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Abstract

Safety issues for the use of products containing nanoparticles need to be considered,
since these nanoparticles may break through human skin to damage cells. In this paper,
applied mathematical techniques are used to model the penetration of a spherical gold
nanoparticle into an assumed circular hole in a lipid bilayer. The 6-12 Lennard-Jones
potential is employed, and the total molecular interaction energy is obtained using
the continuous approximation. Nanoparticles of three different radii, namely, 10, 15
and 20 A, are studied, which are initiated at rest, confined to the axis of the hole. A
similar behaviour for these three cases is observed. The critical hole radii at which
these nanoparticles enter the bilayer are 12.65, 17.62 and 22.60 A, respectively. Further,
once the hole radii become larger than 20.79, 23.14 and 27.02 A, respectively, the gold
nanoparticles tend to remain at the mid-plane of the bilayer, and do not pass through the
bilayer.
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1. Introduction

Nanoparticles have many potential benefits which can outweigh any potential hazard
and possible side effects [7]. They are widely used in many industrial and consumer
products, such as stain-resistant textiles or cosmetics [16, 23]. These products, while
they are close to the human skin, raise many health and environmental issues. For
example, nanocomposites on cloth may be released during the washing process, or
nanosomes in cosmetics may penetrate the skin and subsequently damage the skin
cells [23].

Gold nanoparticles have been comprehensively studied in many biological and
medical areas, and extensive reviews can be found in the literature [4, 5, 9, 17, 18].
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Moreover, it has been shown that mammalian cells can uptake gold nanoparticles [6],
and they have been successfully employed in cancer therapies [12]. As a result,
gold nanoparticles may be used as an example to study the penetration behaviour of
nanoparticles through human skin. There are various shapes of gold nanoparticles
which can be controlled during the growth processes. In this paper, the gold
nanoparticle is assumed to be a dense sphere.

A lipid bilayer is very thin as compared to its lateral dimensions with a hydrophilic
head group on the outer surface of thickness 8-9 A, and with a hydrophobic
core typically approximately 30-40 A thick, depending on the chain length and
chemistry [13, 20]. In terms of energy determination, Berger et al. [3] have
utilized molecular dynamics simulations together with the 6-12 Lennard-Jones
potential function and an electrostatic term to study the interaction for the bilayer
of dipalmitoylphosphatidylcholine (DPPC) under various conditions. Further, other
researchers have adopted a coarse grain model to study the behaviour of the lipid
bilayer, which reduces the complexity of the bilayer system [8, 15, 21, 22, 24].
Moreover, Shelley et al. [21] have concluded that the coarse grain model is
more efficient than the Monte Carlo simulations to model the self-assembly of
phospholipids. The physical translocation of various nanoparticle shapes through
the bilayer has been studied by Yang and Ma [25], and their findings provide a
practical guide to the geometry considerations for drug and gene carriers. Further,
a mathematical modelling approach was used by Baowan et al. [1] to study the
penetration of a Cg fullerene into the lipid bilayer, and a relation between particle size,
hole size and the location of the particle in the bilayer was determined. Here, a model
similar to that given by Baowan et al. [1] is employed to determine the corresponding
penetration behaviour for gold nanoparticles.

In this paper, the penetration of a spherical gold nanoparticle through an assumed
circular hole in a lipid bilayer is investigated. The Lennard-Jones potential and a
continuous approach are introduced in Section 2. The continuous approach assumes
that atoms in a molecule are uniformly distributed over a surface or throughout the
volume of the molecule, and then an integration approach is employed to evaluate the
total energy of the system. Assuming that the gold nanoparticle is a dense sphere
and that the head (tail) group of the bilayer is represented by a flat plane (rectangular
box), the surface integral and the volume integral approach to determine the molecular
interaction energy are detailed in Section 3. Numerical results obtained from the
analytical expressions are given in Section 4 and, finally, a summary of the analysis is
presented in Section 5.

2. The Lennard-Jones function and continuous approximation

This study aims at computing the energy of a system involving a nanoparticle and
a biomolecule of several nanometres in size. The mere size of the system renders an
atomistic modelling approach very expensive. Even a coarse grained particle approach
would involve computing around thousands of pairwise interactions. Instead, a much
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more efficient continuous approach is used that considers the same typical nonbonded
interaction. Moreover, it has been shown that such interaction based on the Lennard-
Jones potential plays a major role in order to determine an equilibrium configuration
of nanomaterials [2].

The classical 6—12 Lennard-Jones function is given by

A B o\®  (o\?
o= =-(G) (7))

P p P p
where p denotes the distance between two typical points, and A and B are attractive
and repulsive Lennard-Jones constants, respectively. Further, € is a well depth and o
represents a van der Waals diameter of an atom. The Lennard-Jones parameters in a
system of two atomic species can be obtained using the empirical combining laws or
mixing rules [11], which are given by €/, = /€€, and 0712 = (0| + 02)/2, where 1 and
2 refer to the respective individual atoms.

Using the continuous approach, where the atoms at discrete locations on the

molecule are averaged over a surface or a volume, the total energy is obtained by
calculating integrals over the surface or the volume of each molecule, given by

A B
E=771772f f(__6+T)dSIdS2’
S, Js N P P

where 7, represents the mean volume density of the volume element S; on the
nanoparticle. The second element S, is assumed to be either the head or the tail group
of the lipid with the mean surface or the mean volume density 7, respectively. Further,
the integral I, is defined as

In:ffp—2”dszdsl, n=3,6, 2.1
Sl Sz

and, therefore, E = n117,(—Al; + Bl).

The Lennard-Jones parameters for the lipid bilayer are taken from the work of
Marrink et al. [15]. The head group is assumed to be a charged site Q, whereas the
tail group is assumed to be an apolar site C, both interacting with a nonpolar and
nonhydrogen bonding gold nanoparticle Ny. The parameter values for Q, C and Ny
can be found in the work of Marrink et al. [15], and these values for both head and tail
groups are the same. From the coarse grain model, there are two and eight interaction
sites for the head and tail groups, respectively [15], which contribute to the total energy
of the system. Further, the head group is assumed to be represented as a flat plane,
while the tail group is described as a rectangular box with a tail length £. The mean
atomic surface density for the head group and the mean atomic volume density for the
tail group are based on the work of Baowan et al. [1].

The Lennard-Jones parameters for gold nanoparticles are taken from the work of
Pu et al. [19]. Since gold adopts a face-centred-cubic (FCC) crystal structure where
there are four atoms occupied in a unit cell, the mean atomic volume density for the
gold nanoparticle can be determined using the atomic radius of 1.44 A. The parameters
used in this model are given in Table 1.
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TasLE 1. Numerical values of constants used in the model.

Well depth of Au atoms within gold nanoparticle (meV) € = 1.691
Well depth of atoms within the head group (meV) € =35.24
Well depth of atoms within the tail group (meV) 63 =35.24
van der Waals radius of Au atoms within gold nanoparticle (A) o =2.934
van der Waals radius of atoms within the head group (A) o, =4.70
van der Waals radius of atoms within the tail group (A) o3 =4.70
Length of lipid tail group (A) =15
Mean atomic volume density for gold nanoparticle (A3) ng = 0.1675

Mean atomic surface density for head group lipid bilayer (A2 TThead = 0.0308
Mean atomic volume density for tail group lipid bilayer (A‘3) Nt = 0.1231/¢

3. Interaction energy of system

Here the energy behaviour for a gold nanoparticle of radius ¢ moving through a
circular hole in a lipid bilayer of radius b is considered. Further, the gold nanoparticle
is assumed to be a dense sphere. Also, the lipid bilayer is assumed to be an infinite
plane consisting of two head groups and two tail groups with a separation distance of
& = 3.36 A between the two layers [1] (see Figure 2). The total energy between a lipid
bilayer and a spherical nanoparticle comprises the interaction for:

(i) two head groups and a spherical nanoparticle,
(ii) two tail groups and a spherical nanoparticle.

First, the volume integral for a spherical nanoparticle interacting with a single
atom is considered and described in Section 3.1. Then the interaction energy between
a sphere and a flat plane, and that between a sphere and a box, are presented in
Sections 3.2 and 3.3, respectively.

3.1. Volume integral of a sphere interacting with single atom The model
formation for the interaction energy between a sphere and a point is shown in Figure 1.
Then the integral 7, defined by (2.1) becomes

T a T 2 o
I, = f f f rsing do dr db,
xdo Jo PP+ E +2récosp)t

where p? = 1> + & + 2récos ¢ and £ is the distance from the single atom to the
centre of the sphere. On making a substitution ¢ = r> + & + 2ré cos ¢ and, since I,
is independent of 6,

(&+r)? 1
I, = z f r—dtdr
EJo Je—rp 1
1
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P(0,0,0)

Fiure 1. Model formation for a sphere interacting with an atom where the single atom is assumed to be
located at the origin.

Finally, using integration by parts,

T a 1 1
= - [_ G- 2n>{<§ —ap T Erap }
_ 1 { 1 B 1 }]
B-2n@-2m\(E-ay* (E+a) )]

For n =3 and 6, placing fractions over common denominators, expanding and
reducing to fractions in terms of powers of (¢> — a?) yield

3 1 3.1
[3 —7Ta —( ) s ( . )
wa a a a ( . )

+ + + .
sl@-af " @-a) @-aF @-a)
Therefore, the total interaction energy between the volume of a spherical nanoparticle
and a single atom is given by

Eg, = ny(=Al + Bls),
where 7, is the mean volume density of the gold nanoparticle.
For convenience, define the integral
1
5, (€2 —a?)y

where 7 is a positive integer corresponding to the degree of the polynomials in (3.1)
and (3.2).

Jy = ds», (3.3)
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FiGure 2. Model formation for a sphere interacting with bilayer where the hole in H; is assumed to be
located at z = 0.

3.2. Interaction energy between a sphere and two head groups The model
formation for a spherical gold nanoparticle interacting with a lipid bilayer is depicted
in Figure 2. Here H is defined as the head group located on the xy-plane and H, as
the other head group located at z = —2¢ — 6. Then the interaction energy between the
head group H,; and the sphere is determined. A typical point of H; has coordinates
(rcos@,rsin6,0), where r € (b, ) and b is the radius of the hole. The centre of the
gold nanoparticle is assumed to be located on the z-axis at (0,0, Z), where Z represents
the perpendicular distance from the upper surface to the centre of the sphere, and at
the mid-plane of the bilayer Z = —¢ — §/2. Therefore, the distance from the centre of
the nanoparticle to a typical point on the infinite plane is given by &> = r? + Z2, and
the integral in (3.3) becomes

J f B f S arde il
n = r = .
o Jp (FP+Z2-a?y (n—1)(Z2 + b* - a®yr!

Hence, the interaction energy between the head group H; and the nanoparticle is

2na®B
45

4
En(Z) = Z[ngnhead{—gmmh + (30Js + 2162, + 4324 Jg + 256a6Jg)}],
(3.4)

where the factor 2 comes from the number of interaction sites on the head group based
on the Martini force field [15].
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The interaction energy between the head group H, and the spherical gold
nanoparticle can be obtained in precisely the same way by substituting Z + 2€ + 6
for Z in (3.4), where ¢ is the equilibrium spacing between the two layers of the lipid
given by 3.36 A [1].

3.3. Interaction energy between a sphere and two tail groups On assuming that
the tail group can be modelled as a rectangular box, the interaction energy between
the two tail groups and the spherical gold nanoparticle can be determined. Here T}
is defined as the tail group connected to the head group H;, and T, as the other
tail group which is connected to the head group H,. A typical point of 7 has
coordinates (7 cos 6,  sin 8, —z), where z € (0, £), and ¢ is the tail length. The distance
between the centre of the nanoparticle and the surface of the tail group 7 is given by
£ =r? + (Z + 2)*, and the integral J, in (3.3) becomes

21
J—f ff [r2+(z+z)2  drdzdo

(n—l)f [192+(Z+z)2 a?]"!

dz.
Next, the substitution Z + z = Vb2 — a2 tan ¢ yields
. tan~! (Z+£)/Vb*—a?) na
J, = f os" ™ ¢ dg 3.5)
(n— 1)(b2 - aZ)n—3/2 tan~1(Z/Vb2-a?)

forn =3,6,7,8 and 9. The above integral can be found in the work of Gradshteyn and
Ryzhik [10, p. 153, 2.513.3], which is

o L[(2p) K 20\ sin@(p - b))
Jeosrodn= 5l (V)o+ (7))

where (’C) is the usual binomial coefficient and p = n — 2.
The total interaction energy between the tail group 77 and the spherical gold
nanoparticle is

2na®B

4
Er(Z) = S[ngman{—gnamh + (30Js + 2166 ], + 4324 Jg + 256a6J9)}],
(3.6)

where in this case J, is defined by (3.5) and the factor 8 is the number of the interaction
sites of the lipid tail group [15]. The interaction energy for the tail group 7, and
the spherical gold nanoparticle can be obtained by precisely the same technique on
replacing Zby Z + £ + ¢ in (3.0).

4. Numerical results

The total interaction between a gold nanoparticle and a lipid bilayer with a hole
radius b is given by

E° = Eg(Z) + Ey(Z + 20 + 6) + Er(Z) + Er(Z + € + ),
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Ficure 3. Energy profile versus the distance Z for the particles of radii a = 10, 15 and 20 A, where b is
fixed to be 20 A (Colour available online).

where Ey and E7 are defined in (3.4) and (3.6), respectively. Here, three sizes of the
spherical gold nanoparticles are considered, where their radii are 10, 15 and 20 A. The
energy profiles for these three cases are depicted in Figure 3, where the hole radius b
is fixed to be 20 A. The equilibrium positions for the particles of radii 10 and 15 A are
observed to be in the bilayer while the particle of radius 20 A cannot pass into the
bilayer.

The relation between the minimum energy locations Z,;, and the circular hole
radius b is graphically shown in Figure 4. A positive value of Z,;, indicates that the
spherical gold nanoparticle is located above the lipid bilayer, while a negative value of
Zmin Shows that the nanoparticle penetrates into the bilayer. The penetration behaviours
of the three cases are similar, and there are two regions which need to be examined.

In the first region, the particles behave like hard spheres, and they do not penetrate
into the bilayer until the hole radii in the bilayer are larger than the critical values
12.65, 17.62 and 22.60 A of b. for the particle radii 10, 15 and 20 10%, respectively.
These values come from the physical particle radii plus the van der Waals repulsive
region around the atoms. The three curves in this region are quarter-circles with the
radii b.; then a simple curve fitting can be used. Further, the curve fittings for these
cases are determined and they are given by

a=10, Zpn=(12.6497 - b*)"%;

a=15, Zpn=(17.620* - bH)"%

a=20, Znin=(22.603% - b%)'2
In the second region, the particles penetrate into the bilayer and, as b increases
further, the particles eventually find the equilibrium position located at the mid-plane

of the bilayer, which is at Z = —16.68 A. Note that this finding is similar to a previous
work by the author [1]. The ranges for the hole radii in the second region are
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Ficure 4. Relation between equilibrium location Zmin and hole radius b where the radii of gold
nanoparticles are assumed to be a = 10, 15 and 20 A (Colour available online).

12.65A <b <2079 A, 17.62 A < b <23.14 A and 22.60 A < b < 27.02 A for particle
radii a = 10, 15 and 20 A, respectively. The following curve fittings for the second
region are obtained from the rational nonlinear fit using OriginPro 8:

a=10A, Zun, =(-0.365+0.014b)"", R>=0.986:
a=15A, Zmpn =(-0.434+0.016b)"", R>=0.999;
a=20A, Znn=(-0.594+0.0206)"", R>=0.967.

Note that the dotted line joining region 1 and region 2 shows the jump behaviour of
the nanoparticles.

This result agrees well with the work of Lin et al. [14], where the gold nanoparticle
does not pass through the lower layer of the lipid. In order to induce the uptake process
into the cell, charged nanoparticles may be used to disrupt the hydrophilic head group
in forming a vesicle; then an endocytosis process may occur.

5. Summary

The continuous approach and the Lennard-Jones potential function were employed
to determine the penetration behaviour for three spherical gold nanoparticles of
different radii through a lipid hole. A circular hole is assumed to be in the bilayer and
the particles are initiated at rest above the bilayer. Both surface and volume integrals
are evaluated to calculate the total nonbonded interaction energy of the system. An
analytical expression is obtained in terms of the particle radius a, the hole radius b and
the perpendicular distance from the centre of the particle to the bilayer surface Z.

In all the three cases, there are similar regions for the penetration behaviour. In the
first region, the nanoparticle behaves like a hard sphere. As the circular hole radius
in the bilayer increases, the particle penetrates the bilayer and relocates inside the
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layer until the radius acquires a critical value, which for the three cases considered
are b = 20.79,23.14 and 27.02 A corresponding to the particle radii a = 10, 15 and
20 A, respectively. Once the spherical gold nanoparticles enter the bilayer under no
additional applied external force and charge, they tend to remain at the mid-point of
the bilayer rather than penetrating further into the cell.
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