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ABSTRACT Wrapping dendrimer-like soft nanoparticles by cell
membrane is an essential event in their endocytosis in drug and
gene delivery, but this process remains poorly elucidated. Using
computer simulations and theoretical analysis, we report the
detailed dynamics of the process in which a lipid bilayer membrane
fully wraps a dendrimer-like soft nanoparticle. By constructing a
phase diagram, we firstly demonstrate that there exist three
states in the interaction between a dendrimer and a lipid bilayer

membrane, i.e., penetration, penetration and partial wrapping, and

full wrapping states. The wrapping process of dendrimer-like nanoparticles is found to take a unique approach where the penetration of the dendrimer into

the membrane plays a significant role. The analysis of various energies within the system provides a theoretical justification to the state transition observed

from simulations. The findings also support recent experimental results and provide a theoretical explanation for them. We expect that these findings are

of immediate interest to the study of the cellular uptake of dendrimer-like soft nanoparticles and can prompt the further application of this cass of

nanoparticles in nanomedicine.
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he use of dendrimer-like soft nano-
particles in biomedicine and nano-
technology is rapidly increasing, and

there have been a large number of studies
aimed at examining and understanding the
cellular uptake of these nanoparticles.'™
Upon the unique molecular topology, ex-
tended range of dendrimer-like nanoparti-
cles can include not only dendrimers but
also some hyperbranched macromolecules
as well as general nanoparticles with long
tethers."? Understanding the transmembrane
transport mechanisms of this class of nano-
particles is of essential importance to their
applications. However, in contrast to general
“hard” nanoparticles, the elastic deformation
and complicated molecular topology of den-
drimer-like soft nanoparticles may strongly
affect their interaction with cell membrane.®
Recently, experimental'>”# and theoret-
ical®™>°~"® studies have demonstrated
that the transmembrane transport of
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dendrimerlike nanoparticles can take the
mechanisms of membrane disruption,
penetration, and endocytosis, depending
on different physicochemical parameters.
Although the first two mechanisms have
been extensively explored, the molecular-
scale details of the endocytosis of this class
of nanoparticles have remained to be defi-
nitely elucidated. One particular aspect of the
problem that has not been addressed and
could be of great relevance, concerns the
interplay between two different mechanisms,
e.g., penetration and endocytosis. Under-
standing how the penetration of dendrimer-
like nanoparticles affects their endocytosis
process in the molecular scale is related to
the fundamental biological responses and
cytotoxicity, and is thereby one critical issue
to be resolved for their further applications in
nanomedicine. Experimentally, it requires di-
rect measurements in single cell and is thus
very difficult and more challenging.?
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Here, we present the first study on the detailed
dynamics of the process where a lipid bilayer mem-
brane fully wraps a dendrimer by employing large-
scale computer simulations. Notably, the penetration
of the dendrimer-like nanoparticle into the membrane
is found to play a crucial role in this wrapping process,
demonstrating a unique dynamical approach. In parti-
cular, we identify a state transition from penetration
to full wrapping during the transmembrane transport
of this class of nanoparticles. The energetic analysis
provides a theoretical justification to the simulation
results. Some recent experimental findings can also
be rationalized by the simulations and theoretical
analysis.

Full technical details on the simulation method and
the models of lipid and dendrimer are described in the
Method section. Briefly, the dissipative particle dy-
namics (DPD) technique is used in the simulations
which extends the simulation scales of time and
space to be appropriate to the study of nanoparticle-
membrane systems with explicit water."*™"® An effec-
tive coarse-grained methodology of dendrimers is
used in the modeling, which has been proved its
validity and efficiency in the simulations of their con-
formational behaviors and interactions with lipid bi-
layers (see refs 12 and 13, and Table S1). The model of
the dendrimer-like nanoparticle is mapped from the
poly(amidoamine) (PAMAM) like dendrimer.>'%'3 Only
the terminal beads of the dendrimer model are hydro-
philic while the other moiety of the dendrimer is
hydrophobic. Each amphiphilic lipid consists of a head-
group and two tails. The headgroup contains three
connected hydrophilic beads. Each tail includes three
connected hydrophobic beads. To mimic a real cell
membrane with a larger area-to-volume ratio, here
we use N-varied DPD method where the targeted
membrane tension can be maintained.'” This tech-
nique facilitates the control of the membrane tension
through offering sufficient excess area to release the
extra tension induced by a large membrane deforma-
tion due to the wrapping. Figure 1 shows the plot of the
surface tension, o, as a function of area per lipid, A, for
the lipid membranes used in the present simulations.
The threshold of the lipid density corresponding to
zero tension is observed at about A, &~ 1.28r2 (. ~
0.7 nm is the length unit of the simulations). Before this
point, the membrane has a negative surface tension
where the lipid compression is required to balance the
energy cost of membrane buckling. In a real cell, the
negative surface tension can be generated by the
cytoskeleton, dynamin or actin filaments.'82°

RESULTS AND DISCUSSION

For the initial simulations, a dendrimer is initially
positioned in close proximity above the surface of a
membrane. To determine the mechanisms of the trans-
membrane transport of dendrimers, we performed 66
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Figure 1. Calculated surface tension of lipid membranes, o,
as a function of area per lipid, A,. Error bars represent the
standard deviation. The representative snapshots show
three typical phases of the seventh generation (G7) den-
drimers interacting with a lipid bilayer membrane at differ-
ent surface tensions, o: (a) penetration at o = 2.09 kBT/rﬁ, (b)
penetration and partial wrapping at o = 0.10 kgT/r?, and (c)
full wrapping at ¢ = —0.72 kgT/r? . Solvent beads and
counterions are not shown for clarity. Color scheme: lipid
head beads (pink), lipid tail beads (cyan), charged beads of
dendrimer (red), and uncharged beads of dendrimer
(yellow).

simulations (35 us each) for membranes with o chang-
ing from —0.72 kgT/r. to 4.06 kgT/r2 and dendrimer
generation varying from 3 to 8. We find that membrane
disruption can be induced for all dendrimers when ¢ is
larger than 2.09 kgT/r2. Consideration of the details of
the membrane disruption is beyond the scope of the
present study and can be found elsewhere>”~'3
Instead, we focus on the penetration and wrapping
behaviors where ¢ < 2.09kgT/r% The snapshots in
Figure 1 and Supporting Information videos show the
typical equilibrium states where the seventh dendri-
mer (G7) is used as a sample. For relatively high surface
tension at o = 2.09kgT/r%, a penetration state is ob-
served, where dendrimer beads insert into the mem-
brane and lead to small pores in it (Figure 1a and
Supporting Information Video 1). Such high surface
tension can enhance the penetration of dendrimer
beads across the tense membrane.'? In this case, we
note that wrapping however does not happen. As
surface tension decreases to near zero point, the
penetration of dendrimer beads across the tensionless
membrane is significantly reduced (Figure 1b and
Supporting Information Video 2). Instead the dendri-
mer is partially wrapped by the membrane. There
exist a penetration state and a partial wrapping state
for the tensionless membrane, in agreement with
some previous simulations.*® With further decreasing
o to —0.72 kgT/rc, the state becomes full wrapping,
where the dendrimer is completely wrapped by the
membrane, resulting in a dendrimer-encased vesicle
(Figure 1c and Supporting Information Video 3). The for-
mation of the full wrapping state plays a crucial role in
the endocytosis of the dendrimer. Little has reported
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Figure 2. The enlarged local structures within the dashed square in Figure 1c show successive stages in a full wrapping

process of the G7 dendrimer at 0 = —0.72 kgT/r>.

on the formation of this structure in previous simula-
tions. However, a recent experiment of Kelly et al.*'
of the stoichiometry of the PAMAM dendrimer—
phospholipid interactions suggested the presence of
the dendrimer-encased vesicle. The details of this
structure are difficult to experimentally demonstrate,?
and its formation mechanism has not been examined
in the molecular scale.

To address these concerns, here we provide a de-
tailed insight into its formation dynamics. For this
purpose, the successive evolution of local structure as
marked by the dashed square in Figure 1cis presented
in Figure 2 that illustrates the dynamical approach of
the full wrapping state in the molecular scale. A more
detailed dynamical process can also be found in
Supporting Information Video 3. It is interesting to
see that the evolution process can be divided into two
stages, with the boundary at about 10007 (r ~ 7.7 ns is
the time unit of the simulations). In the first stage, the
dendrimer is attracted to the membrane and tends to
deform along the membrane surface (3207). Simulta-
neously, some lipid molecules around the dendrimer
are pulled away from the membrane and then insert
into the dendrimer (8007). This activated process is
driven mainly by the strong attraction between the
dendrimer hydrophobic moiety and the hydrophobic
lipid tails.”’® The unique molecular topology of the
dendrimer provides inner space for the insertion of
lipids into it. At about 10007, a complex comprised of
dendrimer and lipids forms, resembling the penetra-
tion state of a dendrimer across a tensionless mem-
brane. Clearly, the dendrimer penetration dominates
the first stage of the process. In the following stage, we
however find a state transition from penetration to full
wrapping, which is different with the systems of ten-
sionless or tensed membrane with positive surface
tension and has not been reported previously.3~>°~13
In particular, the lipid—dendrimer complex, with al-
most isotropic shape, behaves as a larger “particle”
from 1000z7. The membrane with negative surface
tension significantly bends around the complex parti-
cle (24007). As a result, the membrane close to the

GUO ET AL.

o o)
o o)
=)
.8 o o
=
o)
=t [¢] (¢]
[0}
O
4400000 © o O o o)
3jooco 00 © o o o o

05 00 05 '21io 15 20
ok, Tr)

Figure 3. A phase diagram from simulations, describing the
states as a function of dendrimer generation and membrane
tension o. The yellow, green, and pink circles denote pene-
tration (no wrapping), penetration (no wrapping) and par-
tial wrapping, and full wrapping states, respectively. The
boundaries are indicated by the red and blue lines for clarity
only.

complex particle is locally deformed and a local mem-
brane curvature is created. At 34007, the complex
particle is gradually wrapped by the membrane, along
with local membrane fusion (as denoted by the yellow
dashed curve), and moves downward consequently.
Finally, the complex is entirely wrapped by the mem-
brane. Note in real cellular endocytosis, the fully
wrapped object can be further internalized through
membrane fission accelerated by external force, e.g.,
actin polymerization or Sar1.'®2° The two stages
demonstrated in Figure 2 reveal that there may be a
cooperative behavior of two basic mechanisms, i.e.,
penetration and endocytosis, in the cellular uptake of a
dendrimer-like nanoparticle.

To evaluate the generality of this unique dynamical
approach, we systematically simulate the states in the
cellular uptake of dendrimer-like nanoparticles as a
function of dendrimer generation and membrane ten-
sion, which allow us to construct a phase diagram in
the two-parameter space, as shown in Figure 3. Three
characteristic regions separated by two boundaries
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can be identified in the phase diagram. Indeed, there
exists a region where the dendrimer can be fully
wrapped by the membrane and the dendrimer pene-
tration plays a significant role in it (e.g., Figure 1c). As
denoted by the pink circles, the region of the full
wrapping state ranges with dendrimer generation no
less than 6 and o no larger than —0.25 kgT/r2. Increas-
ing membrane tension or decreasing dendrimer gen-
eration leads to the coexisting state of penetration and
partial wrapping, as marked by the green circles (e.g.,
Figure 1b). For smaller dendrimers and higher values of
0, the wrapping cannot happen and the structure of
dendrimer—lipid complex remains, the state being
only penetration (Figure 1a). These simulation results
definitely demonstrate that the state transition in
the cellular uptake of dendrimer-like nanoparticles
strongly depends on membrane tension and particle
size. Particularly, the negative surface tension of mem-
brane, that is usual in the real cellular system,” % is a
key factor to trigger the state transition, since it can
enhance the curvature and fluctuation of the mem-
brane so that the motion of the complex cannot be
“restricted” too much and can behave as a big “parti-
cle” to be wrapped.

To understand the role of dendrimer penetration in
the following wrapping, we calculate the asphericity,
A, and the radius of gyration, Ry, of dendrimer. Here A,
is calculated from the gyration tensor of all dendrimer
beads, and a higher A corresponds to a higher aniso-
tropic shape.? Figure 4 and inset show the evolution
of A; and the o-dependence of equilibrium Ry for a G7
dendrimer interacting with a membrane. The figure
demonstrates that for all values of ¢ the dendrimer
presents anisotropic shape first and then turns to be
isotropic. Interestingly, we find that a membrane with
lower o corresponds to a dendrimer with more iso-
tropic shape and larger size at equilibrium. In particular,
given that the Ry of a G7 dendrimer is about 5.73r,
the dendrimer size increases by about 12% at ¢ =
—0.72 kgT/r. The formation of the lipid—dendrimer
complex accounts for these changes of the dendrimer.
Previous theoretical study indicated that the full wrap-
ping of a soft nanoparticle can be suppressed due to its
elastic deformation.® Our simulations demonstrate
that the deformation of dendrimer is significantly
reduced when a lipid—dendrimer complex forms dur-
ing the penetration of dendrimer, providing an advan-
tageous factor for its full wrapping. It has also been
experimentally®® and theoretically'® revealed that a
spherical nanoparticle is easier to be internalized
through endocytosis. As demonstrated in Figures 2
and 4, the complex holds a more uniformly spherical
shape especially at a lower o, benefitting its following
wrapping. The size increase of the complex is another
advantageous factor for its full wrapping, because
wrapping a small particle usually extremely raises the
bending energy of the membrane.?*?> Taken together,
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Figure 4. Time evolution of the asphericity A of a G7 den-
drimer interacting with a membrane at different . Color
scheme: (red) o = 2.09 kg T/r 2, (green) o = 1.10 kg T/r 2, (blue)
0=0.75 kgT/r., and (pink) 0 = —0.72 kgT/r.2. The inset shows
the radius of gyration Ry of the dendrimer as a function of o.

the penetration of dendrimer in the first stage, indu-
cing the formation of dendrimer—lipid complex, can
greatly facilitates the full wrapping in the second stage
of the dynamical approach.

To gain more detailed insight into the facilitating
effect of dendrimer penetration on its full wrapping,
we provide a quantitative analysis for the energy of the
system based on the Canham-Helfrich theory.??” The
details of this analysis can be found in the Method
section. Briefly, upon interaction between a dendrimer
and a lipid membrane, the contact energy drives the
local wrapping of the membrane around the dendri-
mer which, however, is opposed by the bending en-
ergy of the membrane. The wrapping is also influenced
by the tension energy that is usually induced by the
excess membrane pulled toward the wrapping site.?”
The total energy of the system E is thereby an equation
of these three items (see eq 2). E with respect to the
wrapping degree of the dendrimer by the membrane,
fw, can be found by minimizing the equation. With in-
creasing f,, from 0 to 1, the equilibrium wrapping state
can be obtained, where E reaches a local extremum.®

Figure 5 and its inset show E as a function of f,, for the
G7 dendrimer at three values of o. At o = 1.10 kgT/r2,
E increases monotonically with f,,, where the high
positive tension energy dominates the wrapping pro-
cess and the wrapping is inhibited. When ¢ decreases
t00.10 kg T/r .2, a locally minimum occurs at f,, 2 0.12, as
denoted by the circle in the inset. This energy extre-
mum indicates the presence of a metastable partial
wrapping state in addition to the no wrapping state.
For the same dendrimer in a system without mem-
brane, its equilibrated Ry is reduced to about 5.73r.. If
the dendriemer with this size interacts with a mem-
brane at the same g, there however exists only no
wrapping state (dashed green line), revealing again
that the penetration of dendrimer can facilitate wrap-
ping process through modifying its shape and size.
With further deceasing o to —0.57 kgT/r.’, the energy
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Figure 5. The energy of the system, E, as a membrane wraps
around a G7 dendrimer with wrapping degree, f,,, for o =
1.10 kgT/r2 (red), 0.10 kgT/r (green), and —0.57 kgT/rc>
(pink). The green dashed line represents the plot for a
particle with Ry = 5.73r.. « is the elastic module of the
membrane with unit of energy kgT.

barrier vanishes and the full wrapping state becomes
the only stable state. By comparing these theoretical
results with the corresponding simulation results in the
phase diagram of Figure 3, it is interesting to find that
the energetic analysis is consistent with the simula-
tions. We further calculate the energetic equilibrium
states of all the points in Figure 3, allowing us to
construct a phase diagram based on the energetic
analysis. Figure 6a shows the phase diagram where,
in addition to the three above cases, two different
cases occur as marked by the cyan and blue circles,
respectively. The E—f,, curves of these points are
presented in Figure 6b. One can find that, for the blue
circles (i.e., the red and green curves), there exist a local
extremum at a no wrapping state with an energy
barrier to reach a partial or full wrapping state. For
the cyan circles (i.e., the blue curve), the energy barrier
almost disappears so that a long platform occurs at the
initial stage of the curve corresponding to a metastable
state of partial wrapping. This metastable state is
followed by the stable state of full wrapping. The blue
points could be incorporated into the no wrapping
region due to the high barrier in the energy curves
while the long platform in the energy curves clarifies
that the cyan circles could be included in the region of
partial wrapping. Thus, we get the similar state transi-
tion boundaries in Figure 6a as with those in Figure 3.
This reveals again that the dendrimer—lipid complex
behaves as a hard particle due to the deformation
restriction exerted by the lipids inserting into the
dendrimer. In comparison with the simulations, the
energetic analysis provides more detailed information
on the metastable state of the system.

The close agreement between energy analysis and
simulation much helps us to understand the effects of
o and dendrimer size. A positive o leads to a positive
tension energy E; that opposes the wrapping process.
However, it turns to drive the wrapping process when
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Figure 6. (a) The phase diagram from quantitative analysis
of system energy, describing the states as a function
of dendrimer generation and membrane tension ¢. The
yellow, green, and pink circles denote penetration (no
wrapping), penetration (no wrapping) and partial wrap-
ping, and full wrapping states, respectively. The cyan circles
represent the case having a metastable state of partial
wrapping and a stable state of full wrapping while the blue
circles represent the case having a stable state of no
wrapping and a metastable state of partial or full wrapping.
Phase boundaries are indicated by the red and blue lines for
clarity only. (b) The E—f,, plots as a membrane wraps around
different dendrimers at o = —0.25 kgT/r>2.

o and E; hold negative values. The full wrapping phase
can beinduced if ois negative enough. In a real system,
cells can actively control and adjust their membrane
tension for the purpose of surface area regulation,? so
that the negative surface tension can be generated by
the cytoskeleton,'® dynamin'® or actin filaments.°
When dendrimers are used as nanocarriers for targeted
drug delivery, they get spontaneously wrapped by the
membrane. Decreasing membrane tension can signifi-
cantly prompt this wrapping process. The vertical axis
of the phase diagrams indicates that decreasing den-
drimer generation can suppress the wrapping process.
In this case, the surface area of the dendrimer becomes
small, leading to the reduced driving potential for
wrapping, i.e., the contacting energy. This is particularly
useful for the design of the dendrimer-based nanocar-
rier, because dendrimer size can be modified when itis
conjugated with drug molecules. Note that here the
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simulations focus on the systems in water. In a real
cellular system, the acid/base environments can influ-
ence the interaction between dendrimers and lipid
membrane since the protonation level of dendrimers
could be altered by changing the solution's acidity.
Actually, previous simulations have demonstrated that
a lower pH can enhance the adsorption of dendrimers
on the negatively charged lipid bilayer.?® This implies
that the contacting energy can be significantly strength-
ened in response to the decrease of pH which will
facilitate the wrapping process. However, at very low
pH dendriemrs can even induce a hole formation on
the membrane as shown by the previous simulations.?®

Kelly et al.?" studied the stoichiometry as well as the
structure in the PAMAM dendrimer—phospholipid in-
teractions. On the basis of their experimental data of
the number of bound lipids and the heat release per
amine, they suggested that larger dendrimers can
induce the steric restriction of dendrimer deformation
on the membrane. They further proposed a dendrimer-
encased vesicle model based on these data and
pointed out the generation-dependence of this model.
In this paper, our simulations provide a theoretical
support for their results regarding the formation of
the dendrimer-encased vesicle model and present the
detailed structure and formation mechanism of it.
Further, the phase diagram in Figure 3 also demon-
strates that the model has generation-dependence
and occurs when the dendrimer generation is no less

METHODS

Simulation Details. Computer simulations use DPD technique,
and an effective coarse-grained methodology of dendrimers is
used in the modeling, which has its validity and efficiency
proved in the simulations of their conformational behaviors
and interactions with lipid bilayers.'>'® Here, the model of the
dendrimer-like nanoparticle is mapped from the polyamido-
amine (PAMAM) like dendrimer. Only the terminal beads of the
dendrimer model are hydrophilic and carry the charge of +1.
The other moiety of the dendrimer is uncharged and hydro-
phobic. Each amphiphilic lipid consists of a headgroup and two
tails. The headgroup contains three connected hydrophilic
beads and the top two of them carry the charges of +1 and
—1, respectively. Each tail includes three connected hydropho-
bic beads. The present simulations are carried out using five
different interaction forces between beads, i.e., conservative
interaction force FS, dissipative force F°, random force F¥, spring
force F5, and electrostatic force FE. The detailed forms of F<, F°
and FR, which can be found elsewhere,'* are of short-range with
a fixed cutoff distance, r.. In particular, the interaction param-
eters used in F are similar to those provided by the MARTINI
force field***" and have been successfully used in our previous
works.""® Hookean springs with the potential Us(ii + 1) =
(1/2)ks(|rijsa] — lo)? is used to construct dendrimers and lipids,
where i, i + 1 represent connecting beads in the molecules. The
spring constant, ks = 64, and unstretched length, Iy = 0.5r, are
chosen so as to fix the average bond length to a desired value. A
three-body potential acting between adjacent bead triples in
each tail of lipids and the branches of dendrimer, U,(i — 1,i,i + 1) =
kal1 — cos(¢p — @o)] is selected to model the chain stiffness,
where the angle ¢ is defined by the scalar product of the two
bonds connecting beads i — 1, i, and i, i + 132 Although this
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than 6, in agreement with the experimental conclu-
sions obtained by Kelly et al.'

CONCLUSIONS

In summary, by employing systematic computer
simulations and theoretical analysis, we demonstrate
how a lipid bilayer membrane fully wraps a dendrimer-
like soft nanoparticle. On the basis of the systematic
simulations and energetic analysis, we first construct
the phase diagram regarding the states in the interac-
tion between a dendrimer and a lipid bilayer membrane
and identify three states from the diagram, i.e., penetra-
tion, penetration and partial wrapping, and full wrapping.
The cooperative behavior of two basic mechanisms, i.e.,
penetration and endocytosis, is observed in the trans-
membrane transport of dendrimer-like soft nanoparti-
cles. A state transition from penetration to full wrapping
in this process is found and analyzed at the molecular
scale. The role of dendrimer penetration in its following
wrapping process is explored. The analysis for various
energies within the system reproduces the observation
from simulations and gives theoretical justification to the
phenomena. We finally demonstrate that the relevant
experimental presumption can be rationalized and ex-
plained by our simulation and theoretical results. These
findings are of immediate interest to the study of the
cellular uptake of dendrimer-like soft nanoparticles and
can prompt the further application of this class of
nanoparticles in nanomedicine.

paper does not focus on the charge effects in cellular uptake,
the electrostatic interaction among charged beads is included
based on a modified particle-particle-particle-mesh (P3M) algo-
rithm in which the electrostatic field is solved by smearing the
charges over lattice grid.>® The simulation box is 60r, x 60r. x
50r. in size and with periodic boundary condition in all direc-
tions, which is large enough to avoid the finite size effects. The
time step of A t = 0.02 7 is chosen ensuring the accurate
temperature control over the simulation system.>* We choose
our basic length and time scales to match the experimentally
observed area per dipalmitoyl phosphatidylcholine (DPPC)
molecule and the typical diffusion coefficient of lipids.3> Then,
we get ro ~ 0.70 nm and 7 & 7.70 ns.

To mimic a real cell membrane with a larger area-to-volume
ratio, we use N-varied DPD method where the targeted mem-
brane tension is maintained by monitoring the lipid number per
area, NE."7 In this method, the boundary region of the mem-
brane plays a role as reservoir of lipids, and N in the boundary
region is kept constant by depletion/addition moves. Simulta-
neously, a corresponding number of water beads are randomly
added and deleted to keep the whole density of the simulation
box constant. This technique facilitates the control for the mem-
brane tension through offering sufficient excess area to release
the tension induced by a large membrane deformation due to
the nanoparticle. Note Nf can be easily changed into a more
general parameter, the area per lipid, A,.

Energetic Analysis. The energy calculations are based on the
cap model that is a good approach to estimate the relevant
energy contributions and has been successfully used in other
works (see Figure 52).272%37 It will be first assumed that the
membrane remains fluid state in the whole simulations, which
facilitates the energy calculation because the membrane shape
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is easy to be determined.”®*” Upon interaction between a
dendrimer and a lipid membrane, the contact energy E, with
average density &, drives the local wrapping of the membrane
around the dendrimer which, however, is opposed by the
bending energy of the membrane Eg. According to the classical
Canham-Helfrich theory, the bending energy per unit area will be

&0 = KU1z~ 00+ cly) m
where 7, and 7, are the local principal curvatures of the mem-
brane surface, 7, is the spontaneous curvature of the membrane,
and « and g are elastic moduli with unit of energy kgT. In the
following, 770 = 0 is assumed for a symmetric membrane, and the
second termin eq 1 is ignored because no topological changes will
be considered and periodic boundary condition is used for the
membrane without edge.3®*° The wrapping is also influenced by
the tension energy E; that is usually induced by the excess
membrane pulled toward the wrapping site. E; can be calculated
as E; = AA,0, where AA, is the excess membrane area. If the area of
the dendrimer covered by membrane is A, summarizing these
three energy forms yields the total system energy with the
following form:

1
E = 5A +5K(’71 + 772)2Ac +AA 0 )

The detailed forms of A. and AA, are given in Figure S2 in
Supporting Information. Note all the energy quantities are denoted
in units of kgT.

An analysis of thin elastic membrane showed that « can be
estimated as « = £/*/48, where & and [ are elastic modulus and
thickness of the membrane.*® From a linear fit of the 6—A, curve
at low membrane tension, we find & &~ 22.68 kgT/r2. The mem-
brane thickness can be measured as about 4.6r.. Thus, deter-
mining both of these parameters leads to « ~ 10kgT for our
system. In the present simulations, when an N-varied DPD
method is used, an approximately constant o can be controlled
for each simulation, allowing us to explore the effect of mem-
brane tension conveniently. The density of contact energy &, is
difficult to obtain. By testing a series of value, we find that &, =
—0.31 kgT/r? yields a close agreement between the simulations
and the theoretical analysis, which is physically reasonable.?”>
The contacting energy can be influenced by the electrostatic
interaction due to the strong attraction between the positive
surface charges of the dendrimer and the negative charges of
the lipids. Such charge interactions would enhance the binding
of dendrimers on the membrane surface.®> We note that the
dendrimer turns to be isotropic with small deformation at the
late stage of each simulation (see Figure 4). Thereby the mem-
brane curvatures 7, and 7, are set as 7, ~ 1, = 1/[Rq + (I/2)].
Here Ry is the radius of gyration of a dendrimer at equilibrium,
and its value in each simulation is given in Table S2. The defi-
nition of the wrapping degree, f,,, can be found in Figure S2 in
Supporting Information. On the basis of aforementioned values,
the total system energy E with respect to f,, can be found by
minimizing eq 2. With increasing f,, from 0 to 1, the equilibrium
wrapping state can be obtained, where E reaches a local
extremum.®

Note in Figure 1¢, the vesicle-encased dendrimer involves a
junction line at which the planar bilayer meets the vesicle
membrane. The junction bears a close resemblance to a “trilat-
erally symmetric void” (TSV) where the free energy per unit can
be calculated as & = 7tim/2Rm.*" Here «m, and Ry, are the mean
curvature bending modulus and radius of monolayer curvature.
Taking km = /2 and Ry, = [Ry + (I/2)], we obtain the free energy
cost of creating the junction is about 0.57z« kgT regardless of the
radius of the vesicle. This energy penalty is too low to modify the
full wrapping state of the systems in the present work (see
Figure S1 in the Supporting Information for the total energy of
the systems with full wrapping state). Thus, this structure can be
stable within the time scale of the simulations. Actually, in a real
cellular process, the disruption of the junction requires an
external interaction, e.g., actin polymerization or Sar1.'®~%°
The free energy term due to the linear tension of a pore in
the membrane is not included in eq 2 because only very small
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pore or hole can be induced during the penetration of the
dendrimer beads into the membrane.*? In fact, the “pores”
formed here are so small that ascribing them to the “molecular-
size metastable defects” is more appropriate.*® Therefore, they
are not pores in a very real sense and have negligible contribu-
tion to the tension energy. As pore nucleation is an activated
process, the spontaneous formation of pore nuclei in a moder-
ately stretched membrane is even infrequent. For the linear
tension of a large enough pore in a lipid membrane, its value
can be estimated as the order of 107" J/m.**
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