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ABSTRACT: Nanoparticles are generally considered excellent
candidates for targeted drug delivery. However, ion leakage and
cytotoxicity induced by nanoparticle permeation is a potential
problem in such drug delivery schemes because of the toxic effect of
many jons. In this study, we have carried out a series of coarse-
grained molecular dynamics simulations to investigate the water
penetration, ion transport, and lipid molecule flip-flop in a protein-
free phospholipid bilayer membrane during nanoparticle perme-
ation. The effect of ion concentration gradient, pressure differential
across the membrane, nanoparticle size, and permeation velocity
have been examined in this work. Some conclusions from our studies
include (1) The number of water molecules in the interior of the
membrane during the nanoparticle permeation increases with the

ater Penetration and Ion Transport

Lipid Molecular Flip-Flop

nanoparticle size and the pressure differential across the membrane but is unaffected by the nanoparticle permeation velocity or
the ion concentration gradient. (2) Ion transport is sensitive to the size of nanoparticle as well as the ion concentration gradient
between two sides of the membrane; no anion/cation selectivity is observed for small nanoparticle permeation, while anions are
preferentially translocated through the membrane when the size of nanoparticle is large enough. (3) Incidences of lipid molecule
flip-flop increases with the size of nanoparticle and ion concentration gradient and decreases with the pressure differential and the

nanoparticle permeation velocity.

1. INTRODUCTION

Biological membranes are one of the major structural elements
of cells, which play a key role as selective barrier and substrate
for many proteins that facilitate transport and signaling
processes. These selective permeable membranes define the
boundary and maintain the essential intracellular environment
of the cell. Small molecules such as Xe, O,, and CO, can diffuse
across the cell membranes; however, water molecules and ions,
such as Na*, Ca®*, CI”, may not easily permeate the cell
membranes on their own.' Although water penetration and ion
transport in living cells are mainly governed by specific water
and ion channels, lipid membranes themselves are not perfect
barriers. Instead, water molecules, ions and other hydrophilic
molecules have been observed to leak passively in small
amounts across a membrane.>® This passive permeation of
water molecules and ions is a highly concerted process in which
solvent, ion and the pore formation in the membrane are
coupled.* Such ion leakage and water transport have attracted
significant attention because functioning membranes strive to
maintain the ionic electrochemical gradient in a variety of
activities such as ATP synthesis and transport of nutrients.
Transport of nanoparticles across biological membranes is of
significance in separations, bioimaging, pharmacological
applications, and drug delivery systems. Engineered nanoscale
particles allow the possibility of affecting biological processes at
a fundamental level. At the same time, the ability of these
nanoscale particles to enter and be transported within biological
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bodies in ways that larger particles cannot could have adverse
toxicity effects.’”” Pore formation in membranes during the
permeation of nanoparticles has been reported experimentally
recently.® It has been suggested that water-conducting pores,
which appear in the membrane as defects, can provide a
pathway for the translocation of ions.” *® Ion leakage and
cytotoxicity induced by nanoparticle permeation is a potential
problem in drug delivery schemes because of the toxic effect of
many ions. Although molecular dynamics simulations'’~>* and
dissipative particle dynamics (DPD) simulations”**” have been
carried out for nanoparticles in lipid bilayers, water penetration
and ion transport during the permeation of nanoparticles has
not been investigated systematically previously. Some impor-
tant unanswered questions include the following. How many
water molecules and ions may leak during nanoparticle
permeation? How do water and ion leakages depend on the
physical properties of the nanoparticle (size, shape, permeation
velocity)? What if the surrounding environment changes, such
as pressure gradient or concentration gradient between two
sides of the membrane? How do individual lipid molecules in
the immediate vicinity respond when nanoparticle, water, and
ions permeate simultaneously? The study of nanoparticle
permeation mediated water and ion transport through the cell
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membranes is inherently challenging due to the complexity of
the system. Therefore, there is a clear need for physical insight
that can help address these and other questions. In a larger
context, it would be of interest to determine how the nature of
such transport and the interactions between lipid membrane
and nanoparticles, in particular, may determine the biocompat-
ibility and toxicity of nanoparticles.

Molecular dynamics (MD) is a powerful tool which can
provide structural and dynamic details of the permeation
process that are not readily available experimentally. Some
molecular dynamics simulations studies have been conducted
on pore-formation coupled to ion permeation, water
penetration, and lipid flip-flop in the lipid membrane systems
recently.”™"> In nearly all the previous simulations, the pore
formation was induced by an electric field or ionic imbalance
between two sides of the membrane. For example, Kandasamy
and Larson systematically changed the potential difference
across the bilayers by explicitly varying the number of anions
and cations in the two water compartments. At a large enough
charge imbalance, dielectric breakdown occurs, leading to the
formation of water pores in the bilayers. Anions and cations
then translocate through the pore.'” Gurtovenko et al. also
studied water and ion transport in the protein-free lipid
membranes driven by transmembrane ionic charge imbal-
ance.””"® Gurtovenko et al. explored the lipid ﬂip—ﬂozp
mechanism induced by a transmembrane ion density gradient.”®
Tepper et al. simulated the permeation of protons and ions
across the lipid membrane by calculating the potential of the
mean force for the proton and ion of interest as a function of its
position in the membrane."

In our previous work, we investigated the permeation
characteristics of bare nanoparticles and ligand-coated nano-
particles across model lipid membranes.'”'® We also examined
the response of the membrane in terms of the structural and
mechanical properties of the lipid membrane under the
perturbation of nanoparticles. We have observed the formation
of transient pores in the membrane during nanoparticle
permeation, which motivated us to investigate comprehensively
ion transport and water penetration phenomena induced by
nanoparticle permeation. In this work, we monitor water
molecules in the membrane, ion penetration events, lipid flip-
flop phenomena, and other characteristics of lipid membranes
during the permeation of nanoparticles. The effect of ion
concentration gradient, pressure differential across the mem-
brane, nanoparticle size, and permeation velocity are examined.
The findings from our work will lead to a better understanding
of passive water and ion transport during permeation of
nanoparticles and help in developing more efficient nanocarrier
drug delivery systems while avoiding cell cytotoxicity.

2. METHODS

2.1. Coarse-Grained Model. A coarse-grained model allows us to
extend the space and time scales of simulations compared to all-atom
models. Coarse-grained (CG) models where small groups of atoms are
treated as single beads provide a promising method to study large
biomolecular systems.”® Marrink and co-workers recently developed a
coarse-grained force-field MARTINI for simulation of lipids and
surfactants®® and have extended it to amino acids and proteins.>" The
MARTINI force field has been shown to reproduce semiquantitatively
fundamental structural and thermodynamic properties of lipid bilayers
and proteins. The MARTINI force field*® is one of the widely used
coarse-grained (CG) models in MD simulations. More details about
the MARTINI CG force field can be found in the literature.>® Here,
we will only describe the model briefly.

In the MARTINI CG model, all particle pairs i and j at distance 7;
interact via a Lennard-Jones (L-J) potential:
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The well depth ¢; depends on the interacting particle types and
values range from € = 5.6 kJ/mol for interactions between strong
polar groups to &; = 2.0 kJ/mol for interactions between polar and
apolar groups, mimicking the hydrophobic effect. The effective size of
particles is governed by the L-] parameter ¢ = 0.47 nm for all normal
particle types, except that for the interaction between charged (Q
type) and most apolar types (C1 and C2), the range of repulsion is
extended by setting ¢ = 0.62 nm. In addition to the L-J interaction,
charged groups interact via a shifted Coulombic potential function:
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In the simulations described here, the nonbonded interactions are
cut off at r,, = 1.2 nm. The L-J potential is shifted from ry = 0.9—1.2
nm, and the electrostatic potential is shifted from rg;; = 0.0—1.2 nm
following a standard shift function.>*

The bonds are described by a harmonic potential V;,,q(R) and a
cosine type harmonic potential Vangle(é’) is used for bond angles.
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Because of the reduction in the degrees of freedom and elimination
of fine interaction details, the dynamics of the coarse-grained
simulation are observed to be accelerated by a constant amount,
called the speed up factor, compared to the same system in all-atom
representation. Usually, the time sampled using CG is 3—6 times larger
than the atomistic models.>® When interpreting the simulation results
with the MARTINI CG model, Marrink et al. found that a factor of 4
appears to describe the general dynamics present in many membrane
systems quite well>* Using this factor gives rates in good agreement
with experiment and/or all-atom simulations for a variety of CG-
simulated dynamic process.>® Bennett et al. described simulations of
lipid flip-flop by calculating the potential of the mean force using five
different models varying from AA, bundled AA, CG (MARTINI),
polarizable CG, and a CG model with a softer water potential in three
different membranes.** Given the coarseness of the MARTINI model
and the complexity of the flip-flop process and pore formation, the
similarity in the PMFs found is encouraging.

2.2. Simulation Setup. The lipid membrane system in the present
work consists of S12 dipalmitoylphosphatidylcholine (DPPC)
molecules and approximately 23 000 CG waters (4 water molecules
in each CG water) in a 12.8 X 12.6 X 22.2 nm® simulation box. We
have previously shown that this bilayer membrane self-assembles from
an isotropic solution of lipids in CG simulations and that the
properties of the self-assembled bilayers are in good agreement with
experimental measurements, which validate the effectiveness of the
coarse-grained model we are using for the lipid bilayers.*®

To replicate the actual experiments in which the pore-spanning
membrane was supported on a solid to prevent the entire membrane
from moving, we simulated a solid support by tethering the boundary
lipid molecules to their initial position with a harmonic spring force.
Lipids 1 nm from each end (about 8% of the total membrane width,
not the entire membrane) are tethered in our simulation system. We
note that the simulation system we used here by design is not tension
free, which may affect the permeation process. Two impermeable walls
are inserted in our simulation system, separating the water phase into
two independent compartments, as seen at the top and bottom of the
simulation box in Figure 1. These two walls are impermeable to water
and ions and are cut from a face-centered cubic (FCC) structure. To
create a pressure differential across the membrane, the wall on the
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Figure 1. Simulation system for investigating the nanoparticle
permeation induced water penetration, ion transport, and lipid flip-
flop (blue represents the choline group, orange the phosphate group,
red the glycerol group, green the tail group, yellow the gold
nanoparticle, cyan represents the sodium ions, mauve dots are
chloride ions, while purple dots are impermeable walls).

topside is moved toward the lipid bilayers at a velocity 0.025 m/s for
10 ns, and the system is then allowed to relax for another 10 ns for
equilibrium. We created three pressure differentials by repeating this
movement three times. The top wall is moved by a total distance of
0.75 nm, creating a maximum pressure differential of 300 bar between
two sides of the lipid membrane. Our studies indicate that after 10 ns
relaxation, the lipid membrane does not change significantly and
appears to be close to equilibrium. For simulations involving ions,
sodium and chloride ions are added to the water phase by replacing
randomly chosen water molecules. We inserted 600 sodium and
chloride ions in each water compartment, corresponding to a
concentration of about 1.3 mol % (the saturation limit of salt in
water is 1.8 mol %). We inserted an equal number of sodium and
chloride ions in both water compartments to examine a system with no
concentration gradient across the membrane (equal ion concentrations
on both sides). In further studies, we only include sodium and chloride
ions in the top compartment to examine systems with ion
concentration gradients (unequal ion concentrations).

In our simulations, the interactions among the gold nanoparticles,
ions, and lipid molecules are described by L-J potentials and the force
field parameters from the standard MARTINI coarse-grained model.
The classes of interaction sites and their accompanying potential
parameters have previously been tested and verified against atomistic
simulations by Marrink et al,*® and we have tested them in our
simulation systems against experimental data for lipid membranes.'”
Various potential parameters have been used previously for gold
atoms, from all-atom to coarse—§rained (atomistic structure but
modeling gold atoms as C-class® and P-class™ using MARTINI
force fields). Here, we assign MARTINI CS type interaction sites for
gold atoms. For the cross-interactions between gold nanoparticle and
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other interactive sites, we use the standard Lorentz—Berthelot mixing
rules’” as a starting point in this study. All the simulations were
performed using the LAMMPS simulation package.*® A Langevin
thermostat®® was applied in the NVT ensemble to maintain the
desired temperature (323 K). To ensure stability, we used a time step
of 10 fs. A typical simulation takes about 0.75 h per ns on an Intel
Core2Quad CPU system.

After allowing equilibration of the system, we introduced one bare
gold nanoparticle into our simulation system, as shown in Figure 1.
The structure of the gold nanoparticle is obtained by cutting nearly
spherical nanocrystals out of a bulk gold FCC lattice. In this study,
various sizes of nanoparticle are investigated, from 1.0 to 4.0 nm in
diameter. In practice, ligand-coated gold nanoparticles with a wide
range of sizes in the range of 1—100 nm or more have been used for
drug delivery and as imaging agents experimentally.** For example,
Pan et al. have investigated the size dependence of the cell toxicity of
water-soluble ligand-coated gold nanoparticles ranging from 0.8 to
15.0 nm in diameter.*' Hainfeld et al*> used 1.9 nm AuNPs for
imaging in mice. Thus, the sizes of our nanoparticles are of practical
interest, although the present study uses bare gold nanoparticles. We
have previously made detailed comparisons of membrane permeation
by bare and ligand-coated nanoparticles.'””'® We used an external force
in the range of 50—1000 pN to aid the permeation of the nanoparticles
in the membrane with velocity in the range 0.35—1.4 m/s' 718 (The
nanoparticle permeation velocities we examined here are 0.35, 0.525,
0.7, and 1.4 m/s respectively (velo1/2/3/4)). These external forces we
applied are smaller than the forces for example between two
nanoparticles —0 to 12 nN** or nanoparticles and cell membranes
—50 to 1200 pN.* The nanoparticle velocities investigated (resulting
from the forces applied) are larger than some experimental studies;
these are however still several orders of magnitude smaller than the
thermal velocities of water, ions, and lipid molecules (96.6—334.5 m/
s) at the temperature investigated and an order of magnitude smaller
than the nanoparticles (7.5 — 51.0 m/s). Therefore, we believe our
simulations still represent the permeation process realistically,
although the process has been facilitated to shorten the permeation
time significantly due to computational constraints. This is also
demonstrated by the recovery of the lipid layer between two
permeation cycles indicating no permanent damage to the membrane
even at these high velocities."” Others have used similar velocities and
their results also appear in reasonable agreement with experiments,**°

Hydrophobic nanoparticles often do accumulate in the lipid
membrane; however, fully hydrophobic particles have also shown
the ability to penetrate through the membrane under actual
experimental conditions. For example, hydrophobic, chemically inert
nanocrystals of corundum and quartz (spherical nanoparticles less than
15 nm in the size, like the nanoparticles we used in this work) have
been experimentally observed to penetrate and exit the erythrocyte
membranes.*” In another experimental study, carbon nanotubes with a
range of aspect ratios were reported to permeate plasma and nuclear
membranes, without endocytosis.*® The size of nanoparticles we used
in our studies was smaller than the experimental studies (1—4 nm), as
was the membrane thickness, so in an actual experimental system,
permeation should be more likely in a system such as ours. The reason
we must apply an external force has to do with the fact we only have
one nanoparticle, and our simulation time by necessity must be smaller
than that accessible experimentally. In many nanoparticle systems,
interactions between nanoparticles may provide this force, and of
course given enough time the random motion of the nanoparticle due
to their high thermal velocity would ultimately enable these
nanoparticles to permeate and exit the system, as has been observed
experimentally. What we have done is biased the system with a
uniform force well within the limits of the random Brownian force that
NPs generally encounter.

In this study, the number of CG water molecules reported in the
interior of the membrane corresponds to water molecules in the
hydrophobic interior of the membrane. This region is defined as a slice
extending 0.75 nm on either side of the center of the membrane. The
water molecules located at the openings of the pore are therefore not
counted. A penetration event is defined as the diffusion of an ion
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Figure 2. Density profiles of components of DPPC membrane and water molecules along the z direction. (a) Equilibrated lipid/water system after
the insertion of two impermeable walls without compression. (b) Density profiles of phosphate groups under various compression. (c) Density

profiles of tail groups under various compression.

moving from one boundary (defined by the average position of
phosphate groups) in one layer to the other. Finally, we define a flip-
flop occurrence as an event in which a lipid molecule moves from one
leaflet of the bilayer to another. Lipid flip-flop is infrequently observed
in fully intact bilayers due to the high free energy barrier involved in
moving the polar head groups through the hydrophobic core. In intact
planar-supported lipid bilayers, sum-frequency vibration spectroscopy
has been used to measure the intrinsic rate of a flip-flop for bilayers
consisting of protonated and perdeuterated lipids. An average free
energy barrier for flip-flop of 220 kJ/mol for DPPC and two other
lipids and 105 kJ/mol for DSPC was found.**° This phenomenon has
been observed experimentally during lipid fusion or under the
perturbation of bilayer-disrupting peptides.®' Electric pulses have also
been shown to enhance the transbilayer mobility of phospholipids.*>

3. RESULTS AND DISCUSSION

3.1. Lipid Membrane under Compression. The two
walls we designed are impermeable to water or ions and the
lipid bilayers are located at the center of the simulation box as
seen in Figure 1. The equilibrated density profiles of phosphate
groups and water molecules along the z-direction in the lipid/
water system are shown in Figure 2a. The thickness of the lipid
membrane, which is obtained from the distance between the
phosphate groups, is 3.78 nm, in close agreement with the
experimental value of 3.85 nm.>*> The upper impermeable wall
was then moved toward the lipid bilayers to create the pressure
differential in our simulation system. To maintain the stability
of the system, low compression rates (0.025 m/s) and long
relaxation times (10 ns) between each wall movement was used
in this work. From the comparison of the density profile of
phosphate group and tail group of the lipid membrane (Figure
2b,c) under various pressure differentials (press1/2/3) after the
relaxation time compared with the original system (press0), the

16992

structure of the lipid membrane does not change significantly.
The thickness of the lipid membrane shrinks by only 3.2%
under a 300 bar pressure differential between the two sides of
the membrane, which is shown in Table 1.

Table 1. Thickness of Lipid Membrane under Various
Pressure Differentials

thickness (nm)

simulation system

pressO 3.78
pressl 3.74
press2 3.69
press3 3.66

3.2. Water Penetration. Microscopy experiments have
examined the formation of nanoscale holes caused by
nanoparticles in model membranes. For example, Chen et al.
observed dendrimer nanoparticles making 3.0 nm diameter
holes in living cell membranes.>* In our previous simulation of
the permeation of various sizes of nanoparticles (bare and
ligand-coated nanoparticles) across the lipid membrane, we also
observed the pore formation inside the membrane.'”'® In the
present study, we have focused on water penetration more
comprehensively. We have investigated the dependence of
water penetration on nanoparticle size, permeation velocity,
pressure, and ion concentration gradient.

As is seen in Figure 3, water molecules start entering the lipid
bilayer region when the nanoparticle touches the first layer of
the membrane. The lipid molecules are compressed when the
nanoparticle permeates the membrane, inducing defects in the
interior of the membrane and a pore is therefore created. The
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Figure 3. Number of water molecules in the interior of membrane under various conditions. (a) The nanoparticle permeation velocity effect, which
is from 2.0 nm nanoparticles, no ion concentration gradient, and the pressl system. (b) The pressure effect, which is obtained from 3.0 nm
nanoparticles, 0.7 m/s nanoparticle permeation velocity, and the ion concentration gradient system. (c) The size effect, which is obtained from no
ion concentration gradient, 0.7 m/s nanoparticle permeation velocity, and the press2 system. (d) The ion concentration gradient effect, which is
obtained from 2.0 nm nanoparticles, 0.7 m/s nanoparticle permeation velocity, and the press3 system. (The green dash line indicates the equilibrated
position of the phosphate groups) Error bars in different regions are indicated on the graph.

number of water molecules entering the membrane increases as
the nanoparticle moves through the membrane. The deeper the
nanoparticle goes into the membrane, the more water
molecules are observed. The number of water molecules
penetrating the membrane is higher while the nanoparticle is
permeating the headgroup of the first lipid bilayer. It slows
down somewhat while it is permeating the tail region of the first
bilayer. It increases significantly once more while the
nanoparticle permeates the tail region of the second lipid
bilayer. The structure of the lipid bilayer maintains its integrity
until the nanoparticle starts permeating the second layer tail
region. Once it enters this exiting region, the membrane
structure is significantly disturbed as confirmed by the lipid
order parameter. This then results in a significant increase in
the pore size and the resultant water molecules inside the
membrane. When the nanoparticle leaves the membrane and
enters the second water phase, water molecules also move out
of the membrane. This exit of water molecules results from the
recovery of the membrane and the hydrophobicity of the lipid
membrane interior.

The number of water molecules inside the membrane does
not appear to be affected by the permeation velocity of the
nanoparticle. However, the rate of recovery of the lipid
membrane, as indicated by the exit of the water molecules from
inside the membrane, increases with the nanoparticle
permeation rate, as can be seen in Figure 3a. The smaller the
permeation velocity, the easier for the lipid membrane to
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recover after the nanoparticle permeation. An increase in the
pressure differential between the two sides of the membrane
increases water penetration (Figure 3b). More water molecules
enter the membrane interior when the nanoparticle is
permeating under high-pressure differentials. The recovery of
the membrane also slows down under larger pressure-
differentials. Larger nanoparticles also lead to more water
inside the lipid membrane, as seen in Figure 3c. In addition,
larger nanoparticles disturb the internal structure of the
membrane, which in turn elevates the changes in the local
order parameter'’ and therefore makes it harder for the
membrane to recover. Finally, we found that ion concentration
gradients across the membrane as described in the studies
below do not affect water penetration in the membrane (Figure
3d).

3.3. lon Transport. We now examine ion transport induced
by nanoparticle permeation. Because of the Coulombic
interaction between charged lipid head groups and the ions
and the hydrophobic properties inside the membrane, these
ions get bound to the lipid head groups and are therefore
unable to penetrate to the center of membrane on their own.
The snapshots of a nanoparticle-mediated ion transport are
shown in Figure 4. When the nanoparticle touches the
membrane surface, some ions are pushed into the water/
membrane interface, along with the deformation of the first
layer and the formation of water pores inside the membrane. As
the nanoparticle permeates farther inside the membrane, most
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Figure 4. Snapshots for the water and ion translocation mediated by
the nanoparticle permeation.

ions still return to the water/membrane interface, except for a
few ions that continue to move along with the nanoparticle.
These ions translocate to the center of the membrane once the
nanoparticle moves completely across the first layer. Once the
nanoparticle begins to enter the tail group of the second layer,
as was reported earlier,'” a larger pore is created inside the
membrane. This increases the number of water molecules in
the membrane, which also leads to a corresponding increase in
the number of ions inside the membrane. The number of ions
inside the membrane reaches its maximum value as the
nanoparticle is exiting the membrane.

A summary of the 32 independent simulations to monitor
the ion penetration events is presented in Table 2. An ion

Table 2. Summary of Ion Penetration Events under Various
Conditions

size (nm) concentration pressure velocity Na* cl-
2 no gradient pressl velol 0 1
2 no gradient pressl velo2 1 1
2 no gradient pressl velo3 0 0
2 no gradient pressl velo4 1 0
2 no gradient pressO velo2 2 0
2 no gradient press2 velo2 0 0
2 no gradient press3 velo2 0 1
2 gradient pressl velol 0 0
2 gradient pressl velo2 0 0
2 gradient pressl velo3 1 1
2 gradient pressl velo4 0 0
2 gradient pressO velo2 2 0
2 gradient press2 velo2 0 0
2 gradient press3 velo2 0 0
3 no gradient pressl velol 1 2
3 no gradient pressl velo2 2 3
3 no gradient pressl velo3 2 2
3 no gradient pressl velo4 2 0
3 no gradient pressO velo2 2 2
3 no gradient press2 velo2 2 2
3 no gradient press3 velo2 3 2
3 gradient pressl velol 2 2
3 gradient pressl velo2 1 4
3 gradient pressl velo3 2 3
3 gradient pressl velo4 2 2
3 gradient pressO velo2 2 2
3 gradient press2 velo2 4 3
3 gradient press3 velo2 6 4
4 no gradient pressl velol 9 1s
4 no gradient pressl velo2 13 18
4 no gradient pressl velo3 12 20
4 no gradient pressl velo4 12 20

penetration event as described earlier is defined as the diffusion
of an jon moving from one boundary that is the average
position of phosphate groups in one layer to the other. Ion
penetration is clearly sensitive to the size of nanoparticles. For
diameters in the range of 1.0—4.0 nm, the number of
permeation events increase exponentially as the size of
nanoparticle increases. No ion penetration event is observed
during the permeation of the 1.0 nm nanoparticle, which is not
shown in Table 2. Larger nanoparticles increase the size of the
created pore, which increases the incidence of penetration
events for the ions. If we examine the case of no ion
concentration gradient and pressl system as an example, 4 ion
penetration events with a 2.0 nm nanoparticle, 14 for a 3.0 nm
nanoparticle, while the number of penetration events reaches
119 with a 4.0 nm nanoparticle. With zero external pressure
and no concentration gradient, we still observed ion
penetration accompanying permeation of nanoparticles larger
than 1.0 nm diameter.

The equilibrated density profiles of sodium and chloride ions
on both sides of the membrane in the absence of nanoparticles
are shown in Figure S. We observe that the sodium ion
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Figure S. Density profiles of sodium and chloride ions, choline and
phosphate groups of the equilibrated lipid/water/ion system along the
z direction. (The green dashed line indicates the equilibrated position
of phosphate groups in the unperturbed membrane).

concentration peak is near the position of the phosphate group,
while for chloride ions, a peak is observed in the interfacial layer
near the membrane. The results in Table 2 do not show any
selectivity for ions for penetration of nanoparticles up to 2.0 nm
in size. This is most probably because the pores formed are not
large enough for the hydrated ions, for all pressures and
concentrations. For 3.0 nm particles, the nanoparticle
permeation velocity does not appear to change the ion
penetration events, as was observed in the case of water (see
Figure 3a). In the case of unequal sodium chloride
concentrations, the overall number of penetration events is
larger compared to equal concentrations. The pores created
here are large enough for hydrated ions to move inside the
pore, so the additional chemical potential gradient due to
unequal ion concentrations provides an additional driving force
to facilitate ion transport. However, we do not observe any ion
selectivity, either for 2.0 or 3.0 nm nanoparticle permeation. In
the case of equal concentrations, pressure differentials do not
appear to affect the ion penetration rate or selectivity. For the
unequal concentrations, the overall ion penetration events
increase significantly between the lowest pressure and higher
pressures, but we do not observe any clear indication of
selectivity. Therefore it appears that the combination of the
chemical potential and hydrostatic driving force facilitates ion
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flow in the pores. In the absence of a chemical potential driving
force, pressure differences alone cannot overcome the flow
barriers in the transient pores created by the 3.0 nm particles
permeating the membrane. With even larger particles, every
factor that previously did not affect ion permeability or
selectivity becomes important. For example for 4.0 nm
particles, permeation velocity of the nanoparticle, which played
no role previously, affects both the ion permeation rate and
selectivity. There appears to be a bias for chloride transport.
This has to do with the lower surface charge density of chloride
ions which makes the hydrated ions more flexible, which
enables chloride ions to more easily pass inside the pores
formed. The latter behavior has been also observed in ion
permeation of semirigid pores such as carbon nanotubes.>
Simulations of ion permeation in preformed tension-stabilized
pores in DPPC by Leontiadou et al.'" also show that for larger
pores (1.8 nm in radius), the chloride ion flux was an order of
magnitude larger than that of the sodium ions.

Figure 6a shows typical ion trajectories for sodium and
chloride ions, from which we see the sodium ions present a
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Figure 6. Typical Na" and Cl™ ion trajectories (a) and ion residence
time (b) in the membrane during the nanoparticle permeation. (Green
dashed line indicates the equilibrated position of phosphate group in
the unperturbed membrane).

strong tendency to stay in the lipid membrane headgroup
region once they get close to the first layer of the membrane,
while chloride ions prefer to stay in the interfacial layer near the
membrane. Once chloride ions touch the membrane, they
quickly penetrate and cross the membrane. The average
residence times for sodium and chloride ions inside the
membrane are shown in Figure 6b. Although the residence time
for both sodium and chloride ions have a wide variation, the

residence times for sodium ions is much longer than for
chloride ions. Such a kind of anionic selectivity has also been
reported experimentally for large pores stabilized by specific
cationic lipids®® and theoretically from Leontiadou et al’s
work'" and Gurtovenko’s work,"> in which the water pore is
mediated by external electric fields and ion potential gradients.

3.4. Lipid Flip-Flop. When a lipid molecule moves from
one leaflet of the bilayer to another, it is said to have flip-
flopped. The lipid molecule flip-flop phenomenon (trans-
membrane lipid translocation) is of significant biological
importance because such a translocation process is involved
in a variety of properties and functions of cell membranes, such
as membrane asymmetry and stability,”” modulation of the
activity of membrane proteins,®® and programmed cell death.>
Molecular simulations can provide insight to understand the
molecular mechanisms of such flip-flops. To complete the
permeation of chemical species across a biological membrane,
lipid molecule flip-flops may take place with the help of
proteins or without them.’' There are strong indications that
lipid translocation across a lipid membrane is a pore-mediated
process and that a major fraction of flip-flops takes place
through defects in the lipid membranes.**~%

During the nanoparticle permeation process, we witness
spontaneous translocation of lipid molecules from one
membrane leaflet to another following the formation of a
water-conducting pore inside the membrane. When the
nanoparticle gets close to and begins to permeate into the
membrane, the head groups of lipids in the first layer are
compressed to make room for the nanoparticle cross-sectional
area and the lipid tails are separated apart. At the same time,
water molecules start to penetrate into the membrane, pushing
some lipid molecules toward the center of the membrane.
Those lipid molecules may therefore have a chance to cross the
hydrophobic core region as part of the transient water-
conducting pore. We found some lipid molecules undergo
flip-flop events very quickly, while most of the flip-flopped lipid
molecules spend some time to overcome the high free energy
barrier involved in moving the polar head groups through the
hydrophobic core. Nevertheless, our observations typified by
the snapshots in Figure 7, on the basis of approximately 500
flip-flop events observed in all our simulations, indicate that
lipid molecules undergoing the process progress through a
series of similar-looking stages. As a lipid molecule moves along
the z-direction from one layer to the other, an end-over-end
molecular rotation occurs, during which the two alkyl tails open
up and then come together again. The snapshots of six typical
lipid molecule flip-flop events observed in our simulation are
shown in Figure 7. In Figure 7a, we display 10 snapshots of a
particular lipid undergoing a flip-flop. In the process, it
undergoes conformational changes and overall rotation while
translating along the z direction. In Figure 7b, each of the 5
lipid molecules being observed likewise translated along the z
direction, but to save space we suppress the z translation in this
part of the figure.

The water molecules in the transient pore play a role in the
flip-flop events. Water interaction with the polar head groups
assist in the process. The instantaneous number of water
molecules in the interior of the membrane and the number of
lipid molecules no longer present in their original layer are
shown in Figure 8. The water molecules included in the count
are those whose z coordinates are within 1.5 nm of the center
of the membrane. The lipid molecules included in the count are
those whose headgroup z coordinates are no longer within 3.0
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Figure 7. Snapshots of typical lipid molecule flip-flop events observed in our simulation, which are obtained from 3.0 nm nanoparticle permeation
(0.525 m/s permeation velocity) under unequal ion concentration and pressl system.
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Figure 8. Number of water molecules in the interior of membrane and the instantaneous lipid molecule flip-flop events, which are obtained from 3.0
nm nanoparticle permeation (0.525 m/s permeation velocity) under an unequal ion concentration and the pressl system. (The green dashed line
indicates the time during which the center of the nanoparticle is within the membrane.) Error bars in different regions are indicated on the graph.

nm of their original equilibrium position. The lipid flip-flop
events start to show up when the nanoparticle permeates into
the membrane. As the nanoparticle permeates deeper into the
membrane, the number of flip-flop events increases, reaching
their maximum where the water molecules in the interior of the
membrane reach their maximum. In the snapshots in Figure 9,
only the slice of the simulation box that includes the
nanoparticles is shown for clarity, and only the lipid molecules
(not water or ions) in the marked region are shown in the inset.
These lipid molecules are in configurations typical of stages in
the flip-flop process shown in Figure 7. This confirms our
interpretation of the summary in Figure 8 that most of the flip-
flop events occur in the “wake” of the nanoparticle with high
incidence of water molecules inside the membrane accompany-
ing the flip-flopping lipid molecules.

The stages in the mechanism of lipid flip-flop events we
observed in our simulations are in agreement with the
observations from atomistic simulations by Gurtovenko et
al,*® where the lipid flip-flops in a preformed pore are induced
by a transmembrane ion density gradient. Both “fast lipid flip-
flops” (10—20 ns) and “slow flip-flops” (up to 130 ns) are
observed in their simulations.?® In our simulations, the time for

16996

Figure 9. Snapshot showing lipid molecule flip-flops as the
nanoparticle is moving out of the membrane. For clarity, only a
section of the simulation box is shown. The inset shows only the lipid
molecules in the marked region.

the lipid flip-flop relates to the nanoparticle permeation velocity
because the occurrence of water-conducting pores in the
membrane is caused by the permeation process of a
nanoparticle. In a typical simulation run (a few examples are
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shown in Figure 7), the time for lipid molecule flip-flops varies
from 3 to 27 ns, which is well in agreement with atomistic
simulations if we consider the speed-up factor of 4 in our
coarse-grained simulations.

We investigated how the number of incidences of flip-flops
varies with conditions. Figure 10a—c summarizes the
correlation of lipid flip-flop events observed with nanoparticle
size, permeation velocity, pressure, and ion concentration
differential. We found the number of lipid molecules that flip-
flop decreases as we increase the nanoparticle permeation
velocity (Figure 10a). Larger permeation velocities lead to
shorter lifetime of pores in the interior of the membrane, which
diminishes the available time for such flip-flops. As seen in
Figure 11, the lifetime of the transient pore decreases
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Figure 11. Pore lifetime as a function of nanoparticle permeation
velocity (data obtained from simulations with 2.0 nm nanoparticles

under equal ion concentrations).

significantly when the permeation velocity is below 0.7 m/s,
while there is no significant change when the permeation
velocity is above 0.7 m/s. We therefore observed that when the
permeation velocity is over 0.7 m/s, for most cases, the number
of lipid flip-flops reach a limiting value and no longer change
with velocity. The number of lipid flip-flops decreases with the
pressure differential between two sides of the membrane
(Figure 10a). Although the penetration of water molecules
increases as the pressure increases, higher pressures lower the
mobility of the lipid molecules because of membrane
compression, making flip-flops less frequent. As seen in Figure
10b,c, the number of flip-flopped lipid molecules is affected by
the ion concentration differential and the size of the
nanoparticle. A concentration gradient between two sides of

the membrane, as shown earlier, facilitates ion transport
through the water pore. Such ion transport quickly discharges
the transmembrane ionic charge imbalance and makes the
water pore more stable,"® which can lead to enhanced flip-flops.
Also, with larger diameter nanoparticles, higher water and ion
penetration is observed; both in turn increase the number of
lipid molecule flip-flops that occur.

3.5. After the Permeation. It is known that the
permeation of nanoparticles and the accompanying water and
ion flux can affect the stability and the mechanical strength of
lipid membranes.%* It is therefore important to understand if
and how a membrane recovers following the nanoparticle
permeation. We have investigated the thickness, order
parameter, and related properties to understand the nature of
any permanent changes, if any, occur following the nanoparticle
permeation. To observe the recovery of the lipid membrane, we
held the nanoparticle in place and continued the simulation for
an additional 10 ns after the nanoparticle has permeated the
lipid membrane and reached the other side. (This was
accomplished by stopping the movement of the nanoparticle
and tethering it at the bottom end of the system, see Figure 1.)
We refer to the property averages obtained in the additional 10
ns as “at the end” and the property averages for the equilibrated
unperturbed membrane as “at the beginning”.

The thickness of the lipid membrane begins to increase once
the nanoparticle reaches the surface of the lipid membrane,
compared to its equilibrium undisturbed condition. After the
nanoparticle moves into the membrane, the thickness of the
membrane increases quite significantly from its equilibrium
value. Larger nanoparticles induce more perturbations in the
lipid membrane, resulting in a greater increase in the thickness.
In all the simulations we have carried out here, we observed
that the thickness of the lipid membrane completely recovers
after permeation by a nanoparticle, which confirms the healing
ability of membranes. Figure 12 shows the density profiles of
phosphate and tail groups at the beginning and at the end in
two typical simulations (Casel, 2 nm nanoparticle, 0.7
permeation velocity, equal ion concentration and press3
system; Case2, 3 nm nanoparticle, 1.4 m/s permeation velocity,
unequal ion concentration, and pressl system). The density
profiles for phosphate and tail groups change slightly after the
nanoparticle permeation. This is expected since lipid
membranes have been observed to self-assemble even from

dx.doi.org/10.1021/1a302879r | Langmuir 2012, 28, 16989—17000



Langmuir

—— PO_Beginning —— PQO_End —— Tail_Beginning —— Tail_End

200 200
150 150
2z 2
2 2
@ 3 100 () $ 100
I e
] L3
o o
E :
2 50 3 50
0+ 0+ 2
0.0 75 15.0 25 0.0 7.5 15.0 225

Position (nm) Position (nm)

Figure 12. Comparison of density profiles of phosphate and tail
groups of DPPC membrane along the z direction at the beginning of
the simulation and at the end of the simulation after tethering the
nanoparticle for 10 ns. (a) Case 1: simulation system with 2 nm
nanoparticles, 0.7 m/s permeation velocity, equal ion concentration,
and the press3 system. (b) Case 2: simulation system with 3 nm
nanoparticles, 1.4 m/s permeation velocity, unequal ion concentration,
and the pressl system.

an initial random configuration of lipids in solution in our work.
We witnessed a few lipid molecules being dragged out to the
bulk solution, making the bare nanoparticles appear as a ligand-
coated nanoparticle. This explains the small peak observed in
the density profile (Figure 12) of phosphate and tail groups at
the end of our simulations.

We also monitored the tail segment order parameter. The
order parameter is slightly larger during the nanoparticle
permeation, compared to the unperturbed lipid membrane,
which is consistent with our previous work."” This is due to the
decrease of the dynamic space for the lipid membrane after the
insertion of the nanoparticle, which induces lower mobility and
lesser extent of isotropic averaging for lipid molecules of the
entire lipid bilayer. However, 10 ns after the particle has
permeated, the order parameter reverts back to the
unperturbed value, as indicated from two typical simulations
(Case 1, 2 nm nanoparticle, 0.7 permeation velocity, equal ion
concentration, and press3 system; Case 2, 3 nm nanoparticle,
1.4 m/s permeation velocity, unequal ion concentration, and
pressl system) in Figure 13. Since the lipid molecules had been
individually tagged, we found a small fraction of the first layer
lipids in the second layer and vice versa, after recovery of the
membrane. Since both layers had the same lipid composition to
start with, this leads to no net change in the lipid composition

0.3 0.3
H L
802 A g 02 e
] @
: :
a) 5 £
®g » (®F .
g 0.1 g 0.1
€ )<
o o
= Beginning = Beginning
® End ® End
0.0 0.0

T T T T T T
bond 1 bond2 bond3 bond 1 bond2 bond 3

Figure 13. Comparison of tail segment order parameter of DPPC
membrane at the beginning of the simulation and at the end of the
simulation after tethering the nanoparticle for 10 ns. (a) Case 1:
simulation system with 2 nm nanoparticles, 0.7 m/s permeation
velocity, equal ion concentration, and the press3 system. (b) Case 2:
simulation system with 3 nm nanoparticles, 1.4 m/s permeation
velocity, unequal ion concentration, and the pressl system.

of the two layers. The structural changes in the membrane can
be monitored by tracking the membrane thickness, membrane
deformation, area per lipid, lipid order parameter, lipid tail
length, and so on. These changes were reported in our previous
work."” Overall, the membrane shows excellent recovery to its
original structure.

4. CONCLUSIONS

Nanoparticles are generally considered excellent candidates for
targeted drug delivery. However, ion leakage and cytotoxicity
induced by nanoparticle permeation is a potential problem in
such drug delivery schemes because of the toxic effect of many
ions. A series of coarse-grained molecular dynamics simulations
has been carried out to investigate the water and ion
penetration and lipid molecule flip-flop in a protein-free
phospholipid bilayer membrane during nanoparticle perme-
ation. The effect of ion concentration gradient, pressure
differential across the membrane, nanoparticle size, and
permeation velocity have been examined in this work.

We found the number of water molecules in the membrane
during the nanoparticle permeation increases with the nano-
particle size and with the pressure differential across the
membrane but is unaffected by the nanoparticle permeation
velocity or the ion concentration gradient. Ion penetration is
sensitive to the size of the nanoparticle as well as the ion
concentration gradient between two sides of the membrane; no
anion/cation permeation is found under small nanoparticle
permeation (1.0 nm); anion selectivity arises when the size of
the nanoparticle reaches 4.0 nm. We also investigated lipid
molecule flip-flop phenomena during the nanoparticle per-
meation. We found the number of lipid molecule flip-flops
increases with the size of the nanoparticle and the ion
concentration gradient, while it decreases with the pressure
differential and the nanoparticle permeation velocity. The
ability of the lipid membrane to recover has been demonstrated
under the various conditions we have examined in this work.
Lipid flip-flop events have been demonstrated accompanying
nanoparticle penetration of lipid bilayers membranes. There is
no resulting net change in lipid composition of the two layers in
the case of symmetrical bilayers. However, biological lipid
membranes have mixed compositions and are inherently
asymmetrical in the two layers. Passage of nanoparticles across
the biological membrane will therefore result in changing the
compositions of both inner and outer layers, which may have
some physiological consequences. The findings described in
this work leads to a better understanding of passive water and
ion transport and lipid flip-flops during the permeation of
nanoparticles and should help in developing more efficient
nanocarrier drug delivery systems while avoiding cell

cytotoxicity.
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