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With the rapid development of nanotechnology and biotechnology, nanoscale structures are increasingly
used in cellular biology. However, the interface between artificial materials and a biological membrane is
not well understood, and the harm caused by the interaction is poorly controlled. Here, we utilize the dissi-
pative particle dynamics simulation method to study the interface when a nanoscale probe penetrates the
cell membrane, and propose that an appropriate surface architecture can reduce the harm experienced by
a cell membrane. The simulation shows that a hydrophilic probe generates a hydrophilic hole around the

Keywords:

lntyerface probe while a hydrophobic probe leads to a ‘T-junction’ state as some lipid molecules move toward the
Nanoprobe two ends of the probe. Both types of probe significantly disrupt lipid bilayer organization as reflected by
Lipid bilayer the large variations in free energy associated with penetration of the membrane. Considering the hydrophilic/

Nondestructive pattern hydrophobic nature of the lipid bilayer, three other hydrophilic/hydrophobic patterns - band pattern, axial
pattern and random pattern - are discussed to reduce the damage to the lipid membrane. Both the free energy
analysis and simulation studies show that the axial pattern and the random pattern can both minimize the var-
iations in free energy with correspondingly smaller adverse effects on membrane function. These results suggest
that the axial pattern or random pattern nanoprobe generates a mild interaction with the biological membrane,
which should be considered when designing nondestructive nanoscale structures.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cell membranes consisting of a lipid bilayer are crucial for living cells
providing protection of their interior from the surrounding environ-
ment [1]. With rapid advances in biotechnology such as gene injection,
in-vitro-fertilization, and drug development, various biological effectors
(small molecules, DNAs, RNAs, peptides, and proteins) are required
to pass through a cell membrane. One of the promising methods for
delivering biological effectors into a cell is to use nanoscale structures
(ranging from several to hundreds of nanometers). For example,
nanoparticles (<10 nm) [2-6], carbon nanotubes (1 ~5 nm) [7-9],
and nanowires (~100 nm) [10,11] are considered to be effective
methods for introducing multiple types of reagents into cells in high
throughput. During delivery, some hydrophilic/hydrophobic molecules
adhere to the nanostructures [2,12,13]. However, the lipid bilayer is a
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thin polar membrane made of two lipid leaflets with hydrophilic phos-
phate ‘heads’ on the surface and hydrophobic ‘tails’ segregated in the
core. Because of this ‘hydrophilic-hydrophobic-hydrophilic’ structure,
cell membranes present a formidable barrier to most polar molecules.
This means an interface between the artificial materials and the lipid
bilayer must be created and surfaces of nanostructures will progressively
disrupt the organization of the biomolecules when they come into con-
tact with cell membrane [14-19]. Though, numerous experimental plat-
forms employing nanoscale structures have been constructed to deliver
various molecules into different types of cells [2,5,11,20-23]. However,
when building such platforms, researchers usually focus on their geo-
metrical size [24], shape [25] or the biological effectors [2] coated on
them, and typically pay little attention to the interfaces between the
artificial materials and the biological bilayer or the damage experienced
by the membrane. In reality, different interfaces will lead to different
degrees of bilayer disruption [16,19,25] some causing cell death [22,26].
It is widely accepted that in many cases it is the coated molecules that
are interacting with biological system [27-29]. Thus, we propose that
an appropriate surface architecture can reduce the harm experienced
by a cell membrane and thereby benefit the experimental results. In
this paper, we consider a nanoscale probe penetrating the lipid bilayer
as an example to study these interactions, with the hope of identifying
a surface pattern that is minimally disruptive to cell membranes.
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Fig. 1. The simulation model and its initial state, section view with y = 16r.. The tail
particles in different chain lipid molecules are colored differently so that they can be
distinguished, and for clarity, the water particles are not shown. The probe is 2r.
above the membrane at the initial state, thus there is no interaction between the
probe and the membrane.

2. Methods
2.1. Dissipative particle dynamics
To analyze the interfaces between the probe and the lipid bilayer, we

use dissipative particle dynamics (DPD) simulation, a coarse grained
method widely used to study bio-membrane systems [25,30-33]. In
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DPD, there are three types of interactive forces: a conservative force, a
dissipative force and a random force. The three forces work together
to describe the motion of the simulated particles. The conservative
force between two particles i and j is

C A
Fj = a; (1—r,»j/rc) t; ri<rc (1)

where r;; is the distance between particles i and j, t; is the unit vector
connecting particle j to i, and a; is the conservative force parameter
between particles i and j, representing the maximum repulsive force
between two types of particles, which differs for different types of par-
ticles. The value of a;; for water interacting with another type of particle
defines the hydrophilic/hydrophobic character of this type of particle:
the larger a;; the more hydrophobic is the particle. r. is the cut-off radi-
us; if rj; > ., the conservative force is zero. r. is also the length unit used
in the simulations [34].

The dissipative force between two particles is linear in terms of
their relative momentum and is described as

D/~ Ps
Fg =40, (r,jvu> I Ti<rc (2)

where 1y;; is the dissipative force parameter between particles i and j, and
v = v;—V; is their relative velocity. mﬁ-’ is the dissipative r-dependent
weighting function.
The random force between a particle pair is
Ff = 0086, Lf,-j ry<re (3)
VAt

where 0y is the random force parameter, 6;; is a randomly fluctuating
variable with Gaussian statistics and o is the random r-dependent
weighting function.
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Fig. 2. Morphologies of the lipid bilayer penetrated by hydrophilic and hydrophobic probes, section view with y = 16r.. The dashed rectangles represent the locations of the probe.
(a) As the probe descends, for the hydrophilic pattern probe, the head particles of the membrane lipids gather around the probe, and some rotate from vertical to horizontal. (b) For
the hydrophobic probe, the tail particles become disordered, and some adhere along the probe, leading to a ‘T-junction’ state.
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Fig. 3. Free energy and constraint force when hydrophilic and hydrophobic probes are
inserted though the membrane. In both cases of hydrophilic or hydrophobic probes,
the force and free energy changes rise in magnitude with increasing probe penetration.

Espanol and Warren pointed out that the two weighting functions
appearing in Egs. (2) and (3) follow the relation [35]

m,? = (mg)z = <1—r,-j/r,_.)2 i<re. (4)

The dissipative force parameter and random force parameter are
related to 0,2, = 2,kgT, where kg is Boltzmann constant, T is the tem-
perature and kgT is the unit of energy. The values 0;; = 3 and y; =
4.5 are used in our model [36].

2.2. Membrane model

In simulation, lipid molecules of the membrane are represented by
hydrophobic tail particles (T) and hydrophilic head particles (H). The
lipid molecules are surrounded by water particles (W). The thickness
of the biological lipid bilayer is ~5-6 nm with ~3 nm hydrophobic
core [12,37]. Therefore, the structure of a chain lipid molecule is cho-
sen to be H3Ty, so as to meet the thickness ratio of the hydrophobic
core to the lipid bilayer.

probe

membrane

e TS T S
i Heads

A J

B e = _ .
I~

o )

Tails h b
ey R A _ A

c d

Fig. 5. Penetration of probes with various thicknesses hydrophobic bands. If h, = 0
(hydrophilic pattern, probe a), the minimum free energy happens when h = hy; if
0 < hy < hr (probe b), the minimum free energy happens when h = hy + hy; if
hy = hr (probe c), the minimum free energy is also the lowest free energy in all the
different thickness bands when h = hy + hr. If h, > hy (probe d), the minimum free
energy happens when h = hy + hr, but the energy is larger than that of probe c.

In a chain lipid molecule, the H and T particles are linked using
Hookean springs with the force

FZ- =K (rij—req)fij (5)

where particles i and j are adjacent particles in a lipid molecule and
Teq is the equilibrium bond length, set to 0.5r¢. Ks is the spring con-
stant with the value 128 [38].

The hydrocarbon chain stiffness is modelled by the three-body po-
tential acting between adjacent particle triples in a chain

Ug(i-1ii1) = Ko(1=cos(@—¢y)) (6)
where the angle ¢ is defined by the three adjacent particles i — 1, i
and i + 1; ¢ is the equilibrium angle with preferred value zero; K,

is the bending constant valued as 20 [38]. Force generated by the
three-body potential is

©
F(ifl,i,i+l) = _VU@(FIJ,HI)' (7)
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Fig. 4. Band pattern and its free energy analysis. The variations in free energy depend on the thicknesses of hydrophobic bands, and can be reduced to 27.9kgT when h;, = r.. (a) The
band pattern probe is functionalized with the hydrophilic and hydrophobic molecules. The hydrophobic molecules are coated at the bottom of the probe as a band of thickness hj,.
The rest of the probe is hydrophilic. (b) The free energy for various values of h,. The dashed line shows the minimum free energy for various probes.
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The simulation space is 32 x 32 x 32r2, including 3300 H5T, lipid
molecules and 82,000 W particles. The values of conservative
force parameters are: agy = 25, agr = 50, agw = 35, arr = 25, apw =
75, and ayw = 25 (the subscripts represent the types of particles) [38].
Periodic boundary conditions are applied in all three dimensions to
minimize edge effects [39]. The particles are assembled into a planar
bilayer in a tension-free state at room temperature. The membrane
model is depicted in Fig. 1 with, the H particles on the surface of the
membrane, and the T particles in the middle, indicating a classical
lipid bilayer structure (the W particles are not drawn for clarity). The
thickness of the membrane is ~ 7.5r. and the hydrophobic core is
~ 4.5r. or 60% of the thickness of the membrane. Considering the physical
thickness of a membrane (5-6 nm) and the diffusion coefficient of lipid
bilayer (5 pm?/s), the length unit in simulation model r. ~ 0.7 nm and
the time unit 7 = 0.46 ns [34].

To simulate the process of a probe penetrating the lipid membrane, a
cylindrical probe model is introduced into the DPD membrane model.
The cylindrical probe is composed of 1130 probe particles (P), each
with a diameter 4r. (~3 nm) and height 30r.. To determine the move-
ment of the probe, probe position h is measured relative to a coordinate
system centered at (16r,, 16r,, 20r.), just at the upper surface of the
membrane, and in the initial state, the bottom of the probe is located
2r. above the membrane. Under these initial conditions there is no
interaction between the probe and the membrane.

In DPD, the conservative force parameter (a;) reflects the repul-
sive force between two types of particles. Smaller value of the con-
servative force parameter means ‘attraction’. The value of a; for
water particle interacting with another type of particle defines the
hydrophilic/hydrophobic character of this type of particle: the larger
a;;, the more hydrophobic is the particle [34,38]. Thus, for a hydrophil-
ic probe (all the coated molecules are hydrophilic), the values of con-
servative force parameters are apy = 35, apr = 75, and apy = 15,
while for a hydrophobic probe, these values change to apy = 50,
apr = 15, and apy = 75. The bilayer is relaxed for 1.2 ps with the
probe fixed at first. Then, the probe is displaced downwards at a con-
stant velocity of 0.02r./7, with the physical value ~0.03 nm/ns. We
tested velocities ranging from 0.05r./7 to 0.001r./7T for a hydrophilic
probe, and the results were found to be similar (results not shown).
Although a lower velocity generally leads to a more precise calcula-
tion, it also requires additional computing time. This chosen velocity
is acceptable from the perspective of computational time and is of
comparable magnitude to the average velocity of a nanoparticle pen-
etrating the membrane under a driving force [25,40]. In our model,
the nanoprobe is forced to move downwards at a specific velocity.
Therefore, under the conditions we impose, the nanoprobe will al-
ways penetrate through the membrane even if the velocity is reduced
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Fig. 6. The axial pattern and random pattern probes. (a) Axial pattern: the hydrophilic
and hydrophobic molecules are coated in lines parallel to the axis of the cylinder (left),
and it is symmetrical as seen from top view (right). (b) Random pattern: the molecules
are located at random positions.
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Fig. 7. The free energy of axial pattern and random pattern probes penetrating a
membrane. For the axial pattern, the probe circumference is equally divided into 24
parts, and 6, 12, or 18 parts are H particles (¥H = 0.25, 0.5, 0.75). The variations in
free energy are related to the % H, and are smallest when $H = 0.5 for both axial and
random patterns.

further. If the nanoprobe is driven instead by a specific force, it could
wind up stalling in the membrane [25]. During penetration, the probe
particles interact with and influence the positions and velocities of
the H/T/W particles. However, the velocity and the position of the
probe are specified, thus the interaction forces from H/T/W particles
to the probe are ignored.

3. Results and discussion

The membrane's morphologies during the process of penetration
by hydrophilic and hydrophobic probes, respectively, are shown in
Fig. 2. In Fig. 2a, the hydrophilic heads of the lipid bilayer are attracted
to contact with the probe while the hydrophobic heads are repelled,
leading to a hole with the hydrophilic edge around the probe. In the
hydrophobic case (Fig. 2b) the lipid bilayer is split, and the tail parti-
cles are attracted to adhere along the probe, whereas the heads are
pushed toward the water. Some of the tail particles move toward
the two ends of the probe, generating a ‘T-junction’ scenario.

Due to the interaction between the probe and membrane, the
hydrophilic and hydrophobic patterns lead to a major disruption of
the lipid organization (Fig. 2). During penetration, work done by the
attractive or repulsive forces changes the energy of the system. If
the variation in energy is too strong, the lipid molecules may be dis-
ordered. Therefore, a nondestructive pattern should avoid such interac-
tions. Considering the hydrophilic/hydrophobic composition of the lipid
bilayer, it is possible to change the probe's hydrophilic/hydrophobic
pattern in order to find an appropriate probe design to minimize these
destructive effects.

For quantitative analysis, the method of constrained particles is
applied to calculate the free energy, AG, when a probe penetrates
the membrane, Eq. (8) [41,42]. During calculation, the probe is placed
at a chosen z-depth in the membrane. The force acting on the probe at
each time step is obtained as the constraint force at that z-depth. For
each of the z-depths, nine different x and y regions of the membrane
are sampled, and for each region, the simulation time is 3000 time
steps. By measuring the average z-force needed to keep the con-
straint, and integrating across the membrane, the potential of mean
force or the free energy is constructed.

AG=—| (:’(F)dh 0<h<3.8r, (8)
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Here, (F) indicates average constraint force over the simulation
time. Because of the symmetry of the membrane, h is analyzed from
0 to 3.8r. representing the upper layer of the bilayer membrane.
Fig. 3 shows the free energy and constraint force of the hydrophilic
pattern and hydrophobic pattern probes shown in Fig. 2. For the
hydrophilic probe, at the beginning of the penetration, the free ener-
gy is less than zero indicating that the force is attractive between the
probe and the hydrophilic heads of membrane. When the hydrophilic
probe enters into the hydrophobic core of the lipid bilayer, the free
energy rises, and at a certain point the free energy becomes >0
suggesting that the membrane repels the penetration of the probe.
It is opposite if the probe is hydrophobic, with the interactive force
changing from repulsive to attractive.

The variations in free energy for the hydrophilic and hydrophobic
patterns are 48.3kgT and 38.7kgT, respectively (Fig. 3). These results
suggest that a less destructive penetration might be achieved using
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probes having various patterns of both hydrophilic and hydrophobic
regions. Based on this idea, the band pattern probe [12,19] is designed
with a hydrophobic band at its bottom with the thickness h;, (Fig. 4a).
Fig. 4b presents the free energy for various values of h,,.

It shows that the free energy changes owning to the different
thickness bands. However, the minimum variation in free energy
happens when h, = r. with the value 27.9kgT, which suggests that
the changing of thickness of the hydrophobic bands does not reduce
the variation in free energy too much. To support this idea, we pro-
vide a further explanation by calculating the minimum free energy
of various bands. Fig. 5 shows the penetration of probes with various
thickness bands. If the probe is hydrophilic, the minimum free energy
happens when the probe is at the interface of lipid's heads and tails
(probe a). However, if there is a hydrophobic band at the bottom of
the probe, the minimum free energy happens when all the bands
immerge into the lipid tails while the hydrophilic region of the
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Fig. 8. Morphologies of lipid membranes penetrated by five probes with different patterns when h = 15r,, t = 0.35ps; top view and section views with y = 16r.. (a) Hydrophilic
pattern. The hydrophilic heads gather around the probe. (b) Hydrophobic pattern. Some molecules move toward the ends of the probe leading to a ‘T-junction’. (c¢) Intermediate
pattern. There is a mixture of hydrophilic heads and hydrophobic tails around the probe. (d) Band pattern with 2r. band thickness. The movement of lipid molecules is a
combination of that observed with hydrophilic and hydrophobic patterns. (e) Axial pattern with ¥H = 0.5; (f) random pattern with ¥H = 0.5. Both axial pattern and random

pattern help maintain the bilayer organization of the membrane.
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probe is fully contact with the lipid heads (probe b, c). By comparing
the two states, it is concluded that the probe with band has a lower
minimum free energy due to the attractive force between the hydro-
phobic band and lipid tails. The dash line in Fig. 4b shows the trend
of the minimum free energy of various thickness bands. Therefore, if
there is a hydrophobic band, the minimum free energy of the band pat-
tern will be lower than that of hydrophilic pattern which is — 10.3kgT
(Fig. 3). Fig. 5 also indicates that the lowest free energy for all the differ-
ent thickness bands takes place when h = hy + hy with the band
thickness h, = hr, where hy and hr are the thicknesses of the head re-
gion and tail region, respectively (probe c). These results correspond
to the positions of turning points in Figs. 3 and 4.

We next consider a different probe pattern (Fig. 6a) in which the
hydrophobic and hydrophilic molecules are coated in lines parallel
to the axis of the cylinder. The percentage of H particles in probe par-
ticles, %H, is used to characterize the pattern. Viewed along the axis,
the coated hydrophobic and hydrophilic molecules are arranged
with axial symmetry and the probe circumference is finely divided
in order to avoid unbalanced forces in the x and y directions. We
also consider cases in which the hydrophobic and hydrophilic mole-
cules are located at random (Fig. 6b).

The penetration of the probe will change the interaction from
head-head/tail-tail to probe-head/probe-tail. The larger difference
between the probe-head interaction and head-head interaction (in-
dicated by |apy — apy|) or between the probe-tail and tail-tail inter-
action (indicated by |apr — arq]), the greater is the disruption of the
membrane. The variations in free energy of penetration with the
axial and random patterns (Fig. 7) depend on the percentage of H par-
ticles (¥H). When %H = 0.5, both patterns can reduce the variation to
relatively small values, 6.0ksT and 4.9kgT, respectively, which sug-
gests that either of the two patterns can serve as nondestructive
structures. A value for %¥H =~ 0.5 appears to be nearly optimal in
terms of minimizing the variation in free energy (Fig. 7). This per-
centage depends on the probe's degree of hydrophobicity, represent-
ed by the conservative force parameters in DPD. Because the absolute
values of force and free energy for the hydrophilic and hydrophobic
patterns are similar (Fig. 3), when $H = 0.5, the sum of free energies
due to the hydrophobic and hydrophilic regions roughly cancels each
other giving rise to the relatively small variation during penetration.
Further analysis shows that for a strongly hydrophobic and a lightly
hydrophilic probe, with the conservative force parameters apy =
35, apr = 50, apy = 20 (hydrophilic region, representing light hydro-
philic), apw = 50, apr = 10, and apy = 100 (hydrophobic region,
representing strong hydrophobic), H = 0.25 is a more appropriate
percentage causing the minimal variation in energy. Moreover, if the
probe is intermediate (non-hydrophilic and non-hydrophobic) with
conservative force parameters apy = 50, apr = 50, and apy = 50, it
repels the hydrophilic heads and hydrophobic tails equally. Therefore,
there would be a mixture of heads and tails.

To verify these findings from energy analysis, four additional
patterns - intermediate pattern (apy = 50, apr = 50, apy = 50),
band pattern (h, = 2r.), axial pattern (*H = 0.5), and random pat-
tern (¥H = 0.5) - are simulated, producing the membrane morphol-
ogies shown in Fig. 8. After penetration, some lipid molecules rotate
horizontally in order to come in contact with the hydrophilic probe
(Fig. 8a); the hydrophobic probe induces that some of the lipid mole-
cules emerge from the membrane and adhere to the hydrophobic
probe (Fig. 8b). The intermediate pattern leads to a mixture of heads
and tails around the probe due to the equal interactive force (Fig. 8c).
The movement of lipid molecules in Fig. 8d seems a combination of
that in Fig. 8a and b, with some of the lipid molecules leaving the mem-
brane by rotating from vertical to horizontal. In contrast, most of the
lipid molecules maintain their normal orientations along with z axis,
suggesting that there is little force generated during penetration
(Fig. 8e and 8f). These simulation results support the conclusions of
the free energy analysis.

4. Conclusions

In conclusion, our analysis of the interaction between nanoscale
probes penetrating a biological membrane shows that different pat-
terns of hydrophilic/hydrophobic coatings on the probe surface will
create different interfaces between lipid bilayers. If the probe is hydro-
philic, the interface is a hydrophilic hole by the probe, while it generates
a ‘T-junction’ scenario when the probe has a hydrophobic surface. In
order to reduce the damage caused to the membrane, we use the free
energy to describe disruption of the lipid membrane quantitatively.
The band pattern, axial pattern, and the random pattern are considered
for their potential to minimize variations in energy. Both the free energy
analysis and simulation results show that the axial and random patterns
cause less disruption to the lipid bilayer organization. Therefore, when
using nanoprobes to penetrate a lipid membrane, the axial pattern or
random pattern should be considered as a means of reducing mem-
brane disruption.
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