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Abstract

The interactions between nanomaterials and biological membranes are important for
the safe use of nanomaterials. We explore the nano-bio interface by studying the
penetration of a carbon nanotube (CNT) coated with ligands through a lipid bilayer.
With a dissipative particle dynamics model, the mechanism of ligands influencing
nano-bio interaction is analyzed. The CNTs with different ligands are tested. The
simulation shows that the increase of the total number of ligand particles decreases the
capability of a CNT penetrating through a membrane. For the CNTs with the same
number of ligand particles, the arrangements of their ligands determine their behaviors.
The asymmetrical pattern generates an upside down phenomenon, which requires
more energy to get through the membrane; the uniform distribution penetrates through
a membrane with less difficulty. Decreasing the stiffness, the length of ligands or

preferring hydrophobic ligands increase the penetration capability of CNTSs.
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1. Introduction

Nanotechnology has made astonishing progress and been widely discussed during the
past decades. The nanoscale structures, such as nanoparticles, carbon nanotubes
(CNTSs), nanoprobes and fullerenes are extensively used in many fields, such as optics,
sensing, electronics, and material science. As the development of biology, recent
studies also focus on the nanostructures’ applications in biomedical engineering,
including drug delivery(Mei et al. 2013; Park 2013), gene therapy(Bahadur et al. 2014;
Hwang et al. 2014), and diagnostics(Young and Kairdolf 2013). In these biomedical
applications, functionalized nanostructures are required to penetrate into the eukaryotic
or prokaryotic cells(Shreekumar 2012; Verma and Stellacci 2010). However, when
penetrating the biological cells, the engineered nanostructures may interact with some
unexpected biological molecules which could have bio-compatible or bio-adverse
outcomes(Nel et al. 2009). Therefore, the interface between the nanostructure and the
bio-system has generated great interest in the past years(Gagner et al. 2012; Nel et al.
2009).

In general, the nano-bio interface comprises physical, chemical and biological
interactions(Nel et al. 2009). The main biophysicochemical influences can be divided
into four parts: 1) the structure of the nanomaterials, such as size, shape, ligands,
hydrophobicity and hydrophilicity; 2) the properties of the suspending media, including
acids, bases, salts and multivalent ions; 3) solid-liquid interface, for example the
surface hydration and dehydration, the surface reconstruction and the release of free
surface energy; 4) biological interaction: receptor-ligand binding interaction,
membrane wrapping, and oxidant injury to biomolecules, etc.(Nel et al. 2009).
Moreover, these influences are not independent but highly coupled, which
tremendously increases the difficulty of understanding the interactions between the
nanomaterials and bio-system. Therefore, though quite important, the nano-bio

interface is poorly understood at present.
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It may be impossible to describe all these biophysicochemical interactions clearly at
one time, but scientists have provided some conceptual frameworks and successfully
analyzed the influences one by one, separately. For example, when the functionalized
nanostructures enter a biological cell, the cell membrane would prevent the entrance of
these foreign materials. Some researchers have studied the interaction between the
nanostructure and the lipid bilayer to reveal the nano-bio interface(Donkor and Tang
2014; Liu et al. 2013b; Sarukhanyan et al. 2014). Yang and Ma investigated
nanoparticles with different shapes/volumes across a lipid bilayer(Yang and Ma 2010).
They found that the shape anisotropy and initial orientation of nanoparticles were
important to the nano-bio interfaces. Kraszewski and his colleges claimed that the
ability of a CNT passing through a lipid bilayer was a function of the CNT’s
length.(Kraszewski et al. 2012) Their data proved that short nanotubes could passively
penetrate the bilayer. Our previous work analyzed the interaction between a nanoprobe
and a lipid bilayer, especially how the surface property of a nanoprobe affected the
interface(Liu et al. 2013a). We found that a hydrophilic nanoprobe generated a
hydrophilic hole while a hydrophobic probe leaded to a ‘T-junction’ scenario when
penetrating a membrane. The transfer of fullerenes at nano-scales into lipid bilayers
were reported by Jusufi with molecular dynamics(Jusufi et al. 2011). He tested C60,
C180 and C540, and proposed free energy profiles during transferring to confirm the
spontaneous absorption of all the three fullerenes. Some experimental studies have
shown that the ligands functioned on the nanostructures can influence the nano-bio
interface (Tan et al. 2010; Verma et al. 2008), but the mechanism is poorly studied. In
this paper, we will focus on the influences of the coated ligands on the nano-bio
interface. Considering the well-organized geometrical structure of CNTs, the CNT
coated with ligands is selected as an example to promote our studies. As one of the
representative products in nanoscience, the CNT has been widely studied for more than

20 years since it was discovered by lijima in 1991(lijima 1991). It is an effective tool
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for various biomedical applications(Fabbro et al. 2013; Liu et al. 2009; Yang et al.
2007). In such applications, CNTs usually are coated with some target ligands (Esser et
al. 2012; Miinzer et al. 2014; Moser et al. 2014; Ormsby et al. 2014). The mechanism

that these ligands influence the nano-bio interface will be discussed in this paper.

2. Method and model

The lipid bilayer is made of two lipid leaflets with hydrophilic ‘heads’ on the
surfaces and hydrophobic ‘tails’ in the core. Dissipative particle dynamics (DPD) is a
coarse grained computer simulation method extensively applied to study bio-membrane
systems(Ganzenmdller et al. 2011; Goetz and Lipowsky 1998; Goicochea 2014; Peng
et al. 2014).
2.1 Dissipative particle dynamics

DPD is utilized to analyze the interaction between a CNT and a lipid bilayer. In
DPD, different kinds of molecules are represented by different types of coarse grained
particles. There are three types of interactive forces between two particles: a
conservative force, a dissipative force and a random force. The three repulsive forces
work together to determine the motions of the particles. The conservative force
between two particles iand j is

EC _{aij (- rij/ro)f-ij G <h

ij 0 I"ij >r0 (1)
where @; is the conservative force parameter determined by the types of
interactive-pair particles. It represents the maximum repulsive force between particle i
and j . The larger &; is, the larger repulsive force between particle i and j. The g;

between other type of particle and the water particle can represent hydrophilicity/

hydrophobicity of this type of particle. The larger a;, the more hydrophobic. r; is

the distance between particles i and j, with ﬁj as the unit vector from particle j to
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i Iyis the cut-off radius, and also the length unit in DPD (lllya et al. 2005). If r, > 1;,

the conservative force is zero.

The dissipative force is a drag force between a pair of particles which is a linear
function of their relative momentum. It works together with random force to simulate
the fluctuation and form a thermostat so as to keep the system at a constant

temperature (Espanol and Warren 1995; Groot and Warren 1997).

FP =

1

D/a A
{%jwj (rij 'Vij)rij L=< @)

0 >

where y; is the dissipative force parameter between particle iand j, and v; =V, -V,
is the relative velocity vector. a)ijD Is the dissipative weighting function depending on

@ =@1-r;/r,)* (Espanol and Warren 1995) .

]’ 1

The random force between particles iand j is
F--RZ ij i Yij At ij ij — (3)

where o is the random force parameter, ol is the random weighting function

described as a),f =1-r / ;) (Espanol and Warren 1995). 6, is a fluctuating variable

following Gaussian distribution with zero mean and unit variance. At is the time of

per simulation step. The dissipative force parameter (Eg. 2) and the random force

parameter (Eq. 3) follow the relation aif =2y,KsT , where kg is Boltzmann constant,

T is the Kelvin temperature. The most accepted values o; =3 and y; =4.5,

T =300K are used in our simulation(Ortiz et al. 2005).

2.2 Membrane model
We introduce hydrophilic head particles (H) and hydrophobic tail particles (T) to

6
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simulate the lipid molecules in a lipid bilayer. The structure of a chain lipid molecule is
described as H,(T,), , Fig.1c, corresponding to the physical structure of a phospholipid

bilayer. Water particles (W) are located randomly around the lipid bilayer molecules at
the initial state.
In a chain lipid molecule, the two adjacent particles are linked with a Hookean

spring and the elastic force is

Fus = ks (rlj - req)i;ij (4)
where particle iand j are adjacent particles in a chain lipid molecule (Fig.1c), and r,is

the equilibrium bond length with r, =0.5r,. k; is the extension stiffness with the

S

value 128(Gao et al. 2007).
The three-body potential among adjacent particle triples (Fig.1c) in a lipid

molecule is used to calculate the hydrocarbon chain stiffness.

Ui =K, (1—C0S(0—,)) (5)
where U ;. is the three-body potential, and ¢ is the angle defined by the adjacent
particle triples i—1, i and i+1;¢,is the equilibrium angle with ¢, =0; k(p is the
bending stiffness valued as 20(Gao et al. 2007). The bond-bending force is

Fisiin ==V (6)

The simulation space is 32x32x32r; with 1600 H,(T,), lipid molecules and

82000 W particles. The value of a; between a water particle and another type of

particle defines the hydrophilicity/hydrophobicity of this type of particle: the largera,

j ’
the more hydrophobic the particle. We set :a,,, =25,a,; =50,a,, =35;a,; =25,
any =79;a,, =25 (the subscripts indicate the types of particles)(Gao et al. 2007).

Periodic boundary conditions are applied in all three dimensions to minimise the edge

7
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effects(Groot and Warren 1997). After 30,000 simulation steps, the three types of
particles are assembled into a planar bilayer presented in Fig. 1a, with H particles
arranged on the two surfaces of the lipid bilayer, T particles in the core, and the
surrounding W particles are not drawn for clarity. The lipid bilayer structure in Fig. 1la

agrees well with that of a classical lipid bilayer. By comparing the physical thickness of
cell membrane (5-6 nm) and the diffusion coefficient of lipid bilayer (5um?/s) with the
corresponding values in DPD model, we obtain the length unit in simulation model

I, = 0.7 nmand the time of per simulation step At ~7.4ps(lllya et al. 2005).

2.3 Carbon nanotube model

An armchair nanotube with the chirality (10, 10) is selected in our model. The
diameter of the carbon nanotube is ~ 1.5nm, and the aspect ratio is 2.5, Fig. 1b. It can
float and rotate freely during simulation with its shape is fixed. To simulate the
ligands’ infulence, we coated some stripes on the nanotube. The striped nanostructures
have been found on sphere nanoparticle by Francesco Stellacci’s group (Cho et al.
2012; Jackson et al. 2004; Liu et al. 2012; Moglianetti et al. 2014; Verma et al. 2008) ,
ellipsoidal nanoparticles by Craig J. Hawker and coworkers (Jang et al. 2013), and
nanoprobes by Nicholas A. Melosh (Almquist et al. 2011). Their works make us
believe that the striped nanotube is possible in the realistic experimental systems. In

our nanotube model, ligand particles (L) are introduced to simulate the ligands coated

on the nanotubes, Fig.1b. The ligand patterns are described as[M,N,Q]. M is the

number of layers of coated ligands; N is the number of ligands on each layer; Q

shows the number of particles of each ligand. For example, the ligand pattern in Fig.1b
is [8, 5, 4] which means there are eight layers of coated ligands, on each layer there are

five ligands, and each ligand is composed of four particles, Fig.1b. The adjacent L

particles in a ligand are connected, and Kj,q =[k{*™, k"] defines the stiffness of

ligand

8
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ligands. k*" is the extension stiffness of ligands and k! is the bending stiffness.

The first L particle in each ligand is connected with the selected CNT particle with a

zero initial distance to ensure the ligand arrangement, and the connection stiffness is
the same with that between two L particles in a ligand, Fig 1b. a,,a,,a, are
the conservative force parameters between L particles and H T W particles

respectively. a,,,a,a,, determine the hydrophilicity/hydrophobicity of a ligand.

The length of a ligand (1., ) is defined as the distance between the two adjacent

ligand particles, Fig.1b.

The CNT is placed at the center of the lipid bilayer, and the bottom of the CNT is
located 2r, above the membrane in the initial state, Fig.1a. Under these initial

conditions there is no interaction between the ligands and the membrane. An eighth of

the CNT is colored in blue to show its rotation in penetration (Fig.1b). At the initial

condition, we set Ky, =K, , where ky =[k K ], f..g =0.251,, @, =15, 2, =75,

ligand igand

a,, =35, which illustrates a hydrophilic ligand pattern with medium stiffness and

length. These values are used throughout our discussions if no specification is

declared.

2.3 Driving force

Because of the ‘hydrophilic-hydrophobic-hydrophilic’ structure, a lipid bilayer
behaves as a formidable barrier to most of the foreign materials. Therefore, an external
force is usually required to push the nanostructure across the bilayer (Chen et al. 2007;
Obataya et al. 2005). According to the literature, the minimum force describes the
penetration capability of the nanostructure(Yang and Ma 2010). Thus, the minimum
required driving force (F ) is used to represent the penetration capability ofa CNT. The
smaller driving force a CNT requires, the easier it penetrates. During the calculation,

9
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the bilayer is relaxed for 10,000 simulation steps (or0.74us) with the CNT fixed at

first. Then the CNT is released, and a downwards driving force F is generated at the
same time. The force is added equally to all the CNT particles, so F can be treated as

working at the center of the CNT. It pushes the CNT penetrating a lipid bilayer.

3. Results and discussions
The properties of ligands mainly include the number of ligand particles, the pattern
of the ligands, the stiffness, length and hydrophilicity/hydrophobicity of ligands. In this

section, we will discuss their influences on the penetrations.

3.1 Number of ligand particles

The morphologies of a lipid bilayer penetrated by four CNTs coated with different
number of ligands are simulated, Fig. 2. The patterns of these CNTs are [2, 5, 4], [2, 10,
4], [2, 16, 4] ,[2, 20, 4] with medium hydrophilic ligands, corresponding to the total
number of ligand particles 40, 80, 128, 160. All the four patterns have two layers of
ligands with one layer located at the bottom of the CNTs while the other at the center.
This arrangement makes the CNTs be asymmetrical in vertical direction: the bottoms
of these CNTs are more hydrophilic than the tops. Figure 2 shows that the four CNTs
behave similarly in penetration. After the CNTs are released, the hydrophilic ligand
particles attract the lipid heads, and the driving forces push the CNTs to the lipid
membrane, Fig.2 (2). As the CNTs go down, the hydrophobic tails in the lipid bilayer
turn to dominate the interactions. The repulsive forces between the ligands and the tails
make the CNTs upside down, Fig.2 (3). Because of the strong driving force, the CNTs
overcome the prevention of the hydrophobic tails and pass through the membrane
successfully, Fig.2 (4). When the CNTSs are in the membrane, their ligands attract the
hydrophilic heads and lead to hydrophilic holes around the CNTs, Fig.2a(4), which is
observed in the previous research in nanoprobes(Liu et al. 2013a).

10
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Though the four CNTs behave closely during penetration, their minimum driving
forces required are different. In our model, the driving force is determined by at least 20

independent simulations in computation. In each simulation, a driving force is tested

for 7.4us (or 100,000 simulation steps). The driving force is determined by the

following rules. Provided that one CNT never get through the membrane when

F <51.2 and always penetrates successfully with F >55.4 within 100,000 steps, we

set the driving force as[51.2, 55.4]. Figure 3 presents the driving force of each CNT. It

indicates that the more number of ligand particles a CNT owns, the larger driving force

it needs. Thus, the CNT with less ligand has a higher penetration capacity.

3.2 Arrangements of ligands

The upside down behaviors in Fig. 2 let us doubt the patterns or the arrangements
of the ligands may influence the nano-bio interface. Therefore, three more patterns [4,
10, 4], [5, 8, 4], [8, 5, 4] are simulated. Adding the [2, 20, 4] pattern, the four patterns
have the same number of the ligand particles (160 particles in total), but are different in
ligand arrangements, Fig.2c, Fig.4. The [2, 20, 4], [4, 10, 4]and [5, 8, 4] patterns are
asymmetrical in vertical while the [8, 5, 4] are symmetrical. Figure 4b shows that the
symmetrical pattern does show a hydrophilic hole which is also found in the other three
CNTs, but there is no upside down phenomenon of the [8, 5, 4] pattern which is
observed in [2, 20, 4], [5, 8, 4] and [4, 10, 4] patterns. These results demonstrate that
the arrangements of the ligands can affect the behaviors of the CNTs in a lipid bilayer.

Besides the behaviors of the lipid bilayers, we also calculate the driving forces of
the four CNTSs. In Fig.5, the [8, 5, 4] pattern penetrates with the smallest driving force
while [2, 20, 4] requires the largest. Comparing the behaviors of the four CNTs in the
membrane, we find that the asymmetrical patterns need to rotate their postures to adjust

the lipid bilayer structure which costs some additional work; while the uniform
11
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distribution patterns without rotation require less work. Therefore, we conclude that the

uniform distribution of the ligands leads to a small driving force.

3.3 Ligand stiffness
In different experiments, different types of ligands may be used. These ligands

could be different in stiffness, length and hydrophilic/hydrophobicity. To analyze the

ligand stiffness influences on the nano-bio interface, different values of k.., are

ligan
simulated. The driving forces of the [8, 5, 4] CNTs with different stiffnesses ligands are
shown in Fig.6. Driving by the fluctuations, the flexible ligands are easier than the
stiff ones to reshape themselves to adjust the membrane structure. Figure 6 shows that
stiffer ligands require larger driving forces, due to the soft ligands can rearrange
themselves into homogeneous patterns so as to enhance permeation(Gkeka et al.

2013).

3.4 Ligand length

The ligand length should be another influence. Here we analyze the ligand length
influence by verifying the distance between two adjacent ligand particles, but not by
changing the number of particles of each ligand. Because the former strategy can study
the ligand length effect independently, while the latter changes the total number of

ligand particles which could influence the interface (see section 3.1). Five CNTs with
Nigand = 0205, Bigang = 0.156,, Ty =0.2305, iy =0.5%and 1y =1, are simulated

with ligand pattern [8, 5, 4], Fig.7. Comparing with Fig.2c and Fig.7a, b, it is clear that
the CNTs with shorter ligands interact with less lipid molecules during penetration.
The driving forces of the five CNTs are shown in Fig. 8. Obviously, the shorter
ligand length requires a smaller driving force. Considering the finding in nanoparticles
that the penetrating capability of a nanoparticle crossing a lipid bilayer is determined by

the contact area between a particle and a lipid bilayer, we believe the larger driving
12
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force of a longer ligand length CNT is due to its larger contact area which could be

observed in Fig.7a, b.

3.5 Ligand hydrophilicity and hydrophobicity

Hydrophilicity/hydrophobicity of nanostructures have been studied by some
researchers(Liu et al. 2013a; Van Lehn and Alexander-Katz 2011). Here we ignore the
hydrophilicity/hydrophobicity of the CNTSs, but focus on the
hydrophilicity/hydrophobicity of the ligands. Figure 9 shows the behavior of a [8, 5, 4]

CNT coated with hydrophobic ligands (a,,, =75,a,; =15,a,,, =50). Compared with

the hydrophilic pattern in Fig.4b, the two CNTSs behave very different. In Fig.9, after
the CNT is released, the tail particles are attracted to adhere along the CNT, whereas the
lipid heads are pushed towards the water. There is no hydrophilic hole(Fig.4) around
the hydrophobic CNT but a slightly “T-junction” is formed, Fig.9(4), which is also
observed in hydrophobic nanoprobes(Liu et al. 2013a). The hydrophobic pattern has a
higher penetration capacity, which suggests that hydrophobic ligands would be a better
choice for the penetration of CNTs. This finding agrees with the previous work

(Pogodin and Baulin 2010).

4. Conclusions

The interaction between nanomaterials and biological cells are shaped by a lot of
physical, biological, chemical influences. We take CNTs coated with ligands as an
example to explore the influence of ligands. With our DPD model, the physical
chemical properties of ligands are analyzed. The simulations show that the less total
number of ligand particles a CNT is coated with, the higher penetration capacity the
CNT possesses. The hydrophilic ligands cause hydrophilic holes around CNTs while
the hydrophobic ligands generate ‘T junction’ scenarios. For the CNTs with the same

13
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number of ligand particles, the arrangements of the ligands influence the behaviors of
CNTs. An upside down phenomenon is observed with an asymmetrical pattern, and
the uniform distribution pattern penetrates the membrane with less difficulty.
Decreasing the stiffness, the ligand length or preferring a hydrophobic ligand can
increase the penetration possibility of CNTs. Our research should benefit the research
of the nano-bio interface and provide some suggestions in designing an effective

nanostructure to penetrate the cell membrane as well.
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Figure Captions

Figure 1. (a) The DPD model used to simulate a CNT functioned with ligands
penetrating through a lipid bilayer. (b) The [8, 5, 4] ligand pattern, with eight layers

of ligands, five ligands on each layer and four L particles (green) of each ligand. The

blue part of the CNT is colored to show the rotation in penetration. (c) A lipid

molecule H,(T,), with three H particles (red) and eight T particles (yellow, arranged

as two chains). The adjacent pairs connected with black lines experience linear elastic

forces, and the linked triples are partially controlled by bond-bending forces.
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Figure 2. The behaviors of the three CNTs coated with different number of ligands
across a lipid bilayer. (a) Ligand pattern [2, 5, 4]; (b) Ligand pattern [2, 10, 4]; (c)
Ligand pattern [2, 20, 4]. The three asymmetrical patterns show an upside down

phenomenon. Hydrophilic holes are generated around the CNTs.

Figure 3. The driving forces of four CNTSs coated with different number of ligand
particles across a lipid layer. The CNT with more ligand particles has a lower

penetration capacity.

Figure 4. The behaviors of the CNTs coated with different arrangements of ligands
across a lipid bilayer. (a) Ligand pattern [4, 10, 4]; (b) Ligand pattern [8, 5, 4]. There is

no upside down phenomenon observed for the symmetrical pattern [8, 5, 4].

Figure 5. The driving forces of the CNTs coated with the same number of ligands but
different arrangements across a lipid layer. The uniform distribution expresses a higher

penetration capacity.

Figure 6. The driving forces of the CNTSs coated with ligands with different stiffnesses
across a lipid layer. The softer the ligands are, the higher penetration capacity a CNT

[pOSSEssES.

Figure 7. The behaviors of the CNTs coated with ligands with different lengths across a

lipid bilayer. (a) The ligand length Iy .., =0.1r;; (b) The ligand length I ., =0.5r,. The

gand

CNTs with shorter ligands have smaller contact areas than those with longer ligands.

Figure 8. The driving forces of the CNTs coated with ligands with different lengths
18
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across a lipid bilayer. The decrease of the ligand length increases the penetration

capacity of a CNT.

Figure 9. The behaviors of the CNT coated with hydrophobic ligands across a lipid
bilayer. The hydrophobic pattern generated a “T- junction” instead of a hydrophilic hole

when penetrating the membrane.
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