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Studying dendrimer—biomembrane interactions is important for understanding drug and gene delivery. In this
study, coarse-grained molecular dynamics simulations were performed to investigate the behaviors of
polyamidoamine (PAMAM) dendrimers (G4 and G5) as they interacted with asymmetric membranes from
different sides of the bilayer, thus mimicking different dendrimer transport stages. The G4 dendrimer could
insert into the membrane during an equilibrated state, and the G5 dendrimer could induce pore formation in
the membrane when the dendrimers interacted with the outer side (outer interactions) of an asymmetric
membrane [with 10% dipalmitoyl phosphatidylserine (DPPS) in the inner leaflet of the membrane]. During the
interaction with the inner side of the asymmetric membrane (inner interactions), the G4 and G5 dendrimers
only adsorbed onto the membrane. As the membrane asymmetry increased (e.g., increased DPPS percentage

in the inner leaflet of the membrane), the G4 and G5 dendrimers penetrated deeper into the membrane during
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inner interactions. When the DPPS content reached 50%, the G4 dendrimer could completely penetrate
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1. Introduction

With the rapid development of nanotechnology, nanoparticles
(NPs) have been widely applied in everyday life and biomedicine
in applications such as drug delivery, cancer diagnosis, and
therapy.'™ Of the various NPs, polyamidoamine (PAMAM)
dendrimers have attracted attention for use in DNA carrier and
drug delivery system applications because of their nanoscale
size, convenient preparation and functionalization, and supe-
rior drug delivery capability.” For these applications, PAMAM
dendrimers must pass through a biomembrane barrier during
the transport process to reach cellular compartments.®
Although passive and endocytosis pathways have been
proposed, the exact mechanism of the transport process is only
partially understood.” In cells, dendrimers can interact with
biomembranes, such as the membrane of an endosome

“Key Laboratory of Thermo-Fluid Science and Engineering of Ministry of Education,
School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an 710049,
P.R. China. E-mail: zgqu@mail.xjtu.edu.cn

’Bioinspired Engineering and Biomechanics Center, Xi’an Jiaotong University, Xi’an
710049, P.R. China

‘The Key Laboratory of Biomedical Information Engineering of Ministry of Education,
School of Life Science and Technology, Xi’an Jiaotong University, Xi’an 710049, P.R.
China

“The State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese
Academy of Sciences, Beijing 100190, P.R. China

This journal is © The Royal Society of Chemistry 2014

reference information about different dendrimer transport stages during drug and gene delivery.

(membrane-bounded compartment inside cells)® and a cell
membrane.”'® Therefore, interactions between PAMAM den-
drimers and biomembranes at different transport stages should
be understood.

Biomembranes, one of the most important parts of a bio-
logical system, have been considered symmetric in several
studies (e.g., in simulations). However, this result may not
represent the native biomembrane features. The compositions
of the outer leaflet and inner leaflet of the membrane bilayer are
different in many natural membranes. A membrane with a
different composition in terms of the types and percentage of
lipids in the outer and inner leaflets is defined as an “asym-
metric membrane” in our study. For example, the human
erythrocyte (red blood cell) membrane is a typical asymmetric
lipid bilayer,** which is composed of phosphatidylcholine,
sphingomyelin, and glycolipids in the outer leaflet and phos-
phatidylethanolamine, phosphatidylserine, and phosphatidyli-
nositol in the inner leaflet. Furthermore, the dipalmitoyl
phosphatidylserine (DPPS) percentage in the inner leaflet of the
membrane varies in different membranes,”> which means
different levels of asymmetry in our study. This asymmetry may
have important functions in biological behaviors. For instance,
phosphatidylserine in the inner leaflet of the membrane can
transfer from the inner leaflet to the outer leaflet, thereby
inducing recognition by macrophages (a cell with defense
function) when the cells undergo apoptosis (programmed cell
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death).” Nevertheless, the underlying biological functions of
asymmetric membranes remain poorly understood. Therefore,
the influence of the asymmetry of a lipid bilayer on NP-bio-
membrane interactions should be considered.

Several simulation studies have been performed to investigate
NP-asymmetric membrane interactions. A study regarding the
transfer of benzocaine (a small molecule used in pain relievers)
from an aqueous solution to the asymmetric lipid bilayer
demonstrated that the presence of DPPS can change the preferred
position of benzocaine in the lipid bilayer."” Another study revealed
that the potential of the mean force (PMF) curve is asymmetric
during peptide-asymmetric membrane interactions.™ There was a
local minimal energy position in the outer leaflet of the
membrane, and the overall lowest energy position was in the inner
membrane leaflet due to the electrostatic attraction between the
positively charged peptide and the negatively charged inner leaflet
of the membrane. Unfortunately, most existing studies have only
focused on small molecules, such as benzocaine and peptides;
these small molecules may differ from dendrimers, which are
larger and have higher charge density and branched structures.
Only a few studies partially focused on dendrimer-asymmetric
membrane interactions.® Tian et al.® investigated the mechanism
by which the G4 dendrimer escapes from endosomes. Their study
simulated the interactions between the G4 dendrimer and the
tensed membrane under low or neutral pH conditions.

The mechanism of dendrimer-biomembrane interactions in
different cellular transport stages is not fully understood. Fig. 1
shows a schematic diagram of the cellular transport process of
dendrimers. The processes of cellular uptake and elimination were
considered in this study. During the cellular uptake process,
dendrimers interact with the outer side of an asymmetric
membrane (outer interactions), for which direct penetration and
endocytosis pathways have been proposed. Within cells, den-
drimers might still interact with biomembranes, such as the
membrane of the Golgi, mitochondria, cytoskeletons, nucleus and
cell membrane. However, for the endocytosis pathway, the den-
drimers are trapped in endosomes at first, and a few dendrimers
could escape from the endosomes to interact with other bio-
membranes. In particular, interactions between the dendrimers
and cell membranes during the elimination process involve the
inner side of the asymmetric membrane (inner interactions).
Another possible elimination process is exocytosis, in which the
dendrimer is inside of an endosome and is expelled from cells
through fusion of the endosome with the cell membrane. In this
case, the dendrimer only interacts with the outer leaflet of the
membrane. The present study does not focus on this process.

As reviewed above, the interactions between a charged den-
drimer and different sides of the asymmetric membrane during
different transport stages have not yet been investigated. The
current study used PAMAM dendrimers and an asymmetric lipid
bilayer as a model system to perform coarse-grained molecular
dynamics (CGMD) simulations. Although the asymmetric
membrane of the erythrocyte membrane model was applied in
the work of Tian et al.,® the focus of each study is different. The
work of Tian et al® focused on the mechanism of endosomal
escape; in contrast, the process of cellular uptake and elimina-
tion with membranes with different asymmetry levels (in terms of
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Fig.1 Schematic diagram of the cellular transport process of dendrimers.
Passive and endocytosis pathways have been proposed for the entry of
dendrimers into cells. In this stage, the dendrimers interact with the outer
side of the asymmetric membrane (outer interactions). Inside cells, the
dendrimers might still interact with biomembranes, such as the membrane
of the Golgi, mitochondria, cytoskeletons, and nucleus and the cell
membrane. However, in the endocytosis pathway, the dendrimers are
trapped in endosomes at first, and a few dendrimers could escape from the
endosomes to interact with other biomembranes. In particular, when the
dendrimers interact with the cell membrane during the elimination process,
the inner side of the asymmetric membrane (inner interactions) is involved.

different percentages of DPPS) were considered in the present
study. The present investigation could provide further informa-
tion about the dendrimer transport process as well as about the
application of dendrimers in drug and gene delivery.

2. Model and methods

The MARTINI coarse-grained force field" was used during the
simulations. This model maps four atoms into one coarse-
grained (CG) particle with significantly improved computa-
tional efficiency. Four main types of particles are used in this
model: polar (P), apolar (C), nonpolar (N), and charged (Q). Four
subtypes (d-donor, a-acceptor, da-both, and o-none) are used to
distinguish different hydrogen-bonding capabilities, and five
levels (1 to 5, polarity from low to high) are used to denote the
polarity degree. This CG model is typically used to simulate the
lipid membrane and proteins. Because the effective time is
approximately 4 times greater than that of atomistic simula-
tions in this CG model, we used effective times in this paper.*®

Three different types of lipid models were used in our
asymmetric membrane simulations: dipalmitoyl phosphatidyl-
choline (DPPC), dipalmitoyl phosphatidylethanolamine (DPPE),
and dipalmitoyl phosphatidylserine (DPPS). The DPPC lipid
bilayer® is a typical lipid model in the MARTINI CG force field, and
we substituted DPPC lipids with DPPE and charged DPPS molecules
to simulate the asymmetric membrane. The ratios of the different
lipids was 9 : 1 (DPPC : DPPE) in the outer leaflet of the membrane
and 3:5:2 (DPPC:DPPE: DPPS) in the inner leaflet of the
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Table 1 Parameters of the simulation systems

View Article Online

Soft Matter

System  Membrane Membrane charge PAMAM  CG beads = PAMAM charge  Ions

1 (outer leaflet) DPPC : DPPE = 9 : 1 (inner leaflet) 48— G4 250 64+ 16C1™
DPPC : DPPE : DPPS = 3 : 5 : 2 (DPPS percent = 10%)

2 (outer leaflet) DPPC : DPPE = 9 : 1 (inner leaflet) 48— G5 506 128+ 80CI™
DPPC : DPPE : DPPS = 3 : 5 : 2 (DPPS percent = 10%)

3 (outer leaflet) DPPC : DPPE = 9 : 1 (inner leaflet) 120— G4 250 64+ 56Na’
DPPC : DPPE : DPPS = 3 : 2 : 5 (DPPS percent = 25%)

4 (outer leaflet) DPPC : DPPE = 9 : 1 (inner leaflet) 120— G5 506 128+ 8Cl™
DPPC : DPPE : DPPS = 3 : 2 : 5 (DPPS percent = 25%)

5 (outer leaflet) DPPC : DPPE = 9 : 1 (inner leaflet) 240— G4 250 64+ 176Na’
DPPS only (DPPS percent = 50%)

6 (outer leaflet) DPPC : DPPE = 9 : 1 (inner leaflet) 240— G5 506 128+ 112Na’

DPPS only (DPPS percent = 50%)

membrane. These particular ratios were chosen to mimic the
human erythrocyte membrane.® In the same manner, we assembled
two other asymmetric membranes by changing the percentage of
DPPS in the inner leaflet to 3:2:5 (DPPC : DPPE : DPPS) and
100% DPPS (Table 1), with the percentages calculated from the
membrane charge density.” Each asymmetric membrane con-
tained 480 CG lipids and was equilibrated in a water and ion system
for 200 ns in the NPT ensemble.

There are primary amine groups at the branching end
of PAMAM dendrimers and tertiary amine groups at the
branching point. We mapped the atomic structures of the
G4 and G5 PAMAM dendrimers generated using the
Material Studio package to the CG structures' (Fig. 2). The

. 1
bonded potentials are Vpond(R) :EKbond(R—Rbond)Z and

Vangle (0) :% angle{€0S(0) — cos(fy)}>. The equilibrium bond

distance Rpong is = 0.5 nm, and the equilibrium angle is 0 =
120° or 180°. The force constant of the bonding potential Kyonq is =
1250 k] mol~* nm 2, and the force constant of the angle potential
is Kangie = 150 kJ mol ' rad~ 2. The CG structures of the G4 and
G5 PAMAM dendrimers contain 250 and 506 CG particles,
respectively, and 64 and 128 positive charges, respectively. To
equilibrate the CG dendrimer model, a long molecular simulation
(1 ps) of the CG dendrimers in the CG solvents was performed.®
The radii of gyration of the G4 and G5 dendrimers were 2.01 and
2.56 in CG solvents (Table 2).

For the initial positions, the center of mass separation distance
in the Z direction between the PAMAM dendrimer and the
membrane (Z-distance) was 4 nm for G4 and 5 nm for G5. The
dendrimer was placed above and below the bilayer for the den-
drimer-outer side interaction and inner side interaction, respec-
tively. The PAMAM dendrimer-lipid membrane system, water and
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Fig. 2 Structures of the PAMAM dendrimers, phospholipid molecules and asymmetric lipid bilayers. (a) Structure of the G2 PAMAM den-
drimer. (b) Mapping of the atomic chemical moieties of the dendrimer into coarse-grained beads of the MARTINI force field. The nitrogen
atom coordinates of the atomic structure were used as the initial position of each CG bead. The right structure is the final topology of the G1
dendrimer after coarse graining. (c) The topology of the different phospholipid molecules (DPPC, DPPE and DPPS) after mapping the atomic
chemical moieties into coarse-grained beads. (d) Top view, low view and side view of the asymmetric membrane configuration. The red beads

in the lower leaflet of the membrane are the P5 beads of DPPS lipids.
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Table 2 Radii of gyration (Rg) of the dendrimers in equilibrium
compared with references

Maiti Ma Yan Lee Our

et al.® et al.® et al.®® et al.®’ simulation
G4 1.7 1.81 2.67 2.01
G5 2.22 2.4 3.28 2.56

ions were added into a simulation box. The xy size of the
simulation box was dependent on the size of the membrane
without tension (12.44 nm x 12.72 nm), and the simulation
boxwas 25 nm in the Z direction. The size of the simulation box
in the x and y directions was similar to that of the box in the
study by Lee et al.,"® in which G3 and G5-membrane interac-
tions with a box (size 12 x 13 x 9 nm®) were simulated. Those
researchers compared two methods in their simulations:
simulations with an electrostatic cutoff and with particle mesh
Ewald summation (PME). The results indicated that the un-
acetylated dendrimer did not insert into the membrane using
the electrostatic cutoff method. In contrast, with the PME
method, dendrimers inserted into the membrane, and pore
formation was observed; these results were similar to experi-
mental studies. Therefore, the use of long-range electrostatic
interactions with the PME method in our simulation systems is
reasonable. After energy minimization, we constrained the
lipid bilayer and PAMAM dendrimer with a force constant of
1000 k] mol ' nm™? to perform the constrained molecular
dynamics simulation to equilibrate the water and ions for
200 ns. Subsequently, the lipid bilayer and PAMAM dendrimer
were released and allowed to interact freely.

We performed the MD simulation for 800 ns for each case under
periodic boundary conditions to ensure system equilibration. The
Berendsen thermostat was used to control the group temperature at
323 K.** In the NPT ensemble, Berendsen pressure coupling was
used to control the group pressure at 1 bar. The cutoff was 1.2 nm
for van der Waals (vdW) interactions, and to reduce the cut-off
noise, the L-J potential was smoothly shifted to zero between 0.9
and 1.2 nm. We used the particle mesh Ewald summation (PME)
method* for the electrostatic interactions. The umbrella sampling
method™ and the weighted histogram analysis method* were used
to calculate the PMF, and the force constant of the harmonic
potential was 1000 kJ mol~' nm™2. The initialized conformations
with a 0.1 nm step size were produced by acceleration using an
external force. For each window, we performed long runs of 400 ns.
All the simulations used the GROMACS 4.5.4 package.”® All the
simulation results were represented using Visual Molecular
Dynamics (VMD) software, version 1.9.**

3. Results and discussion

3.1. Interactions between the G4 dendrimer and asymmetric
membranes

To understand the mechanism of the interaction between the
G4 dendrimer and the asymmetric membranes, interactions of
the G4 dendrimer with the outer and inner sides of an asym-
metric membrane were simulated with DPPS percentages ranging
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from 10% to 50%. We observed significant differences between
the interaction of G4 with the outer side of the membrane (outer
interaction) and with the inner side of the membrane (inner
interaction) for different asymmetry levels (Fig. 3). In the case of
the outer interaction with 10% DPPS, the G4 dendrimer could
insert into the membrane when an equilibrated state was ach-
ieved (Fig. 3a). In contrast, with the symmetric membrane, the
charged G4 dendrimer will just stay on the outer leaflet of the
symmetric membrane because of a high energy barrier.”® Such a
difference between the symmetric and asymmetric membrane is
attributed to the electrostatic attraction between the inner leaflet
of the membrane and the charged dendrimer. For example, Ma
et al.*® showed that electrostatic interactions play a major role in
the G4 dendrimer-membrane interactions because the electro-
static potential energy is 50 times lower than that of van der
Waals (vdW) energy during equilibrium. Therefore, the negatively
charged DPPS in the inner leaflet of the asymmetric membrane
attracted the positively charged dendrimer for insertion into the
asymmetric membrane, as in the case of current simulation.
Experimental research® also indicated the importance of elec-
trostatic attraction between a cationic dendrimer-gene complex
and a positively charged cell membrane. The results showed that
the gene transfection efficiency was higher when the dendrimer—
gene complex surface was cationic. In addition, the DPPS lipid
molecules could move to the upper leaflet of the membrane
though the inserted dendrimer (Fig. 3a side view), a result that
was also observed in another recent study.® This process could
reduce the asymmetry of the membrane.

As for the inner interaction, the G4 dendrimer could only be
adsorbed on the inner leaflet of the membrane (Fig. 3b) because

DPPS Outer interaction
percentage Top view

Inner interaction

Side view Bottom view Side view

Fig. 3 Snapshots of the G4 PAMAM dendrimer interacting with
different sides of an asymmetric membrane in the equilibrated state.
G4 dendrimer interacting with the outer side (a) and inner side (b) of
the asymmetric membrane with 10% DPPS. The G4 dendrimer inter-
acts with the outer side (c) and inner side (d) of the asymmetric
membrane with 25% DPPS. The G4 dendrimer interacts with the outer
side (e) and inner side (f) of the asymmetric membrane with 50% DPPS.
(The yellow particles represent the PAMAM dendrimer; the blue and
dark yellow particles represent the heads of the DPPC/DPPE lipids; the
red and dark yellow particles represent the heads of the DPPS lipids;
and the cyan particles represent the lipid tails. The solvents are not
shown for the clarity, and in the side view, the lipid tails are also not
shown. All figures are shown in this manner.)
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of the electrostatic attraction between the positively charged
dendrimer and the negatively charged inner leaflet of the
membrane. As shown in Fig. 3b, the dendrimer, which adsorbed
onto the inner leaflet of the membrane, was in a flat conforma-
tion. This result was consistent with the simulation results in the
study by Kelly et al* The study indicated that dendrimers
retained a spherical shape when interacting with a gel-phase lipid
bilayer and changed to a flat shape when interacting with a fluid-
phase membrane. In addition, the DPPS lipids were distributed
around the dendrimer due to the electrostatic attraction.

To investigate the effects of the asymmetry levels of the
membrane on the interaction between the G4 dendrimer
and the membrane, we assembled two other asymmetric
membranes (Table 1) with 25% and 50% DPPS. From the
snapshots of the G4-asymmetric membrane interactions in the
equilibrium state, we observed that the equilibrium states in
the case with 25% DPPS were similar to the case with 10% DPPS
(Fig. 3c and d). However, for the interactions with 50% DPPS,
the dendrimer could completely penetrate through the
membrane in the outer interaction (Fig. 3e) while the den-
drimer was still adsorbed on the inner leaflet of the membrane
in the inner interaction (Fig. 3f).

To further assess the interaction, we quantified both the
center of mass separation distance in the Z direction between
the PAMAM dendrimer and the membrane (Z-distance) and the
PMF of these interactions, as shown in Fig. 4. We observed that
with increasing membrane asymmetry levels, the Z-distance
became lower in the membrane as the DPPS percent was
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increased from 10% to 50%, as shown in Fig. 4a. The increased
charge density in the inner leaflet of the membrane may account
for the change in the Z-distance. The enhanced electrostatic
attraction leads to the improved penetration of the dendrimer
from the outer side of the membrane. We also observed that the
Z-distance (DPPS percent: 10%) decreased rapidly to 1.83 nm at
an early stage, followed by a further gradual decrease to the
equilibrated location at approximately 0.36 nm (Fig. 4a, black
line). These results demonstrated that a metastable state was
observed at a Z-distance of 1.83 nm, indicating the rapid binding
of the dendrimer with the head groups of the membrane. Because
of the electrostatic attraction between the dendrimer and the
inner leaflet of the membrane, the dendrimer began to insert into
the membrane and eventually reached equilibrium around the
membrane center. From the variation in PMF of this interaction,
we observed an asymmetry in the PMF curve (Fig. 4b). The
potential energy trap around the membrane center was much
lower than the energy trap at a Z-distance of —2.49 nm. The Z-
distance (0.36 nm) with the lowest energy was the preferred
position for the G4 dendrimer. To penetrate through the inner
leaflet of the membrane, the G4 dendrimer must overcome a high
energy barrier of 74.21 kgT.

In the inner interactions, the Z-distance was —2.49 nm for
the case with 10% DPPS in the membrane and —1.97 nm for the
cases with 25% and 50% DPPS (Fig. 4c). The result indicated
that the dendrimer was adsorbed on the membrane more
tightly due to the stronger electrostatic attraction when the
DPPS percentage increased from 10% to 25%. As the DPPS
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Fig.4 Z-distance and PMF of the G4 PAMAM dendrimer interacting with different sides of an asymmetric membrane. The Z-distance during the
interactions between the G4 PAMAM dendrimer and the outer (a) and inner (c) sides of the asymmetric membranes. (b) The PMF of the G4
PAMAM dendrimer interacting with the asymmetric membrane with 10% DPPS. (d) The time evolution of the electrostatic energy between the
dendrimer and the membrane with 50% DPPS during the inner interaction.
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percentage was further increased to 50%, the Z-distance was the
same as for the case with 25% DPPS. This result was observed
because the stronger electrostatic attraction was not able to
make the dendrimer overcome the high energy barrier in the
—1.97 nm of Z-distance. The Z-distance peaked at approxi-
mately —1.28 nm during the first dozens of ns and then fell to
—1.97 nm in the equilibrium state (Fig. 4c, blue line). This
behavior occurred because the electrostatic attraction between
the positively charged dendrimer and the negatively charged
lipids played a major role in the interactions at first,*® as
confirmed by the rapid decrease in the electrostatic energy in
the first several ns (Fig. 4d). The electrostatic attraction induced
the movement of more charged lipids to interact with the
charged dendrimer branches; thus, the membrane bent. At a
Z-distance of —1.97 nm, the dendrimer eventually reached an
equilibrium of all the forces, including the bonded interactions,
electrostatic interactions, and vdW interactions.

To analyze the effect of dendrimers in the dendrimer-bio-
membrane systems on the membrane structures, the radial
distribution functions (RDFs) of the lipid head groups, tail
groups, and ions at the dendrimer surface and the order
parameters of lipid tails were quantified. Fig. 5a shows the RDFs
during the outer interactions of the G4-membrane (10% DPPS)
system. There was a large phosphate peak (Fig. 5a, red line) at
0.5 nm, which indicated that the positively charged G4 den-
drimer terminals strongly interacted with the negatively charged
phosphate groups of the lipid head groups. Similar results have
also been observed experimentally;* a strong interaction
between the G4 dendrimer and the polar head groups of the
lipids was found through Raman spectroscopy. The highest peak
at 0.5 nm was from the chlorine ion and was also caused by the
electrostatic attraction. The RDFs for the inner interactions of
the G4-membrane (10% DPPS) system are shown in Fig. 5b.
Similar large peaks were observed for the phosphate groups and
ions at 0.5 nm. However, comparing the RDFs for the outer
interaction with those of the inner interaction indicated that the
peaks of the glycerol, choline and phosphate groups at 0.5 nm
were much higher for the outer interaction than for the inner
interaction. A possible reason is that the dendrimer inserted
into the membrane during the outer interaction; thus, the
dendrimer terminals sufficiently interacted with the lipid head
groups in both the outer and inner leaflet of the membrane. In
contrast, the dendrimer was just adsorbed on the inner leaflet of
the membrane during the inner interactions.

The order parameters of the phospholipid tail beads (C1, C2,
C3) were obtained in the pure membrane and dendrimer-
membrane systems. The expression for calculating the order

. 3 1 .
parameter is S, = > (cos*6,) — > where 6, is the angle between

the molecular vector and the Z axis. The molecular vector is
from C,.; to C,_;. The order parameter was calculated by
averaging over last 200 ns of the simulations for the phospho-
lipid tails. Fig. 6a indicates that the introduction of the G4
dendrimer during the outer and inner interactions decreased
the lipid order relative to that for the pure membrane lipids.
This result may explain the experimental observation®**** that
some concentrations of dendrimers (G2, G3, G4) could lead to a
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Fig. 5 Radial distribution function (RDF) of the lipid head groups, tail
groups and ions to the dendrimer surface during the G4-10% DPPS
membrane interactions: (a) outer interaction; (b) inner interaction.
Averaged during the last 200 ns.

change in the shape of red blood cells that was accompanied by
hemolysis. The shape change and hemolysis were attributed to
the perturbation to the membrane caused by the dendrimer.
Furthermore, the lipid disorder during the outer interactions of
the inserting mechanism was more significant than that during
the inner interaction of the adsorption mechanism. Comparing
Fig. 6a-c revealed that the lipids became more disordered with
increased membrane asymmetry levels during the inner inter-
actions. The stronger electrostatic attraction in the membrane
with higher asymmetry levels (25% or 50% DPPS) induced
stronger adsorption of the dendrimer to the inner leaflet,
resulting in more perturbations of the lipids. The overlap of red
and blue lines in Fig. 6¢ also confirmed that the conformation
of the adsorbed dendrimer on the inner leaflet after completely
penetrating through the membrane during the outer interac-
tion was similar to that for the inner interactions in the G4-
membrane (50% DPPS) system.

These results could be further confirmed by the snapshots of
the interactions between the G4 dendrimer and the asymmetric
membrane with 50% DPPS (Fig. 7). For instance, the dendrimer

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Order parameter of the lipid tails during the G4-membrane
interactions: (a) G4-10% DPPS membrane interactions; (b) G4-25%
DPPS membrane interactions; (c) G4-50% DPPS membrane interac-
tions. Averaged during the last 200 ns.

could completely penetrate the membrane from the outer side
to the inner side (Fig. 7a). The G4 dendrimer was adsorbed onto
the membrane rapidly and began to insert into the membrane
at 2 ns; after 150 ns, the dendrimer has completely passed the
outer head groups of the membrane. During the inner inter-
action, the dendrimer induced bending of the membrane at 10
ns and reached equilibrium at 100 ns (Fig. 7b).

3.2. Interactions between the G5 dendrimer and asymmetric
membranes

Compared with the G4 dendrimer, the G5 dendrimer has 64
more positively charged beads and a larger size. The G5

This journal is © The Royal Society of Chemistry 2014

View Article Online

Soft Matter

40 ns

0 ns 10 ns 100 ns

Fig. 7 Snapshots of the G4 PAMAM dendrimer interacting with the
outer and inner sides of the asymmetric membrane with 50% DPPS. (a)
The G4 dendrimer could completely penetrate through the membrane
during the outer interaction. (b) The G4 dendrimer was adsorbed on
the inner leaflet of the membrane during the inner interaction.

dendrimer is widely used in the drug delivery field, particularly
for its nanoscale size that is similar to the biological compo-
nents of transthyretin (a protein that transports thyroxine and
retinol).*> To investigate the response of an asymmetric
membrane to the G5 dendrimer, we simulated the interaction of
the G5 dendrimer with asymmetric membranes from both sides
of the membrane. During the outer interaction, the Z-distance
in the equilibrated state in the membrane became lower with
increasing membrane asymmetry levels. The Z-distance was
2.55 nm in the membrane with 10% DPPS, whereas it was
approximately —0.86 nm and —1.32 nm in the membrane with
25% DPPS and 50% DPPS, respectively (Fig. 8a). This was
because the stronger electrostatic attraction induced deeper
penetration of the dendrimer into the membrane. Pore forma-
tion was observed during the outer interaction of the
G5-membrane (10% DPPS) system. This observation was similar
to the findings reported in previous numerical and experimental
studies of the interactions between an un-acetylated G5 den-
drimer and a DPPC lipid bilayer,*®* a DMPC lipid bilayer* and cell
membranes (KB and Rat2).>* The experimental results indicated
that the pore formation during the interactions of the den-
drimer-DMPC lipid bilayer was caused by the removal of lipid
molecules from the supported substrate by the dendrimers,
resulting in a composite of dendrimers and lipids.**

During the inner interaction, similar to the G4 dendrimer,
the G5 dendrimer was also adsorbed tightly onto the inner
leaflet of the membrane. With increasing DPPS percentage in
the inner leaflet of the membrane, the center of mass of the
dendrimer moved towards the membrane center (Fig. 8b). The
corresponding Z-distance was —3.35 nm, —2.14 nm, and —1.97
nm for a DPPS percentage of 10%, 25% and 50%, respectively
(Fig. 8b), which was further from the membrane center (0 nm)
compared to that for the G4 dendrimer. For instance, the
Z-distance was approximately —3.35 nm for G5, whereas it was
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Fig.8 Z-distance of the G5 PAMAM dendrimer interacting with the outer (a) and inner (b) sides of the asymmetric membranes. As the asymmetry
increased, the G5 dendrimer penetrated deeper into the membrane during the outer interaction and adsorbed onto the membrane tightly during

the inner interaction.

—2.49 nm for G4 when the DPPS percent was 10%. This result
indicated that the adsorption of the G5 dendrimer was not as
tight as that of the G4 dendrimer because the G5 dendrimer was
larger (256 more CG particles) than the G4 dendrimer.
Furthermore, the G5 dendrimer had 128 positively charged
particles while negatively charged DPPS in the membrane had
only 48. Therefore, electrostatic attraction was not strong
enough for tight adsorption of the G5 dendrimer on the
membrane.

The increased membrane asymmetry could also create
obvious disorder in the lipids in the G5-membrane systems, as
shown in Fig. 9. The effects of the G5 dendrimer during the
outer and inner interactions were similar to those of the G4
dendrimer, whereas, the order parameters during the outer and
inner interactions for the G5 dendrimer were both lower than
those for the G4 dendrimer. For instance, the order parameter
of C3 in Fig. 9a (blue line) was below 0.3, whereas it was
approximately 0.4 in the G4-membrane systems. These results
indicated that the G5 dendrimers induced more perturbations
to the lipids than did the G4 dendrimers.

Furthermore, we observed a transient pore formation during
the inner interaction between the G5 dendrimer and the
membrane with 50% DPPS. The transient pore formation
occurred within approximately 2.5 ns and disappeared after 11
ns (Fig. 10). Subsequently, the DPPS lipids (16 DPPS lipids in the
equilibrated state) moved to the outer leaflet, decreasing the
asymmetry. With time, the Z-distance returned to 1.97 nm due
to the equilibration of the hydrophobic and electrostatic inter-
actions. Metastable pore formation was also observed in the
simulation study of Tian et al.,® in which the critical tension was
lowered in the G4 dendrimer-tensed membrane interaction
(0.81 nm? area per lipid). A possible reason for the transient
pore formation in our simulation is that the G5 dendrimer has
more charged beads than does the G4, leading to significant
membrane bending. When the outer leaflet cannot withstand
the pressure induced by membrane bending, pores are formed.
Furthermore, to investigate the box-size effect on transient pore
formation, a system with a larger box size (18 x 18 x 25 nm®)
was simulated. The pore also formed in this system with a larger
box size (Fig. 11). However, the pore formed within approxi-
mately 2.375 ns and disappeared at approximately 3.75 ns. The
duration (1.375 ns) in the larger box was shorter than that
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Fig. 10 Snapshots of the transient pore formation during the interactions between the G5 PAMAM dendrimer and the asymmetric membrane
with 50% DPPS: (a) side view and (b) top view. The pore formed at 2.5 ns and disappeared at approximately 11 ns.

2.375ns

Fig. 11 Snapshots of the transient pore formation during the inner inter-
action of the G5-membrane (50% DPPS) system with the larger simulation
box: (a) side view and (b) top view. To investigate the box-size effects on
the phenomena of transient pore formation in Fig. 10, a larger simulation
system (box size: 18 x 18 x 25 nm°) was utilized. The pore formed at
approximately 2.375 ns and disappeared at approximately 3.75 ns.

(8.5 ns) in the small box. The reason was that the dendrimer
concentration (ratio of dendrimer and lipid)*® was decreased in
the system with the larger box. The low concentration of den-
drimer could induce lower membrane bending-induced
tension; thus, the pore disappeared rapidly.

4. Conclusion

In the present study, coarse-grained molecular dynamics
simulations were performed to investigate the interaction of
charged PAMAM dendrimers (G4 and G5) with asymmetric
membranes from different sides of the bilayer. When the
charged dendrimers interacted with the outer side of the
asymmetric membrane (with 10% DPPS), the G4 dendrimer
could insert into the membrane in the equilibrated state while
the G5 dendrimer induced pore formation in the membrane.
During the interaction with the inner side of the asymmetric
membrane, the G4 and G5 dendrimers only adsorbed onto the
membrane. With increasing membrane asymmetry, the G4 and
G5 dendrimers penetrated deeper into the membrane during
the outer interactions. Furthermore, the G4 dendrimer could
completely penetrate from the outer side to the inner side of the
membrane with 50% DPPS. As for the inner interactions, the G4
and G5 dendrimers adsorbed more tightly onto the membrane,
and the G5 dendrimer induced transient pore formation in the

This journal is © The Royal Society of Chemistry 2014

membrane with 50% DPPS. This study shows that an asym-
metric membrane can promote dendrimer penetration during
the outer interaction and adsorb dendrimers onto the inner
leaflet of the membrane, improving the drug delivery efficiency
during the inner interaction. These results can provide molec-
ular understanding and suggestions regarding dendrimer-
based drug and gene delivery.
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