEGpolymers and membrane tension, we find that the
PEGylated liposome is overall more difficult to be fully wrapped
than the PEGylated bicelle because of two major reasons: (1) the
possibility of rupture of the liposome at a high PEG molar ratio
sets the upper limit of the ligand number. Such rupture did not
occur for the bicelle under all PEG molar ratios studied in our
simulations. (2) The absolute value of the compressive mem-
brane tension boundary of the PEGylated bicelle is smaller than
that of the PEGylated liposome, which indicates that the bicelle
is the one that is easier to be fully wrapped.
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Our free energy analysis revealed that PEG polymer aggrega-
tion leads to a large free energy barrier, while the energy
barrier caused by NP deformation is relatively small and negli-
gible. By analyzing the membrane energy, we find that the
absolute value of the compressive membrane tension required
by a disc-like bicelle is smaller than that of a spherical lipo-
some, which suggests that the disc-like bicelle is energetically
more favorable than the spherical liposome at f > f., where a
compressive membrane tension is required to provide the
driving force. The compressive membrane tension in living
cells can be produced through active mechanisms.”®”*%* Qur
results confirm that the interplay between ligand mobility and
NP geometry can significantly change our understanding
about the influence of NP geometry on the membrane
wrapping process. This work can also help understand the
cellular uptake process of the PEGylated liposome and bicelle,
which might improve the design of new lipid-like drug delivery
platforms.
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