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ABSTRACT: In this work, the interactions between block
copolymer micelles (BCMs) and plasma membranes were
investigated by performing coarse-grained molecular dynamics
(CGMD) simulations. Different binding strengths between the
BCMs and the membranes were tested, and four interaction
pathways were discovered: attachment, semiendocytosis, endo-
cytosis, and fusion. Endocytosis was the most efficient way for
the BCM:s to be taken up, and fusion could lead to cytotoxicity.
Unlike rigid particles, deformation of the BCMs strongly affected
the interaction pathways. We examined the effects of changing
the aggregation number of the BCMs (N,y,), the chain length of
the polymer (N), and the chain stiffness of the hydrophobic
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block (k,), and we learned that smaller Noge

and lower Nj, could

lead to weaker cellular uptake capacities, whereas larger N,,, and higher Nj, gave rise to higher cytotoxicities. Moreover, a weaker
chain stiffness of the hydrophobic block could be more favorable for obtaining BCMs with higher internalization efficacies and
lower cytotoxicities. The results of these simulations could aid in the design of BCMs with desirable cellular internalization
capacities and lower cytotoxicities. Such BCMs could be useful in drug-delivery systems.

B INTRODUCTION

The interactions between drug-delivery systems (DDSs) and
plasma membranes are important factors that affect the in vivo
lifetimes of DDSs.'™* When loaded with drugs, a DDS may
release drugs outside of cells, or it may release inside the cells
after penetrating the plasma membrane."" The interactions
between the DDS and the plasma membrane directly influence
the drug release performance and toxicity to the human body.
By designing and preparing novel DDSs, the cellular uptake
performances of drugs at tumor sites can be improved (e.g.,
higher uptake efficacy and active targeting). Many types of
DDS have been developed, including polymer—drug con-
jugates, dendrimers, porous nanoparticles, polymer vesicles, and
micelles.” '° The interactions between these various DDSs and
the plasma membrane have different characteristics. These
various interaction pathways could have influences on the
cellular uptake capacity and cytotoxicity of DDS, which lead to
different drug-releasing and therapeutic efficacy as consequen-
ces. Understanding these interaction behaviors is important in
studies of DDSs and tumor therapies.

Although experimental investigations can suggest possible
interaction pathways between DDSs and plasma mem-
branes,"'~"* detailed information about the interactions mainly
comes from theory."*™"® For molecular-level DDSs (e.g.
nanoparticles smaller than S nm and polymer—drug con-
jugates), the DDS can spontaneously translocate, sometimes
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through the pores of a membrane.'””*' For example, using

Monte Carlo simulations, Skolnick et al. found that hydro-
phobic polymers can penetrate bilayer membranes, and they
showed that membrane curvature affects the translocation."”
Another important DDS category is large rigid nanoparticles.
Theoretical investigations have proven that most of these
particles are internalized via endocytosis. The effects of the size,
shape, and surface ligands on endocytosis have been examined
explicitly.”* ™" For instance, Robert et al. simulated the passive
receptor-mediated endocytosis of ligand-decorated nanopar-
ticles by performing coarse-grained molecular dynamics
(CGMD) simulations,” and they found that nanoparticles
with isotropic shapes, higher ligand coverages, and strong
binding to receptors on membranes have greater endocytosis
capacities. The simulation method proposed by Cooke and co-
workers maintains the principal properties of the cell
membrane (e.g, bending modulus, surface tension, and
diffusion constant).”® This model has been successfully used
to study the endocytosis of both rigid and soft nano-
particles.””*”*" Unlike the rigid particles, soft DDS particles
can be deformed during the interaction, which can produce
different particle—membrane interactions.””~*> For example,
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Sun et al. prepared soft particles (polymeric cores and lipid
shells) with different rigidities and studied their cellular
uptakes.”” The more rigid particles were endocytosed more
easily. They confirmed the result by performing molecular
dynamics (MD) simulations.”” The details about the
interactions between the soft DDS Par_ticles and plasma
membranes have also been explored.lg’s‘ =35 For instance, Yue
and co-workers investigated the interactions between vesicles
and membranes by performing dissipative particle dynamics
(DPD) simulations.”” Five possible interaction pathways were
found. The results are helpful for understanding the drug-
delivery process for vesicles loaded with hydrophilic drugs. In
addition to vesicles, block copolymer micelles (BCM) are an
important class of soft DDS particles.s’7’36_38 Unlike vesicles,
BCMs have hydrophobic cores and hydrophilic shells, which
allow them to carry hydrophobic drugs. This unique structure
may affect the cellular internalization performance. Many
experiments have been conducted to investigate the drug-
delivery performance of BCMs. Block copolymers with various
physical and chemistry properties were used to prepare BCMs
with desirable cellular uptake performance and low cytotox-
icity.””™* Several parameters of polymers and micelles (e.g,,
degree of polymerization and hydrophobic/hydrophilic volume
fraction) strongly affect the cellular internalization results.**~*’
However, due to the limitations of current experimental
techniques, little is known about BCM—membrane interaction
pathways. For example, it is not known how the BCM
penetrates the membrane and enters the cell. Knowledge of
these interaction behaviors could aid the design of novel BCMs
with improved cellular uptake capacity, and it could enable new
DDS applications. Simulations such as CGMD can provide
deep insight into the interactions between DDS particles and
plasma membranes, and information from simulations can help
address challenges in drug delivery.””*%>%"!

In this study, we performed CGMD simulations to
investigate the interactions between micelles self-assembled
from amphiphilic diblock copolymers and plasma membranes.
We predicted various BCM—membrane interaction pathways,
and we learned that the deformation of BCMs and the energy
expended during the interaction have significant effects. We
investigated the effects of the three most important BCM
structural parameters on the interaction pathways: the
aggregation number of the BCM (N,,,), the chain length of
the polymers (), and the rigidity of the hydrophobic block of
the polymers (k,). The simulation results showed good
agreement with existing experimental observations.

B MODEL AND METHODS

We constructed a system containing a plasma membrane and a
micelle that was self-assembled from A,,B, diblock copolymers.
The models are illustrated in Figure la—c. Figure la shows the
details of the A, B, diblock copolymer model, in which the
hydrophobic and the hydrophilic segments are denoted by m
green beads and n red beads, respectively. By varying the values
of m and n, we obtained copolymers with varying degrees of
polymerization. The BCMs used in the simulations were all
picked up from additional simulations (see Supporting
Information, Section 1). The BCMs have equilibrium structures
in aqueous systems in our simulations. The bilayer plasma
membrane was composed of phospholipids, as illustrated in
Figure 1b. According to the solvent-free model proposed by
Cooke et al,”® the phospholipids are coarse-grained to three
beads connected by bonds. The head bead of each lipid is
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Figure 1. Models used in the simulations. (a) Amphiphilic diblock
copolymer (A, B,), in which A and B block are hydrophobic and
hydrophilic, denoted by green and red beads, respectively. m and n
denote to the number of beads in the A and B blocks; (b)
phospholipid and receptor; (c) initial status of the system, in which the
self-assembled BCM is set above the plasma membrane.

hydrophilic, denoted in purple. The two tail beads are
hydrophobic, denoted in orange. Specific amounts of lipids in
the membrane are receptors, whose head beads are shown in
blue. These lipids can bind to the hydrophilic shell of the BCM.
The BCM was set to make contact with the membrane, as
shown in Figure lc.

For the lipids and polymer chains, the bonds linking two
neighboring beads are defined by a finite extensible nonlinear
elastic (FENE) potential,

Ebond(r) = _I/Zkbrsln[l - (r/rb)z] (1)

where the strength k, = 30£,/6” and the maximum extent of the
bond 1, = 1.50. €, and ¢ are the energy and the length units,
respectively. Additionally, a harmonic spring potential is applied
to two next-nearest neighboring beads (i.e., two beads bonded
to the same bead) to maintain their straight shape:

Ebend(r) = I/Zka(r - ra)z (2)

The strength k, = 10&,/0” and the equilibrium bond distance r,
= 40. For polymers, this potential was also applied to the beads
of the A block if the hydrophobic blocks were rigid. r, was set to
40. Because the maximum length of two next-nearest
neighboring beads is 3¢ (the double of maximum bond length
1.56), this harmonic spring potential with r, = 40 > 30 exhibits
a tendency to push the two beads and straighten the lipids.”®
Whereas for polymers, this potential was also applied to two
next-nearest neighboring beads of the A block if the
hydrophobic blocks were rigid, where r, = 40 and the value
of k, was varied. Higher k, values are associated with stronger
rigidity.

In this model, the potentials between all beads are
represented as follows:**

480[(/1ii6/r)17' - (lija/r)é], r< Ty
Eimer(1) = 4 —,,005 [2(r = 1000)/2/ (1 = 1))y T S 7 < 1o
0, > fo
©)

The first part of the function is a Lennard-Jones potential. & is
the interaction strength, which was set as the energy unit in the
present work. o is the length unit, and the cutoft distance 7, =
2V 6/1176. The values of Ay and Ay were both set as 0.95, where
the subscript H and T denote the head/receptor and the tail
beads of the phospholipids, respectively. For other beads, the
values of A were all set to 1. The middle piece of the function
represents the attractions between all of the tail beads of the
lipids, the hydrophobic (A) blocks, and the binding between
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hydrophilic (B) blocks and receptors. In contrast with the
attraction part of L] potential, the potential width of the middle
piece can be easily tuned by setting the value of r, — r.
Previous work has demonstrated that tuning the potential
width is the key to obtaining a fluid bilayer state and the
potential with a broad attractive width can stabilize the fluid
bilayer phase.”® This potential can capture the effects of solvent
exclusion and lipid—lipid interactions in bilayers. Although
other potentials with a broad attractive width may share the
important property of exhibiting a stable fluid bilayer phase, the
present middle piece is one of several successful potentials. For
tail beads, the binding strength ., = &;, and the cutoff distance
e = 3.650, which are supposed to be the optimal values for
maintaining a plasma membrane. For the interaction between
hydrophobic blocks, ., = 3.020. For the pair of B blocks and
the receptor, 7., was also set to 3.020, which is a value that has
been used in simulations by Vacha et al.”* e, was varied in the
simulations.

The simulations were performed under constant temper-
ature. A Langevin thermostat, developed by Schneider et al. was
used.”” The beads were coupled to a heat bath, and the
equations of motion are expressed as follows:>”

ma; = E — T'v, + W(t) (4)
where m;, a;, and v; are the mass, acceleration, and velocity of
the ith bead. F,; is the force acting on the ith bead, which is
calculated based on the potential energies consisting of Ey,on4(r),
Epena(r), and Ey.(r). T is the friction constant. In the Langevin
dynamics, the effect of the solvent molecules is implicitly
treated by the noise term W(¢), which can be calculated using
the fluctuation—dissipation relationship:

(W) Wi(t')) = 6ksTT5(t — t') (s)
where kg is the Boltzmann constant, and T is the temperature
of the system. Similar to the simulations of the interactions
between rigid particles and plasma membranes, constant lateral
tension was used in the present work. We used a modified
Berendsen barostat to maintain the desired lateral tension. The
simulation box and coordinates of beads were rescaled in the
dimensions parallel to the membrane (ie., the x/y dimensions
in our simulations) according to the current membrane lateral
tension. The scaling factor 4, is given by the following
equation:54

dt
Ky =1+ ﬁ[zo - X(t)]

p (6)
where dt is the time step, T}, is the relaxation time, K is the
compression modulus, X, is the desired tension, and X(t) is the

current membrane lateral tension:

P.(t) + P,(t)
2 (7)

T, and K were set to 100 and 0.001, respectively. All of the
simulations were run under zero membrane tension (ie., X, =
0).

To calculate the bending energy of membrane (E,), we used
the Helfrich formula:>

I(t) = -

_ K 2 K 2
b= [o 5+ o+ Ry |w o
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where K, and K, are the bending modulus of the mean and
Gaussian curvature of the membrane, respectively. S is the area
of the particle that has already been engulfed by the membrane.
1 denotes the wrapping ratio of the nanoparticle, which equals
to the ratio of the surface area of BCM is covered by membrane
to the entire surface area of BCM (0 < n < 1). This formula
has been successfully adopted for calculating the energy barrier
for the endocytosis of nanoparticles in existing works.””** In
the present work, we used this formula for predicting the
energy barrier for completely wrapping a BCM. Although the
profiles of Ey as a function of # could be unpredictable, the final
value of Ey, in the end of endocytosis (i.e, when 17 = 1) can be
computed. The curvature of membrane wrapping BCM after
the endocytosis can be roughly equal to the curvature of
spherical BCM. In the present work, the radius of the spherical
BCM after endocytosis is approximately 8o, which implies that
the Gaussian curvatures of membrane warping the BCM are C,
= C, = 1/867". In addition, the values of k,, and K, were set
according to the work performed by Cooke et al.”® From their
results, we set the k,, and k, both to 10¢,.

In the NXT ensemble (where N, X, and T denote the bead
number, membrane tension, and system temperature, respec-
tively), all the simulations are carried out in a cubic cell with an
initial size of 70 X 70 X 706°. The cell has periodical conditions
in the x/y directions. A membrane formed from 4400 lipids was
set up in the middle of the box, with its surface perpendicular to
the z-axis. Half of the lipids were receptors. A micelle self-
assembled from amphiphilic diblock copolymers was set up
above the plasma membrane initially. Beginning from the initial
state shown in Figure Ic, the CGMD simulations were run for
at least 5 X 10° dt, where the time step df was set to 0.017 (7 is
the time unit). The length unit ¢ and the time unit 7 were 1 nm
and 0.01 us, respectively, based on the diffusion constant of the
membrane (for details, see Supporting Information, Section 2).
This conversion has been used previously in the simulations
performed by Shi et al.'®

B RESULTS AND DISCUSSION

We performed simulations to explore BCM—membrane
interaction pathways. A micelle self-assembled from 103
AjoB)o diblock copolymers was used in the first simulation.
This value is set according to the preferential micelle
aggregation number (the aggregation number distribution
profiles of micelles are provided in Supporting Information,
Section 1). We varied the binding strength between the B block
and the receptors on the membrane (egg) from 0.5¢, to 1.5¢,
to explore possible BCM—membrane interaction pathways.
Then, we examined the effect of three important factors on the
interaction pathways: the aggregation number of the micelle
(Nagg) , the chain length of the polymer (Ny), and the rigidity of
the hydrophobic blocks (k,). Finally, we analyzed the results
and compared them with the existing experimental observa-
tions.

BCM—Membrane Interaction Pathways. The simula-
tions were first performed by varying the binding strength
between the B block and the receptors on the membrane (g55)
from 0.5¢, to 1.5¢,. For smaller &g, the BCM could not be
internalized and remained outside the membrane. With
increasing e, the BCM was wrapped in lipids and taken up
by cells. Typical receptor-mediated endocytosis occurred when
egr was large. This is the main cellular internalization pathway
for large particles, and it has been well studied.* As epp was
increased to an extremely large value, the endocytosis pathway
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was not observed. The BCM fused into the membrane and
became situated between the two layers. According to the final
morphologies of the simulations under different values of &g,
we categorized the BCM—membrane interaction pathways into
four types: attachment, semiendocytosis, endocytosis, and
fusion. These pathways are illustrated in Figure 2. Figure 2a

100ps 300us 400ps
(a)
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o e, s %n& s
(b) 3 R
s“=o.ss.,~ah SEpEE :
(c) 2
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(d) >
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Figure 2. Four pathways of BCM—membrane interaction: (a—d)
attachment, semiendocytosis, endocytosis, and fusion, corresponding
to egp = 0.5, 0.8, 1.1, and 1.5¢,, respectively.

Attachment

o

endocytosis

shows snapshots of the attachment pathway. For weak binding
between the B blocks and receptors (&g = 0.5¢,), the BCM
cannot be wrapped by lipids, and it remains adhered to the
membrane. The process of semiendocytosis for egz = 0.8, is
shown in Figure 2b. After initially contacting the membrane,
the BCM is gradually engulfed by the membrane and forms a
vesicle wrapped by lipids. However, unlike the traditional
endocytosis pathway, in semiendocytosis, the vesicle is
connected with the membrane by a “neck” and cannot detach.
When &gy is increased to 1.1¢, the endocytosis pathway can be
observed, as shown in Figure 2¢c. The BCM is wrapped by lipids
and forms a vesicle, which detaches from the membrane. When
epr was increased further, the BCM was fused into the plasma
membrane, as shown in Figure 2d. The morphology shows that
the upper layer of bilayer the membrane is ruptured and wraps
the BCM when &g = 1.5¢,. As a consequence, the BCM is set
into the membrane and fuses into the two layers. The fusion
disrupts the bilayer structure of the plasma membrane,
producing pores in the plasma membrane. This could result
in leakage of the cytoplasm and the entry of outside molecules,
giving rise to cytotoxicity.” The schematics of the final
morphologies of the four pathways are illustrated in the last
column of Figure 2, from which we can clearly see the
difference between these pathways.

To obtain comprehensive information about the different
BCM—membrane interaction pathways, we calculated the
evolutionary wrapping ratio, #, (denoting the engulfment by
lipids) and the distance between the BCM and the membrane
plane, h, during the interaction process. The results are
presented in Figure 3a,b. Figure 3a shows the wrapping ratio of
BCM during the four interaction pathways. As shown in the
figure, for the attachment pathway, 1 remains close to 0.3,
which means that the BCM is not engulfed by the membrane.
For semiendocytosis, # reaches 0.97 at 250 us, and it remains
close to this value after that. This indicates that the BCM can
be engulfed by the membrane, but cannot be totally engulfed,
due to the “neck” between vesicle and membrane. When
endocytosis and fusion occur, # can reach 1.0, denoting
complete engulfment of the BCM. In addition, by comparing
the wrapping profiles of the last three pathways (ie.,
semiendocytosis, endocytosis, and fusion), we find that
semiendocytosis and fusion have the slowest and fastest

800

(a)

1.00
o 0.75}f
<
g’ 0.50
(o
% 0.25} —o— Attachment
E ’ —o— Semi-endocytosis
—— Endocytosis
0.00} —o— Fusion
0 100 200 300 400 500
t/us
(b)
30
—— Attachment
—O— Semi-endocytosis
20 —— Endocytosis
—— Fusion
o 10
(&)
=
©
o OF
(]
10 ¢
-20—

0 100 200 300 400 500
t/us
Figure 3. (a) Wrapping ratio of the BCM and (b) the distance

between the BCM and the membrane during BCM—membrane
interaction.

wrapping rates, respectively. The profiles of the distance
between the mass center of BCM and the membrane plane, h,
during the four interaction pathways are shown in Figure 3b.
The values of & in the attachment pathway are always larger
than zero, meaning that the BCM cannot enter the cell
However, for the cases of semiendocytosis and endocytosis, the
BCM can go inside the cell. The values of h decrease to nearly
—10 nm for the two pathways, and this decrease occurs more
rapidly for endocytosis than for semiendocytosis. When fusion
occurs, the BCM stays inside the bilayer membrane, and h is
very close to 0 nm, as shown in Figure 3b. The statistical results
in Figure 3a,b demonstrate that the endocytosis pathway has
the highest cellular uptake capacity.

Unlike rigid particles, BCMs are elastic particles that can
change their shapes during BCM—membrane interactions. In
this study, we investigated the deformation of BCMs under
different interaction pathways. First, the deformation of the
BCM core was examined. The attachment pathway was not
considered, because this is a rather weak interaction pathway.
The aspect ratio { = r,,/r, was used to characterize the
deformations. { > 1 and { < 1 denote side-oriented (axis in x/y
plane is longer) and tip-oriented (axis in z direction is longer)
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oblate, respectively. The changes in { over time are shown in
Figure 4a, and there are illustrations of deformed BCMs under

(a)

2.00
—0— Semi-endocytosis
1.75} ———Endocytosis
—o— Fusion i
2 1.50}
o
o
o 1.25¢
Q
<
1.00 Fefnn
0.75— =
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t/us

-0
7
. —> ‘ —> ’ —> ' Il Endocytosis

%- —> - IIl Fusion

Figure 4. (a) Aspect ratios (the values of 74y/1,, where r,, and r_ are the
average radii in the xy plane and z direction) of the BCM cores
(formed by the A block) during the different BCM—membrane
interactions. (b) Schematic illustrations of the deformations of the
BCM during the interactions. The dashed line in (a) indicates where
the aspect ratio equals 1.0, which corresponds to an isotropic spherical
shape.

(b)
I Semi-
endocytosis

different interaction pathways in Figure 4b. For all three
pathways, { increased from 1.0 to approximately 1.25 in the
beginning, which means that the BCM was deformed from a
spherical shape to side-oriented oblate. This deformation
increases the contact area between the BCM and the
membrane, which can lead to enhanced binding energy
between receptors and BCM and improve the BCM—
membrane interaction. However, the values of { for semi-
endocytosis and endocytosis decreased after 80 us. For the
fusion, ¢ keeps increasing during the entire interaction process.
A decrease in { indicates that the BCM has a tendency to
deform into a tip-oriented oblate shape. As the engulfment is
almost complete, the lipid-wrapped BCM is connected to the
membrane via a “neck”. A tip-oriented oblate shape may be
more favorable for the subsequent breakage of the neck because
this shape maintains a smaller contact area between the BCM
and the lipids. For the case of endocytosis, { decreased to 0.8 at
2507, which was associated with a tip-oriented oblate shape. In
the end, the neck was broken, and the BCM was restored to a
spherical shape, as illustrated in the profile that { is increased
from 0.8 to 1.0. However, the { value during semiendocytosis
stays below 1.0 because the neck is not broken, and the lipid-
wrapped BCM remains stuck to the membrane. Additionally,
we examined the morphologies of BCM:s after the three types
of interactions from different view angles. Our findings about
the core shapes of BCMs are well supported by the views from
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different angles. For details about these morphologies, see
Supporting Information, Section 3.

In addition to the BCM core, we examined the deformation
of the hydrophilic shell. The representative morphologies of
BCM before and after the four types of interactions are
provided in Figure Sc—f. Figure Sa shows the profiles of

(@)s, (c)
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—o— Semi-endocytosis (d)
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- —o— Fusion (f)
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—o— A block -0 A block after endocytosis
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D
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Densitylnm'3
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Figure 5. (a) Density of the B block along the circle of the micelle. (b)
The densities of the BCM in the radial direction before and after the
endocytosis. (c—f) Morphology of the BCM before the interaction and
after semiendocytosis, endocytosis, and fusion, respectively. The angle
@ is a radius angle in y/z plane, as illustrated in (c).

hydrophilic blocks density along the periphery of the BCM as a
function of radius angle @, before the interactions begin and
after the interactions end. The radius angle a is the angle
between the vector along positive z direction normal to the
membrane plane and a target vector rotating in the y/z plane.
Both the vectors are originated from the mass center of BCM
(0 < a < 27; an illustration of angle « is provided in Figure Sc).
Before the BCM—membrane interaction, the density remains
nearly constant and independent of a. This means that the
hydrophilic blocks are nearly uniformly arranged along the
periphery. After the interaction, the distributions of hydrophilic
blocks are changed, and the profiles of density differ under
different interaction pathways. For semiendocytosis, the density
is lower near the “neck” site (where a is close to 0 or 27). This
is because the hydrophilic blocks of the BCM near the
membrane are dragged to the receptors on the membrane. The
density profile for the fusion shows six peaks and saddles, which
correspond to the starfish-like structure of the BCM in Figure
5d. The hydrophilic blocks are stretched into the membrane in
six directions in the y/z plane because of their strong binding
strength to the receptors on membrane. We had also examined
the morphologies of BCMs after fusion under other conditions
(e.g, different receptor densities or different binding strength
between the hydrophilic blocks and receptors and different
polymer chain lengths). The starfish-like structures can always
be observed, while the numbers of hydrophilic peaks along the
BCM periphery were varied, which could be smaller or larger
than six. For the case of endocytosis, the density profile is
extremely close to the density value before the BCM-—
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membrane interaction. The hydrophilic blocks are still
uniformly packed along the periphery in the shell of BCM
after the endocytosis. However, the shell of BCM shrinks after
endocytosis, as illustrated in Figure 5f. This figure shows the
radial distribution functions (RDF) of BCM before and after
endocytosis. The results show that the RDF of hydrophobic
blocks remains nearly unchanged after endocytosis. The
densities of the hydrophilic blocks increase after endocytosis.
These changes indicate that the thickness of the hydrophilic
shell decreases after endocytosis, as a consequence of the
wrapping of lipids. In addition to the results observed from the
positive x direction (front view angle), the morphologies of
BCMs after the three types of BCM—membrane interactions
from different view angles also validate these foundings. For
details about the morphologies of BCMs from different view
angles, see Supporting Information, Section 3.

The deformations of BCMs may have a significant effect on
the system energy. We further examined the bending energy of
the membrane (E,), the binding energy between the BCM and
the membrane (Ey;,4), and the change in the potential energy of
the BCM after the interactions (Epcy). The E, value was
calculated from the Helfrich formula (eq 8 in the Model and
Methods section). E, denotes to the energy barrier contributed
by the membrane, which has to be overcome by the BCM for a
complete endocytosis. In the present work, we assume that the
BCM can be endocytosed in every case. And the curvature of
membrane wrapping BCM after the endocytosis can be roughly
equal to the curvature of BCM, because the BCM after
endocytosis maintains an isotropic spherical shape (i.e.,, C; = C,
=1/867"). A similar protocol had been used in the simulation
work performed by Li et al'® Aside from E,, which was
obtained from theoretical formulations, the other energies were
calculated from the CGMD simulation results.

The energy changes as a function of ey are shown in Figure
6. As the profiles show, E, is independent of ez and remains
constant at 251g, With increasing epg, Ey,q increases
nonlinearly, exhibiting a faster increase at larger egg. This is
because of an enlarged contact area between the B blocks and
the receptors at larger epp. As shown in Figure 5d, the B blocks
are bundled and stretched into the membrane in the case of the
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Figure 6. Bending energy of the membrane, the change of the
potential energy of the BCM after the interactions, and the binding
energy between the BCM and the membrane (denoted by E,, Ezcyy
and By, respectively) as functions of egp. An enlarged view of Egcy; is
shown in the inset.
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fusion pathway. Moreover, the conformation of polymer chain
changes because of the strong binding between polymer and
receptors. The end-to-end distance of the B block increases
with increasing g (see Supporting Information, Section 4),
which also leads to an increased contact area. The Egpcy
increases from 10g, to 300g, with increasing epr. Compared
with Ey, the Egcy value is extremely small and can be ignored
under smaller epg. In this case, the attachment and semi-
endocytosis pathways occur. However, Egcy is comparable to
E, under larger &g, which means that the deformed BCM
restores a large amount of energy as the endocytosis and fusion
pathways are achieved. In addition, the value of Ey;,q is smaller
than that of Ey + Egcy when &gy < 1.1, and larger than Ey, +
Egcym after eg > 1.1g,, which indicates that the energy barrier
for endocytosis can be overcome when e > 1.1¢,. This is the
reason that BCM cannot be internalized as &g < 1.1¢,. Thus,
the energy analysis can explain the mechanisms of different
BCM—membrane interaction pathways. For smaller &g, the
main barrier is the bending energy of the membrane (E),
which cannot be overcome, leading to a failure of cellular
internalization (E,q < E,). With increasing ez, the BCM is
deformed during the BCM—membrane interaction process. In
this case, both the bending energy of the membrane and the
energy restored in the BCM (Epcy) are the main energy
barriers. Endocytosis can occur when Ey; g > E, + Egcy. In our
calculations, this can be observed for ez > 1.le,. However,
when &g is increased further, the extremely high E,; 4 may
destroy the uniform alignment of lipids in the bilayer
membrane. The BCM is pulled into the membrane, and the
fusion pathway occurs as a consequence.

Effects of BCM and Diblock Copolymer Structure on
the BCM—Membrane Interaction Pathway. Aggregation
Number (Nygg) of the BCM. The self-assembled BCMs have a
variety of N, values, even under the same self-assembly
conditions. We studied the effect of N,,, on the BCM—
membrane interactions. The BCMs were also choses from an
additional simulation (Supporting Information, Section 1). In
addition to the BCM with N,g, = 103, two BCMs with N,,, =
54 and 141 were chosen to perform the CGMD simulations.
The number of beads in the A and B blocks were both set to 10
(ie., AjoByg). For each BCM, the simulations were run under
different values of &gy, from 0.5¢, to 1.5¢,.

On the basis of the simulation results, we found that the
internalization capacities of BCMs vary with changes in N,g,.
The representative snapshots from the ends of simulations are
shown in Figure 7a, in which ez = 1.0, 1.1, and 1.3,. When
N, is small (Nagg = 54), the BCM can only be semi-
endocytosed by the membrane for egp > 1.0&5. As N, is
increased to 103, complete endocytosis can be observed when
epr = 1.1¢;, but the endocytosis cannot be accomplished under
smaller egz. The fusion pathway can occur when epg is
increased to 1.3&,. As N, is increased to 141, a greater capacity
for endocytosis is observed because the BCM can be
endocytosed under smaller &5z (egg = 1.0g,). The fusion
pathway is obtained when &gy > 1.1g,. The results indicate that,
with increasing N,,,, the cell internalization capacity of the
BCM increases. However, if the BCM has an N,,, that is too
large, it can lead to a facile fusion pathway, in which the bilayer
structure of the membrane is disrupted. Cytotoxicity is
produced as a consequence. These results provide guidance
for the design of BCMs as a DDS. The N,,, should be carefully
considered and engineered to obtain more efficient cellular
uptake and lower cytotoxicity.
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Figure 7. (a) Snapshots of the systems at the end of the BCM—
membrane interactions for BCMs with different aggregation numbers
(Nagg) at different egp. (b) The Ey;q values during the interaction

procedures for the BCMs with various N, at egp = 1.1&,.

The different BCM—membrane interactions under a variety
of N,g, values are mainly dependent on the different binding
strengths between the BCM and the membrane. We calculated
Epng during the interaction procedures at N,,, = 64, 103, and
141. The statistical results are shown in Figure 7b. The Ey; 4
values increase before 250 ys for all three N,g, values. However,
the increase is faster for larger N,g, because more B blocks are
binded to the receptors in this case. For N,,, = 141, the extreme
binding energy destroys the original ordered packing of the
lipids, leaving more spaces into which the polymers can be
easily stretched. Therefore, the BCMs with larger N,,, exhibit a
greater capacity to fuse into the membrane. In addition, the
Eying for N,g, = 103 decreases rapidly to almost zero after 250
us. This can be attributed to the detachment of the BCM
wrapped by lipids, which occurs when the endocytosis is
finished. As the BCM is completely engulfed by lipids, there is
no driving force for the BCM—membrane interaction.

Chain Length of Polymers (N,). In addition to the
aggregation number, the chain length of the polymer is
significant for the BCM. We performed simulations to examine
the effect of chain length on the BCM—membrane interactions.
The chain length was regulated by varying the number of beads
in each polymer chain, denoted by N,. Two cases were
considered, Ny = 12 and 30, in which the numbers of beads in
both blocks were set to 6 or 15 (i.e., AgBs and A;B;s). The
aggregation number of the BCM, N,ge was set to 103 in both
cases. Simulations were run with epy ranging from 0.9¢, to
1.8¢,.
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Representative snapshots from the ends of simulations are
shown in Figure 8a. For smaller N, (N, = 12, ie., ABg),

(a)

ggr = 0.9g,

egr = 1.3¢ ggr = 1.8g,

- -0~ -0-E,,ofN,=12,20,30 18000
900 O O —O-E,,ofN,=12,20,30
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Figure 8. (a) Snapshots of the systems at the end of the BCM—
membrane interactions for BCMs with different chain lengths of
polymers (Ny) at various values of egp. (b) The Egcy and Ey;g values
as functions of &gy for the BCMs with Ny = 12, 20, and 30.

semiendocytosis, endocytosis, and fusion can be observed,
which is similar to the results when N, = 20 (ie, A;,B;o).
Meanwhile, a degradation of the micelle can be observed in the
fusion pathway. As shown in the figure, when epp = 1.8¢, the
core of the micelle formed by A¢Bg is separated into seveal
parts. This degradation phenomenon dose not occur for the
micelles with N, = 20 or 30. This is because the cores of
micelles with Ny = 20 and 30 are more frozen than those with
N, = 16, which is due to more attractive interaction between
solvophobic units resulted from increased length of solvophobic
blocks. The critical binding strength for endocytosis and fusion
are both higher than for Ny, = 20. For larger Ny, (A;sB;s), the
semiendocytosis and fusion pathways were obtained, but
endocytosis was not observed at any &gy, indicating a reduced
cellular uptake capacity. In addition, larger Ny may lead to
higher cytotoxicity because fusion occurs even under smaller
egr. Therefore, similar to the aggregation number of BCM, the
Ny, of polymers should also be designed to obtain good cellular
internalization performance and low cytotoxicity. We also
examined the effect of A/B block volume fractions (A;¢B, and
ABi5 N, for both BCMs were set to 103) on the BCM—
membrane interactions. Lower endocytosis capacity were
observed for both A;¢B, and AB, and higher cytotoxicity
was found for A B Therefore, an equivalent hydrophobic/
hydrophilic block volume fraction can contribute to increasing
the cellular uptake capacity. Details about the effect of the A/B
block volume fraction can be found in the Supporting
Information, Section S.
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To understand the mechanisms underlying the Nj-depend-
ent internalization performance of the BCM, we further
investigated the energy of the BCM—membrane interaction
system under different values of N,. Epcy and the E; 4 as
functions of epy are shown in Figure 8b. Both Epcy and Eyq
increase with increasing egp. At lower Ny, the Epcy is extremely
small. The deformation of BCM has a weak effect on the
interaction pathways. Ey; 4 is higher than Egcy,, indicating that
the BCM—membrane binding energy may overcome the energy
barrier of Eycy, which makes endocytosis possible. However,
when Ny, is increased to 20, Egcy, is much higher than Ey; 4. The
deformed BCM restores high energy, consuming the energy
that gives rise to a weakened internalization capacity. In
addition, the high BCM—membrane binding strength makes
the hydrophilic blocks stretch into the bilayer membrane,
producing higher cytotoxicity.

Rigidity of the Hydrophobic Blocks. In addition to coil—
coil diblock copolymers, rod—coil copolymers can form
micelles. The chain stiffness may result in unique BCM-—
membrane interaction performance. We performed the
simulation under various rigidities of the A block. A harmonic
spring potential was applied between the first and third beads of
a three-body angle. The formula for this potential is given in eq
2. The chain stiffness is regulated by changing the strength k,
from 0 to Sey/c”. A larger k, corresponds to stronger chain
stiffness. The &gy is set to 1.1g,. All the BCMs were formed by
103 A;4B;y copolymers.

First, we calculated the persistence length (lp) as a function
of k,. The I, value can directly represent the chain stiffness. The

formula for lP is as follows:>°

(cos(6)) = exp(—ily/1,) (9)

0, is the angle between two neighboring bonds along the chain.
ly is the average length of all the i bonds. The profile of [, as a
function of k, is shown in the inset of Figure 9. There is a slight
increase in I, for k, < 2¢o/ 6. The increase is much faster for the
case of k, > 2&y/c”. Consequently, weak and strong chain
stiffness are observed for 0gy/0” < k, < 2&0/0” and k, > 2&,/0%,
respectively. We next studied the BCM—membrane interaction
pathways under three different chain stiffness levels: k, = 0g,/c”

(flexible), 1&,/0* (weak stiffness), and Seo/c” (strong stiffness).
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Figure 9. Wrapping ratios of the BCMs with different rigidities of the
A Dblocks during the BCM—membrane interactions. The inset
illustrates the persistence length of the A blocks as a function of k,.

The wrapping ratio as a function of time for the BCM under
the three chain stiffnesses is shown in Figure 9. For flexible and
weak stiffness, the endocytosis pathway is observed. As shown
in the figure, the wrapping ratio can be increased to 1.0 when
the chain stiffness equals Og,/ o or ley/ 6%, but the increase in
the wrapping ratio is faster for k, = l&o/6” than for k, = Og,/c.
Therefore, the BCMs self-assembled from the rod—coil diblock
copolymers have greater cellular internalization capacity than
the coil—coil diblock copolymers. However, when the chain
stiffness is increased to 5e,/0% the BCM cannot be completely
engulfed by lipids, and semiendocytosis occurs. Thus, a
stronger chain stiffness results in a weakened cellular uptake
capacity, and a weak chain stiffness is better for obtaining
BCMs with high cellular internalization efficacies.

These different internalization capacities can be attributed to
the relatively stable spherical and nonspherical BCM shapes
under weak and strong chain stiffness, respectively. For the
BCMs self-assembled from flexible polymers (k, = 0¢y/0%),
their shapes can be greatly changed during the BCM-—
membrane interaction, restoring a large amount of energy
and leading to reduced cellular uptake efficacy. When rigidity is
introduced to the chain (k, = 1&,/0%), the deformation can be
weakened due to the relatively rigid BCM structure. The
restored energy is reduced, and the cellular internalization
efficacy consequently increases. However, as the chain stiffness
is increased further (k, = 5¢y/6%), the BCM favors a polyhedron
morphology during the BCM—membrane interaction. Com-
pared to the spherical BCM that occurs when the rod blocks
have lower k,, the polyhedral BCM has a larger surface area per
unit volume, which increases the energy for engulfing the
BCM.”” Thus, a strong chain stiffness of the polymers is not
beneficial for endocytosis.

Comparison with Experimental Observations. This
study has shown that the structure of a polymer strongly affects
the BCM—membrane interaction processes. Some experimental
evidence are available in the literatures, supporting the
theoretical results. For example, Lavasanifar et al. studied the
effect of block copolymer structures of poly(e-caprolactone)-b-
poly(ethylene oxide) (PCL-b-PEO) on the cellular internal-
ization of BCMs formed by these polymers.*® Comparing the in
vitro results under various molecular weights (M, of PCL =
5000, 13 000, and 24 000 g/mol and M,, of PEO = 2000, 5000,
and 13 000 g/mol), they found superior cellular internalization
of the micelles formed from polymers with M,, of PCL = 13000
or PEO = 5000 (medium molecular weight). They also
confirmed that the major cellular internalization pathway of the
BCMs is clathrin-mediated endocytosis. The profiles of cellular
uptake percentage are reproduced in Figure 10a. As can be
seen, for the lowest (PEO,y) and highest (PCL,;0, and
PEO3590) molecular weight, the BCMs exhibit poor cellular
uptake performances. For the case of PEO,3y, the uptake
percentage is extremely low, which is approximately 0.5%.
While, for PEOsyy, and PCLj 3y, a relative higher uptake
percentage can be observed.

Herein, we performed additional simulations to study the
cellular uptake percentage of the BCMs formed by PCL-b-PEO
with different chain lengths. The PCL and PEO blocks can be
viewed as corresponding to the hydrophobic (A) and
hydrophilic (B) segments, respectively, in our simulations.
Because PCL and PEO have similar monomer structures
(alkane backbones with oxygen), their molecular weights can be
roughly associated with the chain length of the polymers. For
the sake of computations, one coarse-grained bead in the
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performed by Lavasanifar et al.*® (b) Cell viability after incubated with BCMs formed by polymers with various hydrophilic block lengths from our

simulations and the experimental results obtained by Zhu et al.*’

polymer model represents 500 g/mol molecular weight (about
12 C,H,C,H,0O unit). Therefore, the PCLg0/13000/24000-b"
PEOs000/5000/13000 are denoted by Ajgz6/45B4/10/26 in the
simulations. Details about the simulation system and parameter
setting can be found in Supporting Information, Section 6.
According to the simulated results, we calculated the cellular
uptake percentage. In the calculation, a complete endocytosis
was regarded as a successful cellular uptake. The statistical
results are provided in Figure 10a. A predominant cellular
uptake performance can be seen for A;(B;y, and A,4B;o. The
A oBys exhibits the lowest uptake percentage, which is about
0.28%. As a result, the BCMs exhibit the highest cellular uptake
performance when the block copolymers have medium chain
lengths. It should be noted that, due to the limitation of current
computational ability, theoretical simulations cannot obtain
statistical results exactly the same with those in experi-
ments.'>'®?” Meanwhile, these results are qualitatively
consistent with the experimental observations. Both the
experiment and simulation showed that a medium polymer
length gives higher cellular uptake, and micelles with shorter or
longer polymers are not suitable for obtaining desirable
internalization performance. Accordingly, these experimental
results are theoretically supported by our simulations.

Additionally, although Lavasanifar et al. successfully found
that micelles formed from medium-length polymers have higher
cellular internalization capacities, the mechanisms underlying
this finding remain unclear. From the simulations, we learned
that the main reason for the lower endocytosis capacity of the
micelles with shorter polymers is the reduced binding strength
between the BCM and the membrane. This reduced binding
strength cannot overcome the bending energy barrier of the
membrane, which is required for completing endocytosis. Thus,
in this case, attachment or semiendocytosis occurs. For the
micelles with longer polymer chains, the binding energy
between the BCM and membrane is higher. The BCM does
not tend to enter the cell; instead, it fuses into the membrane.
This results in reduced cellular uptake.

In addition, our simulation confirmed the phenomenon that
the cytotoxicity of BCM is regulated by the polymer length,
which had been observed via experimental approaches.
Recently, Zhu et al. explored the drug-delivery performance
of poly(e-caprolactone)-b-poly(N-vinylpyrrolidone) (PCL-b-
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PVP) micelles with different lengths of PVP (hydrophilic)
blocks.*” Three different PVP molecular weights were studied:
3000, 6000, and 12000 (M,). By examining the H22 cell
viability after incubating with different BCM concentrations, it
was found that, for bare BCMs, the cytotoxicity is independent
of the PVP length. When an iRGD targeting moiety was
conjugated to the BCM, the cytotoxicity of the BCMs
increased. Moreover, longer PVP lengths may results in higher
cytotoxicity at some micelle concentrations. For clarity, we
represent their results in Figure 10b. It can be seen that the cell
viability for the BCMs conjugated with iRGD is much smaller
than the bare ones. Moreover, with an increase in the molecular
weight of the PVP block, the cell viability is gradually decreased,
corresponding to the increase of cytotoxicity.

Similar to the above example, we performed simulations on
the cytotoxicity of BCMs formed by the amphiphilic block
copolymers with different length of hydrophilic blocks. The
PCL and PVP blocks can be viewed as corresponding to the A
(hydrophobic) and B (hydrophilic) blocks, respectively, in our
simulations. Again, the chain lengths of polymers in the
simulation are proportional to the molecular weight of PCL-b-
PVP, and one coarse-grained bead in the polymer model
corresponds to 500 g/mol molecular weight. As a result, the
PCLsgg and PVP3000/6000/12000 is denoted by A and Bgyy, /54 in
the simulations, respectively. Weak binding strength between
the BCM and the membrane in the simulations (i.e., e =
1.1kgT) correspond to the case of bare BCMs. In order to
simulate the case of BCMs conjugated with iRGD, we used a
larger binding strength between the last beads of hydrophilic
blocks. Herein we set & to 4.0kgT, this value had been widely
used in the simulations regarding the ligand—receptor binding
in existing works,”* which can effectively denote the actual
binding strength between ligand and receptor. For details about
the simulation, see Supporting Information, Section 6.
According to previous experiment and simulation,”” ™ the
disruption of lipids in the plasma membrane is primarily
responsible for the cytotoxicity during the particle—membrane
interactions because it leads to the leakage of the cytoplasm and
the entry of outside molecules. These phenomena have also
been found in the fusion pathway in the present simulations.
Therefore, the fusion of BCMs is regarded as the main reason
for the cytotoxicity in the BCM—membrane interactions. Figure
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10b shows the statistical results from simulations. The cell
viability for bare BCM is higher than that for the BCM with
iRGD, and the cell viability is reduced with increasing the
length of B block. Therefore, BCMs with longer polymer chains
may lead to higher cytotoxicity at stronger binding strength
between the BCM and the membrane. Our analysis further
reveals that this result is mainly caused by the higher energy at
longer hydrophilic block lengths at larger binding strength
between membrane and hydrophilic blocks of BCM, which is
responsible for the damage to the bilayer membrane (Figure
8b). Regarding the polymer-length-regulated cytotoxicity
phenomenon, the simulations find good agreement with the
existing experimental observations and provide a theoretical
understanding of the experimental findings.

The above comparisons indicate that, by setting the certain
parameters in our simulations according to those in the
experiments (e.g., hydrophobic/hydrophilic volume fraction,
the binding strength between the hydrophilic blocks/ligand
moieties and the receptors on the membrane), a qualitatively
consistence between the simulated results and experimental
observations can be obtained. In addition, we have examined
the effect of these uncertain parameters on the final results. For
example, we performed the simulations by varying the receptor
density (from 0.5 to 0.1). The results indicated that, for all the
cases, the cellular uptake percentages are synchronously
reduced and the cell viabilities are synchronously increased
compared to those when the receptor density is 0.5.
Meanwhile, the qualitatively consistence between simulated
results and experimental results remained.

The experiments have only examined the effects of certain
parameters (e.g., polymer length and hydrophobic/hydrophilic
volume fraction) on the cellular internalization of BCMs. Our
simulations were able to examine the effects of various
parameters of the BCM and polymer (e.g., aggregation number
of BCM and the chain stiffness of hydrophobic blocks) on the
BCM—membrane interactions. We not only obtained results
that were qualitatively consistent with those obtained from
experiments but also predicted the relationships between
cellular internalization and several important structural
parameters of the BCM and the polymer. Moreover, the
mechanisms underlying the BCM/polymer effects on the
interaction pathways were revealed. As BCMs have been used
for high-efficiency drug-delivery systems (DDSs), these
simulation results could be helpful for designing improved
DDSs with better cellular uptake performance and lower
cytotoxicity, which would be beneficial for applications such as
tumor therapy.

B CONCLUSIONS

Using coarse-grained molecular dynamic simulations, we
investigated the interaction pathways between block copolymer
micelles (BCM) and plasma membranes. Four pathways were
discovered: attachment, semiendocytosis, endocytosis, and
fusion. Endocytosis was the most efficient pathway for the
uptake of BCMs, and fusion can result in cytotoxicity. The
deformation of the BCM during the interaction not only affects
the binding energy between the BCM and the membrane, it
also increases the energy barrier for internalization, which
significantly affects the interaction pathways. By examining the
effect of the aggregation number of the BCM (N,g,), the chain
length of polymers (N,), and the chain stiffness of the
hydrophobic block (k,) on the BCM—membrane interactions,

we learned that a smaller N,,, and lower N, can lead to weaker
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and

cellular uptake capacity of the BCM, whereas a larger N,g,
higher Ny, produce higher cytotoxicity. Moreover, lower chain
stiffness in the hydrophobic block could be favorable for
obtaining BCMs with higher internalization efficacy and lower
cytotoxicity. The changes in cellular uptake performance based
on polymer structure are in qualitative agreement with the
existing experimental observations. In addition, the mechanisms
underlying the polymer BCM—membrane interaction path-
ways, which are difficult to study via experimental approaches,
were revealed in the present work. The findings could provide
guidance for designing BCMs to be used as drug-delivery
systems with higher therapeutic efficacy and lower side effects/
toxicity to the human body.
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