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Energy Absorption of Gold Nanoshells
in Hyperthermia Therapy
Changhong Liu, Chunting Chris Mi*, Senior Member, IEEE, and Ben Q. Li

Abstract—The unique optical characteristics of a gold nanoshell
motivate the application of nanoshell-based hyperthermia in drug
delivery and cancer treatment. However, most of our understanding on energy absorption and heat transfer is still focused on individual particles, which may not be accurate for nanoshell aggregates in a real application due to the strong optical interaction
of nanoshells. This paper investigates the relationship between the
optical interaction and the interparticle distance in the visible and
near-infrared regions by means of a finite-difference time-domain
(FDTD) method. The objective is to explore the energy transportation mechanism, which is critical for hyperthermia therapy. From
the numerical simulation results of different forms of nanoshell
aggregates, including individual nanoshells, 1-D chains, 2-D arrays, and 3-D clusters, it was found that the interparticle distance
plays a crucial role from the maximal absorption point of view.
The interparticle distance affects both field enhancement and surface plasmon resonance position. The accurate prediction of energy
absorption also helps the way nanoshells are populated in the tumor cell so as to prevent heat damage to healthy tissues in clinic
applications. In the case of 3-D clusters, the laser energy decays
exponentially along the wave propagation, and the penetration
depth greatly depends on the interparticle distance. The closer the
nanoshells are placed, the shorter the penetration depth is. The
maximal total length for the laser penetration through the shell
of gold nanoparticles is about a few hundred to several nanometers. The actual penetration depth primarily depends not only on
the interparticle distance, but also on the size of the nanoshells as
well as other factors. Since the absorption energy is concentrated
on the surface clusters of nanoparticles, heat transfer mechanisms
in metal-nanoparticles-based hyperthermia will differ from that
in other hyperthermia. The information obtained from this paper
will serve as a basis for further study of heat transfer in metalnanoparticles-based hyperthermia.
Index Terms—Finite-difference time-domain (FDTD), hyperthermia, near-infrared (NIR) laser, surface plasmon resonance.

I. INTRODUCTION
ITH RECENT advances in material synthesis and fabrication, metal nanoshells composed of a dielectric core
(for example, silica) coated with a thin noble metallic layer
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(for example, gold) have received considerable attention over
the last decade. This is due to the unique optical, electric, and
magnetic properties exhibited by the spherical particles at the
nanoscale, which is not seen at bulk scale. For example, there
is significant local electric field enhancement near the metal–
dielectric interface due to the strong surface plasmon resonance
(SPR) and the high tunability of the SPR frequency. It has been
shown that for a gold nanoshell, the maximal field intensity in
the vicinity of a nanoparticle is much larger than that of the
incident field. Moreover, the SPR band can be widely tuned
from the visible light (VIS) to the near-infrared (NIR) spectrum
just by varying the ratio of shell thickness to the overall diameter of the particle [1]–[4]. These unique characteristics have
found promising applications in a wide range of areas, such
as biosensing, optical communication, astronomy, pharmaceuticals, and healthcare. One important application is for cancer
treatment [5]–[7], known as nanoparticle-based hyperthermia.
The principle for this application is that, when exposed to the
appropriate wavelengths of a laser beam, the nanoshells preembedded in a tumor absorb energy, and then, heat up; yet,
the healthy tissues along the laser path do not. With the increased temperature, cancerous cells gradually lose activity and
die. The treatment at a temperature between 40 ◦ C and 44 ◦ C is
cytotoxic for cells in an environment with hypoxia and low
pH [8]–[10] conditions that are found to be largely associated with tumor tissue but not in normal tissues. This makes
the nanoparticle-based hyperthermia superior to other traditional treatments for noninvasive and targeted therapy of cancer
patients [11], [12].
The predominating benefit of nanoshell-based hyperthermia
is that it is both safe and efficient. This is because most biological soft tissues have a relatively low light absorption coefficient
in the VIS and NIR regions [13], [14], known as the tissue optical window or therapeutic window. Over this window, NIR light
transmits through the tissues with scattering-limited attenuation
and minimal heating. The healthy tissues are therefore prevented
from the heat damage, which is inevitable in other thermal
treatments, such as microwave and RF ablation [15], magnetic
thermal ablation [16], and focused ultrasound therapy [17]. A
combination of these two benign moieties (nanoshells and NIR
light) allows a noninvasive delivery of heat to a tumor volume
by using an extracorporeal, low-power diode laser to induce a
photothermal destruction of the tumor embedded with nanoshell
particles [18].
Thus far, the understanding of heat generation and heat
transfer for nanoshell-enhanced hyperthermia studies has been
based largely on the knowledge of the behavior of a single,
isolated particle or a single nanostructure in an alternating
electromagnetic field [19]–[23]. In a real process, however, a
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great number of nanoparticles is needed to produce a thermal
kill, and they may not be placed far away enough from each
other in the tumor so that the analysis can be simplified as
isolated individuals, especially in the light of the limitation associated with the current method by which these particles are
injected into a tumor. Consequently, the absorption and scattering ability of nanoparticle aggregates should differ from that
of an individual particle due to the strong optical and electromagnetic interaction of interparticles [24]–[29]. However, there
appears to have been very little work, if not all, to study the
interactive nature of nanoshell aggregates during the energy
absorbing process. Such study is not only of critical importance to enhance the fundamental understanding of interparticle optical interference, but also essential to develop a hyperthermia technology with optimal thermal efficiency for cancer
therapy.
The objective of this paper is to investigate the relationship of interparticle interactions and the interparticle distance
in the VIS and NIR spectrum regions, and to understand
the basic nature of the energy transport and absorption in
nanoshell aggregates as a function of interparticle distance, particle size, and different forms of nanoshell collectives. Toward
this end, the full-scale Maxwell equations are solved numerically using a finite-difference time-domain (FDTD) method.
Systems studied include 1-D chains, 2-D arrays, and 3-D clusters. The information obtained from this study should shed
light on the fundamental laws governing the energy absorption process in nanoparticles and will serve a basis for further
study of heat transfer mechanisms associated with nanoshell
aggregates.
It should be pointed out that since this paper is theoretical in
nature, some assumptions were used to simplify the simulation
model. First, the possibility of shape differences of nanoshells
is ignored. Second, all the particles are assumed to be spherical
shells and evenly distributed in spatial space.
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A. Dispersive Material Models
Maxwell’s equations in nonmagnetic materials are given by
the following equations:



∂D
=∇×H
∂t

(1)





D(ω) = ε0 ε∗r (ω) E (ω)

(2)




∂H
1
=− ∇× E
∂t
µ0




(3)



where H , E , and D represent the magnetic field vector, electric field vector, and electric displacement vector, respectively,
ω = 2πf is the angular frequency; ε0 and µ0 are permittivity
and permeability of free space, respectively, and ε∗r (ω) is the
complex relative permittivity. It should be noted that the permittivity depends on both the frequency and particle size at
optical frequency. This size effect can be ignored only when the
geometry is larger than 10 nm [37].
In the time domain, (2) becomes a convolution:
 +∞



D(t) = ε0 εr (t) ∗ E (t) =
E (τ )ε(t − τ )dτ. (4)
−∞



It is obvious that the electrical displacement vector D at time


t depends on the electrical field vector E . Since it is difficult to
calculate the convolution product directly, a dispersion model
such as the Drude model, Lorentz model, plasma model, or
Debye model [38] can be used to give an approximation. In this
paper, a linear combination of the Lorentz model and plasma
model [39] was employed to simulate the dispersive material.
The total complex permittivity of the materials (gold) is given as
(5), where each contribution arising from the different material
models plays a role in the overall permittivity
ε̃(f ) = εREAL + ε̃P (f ) + ε̃L (f )

II. RESEARCH METHODOLOGY
The physical phenomenon of the interaction between metal
particles and laser at optical frequencies can be described by
macroscopic electromagnetic theory, namely, Maxwell’s equations [30]. The analytical solution of Maxwell’s equations of
a single homogeneous sphere with an incident electromagnetic
field was first given by Mie in 1908, which is the only simple, exact solution to Maxwell’s equations that is relevant to particles.
However, the analytical solution for the interaction problem is
not always an easy job, especially for multiple objects with irregular geometry. In this case, numerical simulation provides
good alternatives. Among many numerical techniques [31], the
FDTD method [32]–[36] was chosen to study the light absorbing
and scattering issues. Since the FDTD method is a time-domain
approach, it is possible to obtain results for a full spectrum with a
single simulation run. This is very important for SPR-associated
problems, where resonant frequencies are not precisely known
beforehand.

(5)

where εREAL represents the contribution due to the basic, background permittivity, ε̃P (f ) and ε̃L (f ) represent the plasma and
Lorentz contributions, respectively, which are defined as
ε̃P (f ) = −
ε̃L (f ) = −

ωP2
2πf (iνc + 2πf )
(ω02

εLORENTZ ω02
.
− 2iδ0 2πf − (2πf )2 )

(6)
(7)

The parameters in the previous models are adjusted to reproduce the experimental dielectric constant given by Johnson and
Christy [39] within the frequency range of interest, where
ωP = 1.39 × 1016 Hz

εREAL = 7.0765,

νc = 1.41 × 107 Hz,
ω0 = 4.63 × 10

15

Hz,

εLORENTZ = 2.323
δ0 = 9.27 × 1014 Hz.

Fig. 1 shows a comparison between results from (4) and
experimental data for gold in VIS and NIR regions. It can be seen
that the result from the hybrid model matches the experimental
data very well in the interested frequency region.
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Fig. 1.
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Permittivity of gold in the VIS and NIR regions.

Fig. 3. Spectra of gold solid sphere with 100 nm diameter. The embedded
medium is air. (a) Scattering efficiency. (b) Absorption efficiency.
Fig. 2.

Schematic of 2-D cross section of simulation domain.




B. Validation of FDTD Accuracy

where E scat and H scat are the scattering electric and magnetic

In order to examine the accuracy of the FDTD solution, a 3-D
FDTD scattering model was built to be compared with the classical Mie’s solution. The numerical simulation was performed
by the FDTD Solutions software [40]. The model is a solid gold
nanosphere with a diameter of 100 nm embedded in air, and
the plane wave comes in from the left side, as shown in Fig. 2.
The calculation region is truncated by six perfectly matched
layers (PMLs) boundary. Since the FDTD technique uses a finite volume to consider the electromagnetic wave propagating
in infinite space, e.g., simulate an open-region problem by using
a closed one, the boundary condition must be able to absorb the
scattered field component arriving at the boundary edge from all
directions as if no artificial boundary is applied at all. Inside the
PML surfaces, the electromagnetic field was divided into two
regions: the total field region and the scattering field region. For
nondissipative host media, by integrating in the two regions, the
absorption energy and scattering energy by the gold nanosphere
can be obtained as

 

∗
1

( E scat × H scat ) · n ds
(8)
Wscat = Re
2
S

 

∗
1

( E tot × H tot ) · n ds
(9)
Wabs = Re
2
S

field vectors, respectively, E tot and H tot are the total electric

and magnetic field vectors, respectively, and n denotes the
outward-pointing unit vector normal to the integration surface.
To exhibit the relative absorption and scattering ability of the
gold nanosphere, the cross section and efficiencies for scattering
and absorption can be defined as



Cabs = Wabs /Iinc ,



Cscat = Wscat /Iinc ,
Cext = Cscat + Cabs

Qabs = Cabs /A,

Qscat = Cscat /A,
Qext = Qscat + Qabs

(10)

where Iinc = (1/2)ε0 cE 2 represents the intensity of the incident wave, A = πr2 is the particle cross-section area projected
onto a plane perpendicular to the incident wave, and r is the
radius of the sphere.
Fig. 3 shows a comparison of the scattering efficiency and
absorption efficiency obtained using the FDTD method and the
classical Mie solution. As shown in Fig. 3, the difference between the numerical and analytical calculation depends on mesh
size. This is because the field enhancement caused by SPR
mainly focuses on the metal–dielectric interface and decays
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Fig. 4.
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Electric field enhancement for a gold nanoshell in water.

exponentially along the normal direction; therefore, the simulation is greatly sensitive to mesh conditions. To improve the
results, the mesh size should be decreased as small as possible.
For the case of a 100-nm-diameter gold nanosphere, good convergence has been achieved when the smallest element length
is 1.25% of the diameter. The maximal magnitude difference
to the Mie solution is +2.09%, and the resonance frequency
for the Mie’s solution occurs at 531.1198 nm, which appears at
535.98 nm for the FDTD simulation. Precision can be increased
further; however, the simulation time increases significantly.
In addition, our experience shows an average-wavelength span
may be a better choice for the simulation region.
III. RESULTS AND DISCUSSIONS
A. Geometry Effect of SPR
In hyperthermia therapy, if the SPR happens at an appropriate
frequency range (for instance 700–1100 nm), where the absorption coefficient of healthy soft tissues is lower than that at any
other frequencies, the surrounding tissues are expected to get
minimal heat damage when light is delivered into the nanoparticles. Therefore, both safety and field enhancement can be obtained. Gold nanoshells are the primary choice of this strategy.
Gold nanoshells exhibit strong scattering and absorption effects
due to the SPR effect of the metallic–dielectric concentric spherical configuration.
Fig. 4 shows near-field enhancement by SPR of a gold shell
embedded in water. The outer shell radius R1 is 50 nm and
the SiO2 core radius R2 is 40 nm. A P-polarized plane wave
propagates along the +x-direction. At plasmon resonance frequency (wavelength is 699.057 nm), the maximal intensity is
approximately 100 times the incident wave.
Fig. 5(a) shows that the optical resonance is a function of
size and shape of the nanoparticles. Optical properties of gold
nanoshells depend dramatically on the core-to-shell ratio. By
varying the relative core and shell thickness, the maximal absorption energy and its position can be tuned across a broad
range of the optical spectrum that spans the VIS light and the

Fig. 5. Absorption cross section versus wavelength for gold nanoshell in water.
(a) Outer shell radius is the same (30 nm), while thickness of the shell is different.
From shorter to longer wavelength, the core-shell ratios are 0.7, 0.8, 0.9, 0.933,
and 0.95, respectively. (b) Four nanoshells with the same core-to-shell ratio of
0.8 but different radii.

NIR spectral regions. The larger the core-to-shell ratio, the further the resonance frequency shifts into the infrared region. In
Fig. 5(b), four groups of gold nanoshells were compared in
terms of the ability of absorption energy. The outer radius of the
nanoshells is from 25 to 50 nm, and shell thickness is from 5
to 10 nm. Although the nanoshells vary in size, they have the
same core-to-shell ratio (i.e., 0.8). The curves reveal that under
the same ratio, nanoshell size contributes only to the relative
magnitude of absorption cross section and does not affect the
resonance frequency location. It should be noted that since the
surrounding medium (biological soft tissues) is almost transparent at the wavelengths considered here, only the absorption of
the laser light by the particles is calculated.
B. Interparticle Distance and Energy Absorption
1) Triplet Chain: Although a single particle is of prime interest for fundamental research, it is not sufficient for practical
application. When particles aggregate, the optical properties of
the nanoparticle assemblies are highly dependent on the separation between neighboring particles due to the strong dipole–
dipole interaction. Some computed spectra are shown in Fig. 6
for triplet aggregates of gold nanoshells in water with inner
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Fig. 6. Nanoshells interaction. (a) Triplet aggregates parallel to the wave
vector. (b) Interparticle distance effect. (c) Triplet aggregates perpendicular to
the wave vector.

and outer diameters of 40 and 50 nm, respectively. When the
triplet aggregates were placed along the wave propagation direction (denoted by vector k), as shown in Fig. 6(a), dipole
coupling makes the SPR slightly red shifted. For example, the
SPR is at λ = 713.33 nm for the isolated nanoshell. When
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three nanoshells are placed together, the SPR becomes 738.94,
746.81, and 754.84 nm from the first nanoshell to the third
nanoshell, respectively. The SPR shift also depends on the interparticle distance, which can be seen from Fig. 6(b). When
the distance d decreased from 2.2R1 to 2.1R1 , the SPR of the
middle nanoshell shifted approximately 10 nm toward the infrared spectrum. Fig. 6(c) depicts the case of the triplet axis
perpendicular to vector k. Hence, the absorption efficiency was
significantly decreased when three nanoshells are placed closer
to each other (e.g., d = 2.2R1 ). Also in this case, there was a
blue shift for SPR position.
The optical properties of nanoshell collectives, whose size is
much smaller than the wavelength, finally owe to the interactions
of the dipoles of the nanoshell assemblies. The total electric field
generated by the parallel triplets in Fig. 6(a) obviously differs
from the perpendicular one in Fig. 6(c). In addition, it is not
difficult to imagine that the dipoles coupling should also be a
function of the interparticle distance. If the separation between
the nanoshells were long enough, the interaction can be ignored
in near field accordingly.
2) Nanoshell Array: In order to further investigate the effect
of distance, models of nanoshell arrays with different interparticle distances were studied, as shown in Fig. 7(a), where the
incident plane wave propagates along the z-direction, and the
nanoshells were evenly placed in the x–y plane. This can be regarded as the extension of the vertical triplet chain in Fig. 6(c),
where the nanoshell number is assumed infinite in the x- and
y-directions. In this case, the truncated boundaries parallel to the
wave vector may be treated as a periodic boundary condition.
Note that the boundaries vertical to the wave vector still satisfy
the PML condition. Fig. 7(b) and (c) describes the maximal absorption efficiency as a function of the interparticle distance for
nanoshells with inner and outer diameter of 40 and 50 nm in
air, and those with inner and outer diameter of 28 and 30 nm in
water.
When the nanoshell array is vertical to the incident wave, there
is a specific distance corresponding to the maximal absorption,
although the size of the nanoshell and the surrounding medium is
different. From the maximal energy absorption point of view, the
distance makes no difference to the maximal energy absorption.
It is believed that this is because of the combined effects of the
relative size to the wavelength and the interparticle distance.
The former determines the type of interaction (distribution of
electrons and modes of resonance), and the latter determines the
degree of interactions. An optimum combination may lead to
high-field enhancement. Furthermore, it is noticed that when the
distance between the particles is long enough (e.g., 200R1 ), the
peak height and peak height position of absorption power of any
particle behaves the same as those of an isolated particle. This is
because the influence between any two particles becomes weak
in the near field as the distance increases. To some extent, this
validates the effectiveness of the simulation model.
3) Nanoshell Clusters: When nanoshells distribute in 3-D
space evenly, it may be regarded as many layers of 2-D arrays
spreading along the z-direction. Although periodic boundary
conditions can be employed to describe the infinity nanoshells
parallel to the wave vector, equivalent boundary conditions for
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Fig. 7. Distance effect of lattice of nanoshells. (a) Simulation model in
FDTD. (b) Maximal absorption efficiency versus interparticle distance for gold
nanoshells in air, whose size is (40 nm, 50 nm). (c) Maximal absorption efficiency versus distance for gold nanoshells in water, whose size is (40 nm,
50 nm).

direct numerical simulation of nanoshells along the wave vector is still impractical due to the attenuation of electromagnetic
field with wave propagation. Therefore, the model including as
many layers as possible was employed here. A cross-section
schematic drawing is shown in Fig. 8(a). The two surfaces perpendicular to k still satisfy the PML boundary condition while
the other four surfaces parallel to k satisfy the periodic boundary
condition (PBC). The computational model includes seven-layer

Fig. 8. Nanoshell cluster model and absorption energy results. (a) 2-D crosssection schematic of model. (b) Normalized energy on the eight integration
planes, where gold nanoshell is (40 nm, 50 nm) d = 2.2R 1 and seven layers are
included in the model. (c) Normalized energy absorbed by the seven nanoshells
corresponding to (b). (d) Normalized energy absorbed by nanoshells, where d =
20R 1 , five layers included. (e) Energy attenuation varying with the interparticle
distance, where the horizontal coordinate is the integration plane number.
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nanoshells and eight energy integration planes, numbered N 1–
N 7 and P 1 to P 7 from left to right, respectively. The energy
difference between any two adjacent planes will be the energy
absorbed by the nanoshell.
The energy distribution in the eight integration planes versus
wavelength and the energy absorbed by the nanoshells were
given in Fig. 8(b) and (c), where the (40 nm, 50 nm) gold
nanoshells placed in air were considered, and the interparticle
distance is d = 2.2R1 . Fig. 8(d) is the energy absorbed by the
nanoshells when d increased to 20R1 . Fig. 8(e) is the energy
attenuation with laser propagation versus interparticle distance.
For a single nanoshell with inner and outer diameters of 40 and
50 nm embedded in air, the SPR position happens at 632.258 nm.
Therefore, the discrepancy for the region where the wavelength
is longer than 650 nm is caused by a numerical error, as shown
in Fig. 8(c) and (d). In the simulation of multiple nanoparticles,
the smallest mesh size is increased to 2.5% of the diameter to
save the calculation time. It can be seen from Fig. 8 that when
nanoshells get closer to each other (e.g., 2.2R1 ), the general
SPR appears slightly blue shifted compared to the isolated case.
Furthermore, some of the waveforms of SPR have double peaks.
This is because with incident wave propagation, more and more
particles contribute to the total electromagnetic field, which, in
turn, leads to the high-order coupling to gradually become the
dominant contribution. For the first particle, the contribution of
the dipole and quadruple is almost the same, but for the third
one, the quadruple coupling is dominant. For the fourth and the
following particles, the coupling is of higher order. This means
that if the interparticle distance is small, not all the particles
reach the peak absorption condition under the same frequency.
The SPR position of the particles far from the incident side tends
to be blue shifted. Fig. 8(d) shows the case with a long interparticle distance (20R1 ). It can be seen that both the SPR position
and absorption magnitude of multiple particles are close to those
of an individual particle. This is reasonable since the interaction
is very weak at a long interparticle interval. Besides the earlier
two special cases (small distance and long distance), the other
four interparticle distances were also considered in this paper.
Taking the normalized energy of all the integral planes at
the wavelength corresponding to the maximal absorption for
the first nanoparticles, the curves were obtained for the energy
decay in gold nanoshells varying with interparticle distance, as
shown in Fig. 8(e). It can be seen that the energy decays exponentially while the laser is delivered into the nanoshells. The
attenuation depends on the separation space of the nanoshells:
the closer the interparticle distance, the fewer layers the incident
wave can penetrate through. For instance, when d = 20R1 (or
d = 1000 nm), under which the particles interaction is assumed
to be weak, the incident laser penetrates approximately 15 layers
of particles. For layers with a thickness of 20 nm, the maximal
thickness of a gold shell that the laser penetrates is around
300 nm. However, when d = 2.02R1 (or d = 101 nm), the electromagnetic wave penetrates less than two layers (<40 nm)
when the energy input decays to 1/e.
In order to further validate the previous conclusion, cases
for smaller gold nanoshells in water, with R2 = 28 nm and
R1 = 30 nm, were simulated. The results are shown in Fig. 9.
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Fig. 9. Absorption energy results of (28 nm, 30 nm) nanoshell clusters in
water. (a) Normalized energy absorbed by the seven nanoshells with d = 2.2R 1 .
(b) Energy attenuation versus interparticle distance.

For an individual (28 nm, 30 nm) nanoshell in water, the
position of SPR caused by dipole coupling is 1008.26 nm. For
the multiparticles with interparticle distance at 2.2R1 , the positions of SPR for the nanoparticles obviously move toward
the blue light spectrum. Moreover, the coupling order increases
with wave propagation. In Fig. 9(b), the penetration depth is still
distance-dependent. The maximal penetration depth is 24 layers
(96 nm) at the distance of 30R1 , where interparticle interactions
are believed weak enough to be ignored. When the distance is
2.2R1 , the penetration depth is only two layers (8 nm).
Although a general expression describing the penetration
depth as a function of particle size, type of aggregates, material properties, interparticle distances, and working frequency
is not available now, it has been found in this study that the energy transfer mechanism of gold nanoshells in the NIR region is
different from that in bulk material, where the penetration depth
is believed to be 30–40 nm in the NIR region [37]. The earlier
results show that the penetration depth is several nanometers to
several hundred nanometers. This means that the heat transfer
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by nanoparticles might be more important than the energy absorption toward the depth of the tumor. It is shown that with
more particles populated inside the tumor, the particles toward
the inside of the tumor do not help to generate more heat in the
target area. But the nanoparticles may help in the heat transfer from the surface area to the inside of the tumor due to the
good heat conductivity of the nanoshells. Only the several surface layers of nanoparticles absorb heat if high-concentration
nanoshells were used. Due to this fact, the heat analysis based
on average heat source may bring significant discrepancy from
the true situation.
IV. CONCLUSION
The optical properties of gold nanoshell aggregates in the VIS
and NIR spectrum were studied by means of the FDTD method.
First, the classical Mie’s solution for a gold solid nanosphere
was obtained to validate the accuracy of FDTD. Results show
that the FDTD simulation agrees very well with the analytical
results when the mesh size is reasonably assigned. On this basis,
electromagnetic wave diffusion in gold nanoshells was analyzed
for isolated particles, 1-D chains, 2-D arrays, and 3-D clusters,
respectively. The following conclusions are obtained from this
study.
1) Optical properties of gold nanoshells depend dramatically
on the core-to-shell ratio. For the same core-to-shell ratio,
the SPR position appears at the same wavelength. For the
same outer shell diameter, the maximal absorption power
and SPR position can be tuned across a broad range of the
optical spectrum that spans the VIS and the NIR spectral
regions. The bigger the core-to-shell ratio, the longer the
SPR wavelength.
2) The SPR peak height and position of a gold nanoshell
chain depend on both the interparticle distance and wave
direction. When the wave vector is parallel to the chain,
SPR is slightly red shifted. When the wave vector is perpendicular to the chain, SPR is blue shifted.
3) In the case of a 2-D array, the absorption energy by the
nanoshells relies on the interparticle distance. There is an
optimum distance for a given particle size.
4) In the case of 3-D evenly distributed nanoshell clusters,
the SPR position shifted toward shorter wavelength in
comparison to the SPR position of an isolated particle.
As a result, the core-to-shell ratio of nanoshells in real
applications should be greater than the results obtained
from the single nanoshell analysis, which may help the
SPR to occur in the “tissue window” region.
In the VIS and NIR regions, the penetration depth of the electromagnetic wave in 3-D nanoshell clusters is inversely proportional to the interparticle distance (or concentration). For
the nanoshells with radius (28 nm, 30 nm) in water, the maximal penetration depth is about 15 layers when the interparticle
distance d is large such that the interference may be ignored.
When d is very small, the laser can only penetrate less than
two to three layers. This means that only a few surface layers
of nanoshells embedded in the tumor area absorb heat in hyperthermia treatment. As a result, other nanoshells may only
transfer heat. The optimum interparticle distance (or concentra-
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tion) should be determined by combining electromagnetic and
heat transfer theory. This will be our future paper.
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