Chin. Phys. B Vol. 25, No. 8 (2016) 087301

Advantages of using gold hollow nanoshells in cancer
photothermal therapy

Sattar Abbasil'T,

Mojtaba Servatkhah!#, and Mohammad Mehdi Keshtkar?:3

! Department of Physics, Marvdasht Branch, Islamic Azad University, Marvdasht, Iran
2Department of Physics, Payame Noor University, P. O. Box 19395-3697, Tehran, Iran

(Received 14 November 2015; revised manuscript received 29 February 2016; published online 25 June 2016)

Lots of studies have been conducted on the optical properties of gold nanoparticles in the first region of near infrared
(650 nm-950 nm), however new findings show that the second region of near-infrared (1000 nm—1350 nm) penetrates to the
deeper tissues of the human body. Therefore, using the above-mentioned region in photo-thermal therapy (PTT) of cancer
will be more appropriate. In this paper, absorption efficiency is calculated for gold spherical and rod-shaped nanoshells by
the finite element method (FEM). The results show that the surface plasmon frequency of these nanostructures is highly
dependent on the dimension and thickness of shell and it can be adjusted to the second region of near-infrared. Thus, due
to their optical tunability and their high absorption efficiency the hollow nanoshells are the most appropriate options for

eradicating cancer tissues.
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1. Introduction

Cancer therapy has faced different challenges among
which are the weaknesses of common treatment methods.
Thus by using nanoparticles as a therapeutic agents provides
a promising future for cancer treatment.!'®! In the past few
decades, photo-thermal therapy (PTT) has been studied widely
to enhance cancer treatment efficiency.!!%-27]

Some specific metallic nanoparticles that have unique op-
tical features are called plasmonic nanoparticles.*®-3?! The
absorption efficiencies of these metals, including gold, cop-
per, and silver, are improved due to localized surface plasmon
resonance (SPR),133#2! which is an aggregate oscillation of
excited conduction electrons on the metal surface caused by
strong interaction with incident light at a specific wavelength.
SPR causes high absorption efficiency for plasmonic nanopar-
ticles which can be adjusted by changing shape, size, and local
refractive index.

Among all metallic nanoparticles, gold nanoparticles are
used most extensively in cancer therapy due to their special
optical properties particularly in infrared wavelengths.[43->3]
Also, in comparison with that of any organic dye molecules
the optimal absorption efficiency of gold nanoparticles is very
conducive to cancer therapy. Furthermore, they are more ap-
propriate candidates for cancer therapy due to their better bio-
logical compatibility and suitable integration with a variety of
biomolecule ligands. [96-62]

Irradiation of electromagnetic light can cause excitation
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in tiny inorganic molecules which leads to heat generation.
In this method inorganic molecules, specially gold nanopar-
ticles, are used to absorb incident light and cause heat in the
region.[%3] This heat originates from the photon energy con-
version and is enough to eradicate cancer cells which is a con-
siderably non-invasive method. As such, restriction of using
traditional thermal treatment in cancer therapy, which causes
damage to adjacent tissue, is omitted by the PTT method. 64

The appropriate size of gold nanoparticles should be less
than 100 nm, because larger particles tend to have lower blood
circulation half-life: they are rapidly cleared by the body
system which is not optimal for specific targeting of tumor
sites.[®] Besides, ideal gold nanoparticles which are suitable
for cancer therapy, should have a larger cross section in the
near-infrared region. Absorption cross section is an important
factor to evaluate the influence of heat produced from the inci-
dent light.[%! The reason for choosing the near-infrared region
is that absorption of light in healthy tissues is low while trans-
mission of it is high.[67’68] However, the 650-nm to 950-nm
wavelength range, which is called the first window of near-
infrared, is not optimal due to background noise caused by
tissue fluorescence and depth limitation of 1 cm to 2 cm.[6%)

Recent studies have shown that the depth of penetra-
tion into the tissue reaches its maximum value in the second
near-infrared window (1000 nm—1350 nm).”” This feature is
highly desirable for treating the tumors, which are deeper in
the body.
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Given that in recent years various metals like gold
have been successfully synthesized in the form of hollow
nanostructures,!”'=%3! in this paper, the optical properties of
the hollow nanoshells are taken into account, and nanoshells
with different core materials are compared with each other. Fi-
nally, the advantages of the hollow nanoshells over the other

nanoshells are provided for cancer therapy.

2. Theory

Comparing the results from various techniques with sim-
ulated optical properties of nanoparticles can help us choose
the best option. Some basic and advanced mathematical theo-
ries used to simulate scattering and absorption efficiencies of
nanoparticles are described below.

2.1. Poynting vector and optical response of a single
nanoparticle
The Poynting vector S represents the amount of power
per unit area that a wave carries in the direction of its propaga-
tion. The time-averaged Poynting vector S,y (units of W/m?)

is given by
1
SaV:EER(ExH*). (1)

When light propagates in a medium it dissipates by interac-
tion with charged particles (electrons and atomic nuclei) of the
matter. The optical response of a single gold nanoparticle to
incident light is characterized by its absorption and scattering
cross section or the amount of energy absorbed by the nanopar-
ticle (due to ohmic losses) and scattering per unit area. The
absorption cross section Oy Of a single gold nanoparticle can
be given as a fraction of integrated resistive heating over the
nanoparticle’s volume V divided by the incident power den-
sity:

2
cogonE?

nc

Oabs = /i)‘i(GE -E*—ioE-D*)dV, (2)
where cg, n, and Ej, are the speed of light in a vacuum, the
refractive index of the medium and the magnitude of the in-
cident electric field, respectively. The scattering cross section
Osca ON the other hand is a fraction of the outgoing electromag-
netic energy flux over an arbitrary boundary S surrounding the
gold nanoparticle per the incident power density, and is given
by

2 *
Ogca — m /%(Esca X Hsca) ds. (3)

Absorption and scattering efficiencies are dimensionless quan-
tities which are defined as follows:

“)

where G is the particle cross sectional area projected onto a
plane perpendicular to the incident beam (e.g., G = ma® for a
sphere with radius a).

An extensive comparison has been provided previously
among techniques used to simulate optical features of metal-
lic nanostructures, especially gold nanoparticles. These tech-
niques include Mie theory, the finite element method (FEM),
discrete-dipole approximation (DDA), the transition matrix
‘null-field” method (T-matrix), and the finite-difference time-
domain (FDTD) method. 34

2.2. Mie theory

Mie solution is widely used as a major theory of many
prior studies done for studying the treatment of SPR. This
theory is an analytical solution simulating the scattering of
electromagnetic radiation by spherical particles in Maxwell’s
equations. [35-8%

By using Mie theory for homogeneous spheres Qgc, and
QOext can be calculated for gold nanospheres. These efficien-

cies are infinite series as follows:

2 (=)
Qext = )72; (2n+1)Re(an +by), )
2 ¢ 2 2
Qsca—x*zn;l(zn'i']) (|an| +‘bn| )’ (6)
Qabs = Qext - Qsca7 (7)
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in which 7 is the refractive index of the sphere; n,, is the sur-

®)

n

rounding medium; 7 divided by n,, becomes m; v, and &,
are the Riccati-Bessel functions; the prime denotes the first
differentiation with respect to the argument in parentheses;
27n,R /A is the given value of the size parameter x.

Mie theory was presented more than 100 years ago.
Since then it has been improved widely, but its limitations
are significant. The main failure of solution for such an an-
alytical method appears in non-spherical symmetric particles
which makes it very limited. Besides, ignoring substrate in-
teraction makes Mie theory more difficult to simulate many

experiments. [70-97]

2.3. Finite element method

To obtain the optical properties of different shapes of
nanostructures, a more comprehensive mathematical method,
which does not have the complexity nor limitation of an an-
alytical solution (Mie theory), is needed. The finite element
method (FEM), which is an approximate solution of differen-
tial equations, is a powerful numerical solution. FEM is one
of the most famous solutions in computational physics which
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makes it feasible to achieve the optical features of nanostruc-
tures with different shapes.[?3-%31

Simulations in this paper have been carried out by using
the FEM. Water with a refractive index of 1.33, is considered
as a context medium in which nanoparticles have been placed.
Also, Johnson—Christy data for the dielectric function of a gold

nanoparticle are used at different wavelengths.[%¢)

2.3.1. Boundary conditions in FEM

For a full mathematical description of a metal-dielectric
interface with the Helmholtz equation (10), a set of boundary
conditions (Egs. (11)—(14)) should be taken into account for
the discontinuity of the electrical and magnetic fields at the
boundary between medium 1 and medium 2

VxVxE—-KEE=0, (10)
Ax (H, —H,)=J, (11
Ax (B —E;) =0, (12)
i-(Dy—Dy)=p, (13)
ii-(B)—B,) =0, (14)

where 7, ko = @./Up€y, and & are the unit normal vector on
the boundary, the wave number in a vaccum, and the electric
permittivity of the medium respectively.

To truncate the computational domain a perfect electric
conductor (PEC) equation (15), a perfect magnetic conductor
(PMC) equation (16), and an absorbing boundary conductor
(ABC) equation (17), are used as conditions:

nxE=0, (15)
AaixH=0, (16)
and

1
Ho&o

Aax H =

XAXAX E4+ix Hi

5

XA XA X Fipe, 17
VHo& e

where Hj,. and Ej,. are the incident electric and magnetic

fields, respectively.

2.3.2. An overview of the FEM

The finite element is a numerical technique that finds an
approximate solution to a partial differential equation by de-
composing it into a system of simpler equations. This method
is widely used today to describe the behavior of an electro-
magnetic wave incident on an object with dielectric properties
different from a surrounding medium. In FEM it is realized by
solving the Maxwell equations (18) as a system with complex
boundary conditions.

B
VXE=——

5 (18a)

Vtzaa—lt)JrJ, (18b)
VD =p, (18¢)
VB =0. (18d)

To demonstrate the method, consider a homogeneous spatial
domain €2, where the time harmonic electric field is defined
by the Helmhotz wave equation. This is a typical boundary-
value problem that has a form

Lo=f=0, (19)

where . = (V XV x fk(z)é) is a differential operator, ¢ = E
is an unknown function to be computed in the region 2, and
f is a forcing term (or excitation). Boundary conditions that
enclose domain 2 can be as simple as Neumann (nV¢@ = S
where n is a normal vector and S is a scalar function) or Dirich-
let conditions (¢ = S) or more impedance and radiation con-
ditions. The computational domain €2 is divided into smaller
elements, €2, size of which depends on an expected variation
of the unknown function. The solution for the unknown func-
tion ¢ within each element, is approximated by an expansion
with a finite number of basic functions ¢’ ~ Y’V | ¢;v;, where
¢; are the unknown coefficients of the basis function v;. The
solution in this system of N equations, produces ¢’ that is a
best fit to the unknown function. Variational formulation and
weighted residual formulation are two well known methods to
solve this problem and find coefficients.

The variational method,®”%°1 also known as the Ritz
method is based on formulating the boundary value prob-
Iem (19) in terms of a functional. It can be shown for the case
of self-joint and positive-definite operator L, the functional can
be written in the form of

1
F.(¢') = §/Qe¢’.$¢’d.o —/Qe fo'dQ. (20)

The minimization of the function F, (¢") , produces cofficients
¢; so ¢’ is the best approximation to the solution.

The weighted residual method, is another way to find an
approximation solution to Eq. (19). If a trial function ¢’ is an
approximate solution to Eq. (19), then substitution of it into ¢
yields a nonzero residual = .Z¢’ — f # 0. In order to obtain
the best approximation of ¢’, residual r must be as small as
possible at all locations in €. To force this condition test or
weighting functions w; (where i is the number of unknown de-
grees of freedom in the approximation), needs to be chosen so
weighted residual integrals R;

R. = / wirdQ = 0. 21
J 0

The guess coefficient will determine the accuracy of the found
approximate solution to Eq. (19) within .. To summarize
the FEM, in order to solve the problems defined by partial
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differential equations (PDEs), the following steps should be
taken: 100!

(i) discretize the computational domain 2 into smaller
elements (triangle or tetrahedral for two-dimensional (2D) or
three-dimensional (3D) space);

(ii) define an interpolation function;

(iii) for the element, assemble the system of equations by
the use of the Ritz or weighted residual method;

(iv) solve the equations.

2.4. Other numerical methods

DDA, T-matrix, and FDTD are the examples of other
numerical methods used to simulate optical properties of
nanoparticles; however, all of them have some specific dis-
advantages that exclude them from being exhaustive and com-
prehensive.

Some of these disadvantages are presented as follows.
The DDA method needs to apply use of a condition in order to
have a convergence solution. During computation for flat and
lengthy objects, the matrices are shortened therefore T-matrix
solutions are not stable for such objects. A much wider fre-
quency range is necessary to specify for the FDTD method, in
other words, it computes a broadband response but not for a
specific wavelength.

By considering all aspects, it would be more logical to
use FEM as a comprehensive numerical method to simulate
optical properties of nanoparticles. It does not have any crit-
ical disadvantages to restrict its application, and its solutions
are the most accurate ones. For FEM, its slightly lengthy com-
putational time can be reduced by a more powerful computer
while its response is always precise and equivalent.

3. Discussion

The absorption efficiency of the hollow nanoshells with
appropriate dimensions is presented in this paper. The effi-
ciency is placed in the first and second near-infrared regions
and compared with other nanoshells. The diagrams clearly
show the superiority of using the hollow nanoshells over other
nanoshells in both the first and second regions.

3.1. Spherical nanoshells

Nanostructures in the shapes of sphere and spherical
shells are widely used in medical applications. Such shapes
in 2 and 3 dimensions are shown in Figs. 1 and 2.

(a) ,A‘ (b)
\)
© (7

Fig. 1. Schematics of nanospheres with radius r in three (a) and two
dimensions (b).

Figure 2 shows the spherical nanoshell which has a core
with a radius of r; and a shell with a radius of r,. Thus, the
thickness of the gold shell is t = rp — r;. In the nanostructure,
the core contains a material with a constant refractive index
like silica (n = 1.44) and gold with a thickness of 7 covers the
core.

Fig. 2. Schematics of spherical nanoshell with core radius | and shell
radius r; in three (a) and two dimensions (b).

As mentioned before scattering the absorption efficien-
cies of gold spherical nanoparticles can be simulated by Mie
theory. So in order to show a very high compatibility between
Mie theory and FEM for spherical nanostructure some numeri-
cal values and simulated diagrams are presented and compared
herein.

Table 1 shows the numerical values of absorption and
scattering efficiencies of a sphere with radius 40 nm at some
different wavelengths, computed by solving Mie theory and
the FEM method.

Table 1. Comparison between the computed numerical values of efficiencies for spherical nanoparticles with radius 40 nm at different

wavelengths, obtained by Mie theory and FEM.

A/am Qubs Mie Oubs FEM Osca Mie Osca FEM
400 2.153206514 2.16x10° 0.8997864799 0.90457
450 2.235753233 2.23x10° 0.7005297957 0.69783
500 2.575689343 2.58x10° 0.7188831486 0.73017
550 3.645651195 3.61x10° 2.817775445 2.80392
600 1.044624564 1.04x10° 1.714225378 1.73094
650 0.2527850675 2.48x10"! 0.7574652125 0.76647
700 0.1077948317 1.07x107! 0.4107168010 0.41858
750 0.0678623913 6.83x 1072 0.2530165931 0.26086
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Figure 3 shows the absorption and scattering efficiencies
of such a sphere obtained by solving Mie theory and figure 4
shows the same things achieved by FEM. Figure 5 compares
the previous two diagrams with each other. It can be seen from
this figure that the FEM is highly compatible with Mie theory.
In fact, we can just achieve the absorption efficiencies of a
few limited types of nanostructures by using Mie theory while
FEM gives us the absorption efficiencies of any different types
of nanostructures. Besides, the results of such a limited range
of nanostructures obtained by Mie theory are the same as the
results obtained by FEM (Fig. 5). So, it would be more logical
to use FEM, which is more comprehensive and practical, for

all types of nanostructures.

4
Mie method
g — absorption
2 5 + scattering
G
&
0
500 600 700
A/nm

Fig. 3. (color online) Absorption and scattering efficiency spectrum of
gold nanosphere with radius 40 nm computed by Mie method.

4 FEM method
r —absorption
N + scattering
£ 2
@ -
ol e,
500 600 700
A/nm

Fig. 4. (color online) Absorption and scattering efficiency spectrum of
gold nanosphere with radius 40 nm computed by FEM method.

4,
3 — Mie method
2, 21 + FEM method
<
&
0 : ‘
500 600 700
A/nm

Fig. 5. (color online) Comparison between efficiencies of a sphere with
radius 40 nm obtained by Mie theory and FEM method.

As shown in Fig. 6, nanoshells are more appropriate op-
tions rather than nanospheres in cancer therapy because the
wavelength of maximum absorption is placed in the first near-
infrared window and they also have much more fractions of
absorption efficiency than nanospheres. It can be seen from
the diagrams of absorption efficiency of nanoshells that by in-
creasing the refractive index of the core from 1 to 1.5, the ab-
sorption peak height gradually decreases and the peak shifts

towards longer wavelengths. Scientists usually use silica—Au

nanoshells (with n = 1.44 for silica) in order to access more
fractions of absorption efficiency and to put the efficiency
peak into the near-infrared region. By comparing the absorp-
tion efficiencies of nanoshells with different cores in Fig. 6, it
is observed that due to the highest absorption efficiency and
the absence of inconsistent core with the tissues, the hollow
nanoshells with such sizes are the best options in treating the
cancerous tissues which are not deep. Therefore, there is no
need to use silica nanoshells with toxic cores in medical appli-
cations.

Figures 6 and 7 show that by increasing the radius from
20-nm to 40-nm absorption peaks of gold nanospheres are
still outside the near-infrared region but absorption peaks of
nanoshells are in the second near-infrared window. Thus if we
want to eradicate cancerous tissues in the depths of the body,
the nanoshells with a shell radius of 40 nm are acceptable op-
tions. In nanoshell diagrams, increasing core refractive index
leads to the continuous decrease in absorption efficiency and
wavelength of maximum absorption shifts to the longer wave-
length. Therefore, to eradicate cancerous tissues which are
located deep in the body, hollow spherical nanoshells, which
have the highest absorption efficiency, are the best options
among all nanoshells, which is peculiarly true with silica—Au
nanoshells used traditionally in medical applications.

— nanosphere v'vin 1 win 2
10 3.+ hollow nanpshell

* water—Au
+ glass—Au

600 ' 1000
A/nm
Fig. 6. (color online) Absorption efficiency spectra of gold nanospheres

with radius 20 nm and nanoshells with different core materials and radii
r1 = 18 nm, r, =20 nm.

1400

10 — nanosphere win 1 win 2

-++hollow nanoshell

i+ water—Au
% + glass—Au
<)

0 : —‘T—’- :
600 1000 1400
A/nm

Fig. 7. (color online) Plots of absorption efficiency versus wavelength
for gold nanospheres with radius 40 nm and nanoshells with different
core materials and radii r; = 38 nm, r, = 40 nm.

With respect to other spherical nanoshells which have dif-
ferent core materials, we have hitherto proven the superiority
of hollow spherical nanoshells. In the following figures, ef-
ficiency diagrams of the hollow nanoshells are drawn in two

different cases to examine their optical tunability.
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To present a more precise discussion, we have constant
thickness and variable radius for the first case, while in the
second one, we have variable thickness and constant radius.

In the first case, figure 8 shows that by increasing the shell
radius (r;) from 20 nm to 60 nm, the height of the absorption
peak decreases gradually and the peak shifts to a longer wave-
length, i.e., from the first window to the second window of
near-infrared. If we want to use the hollow nanoshells to erad-
icate deeper cancerous tissues, we should use nanoshells with
a larger shell radius, and if we want to kill the cancerous tis-
sues which are not in the deeper part of body, using nanoshells

with a smaller radius is more appropriate.

inl win 2 — r=20 nm

10 4 -..r=40 nm

" + 7=60 nm

G
S 5
0 e S— e
600 1000 1400
A/nm

Fig. 8. (color online) Plots of absorption efficiency versus wavelength
for hollow nanoshells with different shell radii (r;) and constant thick-
ness of 2 nm.

In the second case, figure 9 shows that by reducing the
thickness from 4 nm to 1 nm, the absorption peak first in-
creases and then decreases. The wavelength of maximum ab-
sorption, however, shifts to a higher wavelength, i.e., from the
first window into the second window of near-infrared. If need
be we can shift the absorption peak into the first or second

window by adjusting the thickness of the nanoshells.

—t=4 nm win 2
103--*t=3 nm
* t=2nm
i+ t=1nm

1400

Fig. 9. (color online) Plots of absorption efficiency versus wavelength
for hollow nanoshells with shell radius () of 20 nm and different thick-
ness values.

3.2. Nanotubes

Like Fig. 10, the geometry of nanorods is considered as a

cylinder capped with two hemispheres on each side.

7 (a) (b)
04D

Fig. 10. Schematis of gold nanorod with length L and width D in three
(a) and two dimensions (b).

(b)

L

Fig. 11. Schematics of nanotube with length L and width D in three (a)
and two dimensions (b).

Nanotubes are rod-shaped nanoshells with a core of con-
stant refractive index which is covered in a gold shell with
thickness of 7. Figure 11 provides the schematics of the
nanotube. If an electromagnetic wave is irradiated onto the
nanoparticles in the direction of L, the polarization is called
longitudinal polarization and if it is irradiated in the direction

of D, the polarization is named transverse polarization.!!!]

3.2.1.

Figure 12 shows the spectra of absorption efficiencies for

Longitudinal polarization

gold nanorods with a diameter of 20 nm and different lengths
in the longitudinal polarization. From this figure, we can ob-
serve that by increasing the length of nanorod, the peaks of
absorption efficiencies shift to longer wavelengths and the ef-
ficiencies steadily increase. Thus, if we want to adjust the ab-
sorption efficiency of nanorods into the second near-infrared
window, the dimensions of nanorods should be larger than 100
nm (as mentioned before this is a disadvantage).

40w—L:60nm R

-+ L =100 nm

1+ L=120 nm
é 20 -
&

0 .
600 1400
A/nm

Fig. 12. (color online) Plots of absorption efficiency spectra of nanorods
with the same diameter (D = 20 nm) and different lengths.

Figure 13 shows that with the same dimensions we can
use nanotubes instead of nanorods, which means that without
using dimensions greater than 100 nm, eradicating the deep
cancerous tissues is feasible. Although in current medical ap-
plications, nanorods are widely used, our findings show that it
is useful to use nanotubes in necessary circumstances.

D =20 nm win 1 win 2

1L =60 nm
» 20{t=2 nm
é { —nanorod
C 101 ---nanotube

0 a rae SPRR R L hAses
600 1000 1400
A/nm

Fig. 13. (color online) Plots of absorption efficiency spectra of nanorods
and nanotubes of the same diameter and length, and 2-nm thickness for
nanotubes.
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Figure 14 shows that by increasing the core refractive in-
dex from 1 to 1.5, plasmon peaks shift to longer wavelengths,
and the absorption efficiencies decrease. Thus, due to their
bigger absorption efficiency, gold nanotubes are more useful
for removing tumors than the other nanoshells with different
core materials.

In the previous two figures, the superiority of nanotubes
with respect to nanorods and other nanoshells with different
core materials is observed. Now the optical tunability of gold
nanotubes is analyzed in two cases.

To present the discussion more precisely, we have con-
stant thickness and variable length for the first case, but in the
second one, we have variable thickness and constant length.

1D =20 nm win 1
20 L =60 nm
1t=2 nm
2 + nanotube
O‘; 10 { —water—Au
» glass—Au
0 - f .
600 1000 1400
A/nm
Fig. 14. (color online) Plots of absorption efficiency spectra of gold

nanoshells with given dimensions and different core materials.

In the first case, figure 15 shows that by increasing the
length from 40 nm to 80 nm, the peaks of absorption effi-
ciencies shift from the first window to the second window
of near-infrared and their values increase steadily. Therefore,
nanotubes with bigger length can be used in removing tumors

in deep tissue.

1 D=20 nm win 1

204 t=2nm
{1+ L=40 nm

— L =60 nm
+ L =80 nm

Qabs
[
o

600 ‘ 1000 1400

A/nm

Fig. 15. (color online) Plots of the absorption efficiency spectra of gold
nanotubes with the same diameter and thickness and different lengths.

1D =20 nm ~win 1 win 2
L=60 nm |
P 20 --.rod
Gl i—t=4 nm
€ *t=2nmj
1094 ¢=1nm § ¢
600 ' © 1000 1400

A/nm

Fig. 16. (color online) Plots of absorption efficiency spectra of gold nanorod
and nanotubes with the same dimensions and different thickness values.

In the second case, figure 16 shows that by reducing the

thickness from 4 nm to 1 nm, the peaks of absorption effi-
ciencies shift from the first window into the second window

of near-infrared and their values decrease steadily. Therefore,
by adjusting the nanotube thickness, the plasmon peak can be
situated in the first or second region.

3.2.2. Transverse polarization

Figure 17 shows that increasing the length of nanotube
does not induce the absorption peaks to shift, but the value of
efficiency first decreases and then increases again.

81 D=20 nm % win 1 win 2
1 t=2nm B
*
6- *
1 * L =60 nm ¥
é 4] ¢ L=80nmgx
@] ]1=—L =100 ngy
24
0 ; . :
600 1000 1400
A/nm

Fig. 17. (color online) Plots of absorption efficiency spectra of nanotubes
with the same diameter and thickness and different lengths in the transverse
polarization.

Figure 18 shows that by reducing the thickness of nan-
otube, the absorption efficiencies increase and plasmon peaks
enter into the first infrared window.

1 D=20 nm win 1 win 2
81 L =60 nm
71— nanorod
., 071 t=4nm
3 4‘ * t=2 nm
«; }1+t=1nm
9] ¥
0 - : .
600 1000 1400
A/nm

Fig. 18. (color online) Plots of the absorption efficiency spectra of gold
nanorod and nanotubes with the same dimension and different thickness val-
ues for nanotubes.

By comparing the transverse polarization diagram with
the longitudinal polarization diagram, it is seen that the longi-
tudinal polarization is more efficient than the transverse polar-
ization because the plasmon peak will have a bigger absorption
efficiency and enters into the second near infrared region. Nev-
ertheless, if we want to use the transverse polarization, using
the lesser length and thickness is more acceptable for achiev-

ing better efficiency.

4. Conclusions

In order to choose the best core in cancer therapy, the
absorption efficiencies of nanoshells with different core ma-
terials in different shapes are compared with each other. Per-
formed simulations made us choose the hollow nanoshells as
the best option in photothermal therapy (PTT). This is because
of the optical tunability, bigger absorption efficiency, the com-
patible core with body tissues and lower dosage of nanomate-

rials, which leads to lower cost of treatment.
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