
VÁCHA ET AL. VOL. 6 ’ NO. 12 ’ 10598–10605 ’ 2012

www.acsnano.org

10598

November 13, 2012

C 2012 American Chemical Society

Intracellular Release of Endocytosed
Nanoparticles Upon a Change of
Ligand�Receptor Interaction
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C
urrent efforts in nanomedicine focus
on treatments at the individual cell
level such that affected cells can

be treated without damaging the healthy
ones, thus reducing side effects.1−3 Such an
approach requires efficient delivery strate-
gies that allow drugs to be taken up by, and
released in, the target cells with high speci-
ficity. One promising strategy to carry drugs
is the usage of multivalent nanoparticles,
liposomes, or similar particles, as they can
be designed to adhere selectively to sur-
faces that display a given type of receptor.1,4,5

When the attraction between the ligands on a
nanoparticle and the receptors on the cell
surface is strongenough, thenanoparticle can
be fully internalized through passive endocy-
tosis;a spontaneous (thermodynamically
driven) process that does not require the
consumption of ATP.6�8 When a nanoparticle
is fully internalized in a cell by endocytosis,
it becomes encapsulated by a membrane
or endosome, and is therefore still separated
from the cytosol. In many applications,9 the
nanoparticle or its components need to be
released into the cytosol in order to become
active. This is particularly crucial in the case of
siRNA therapy where early release is neces-
sary to avoid degradation in the lyzosome.10

The release can be triggered by a change
of conditions in the endosome such as a
slight pH change.11 Naturally, this change
of conditions can influence the receptor�
ligand interaction, for example by diminish-
ing its strength.12 Because of the multiva-
lent nature of the nanoparticle�membrane
interactions, a slight decrease in the interac-
tion strength can lead to significant changes
in membrane�nanoparticle wrapping, and
as we show in this study, it can even cause
the full release of the nanoparticle from the
endosome into the cytoplasm.
Relatively little is known about the mini-

mum ingredients necessary for the full
release of nanoparticles that have under-
gone passive endocytosis. In this paper,
we investigate the release mechanism of
such systems by modifying the strength of
the interaction between the nanoparticle's
ligands and membrane receptors. In parti-
cular, we consider the effect of the size
and shape of the nanoparticle and of the
degree of tension in the encapsulating
bilayer. Using a coarse grained description
and comparison to an elastic model allows us
to study a generic physical mechanism of
nanoparticle escape.
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ABSTRACT During passive endocytosis, nanosized particles are initially encapsulated by a membrane

separating it from the cytosol. Yet, in many applications the nanoparticles need to be in direct contact

with the cytosol in order to be active. We report a simulation study that elucidates the physical

mechanisms by which such nanoparticles can shed their bilayer coating. We find that nanoparticle release

can be readily achieved by a pH-induced lowering of the attraction between nanoparticle and membrane

only if the nanoparticle is either very small or nonspherical. Interestingly, we find that in the case of large

spherical nanoparticles, the reduction of attraction needs to be accompanied by exerting an additional

tension on the membrane (e.g., via nanoparticle expansion) to achieve release. We expect these findings

will contribute to the rational design of drug delivery strategies via nanoparticles.

KEYWORDS: cytosol release . late endosome . ligand�receptor interaction .
phospholipid membrane . nanoparticle shape . molecular dynamics
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We have employed Molecular Dynamics (MD) simu-
lations using an implicit-solvent coarse-grainedmodel,
in which the phospholipidmolecules of themembrane
are represented by a three-bead model.13 The first
bead (hydrophilic headgroup) is purely repulsive, while
the other two beads, representing hydrophobic tails,
attract each other. Nanoparticles of different sizes and
shapes are constructed from beads of similar size as
those of the phospholipids (see Methods). About half
of the nanoparticle surface beads (ligands) are selec-
tively attractive to membrane “receptors” that differ
from the phospholipids by the fact that the “head
groups” selectively attract the ligands of the nanopar-
ticles. In this study, 50% of the membrane lipids can
act as receptors. More details about the model can be
found in the Methods section and in ref 6, which
focuses on the early stages of endocytosis.

RESULTS AND DISCUSSION

A typical release event of a spherical nanoparticle
with diameter 9.6 nm is depicted in Figure 1. We show
the snapshots from the time when the ligand�receptor
attraction was changed instantaneously from�5 to 0 kT
(mimicking the effect of pH change). The change of inter-
action is followed by a rapid pore opening in the encap-
sulating membrane. Once the pore is large enough, the
nanoparticle is released. After the complete release of the
nanoparticle the membrane pore closes.
A similar process was observed for spherocylinders,

that is, cylindrical particles with hemispherical caps at

the ends, with aspect ratios of 2.0 and 1.0 (see Figure 2).
Importantly, in the case of spherocylinders the pore
opened at the end of the spherocylinder, which is the
place with the highest mean curvature. The whole
process of release was faster for spheres than for
spherocylinders with the same diameter, which is
expected as spherocylinders are larger and conse-
quently diffuse more slowly.
As the membrane/encapsulated-nanoparticle com-

plex is stabilized by the ligand�receptor attraction, we
expect that nanoparticles will have the potential to be
released once the strength of the attraction falls below
a given critical value. However, even when the encap-
sulated state of the nanoparticle becomes thermody-
namically less stable than the released state, kinetic
considerations will determine whether or not we can
observe the release of the nanoparticle within the time
scale of our simulations. The free-energy barrier for
release determines whether or not we will be able to
observe the release process on the time scale of our
simulations. In fact, for both spherical and spherocy-
lindrical nanoparticles, we observe spontaneous parti-
cle release whenever the ligand�receptor attraction
energy is decreased below a fairly sharp (geometry-
dependent) threshold. This is shown in Table 1. How-
ever, the complex interplay between thermodynamic
and kinetic factors makes it difficult to predict the
dependence of this threshold value on the size and
shape of the nanoparticles. For instance, spontaneous
release was observed both for a sphere (D = 9.6 nm)

Figure 1. Several representative snapshots of a MD trajectory where the nanoparticle is released from the enclosing vesicle.
The initial configuration was taken from the end of an endocytosis simulation (t = 54000) but the strength of the
ligand�receptor interaction was changed to 0 kT, mimicking a change of the interactions due to a different endosomal
environment. A pore opens in the encapsulating membrane upon the loss of attraction to the nanoparticle. The pore then
expands and the nanoparticle is released. Consequently, the vesicle closes again (t = 80000). The snapshots display a cut
through themembrane at the particle position, where the surface is composed of ligands homogeneously distributed on the
surface. Color coding: (nanoparticle) yellow beads are ligands and gray beads are purely repulsive; (membrane) blue beads
are membrane receptors, orange are headgroups, and gray and red are tail beads.
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Figure 2. Several representative snapshots of a MD trajectory where nanoparticles of spherocylindrical shape
are released from an enclosed vesicle. Two aspect ratios 2.0 (A) and 1.0 (B) were studied. The initial configura-
tion was taken from the end of an endocytosis simulation and the strength of ligand�receptor interaction was
modified from �5.0 to 0 kT. A pore opens in the encapsulating membrane upon the loss of attraction to the
nanoparticle and the nanoparticle diffuses through the pore outward. After the nanoparticle is released the vesicle
closes again. The snapshots display a cut through the membrane at the middle of the vesicle. Color coding: same as in
Figure 1.

TABLE 1. Results of the Simulation with Membrane Encapsulated Nanoparticle after Receptor-Mediated Endocytosis,

Where the Ligand-Receptor Interaction Was MadeWeaker (from Initial�5.0 kT in All Cases Except for the Small Sphere,

Where the Initial Strength Was �8.0 kT)

residual binding strength (kT) spherocylinder aspect ratio 2:1 spherocylinder aspect ratio 1:1 sphere diameter 9.6 nm sphere diameter 5.2 nm

�2.0 encapsulated encapsulated encapsulated encapsulated
�1.5 encapsulated exposed tip encapsulated encapsulated
�1.0 encapsulated released released released
�0.5 released released released released
�0.0 released released released released
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and a for spherocylinder of similar diameter (D = 9 nm,
L = 9 nm) and with aspect ratio 1.0 when the ligand�
receptor interaction strength dropped to about�1.0 kT,
while a spherocylinderwith an aspect ratio of 2 (D=9nm,
L = 18 nm) was only released at a slightly weaker
ligand�receptor interaction (�0.5 kT).
The physics underlying the release process can

be understood in terms of the elastic theory that
describes the membrane as a thin, flexible (and
stretchable) sheet. The free energy of local deforma-
tions can be estimated using the expression proposed
by Helfrich,14 which for any sphere simplifies to a
constant: 8πκ þ 4πκG. Here κ and κG are, respectively,
the bending rigidities associated with the mean and
Gaussian curvatures. While the value of the bend-
ing rigidity has been reliably measured to be about
20 kT,15,16 the bending rigidity associated with Gauss-
ian curvature is more difficult to obtain.17,18 Recent esti-
mates suggest values of around �0.8κ.19,20 Thus, the
total bending free energy of a symmetric bilayer en-
capsulating a sphere of any size can be approximated
to be around 300 kT. Using a similar procedure one can
evaluate the bending energy for spherocylindrical shape.6

To achieve encapsulation, the membrane bending
free energy must be compensated by the attraction
between membrane receptors and nanoparticle ligands.
When the stabilizing receptor�ligand interaction is
decreased, the equilibrium state of the surround-
ing membrane will be determined by a competition
among several factors such as the bending energy, the
internal pressure inside the bilayer shell, the line ten-
sion of the edge of an incipient pore, and the transla-
tional entropy of both the vesicle and the nano-
particle. While minimization of the bending energy
would favor the formation of a flat disk of membrane
(zero curvature), the line tension will favor the forma-
tion of a vesicle. The line tension quantifies the penalty
associated with the exposure of amembrane edge and
has beenmeasured to be between 6.5 and 30 pN.21�24

Thus, in the case of a very small vesicle (surround-
ing a small nanoparticle), reduction of the attractive

interactions between membrane and particle can
result in the formation of a flat membrane ”disk”.
Indeed, this is precisely what we observe in the case
of a small nanoparticle with diameter about 5.2 nm
(see Figure 3). If we employ the above numbers for
bending rigidity and line tension in eq 2 and eq 5 we
can see that the bending energy of a sphere is enough
to expose 80 nm of the membrane edge. In other
words this means that vesicles with a diameter smaller
than 12 nm would be thermodynamically stable as a
flat disk. This size is likely to be an upper bound, since
we have observed in the simulations that lipids can
quickly exchange between the leaflets when a pore is
opened via translocation and thus the bending energy
can be reduced. Repeated simulations with a nanopar-
ticle of diameter 9.7 nm resulted, after the release, in
both membrane geometries: disk and vesicle. This
result agrees well with previous simulations that found
that membrane discs of diameter from 9 to 20 nm
coexisted with membrane vesicles.25

For membranes encapsulating larger nanoparticles,
the penalty of having a free edge becomes too large.
Hence, the most stable state of the membrane is a
closed spherical vesicle. Therefore, when the nanopar-
ticle is elongated, as in the case of spherocylinders,
its release will have a strong thermodynamic drive.
If there is some residual ligand�receptor attraction,
there will be a competition between the bending
energy and the attraction. As a result, the final mem-
brane shape and the release process will depend on
the precise value of this residual energy (see Table 1).
In the case of large, spherical particles, the free

energy barrier for release becomes very high, while
the driving force for release becomes dominated by
the (usually small) gain in translational entropy. Under
these conditions, spontaneous release becomes very
slow and, indeed a simulation of a large (diameter of
14 nm), encapsulated spherical particle did not show
release in the course of a very long simulation.
However, the rate of release of large nanoparticles

can be increased if the encapsulating membrane is

Figure 3. Snapshots from our MD simulation with a small nanoparticle, where the membrane ended as a flat disk after the
nanoparticle was released. The initial configuration started from a fully encapsulated nanoparticle after receptor�ligand
mediated, passive endocytosis. At the start (t=100000) the strengthof the ligand�receptor interaction changed from�8.0 to
0 kT. This resulted in a fast opening of amembrane pore, which expanded as themembrane flattened (t = 105000). At the end
of the process, the nanoparticle was fully released and themembrane formed a flat disk. The snapshots display a cut through
the membrane at the particle position; 80% of the particle's surface beads are ligands. Color coding: same as in Figure 1.
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stretched. Stretching of the encapsulating membrane
may be achieved in several ways, but the effects are
always the same. Here we consider the situation where
the nanoparticle is slightly compressed during encap-
sulation, due to strong receptor�ligand interactions.
Once the interaction is switched off, the membrane is
in a state of stress. As an example, we consider the case
where the radius of the encapsulated nanoparticles is
initially 4% less than that of released nanoparticle.
Once the ligand�receptor interaction is switched off
the nanoparticle tends to re-expand, thereby stretch-
ing the encapsulatingmembrane. This stretching facili-
tates the release of the nanoparticle, as can be seen in
Figure 1. Note that the membrane vesicle reverts to a
spherical shell after releasing its cargo, thus confirming

that it is the surface stretching rather than the mem-
brane bending that drives the release.
We note that enhancement of cargo release due to

the internal pressure on the membrane has been
exploited in experimental applications of gene delivery:
in this case, the nanoparticles weremade of polyethylene-
imine that increases its charge upon the decrease of pH,
and thereby expands. It was found that this process
facilitates endosomal delivery.10 Interestingly, virus cap-
sids can expand by up to 10% upon a change of pH26,27

suggesting that viruses may also exploit this mechanism
to aid their release.
The rate of the release process is limited by the

formation of a pore in the vesicle that will allow the
nanoparticle to escape. Pore formation is a rare event,

Figure 4. The free energy profiles as a function of pore size evaluated froman elasticmodel (seeMethods section). (A) Results
for tensionless vesicles of various sizes in comparison with a flat membrane; (B) changes of the free energy profiles when the
nanoparticle expands and pressurizes the vesicle. The nanoparticle radius was 5.0 nm before the expansion and the vesicle
was initially at zero tension. Letters a�e follow the free energy path of release process of the nanoparticle after the radius
expansion of 8%.
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as it involves an appreciable free energy cost. We have
estimated the height of this free-energy barrier using a
Helfrich-like model, where we assume that the shape
of the remainder of the vesicle remains spherical
during pore formation (see Methods and Figure 4A).
Our results are in agreement with the computer simu-
lations of Shinoda, who used computer simulations to
compute the free-energy cost of pore-opening in a
vesicle.28 We conclude that the free-energy cost of the
spontaneous formation of a pore of radius larger than
5 nm in a tension-free vesicle is so high that the process
is effectively forbidden.
However, if the membrane is under tension, the

release barrier can be greatly reduced as opening a
membrane pore is a more favorable process than
stretching the membrane for more than 5%.29,30 From
the elastic model (see Methods), we can calculate the
energy barrier associated with pore opening when
the vesicle is under tension due to the internal pres-
sure of the nanoparticle (see Figure 4). As can be seen
in this figure, even a slight increase in the radius of
the encapsulated particle strongly increases the free
energy of the encapsulated state. As a consequence,
the free-energy barrier for pore formation is decreased
and the rate of the nanoparticle release is strongly
enhanced.
To validate our simple analytical model, we have

used MD simulations to compute the free-energy cost
associated with the expansion of an encapsulated
nanoparticle. The free energy cost associated with
the expansion of an encapsulated sphere from a radius
of 5.0 to 5.2 nm, is 40 kT. This is roughly in agreement
with the 50 kT calculated from the elastic model
(4% expansion). When we expanded the internalized
particle's radius from 5.0 to 5.4 nm, a membrane pore
spontaneously opened and the particle was released.
The observed release process is in agreement with the
data from the elastic model Figure 4B (8% expansion).
In Figure 4B, we can follow the most favorable trajec-
tory for release: (a) at the beginning the expanded
nanoparticle causes tension on the enclosed vesicle
as no pore is present (i.e., pore radius = 0). (b) After

crossing a small free energy barrier a pore of finite size
is opened and the free energy decreases. (c) If the pore
radius is large enough (roughly equal to the radius of
the nanoparticle) the particle can be released. Once the
vesicle is empty, it becomes favorable to (d) decrease
the pore size until (e) the vesicle is closed.

CONCLUSIONS

In summary: we have used MD simulations to study
the cytosol release of particles that have been inter-
nalized via passive endocytosis. At our coarse grained
level of description our particles can represent either
artificial nanoparticles or simplified proto-typical virus
capsids. Typically, we find that the release process
can occur spontaneously if the strength of attraction
between nanoparticle ligands and the membrane
receptors is lowered sufficiently. A significant thermo-
dynamic driving force for release exists when the
strength of attraction is no longer dominant and the
endosome is either (1) small enough that it prefers a
flat disk conformation or (2) sufficiently deformed from
its equilibrium state. This deformation can be provided
by the elongated shape of the encapsulated nanopar-
ticle or by a pressure exerted by the nanoparticle on
the membrane. This internal pressure can be achieved
by a judicious choice ofmaterials, whichwould expand
in the late endosome, or by normal expansion of
deformable nanoparticles that have been compressed
during the initial phase of the uptake process. Since
there is no elastic driving force for the release of
encapsulated nanoparticles that are rigid, large, and
spherical, we do not observe their release during any of
our simulations. Nevertheless, it is possible that such
particles' release will be driven by other factors (e.g.,
membrane fluctuations and translational entropy
gains) albeit on much longer time scales than the ones
considered here.
The insights that the present work provides in the

role ofmembrane deformation on nanoparticle release
should facilitate the rational design drug-delivery stra-
tegies that are based on passive endocytosis of a
nanosized cargo.

METHODS

Simulation Details. The simulations details are explained thor-
oughly in our previous study,6 therefore here we describe them
only briefly. For the phospholipids we employed the recently
developed implicit solvent coarse-grained model of Cooke and
Deserno, which has been shown to reproduce the experimental
elastic properties of membranes such as the compressibility,
the bending modulus, pore line tension, Gaussian modulus,
and elasticity of membrane tubes.31,19 Phospholipids are repre-
sented by a chain of three beads. The first bead is purely
repulsive and represents the hydrophilic headgroup. The last
two beads represent the hydrophobic tail and are attractive to
other tail beads. The surface of the nanoparticle was made of
similar repulsive beads as the lipid headgroups, but some of
the beads (ligands) were made attractive to 50% of the lipid

headgroups (representing membrane receptors). In this work,
the number of ligands per particle was varied between 50 and
80% of the nanoparticle's surface beads; 50% of ligands was
used for the larger sphere (Figure 1) and 80% was used for the
smaller sphere (Figure 3). For simplicity, the attractive potential
was chosen to be of the same form as that between the
hydrophobic tails; however, the range of attraction was shorter
(about 30% of the diameter) and the depth of the attractive well
varied as a control parameter of the ligand�receptor binding
strength. Icosahedral virus-like nanoparticles were constructed
as a hollow interconnected shell, which was filled with larger
soft spheres in order to keep the spherical shape by inner
pressure. As such, the particle is slightly deformable with pre-
ferred roughly spherical shape. The smaller nanoparticle was con-
structed from 122 beads forming a shell and 72 beads inside,
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while the larger nanoparticle was constructed using 792 beads
for the shell and 252 beads inside. Spherocylinders were built
out of the same beads with 61 beads in the cross-section. For
more details on construction of the nanoparticles see ref 6. We
have also studied nondeformable nanoparticles made of a
single hard bead to study the effects of deformability.

All our simulations were carried out using the Molecular
Dynamics package ESPRESSO.32 The simulated systems con-
sisted of 8000 lipids placed in a rectangular cell with fixed
z-direction and varying xy-plane. Employing periodic boundary
conditions this yields an infinite membrane bilayer in the
xy-plane, which was kept at zero pressure. The temperature of
the system was kept by the Langevine thermostat at 1.0 kT
resulting in a membrane in the liquid fluid phase. The time step
was chosen as in the original lipid study13 at 0.01τ and the total
time of simulations was on the order of 105τ.

The unit of time was estimated via lipid diffusion to be
τ = 10 ns; however, this is just a rough approximation since we
treat the solvent implicitly. Lengths are measured in units of a
lipid bead diameter (1σ), which we roughly estimated to be
about 1 nm by comparison of the simulated membrane thick-
ness (i.e., 5σ) to its experimental value (about 5 nm). Note that
because of the comparison with the rigid nanoparticle made of
a single bead, we havemeasured the nanoparticle's radius from
the center to the surface (not by the distance up to the surface
beads as in our previous study6).

The free energy associated with isotropic expansion of a
hard sphere encapsulated by a vesiclewas calculated viaBennett's
method.33 The energy differences were obtained using two
simulations with particles of radius 5.0 and 5.2 nm and employing
virtual moves of particle expansion and contraction.

Release Barrier from Elastic Model. From an elastic point of view
a membrane can be approximated as an infinitely thin sheet of
flexiblematerial. The free energy ofmembrane deformation can
be expressed through the Helfrich equation:14

Gdeformation ¼ Gbend þGstretch

¼
Z
K
2

1
R1
þ 1
R2

� �2

þKG
1

R1R2
dAþ 1

2
Ks
(A � A0)

2

A0

(1)

where R1 and R2 are the local principal curvatures of the
membrane surface, and κ and κG are the bending rigidities of
the membrane, associated with the mean and Gaussian curva-
ture. Ks is a stretching constant and A0 is the tensionless area.

Before the release can happen, there has to be amembrane
pore opened, through which the enclosed nanoparticle can
escape. The free energy cost of opening such a pore is asso-
ciated with the unfavorable membrane edge exposed to water.
In continuum theory this is expressed in terms of line tension γ.
The free energy of a pore is then

Gpore ¼
Z
γ dl (2)

The total free energy of amembrane vesicle with a pore is given
by

GTOT ¼
Z
K
2

1
R1
þ 1
R2

� �2

þKG
1

R1R2
dAþ

Z
γ dlþ 1

2
Ks
(A � A0)

2

A0

(3)

If we assume that the vesicle has the shape of a spherical cap,
the formula simplifies to

GTOT ¼ (2KþKG)
A

R2
þ 2πγxþ 1

2
Ks
(A � A0)

2

A0
(4)

where x is a pore radius and R is the radius of the vesicle. For a
closed vesicle of spherical geometry in equilibrium this simpli-
fies to

Gsphere ¼ 4π(2KþKG) (5)

The free energy difference between the closed vesicle with
radius R0 and an opened vesicle with radius R and pore

radius x is

ΔG ¼ 2πγxþ 2π(2KþKG)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � x2

R2

r
� 1

 !

þ πKs
2R02

R2 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � x2

R2

r !
� 2R0

2

2
4

3
5
2

(6)

The free energy profiles from this equation are presented
in Figure 5. For each pore size we found the value of R that
minimizes the total free energy, with the lower limit set by
the radius of the enclosed nanoparticle. Note that for a more
direct comparison with the simulations, we have taken into
account the 5 nm width of the membrane, and the size of the
vesicle was measured using the midplane between the bilayer
leaflets.

The employed values were κ = 20 kT, κG = �16 kT,
Ks = 50 kT nm�2 and γ = 3.6 kT nm�1. The bending modulus
was obtained from refs 30,15, and 16while theGaussianmodulus
was obtained from refs 17, 20, and 19. The typical Ks value of
200 mJ/m2 for phospholipids was obtained from micropipet
experiments.34,30 For the line tension, we employed 15 pN which
is a midrange value of the experimental range 6.5�30 pN.21,23,24

When the membrane area remains constant (assumption
valid for vesicles at zero tension) there is an analytical solution to
the above equation:

ΔG ¼ 2πγx � (2KþKG)
πx2

R0
2 (7)

If the nanoparticle is a sphere of radius r the pore has to open at
least to this size (x= r) for release to be successful. Moreover, the
radius of the vesicle wrapping the nanoparticle is just slightly
larger by half of the membrane thickness t, so we can write
R0 = r þ t/2.

The height of the free energy barrier associated with open-
ing of the pore for the nanoparticle is

ΔG ¼ 2πγR � (2KþKG )
π

1þ t

2r

� �2 (8)

Therefore, larger nanoparticles experience higher free energy
barrier for release, unless the radius is so small that the stable
state of wrappingmembrane is not a vesicle. The increase of the
barrier height is roughly linear with the radius of the nanopar-
ticle as r . t.

We can also calculate the expansion ratio χ of the nanopar-
ticle radius that would provide enough energy to open a pore of
size of the nanoparticle. The stretch energy from pore expan-
sion is

ΔGstretch ¼ 1
2
Ks
(A � A0)

2

A0
(9 )

¼ 2πKs
[(χrþt=2)2 � (rþt=2)2]2

(rþt=2)2
(10 )

and the energy necessary to open a pore is given by eq 8. Using
the above experimental values one obtains χ = 1.05 for the
nanoparticle of radius 5.0 nm and it is decreasing with increas-
ing size of the nanoparticle. However, note that such nanopar-
ticle expansion can lead to a kinetically trapped state (local free
energy minimum), where the pore opened in the vesicle has a
radius smaller than the nanoparticle (see Figure 5 between
points b and c).

Release of spherocylinder. The cytosol release of a spherocy-
linder can be a spontaneous process if the ligand�receptor
binding strength decreases below a threshold. We have esti-
mated the threshold from the elastic model of a membrane for
an ideal nondeformable spherocylinder. Upon release of the
spherocylinder with radius R and length L the membrane
bending energy will change as

ΔEB ¼ 8πKþπK
L

R
� 8πK ¼ πK

L

R
(11)
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and the loss of the attractive energy is

ΔEr ¼ 2πωr(2R
2 þ RL) (12)

whereωr is residual attractive energy per area between sphero-
cylinder and membrane. Therefore, release will be thermody-
namically favorable when ΔEB > ΔEr. Leading to

πK
L

R
> 2πωr(2R

2 þ RL) (13)

ωr <
LK

4R3 þ 2R2L
(14)

There are two limiting cases: first L = � when ωr = (κ/2R2) and
second L = 0 when spherocylinder becomes sphere and ωr = 0.
This means that membrane prefers to be in a spherical geome-
try, and thus it should be easier to release the spherocylinder of
any length.

This result is in contrast to the trendwehave observed in our
simulations, where a smaller residual ligand�receptor binding
was necessary for release of a longer spherocylinder. The
difference might be due to the kinetic effect as the membrane
has to unwrap (lose all its attractive binding energy) first and
then change its shape to spherical vesicle (gaining bending
energy). Thus the transition barrier could be larger for longer
spherocylinders.
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