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The Plasmon Resonance of a Multilayered Gold
Nanoshell and its Potential Bioapplications

Changhong Liu, Chris Chunting Mi, Senior Member, IEEE, and Ben Q. Li

Abstract—The optical spectra and near-field enhancement of a
multilayered gold nanoshell were theoretically studied in this paper
to explore its potential biological applications. The mathematical
model was developed within the framework of multipole expansion
of a multilayered concentric sphere. Results show that compared
with a conventional single-layered Au-SiO> nanoshell, a multi-
layered Au-SiO>—Au nanoshell has an advantage of realizing the
localized surface plasmon resonance at wavelength of 1300 nm or
longer, which is believed to be more beneficial to ultrahigh reso-
lution optical coherent imaging. With single-layered nanoshell, an
extremely thin gold layer is required for resonance at long wave-
length, and making such thin layer would be almost practically
impossible within the current synthesis techniques.

Index Terms—Field enhancement, gold nanoshell, multilayer,
nanoparticle, nanoshell, optical spectra, plasmon resonance.

1. INTRODUCTION

METALLIC nanoshell, which consists of a dielectric core
A coated with a thin metallic shell, has attracted considerable
attention in recent years due to its favorable optical tunabilities
for biomedical imaging and photothermal treatment [1]-[5].
Advances in synthesis techniques make it possible to create
nanoparticles with the desired size and structure. By appro-
priate design of the core-to-shell ratio, the localized surface
plasmon resonance (LSPR) effect can be tuned in the spherical
metallic nanoshells. This makes these nanoshells agents either
for absorbing or scattering light in the region from ultraviolet
light to the infrared. The nanoshells with LSPR in the near in-
frared (NIR) region are well suited for biomedical applications,
since the NIR spectrum is almost transparent to most biological
tissue [6], [7].

Pioneered by Westcott et al., single-layered Au-silica
nanoshells, i.e., a silica core covered by a gold shell, were suc-
cessfully fabricated ten years ago [8]. Since then, numerous syn-
thesis techniques were developed to produce more controllable
shell thickness and homogeneity of the coating [9]-[13]. Be-
sides the work of core—shell particle synthesis techniques, much
research was devoted to biological applications. Hirsch et al. re-
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ported that in vivo, exposure to low doses of NIR light (820 nm,
4 W/cm?), solid tumors treated with metal nanoshells reached
average maximum temperatures capable of inducing irreversible
tissue damage (AT = 37.4 + 6.6 °C) within 4-6 min [1]. This
implies that gold nanoshells can be regarded as a heating carrier
for photothermal treatment for cancer. The predominating bene-
fit of nanoshell-based photothermal treatment is that it provides
a minimally invasive, however, maximally efficient alternative
to conventional clinical treatment of cancers.

Loo et al. first described the use of nanoshell-based diag-
nostic approaches including the development of nanoshell bio-
conjugates for molecular imaging and the use of scattering
nanoshells as contrast agents for optical coherence tomography
(OCT) [3]. Afterward, Loo et al. demonstrated the application
of nanoshell-based techniques for integrating cancer imaging
and therapy [4]. This paves the way of dual imaging/heating
immunotargeted nanoshells to detect and selectively destroy
cancer cells. By using the dual-function-nanoshell techniques
in a mouse model, Gobin et al. illustrated the dramatic con-
trast enhancement for OCT and effective photothermal ablation
of tumors [5]. OCT, typically employing NIR light, is a novel
biomedical optical-imaging technology that produces real time,
noncontact, and ultrahigh resolution cross-sectional images of
living tissue [14]-[16]. Recent advances in optical material and
fabrication techniques have led to micrometer-scale resolution,
which is almost ten times as high as conventional ultrasound
imaging. The combination of OCT technology and the scatter-
ing dominant plasmonic resonance design by tuning the size and
shape of gold nanoshell creates a very brilliant future for early
tumor detection.

Bioapplications with nanoshells have primarily used laser
with ~800 nm wavelength, since in that “biological window”
(wavelengths ranging from 800 to 1300 nm), attenuation of light
is due largely to scattering, rather than absorption. This allows
the laser to penetrate more deeply without too much heat ab-
sorbed by healthy tissue in the way to access the targeted tumor.
The problem is what the best wavelength is in biological win-
dow. Imaging experiments, either ex vivo or in vitro, however,
have shown better images by using a laser source with around
1300-nm wavelength. Drexler and coworkers reported that sig-
nificantly better image penetration depth can be achieved with
light centered at 1350 nm than at 850 nm [15]. It has been
believed that the optimum wavelength for imaging in biologi-
cal tissues is in the 1300-1500-nm range [16]-[18] due to the
relatively deeper laser penetration in tissue.

To achieve a red-shifted resonance wavelength, one of the
measures is to increase the refractive index of the dielectric
core [19]. Unfortunately, such tunability of resonance is very
limited. With refractive index of core changing from 1.45 to
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2.45, the resonance peak shifts only 110 nm toward red. With
the development of new technology and new material, it would
be possible to produce any kind of materials with the desired
optical properties. However, any material implanted into human
body must be safe, stable, and biologically and physiologically
compatible. Meanwhile, long-term tests and observations are
unavoidable before real clinical applications are made.

Another measure to obtain a longer resonance wavelength is
to increase the core-to-shell ratio of Au—silica nanoshell [20],
i.e., to decease the shell thickness while keeping the core size
constant. Theoretically, the resonance peak can be arbitrarily
tuned in the NIR. The difficulty lies in the fact that it is hard to
coat a uniform metal layer with thickness less than 10 nm with
current synthesis techniques. As an alternative, core size and
shell thickness can be increased simultaneously, while keeping
the same core-to-shell ratio. However, a lager particle becomes
predominantly scattering, rather than absorption, and the line
width of spectra curve become broadened, making them less
attractive for bioimaging [21].

In this paper, we present an alternative way to achieve longer
wavelength plasmon resonance using a multilayered nanoshell.
With reasonable structure design and giving consideration to
current fabrication techniques, plasmon resonance peak will ap-
pear in the region as far as 1200—1300 nm. Moreover, the ratio of
absorption and scattering in the total extinction is controllable.
The overall particle size is still comparable to the conventional
nanoshell. It should be stated that all the geometry sizes of par-
ticles discussed in this paper are based on those, which have
been reported successfully synthesized in a laboratory environ-
ment [9]-[13].

In the following sections, we first present the electromagnetic
(EM) model and an efficient recursive calculation method used
for a nanoshell with arbitrarily layers. Then, the variation of
spectra with physical parameters will be discussed. The near-
field enhancements caused by surface plasmon resonance in a
multilayered nanoshell will be compared to that in conventional
nanoshell to reveal the nature of the LSPR of a multilayered
nanoshell.

II. METHODOLOGY

A. Light Scattering and Absorption by a Multilayered Sphere

The EM-scattering theory of a coated concentric sphere was
studied in 1951 [22]. Since then, many computation algo-
rithms have appeared with improved computational efficiency
[23]-[26]. Among these references, the code given by Bohren
and Huffman might be the most popular one to describe a con-
centric coated sphere. For a conventional single-layer sphere
(e.g., Au—silica nanoshell), the calculation procedure is straight-
forward. By matching boundary conditions at two interfaces, the
eight coefficients related to EM vectors can be determined, and
then the EM field of everywhere is accordingly obtained. In
theory, this procedure can be employed to study a multilayered
particle. However, with the number of layer increasing, the so-
Iution can be very complex. A concise recursive method was
first proposed by Wu and Wang [27], and improved by Wu and
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Fig. 1. Geometry of a multilayered sphere.

Wang [27] and Yang [28]. In this paper, a modified algorithm
based on Yang’s formula will be used.

Fig. 1 shows a spherical particle with L-layer illuminated by
an x-polarized plane wave along z-direction. Each layer of the
particle is characterized by a size parameter x; = 2w Nr; /A and
a relative refractive index m; = N, /N, where A is wavelength,
r; and N; are radius and refractive index of the /th layer (/ = 1,
2, ..., L), and N is refractive index of the host media. By means
of spherical eigenvectors, the EM field inside the /th layer can
be expanded as follows:
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where E, = i"Ey(2n + 1)/n(n + 1), and superscript (1) and
(3) of the vector harmonic functions correspond to Bessel func-
tion and Hankel function, respectively.

At each interface, the tangential components of vectors
E and H are continuous

(E;y1 —E)xé =0, (Hy;-H)xé =0. Q)

Substituting (1) and (2) to (3) yield four linear equations as
follows:
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where v, (z) and (,, (z) are the Ricaati-Bessel functions.
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From (4), coefficients ¢ and d can be derived as follows:
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To determine the coefficients dl and ¢! , we first work out AI
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and Bfl (I=1,2,...,L+ 1)byarecursion method, which starts
form the innermost layer (I = 1)
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with DY (2) = ¢, (2) /4, (2), DY (2) = ¢, (2)/¢,(2), and
R, () = 4,(2)/C, (2).

To this point, d', , ¢, , a!,, and bl of the Ith layer are all obtained.
Therefore, the solution to (1) is worked out.

The overall scattering properties of a multilayered particle
are then given by the usual expressions
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B. Intrinsic Size Effect

The optical properties of gold used in this paper were obtained
from Johnson and Christy [29], and modified in view of intrinsic
size effect. With size effect included, the damping constant is
given by

Avf

I'= Fbulk + (9)

where I'y, 1 is the damping constant for the bulk gold, vy is the
Fermi velocity, r is shell thickness, and A is empirical constant
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Fig. 2.  Size effect on dielectric functions of gold. The upper six curves are the

imaginary part with layer thickness 0 of 1, 2, 5, 10, and 20 nm, and bulk volume
gold; the lower six curves are their real parts.

depending on particle shape and size [29], [30]. In this paper, A
is assigned as unity. In the light of size effect modification, the
dispersive dielectric function is

2 2
w, B w,

w? + ipuiw w? + iw

e(w) = €exp(w) + (10)
where eqyp, (w) is the experimental value of bulk gold, w,
is the bulk plasma frequency, and ~;yx is the bulk scatter-
ing rate. In the simulation, w, = 13.8 x 10" s71, i =
0.105 x 10" s, and vy = 1.39 x 10° m/s.

Fig. 2 is the dispersive curve with size effect. It can be seen
that with the increasing of shell thickness, the real part and
imaginary part of the dielectric function are getting closer to the
bulk curve. At a thickness of 20 nm, the real part is much closed
to that without considering size effect. This is verified by Nehl
et al. [30].

C. Verification

The algorithm of a multilayered sphere described in the previ-
ous section was first validated against the experimental result of
individual Au-silica nanoshell presented by Nehl. In the calcu-
lation, the core and shell size is 60-nm radius and 20-nm thick,
respectively. The particle was assumed surrounded by water, and
the refractive index of water and silica was set to 1.33 and 1.45,
respectively, independent with wavelengths. Empirical constant
A is set to 1. As is evident in Fig. 3, the data from theoretical
modeling compare reasonably well with the measured data.

III. RESULTS AND ANALYSIS
A. Spectra Properties of a Conventional Nanoshell

In order to shift the resonance to a longer wavelength region,
the effect of the refractive index of dielectric core, which is
denoted by n, to the optical spectra, was first examined. In
Fig. 4, a nanoshell with 60-nm radius dielectric core and 12-nm
gold-shell thickness was used as an example. This particle size
is very similar to that adopted by Gobin, with 59.5- and 71.5-nm
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Fig. 4. Extinction efficiency of Au-SiO2 nanoshell. The inner and outer radii
are indicated in the figure. The surrounding medium is water. The curves from
left to right correspond refractive index of the core is 1.45, 1.70, 1.95, 2.20, and
2.45, respectively.

inner and outer radii. Since the optical property of most biotissue
is very close to water, the surrounding environment is fixed as
water. It can be seen from Fig. 4 that with the increasing of
refractive index of core, the resonance shifts toward red. With
nyincreasing from 1.45 (SiO») to 2.45, the peak moves 110 nm,
from 795 to 905 nm. Clearly, for resonance to occur at 1300 nm
or even higher, the core would need a much larger refractive
index. A biocompatible dielectric with thus high refractive index
is yet to be found.

The second choice to tune the resonance, probably the most
accessible one, is to decrease the metal layer thickness. Fig. 5(a)
shows the resonance red shift by tuning the shell thickness. With
Si0O; core radius fixed at 60 nm, the thickness of gold shell varies
from 16 to 4 nm. The corresponding peak appears at 755, 795,
880, and 1085 nm, respectively. Obviously, to obtain resonance
around 1300 nm, the shell thickness should be smaller than
4 nm. According to literature, such thin gold layer is extremely
difficult, if not possible at all, to realize by current synthesis
techniques. An improved alternative is to increase both SiO,
and gold shell. As indicated in Fig. 5(b), an enlarged nanoshell
with applicable 12-nm gold layer presents a red-shifted peak at
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1130 nm. However, the spectra curves are dramatically broad-
ened, which is undesirable for high-resolution imaging [21].

B. Spectra Properties of an Au—-SiOs—Au Nanoshell

Compared to the conventional Au—SiOy nanoshell, there are
three layers in an Au—SiOs—Au particle. This is equivalent to
embedding an addition gold nanoparticle in the sphere center of
a SiOy particle. Fig. 6 shows the spectra variation with a gold
core. Fig. 6(a)—(f) correspond to core radius of 0, 30, 40, 45, 50,
and 55 nm. When r; = 0, a three-layer nanoshell degenerates to
a conventional Au-SiO, nanoshell.

As appears in Fig. 6, there are two dipole resonance peaks
in the visible (VIS) and NIR region. Since the resonance of a
solid gold particle occurs in the region from 525 to 600 nm, the
left peak is contributed by the gold core, and the right one by
the gold shell. With the gold core increasing in size, the first (or
left) peak becomes more pronounced, and eventually becomes
dominant. Notice that the position of the left peak shifts slightly
toward red when the gold core size gradually increases. This is
consistent with that of an insolated gold particle.

In Fig. 6, it is also evident that the second (or right) peak,
i.e., the shell resonance, is greatly affected by the interference
of the additional gold core. Without the inner gold particle, the
shell resonance occurs at 795 nm. For a gold core of 40-nm
radius, the peak red shifts to 915 nm. With a 50-nm radius gold
core, the peak extends to 1145 nm. This trend indicates that, by
introducing a gold core, it is possible to achieve shell resonance
at 1300 nm. It should be stated here that all the size parameters
discussed in this figure, i.e., gold particle with tens nanometer,
silica layer with a few to tens of nanometer thick, and gold
layer thicker than 10 nm are all feasible to be synthesized in
laboratories. Thus, Au-SiOs—Au structured nanoshells should
be useful as a potential agent for bioimaging.

Inspection of Fig. 6 further shows that during the resonance
right shifting, the ratio of scattering to absorption changes as
well. In Fig. 6(a), scattering is dominant. With the size of the
gold core increasing, the multilayered nanoshell becomes more
absorbing. Eventually, the absorption is more significant than
scattering. This is consistent with [31]. From this viewpoint, Au—
Si0y—Au structured nanoshells are also excellent candidates for
photothermal treatment, by which tumor tissue can be thermally
destroyed.

Fig. 7 shows the spectra properties of Au-SiOs—Au struc-
tured nanoshells with gold core radius fixed at 40 nm, silica
layer fixed at 20-nm thick, while the thickness of gold layer
is varied. It is apparent that a thinner gold shell results in a
longer wavelength resonance. This is in agreement with that of
conventional nanoshell.

C. Spectra Properties of Nanoshell With Five and Seven Layers

Encouraged by the difference between conventional
nanoshell and three-layer nanoshell, we further examined the
optical properties of nanoshells with multiple layers of more
than three layers. Fig. 8(a) and (b) illustrates, respectively, the
spectra of nanoshell with five layers, i.e., Au—SiOs—Au—SiOy—
Au in water, and with seven layers, i.e., Au—SiOy—Au—-SiOs—
Au-SiOs—Au. It can be seen from Fig. 8(a) that compared to
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the Au—SiO,—Au case, additional resonance peak appears in the
NIR region. The peaks in Fig. 8(a), from left to right, are believed
to be mainly contributed by the gold core, the middle gold layer,
and the outmost gold layer, respectively. For the second peak,
~850 nm, the scattering is bigger than the absorption. For the
third peak, ~1350 nm, however, it is just the opposite. In spite
of the complex synthesis procedure of multilayer nanoshell, the
phenomenon that two peaks with different scattering to absorp-
tion ratio in NIR hints us that such particles may be used as
a bifunctional candidate for both bioimaging and photothermal
treatment. The first NIR resonance peak with larger scattering
efficiency is desired for OCT imaging, and the second NIR peak
with larger absorption is more efficient to the thermal applica-
tions. Both functions are thus possibly realized by means of one
type of nanoshell excited by two laser sources with reasonable
frequencies, respectively. Confined to the length of the paper,
detailed influencing factors, such as the core to shell ratio and
the spacing dielectric media to the resonance properties, are not
discussed here. It will be developed in our later study with the
help of the presented algorithm.

Fig. 8(b) shows even more peaks in the NIR region. How-
ever, the fabrication of such multilayered nanoshells might be
very complicated. The purpose of this figure is just to show the
influencing trend of gold layers to the resonance. The potential
application needs to be investigated further.

Efficiency
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T T
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Extinction, absorption, and scattering spectra of a nanoshell with multiple layers. (a) Five layer: Au—SiO2—-Au—SiO2—Au with radii 30/50/60/80/90 nm
(b) Seven layer: Au—SiO2—Au-SiOz—Au with radii 30/50/60/80/90/110/120 nm.

D. Near-Field Enhancement of a Multilayered Nanoshell

To reveal the nature of plasmon resonance of a multilayered
nanoshell, the spatial distribution of electric-field enhancement
in the vicinity of the nanoshell is investigated. The field en-
hancement was defined as (1). In Fig. 9, the contour plot was
given for a conventional Au—SiO» nanoshell in water. Field en-
hancements are observed on both inside and outside surface of
the gold shell. However, a stronger field appears in the vicinity
of the outside than the inside of the nanoshell. Moreover, it is
noticed that the maximum enhancement appears along the po-
larization direction (x-axis). This is due to the dominant dipole
polarization produced by the polarized charges, which have a
higher density at both upper end and lower end. In addition, the
charges on the outer surface are much more than that on the inner
surface [32], [33]. In Fig. 9(a), the enhancement slightly devi-
ates from the exact polarization direction, which is contributed
by the quadruple interaction effect. Since the size parameter in
this case is more than 0.5, which is no longer a small particle
for which higher order terms can be neglected.

Fig. 10 plots the field distributions inside and outside an
Au-Si0s—Au structured nanoshell. Only XOZ-plane was shown
for analysis. The inner and outer radii of the gold shell are
fixed at 60 and 72 nm, while the gold core varies from 30 to
45 nm. The corresponding thickness of the silica layer is 30,



LIU et al.: PLASMON RESONANCE OF A MULTILAYERED GOLD NANOSHELL AND ITS POTENTIAL BIOAPPLICATIONS 803

-120  -90 -80 -20

Fig. 9.

Field enhancement in the vicinity of an isolated Au—SiO2 nanoshell with 60-nm radius SiOy core and 12-nm thick gold layer. Wave propagates along

z-axis, and field is polarized along x-axis. (a)—(c) are the three cross sections in planes indicated in the subtitles. (a) ZOX-plane. (b) XOY-plane. (¢) ZOY-plane.

Fig. 10.

120
229
206 0
183 0
180
137

H 1s .
916 P
637

458

229 -90

-120 .80 80 30 0

(©)

30 &0 120

Variation of field enhancement of an Au—SiOy—Au nanoshell in XOZ cross section. The radii of r1 /r2/r3 are indicated in the subtitle. The corresponding

wavelength for (a), (b), and (c) are 835, 915, and 1005 nm, respectively. (a) 30/60/72 nm. (b) 40/60/72 nm. (c) 45/60/72 nm.

(a)

Fig. 11.

20, and 15 nm, respectively, and the contours were plotted at
resonance wavelengths of 835, 915, and 1005 nm for Fig. 9(a)—
(c), respectively. It is seen that the maximum field is still along
the polarization direction, however, it now occurs inside the
dielectric layer instead outside. As shown in the figure, the
narrower the space, the stronger the enhancement becomes. This
can be explained by the reflecting and absorbing behavior of EM
wave in a cavity. When incident light irradiates an Au—SiOs—
Au-structured nanoshell, a part of energy penetrates through

3

(b)

Field enhancement at spherical surface, with 1 /ra/r3 = 40/60/72 nm. (a) r = 50 nm. (b) r = 73 nm.

the outer metal shell and then propagates toward the inner gold
particles. Between the two surfaces of r; and r», light is reflected
back and forth in the dielectric space, being trapped in the gap.
With the space getting narrower, the back-forth reflection occurs
more frequently. Furthermore, it is also noticed from Fig. 10 that
the field enhancement in the vicinity of the outer most surface
still keeps the asymmetric distribution caused by the motioned
quadruple effect. In order to quantify the field enhancement, the
contours at both inside and outside surface are plotted, as shown
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in Fig. 11. Fig. 11(a) and (b) is the field enhancement at surface

ry =

50 and 73 nm, respectively. The former is inside the silica

layer and the latter is outside the gold layer. It can be seen that
except the magnitude difference, the contour distribution at the
two locations are almost the same.

IV. CONCLUSION

In this paper, a multipole expansion model coupled with an
efficient recursive algorithm was employed to investigate the
surface plasmon resonance of a multilayered nanoshell. The
model was first verified by the scattering spectra of a single
Au-SiO, nanoshell, and then, applied to investigate the optical
spectra of multilayered nanoshell for potential application in
photothermal cancer treatment and biological imaging. After
a series of theoretical calculation and analysis, the following
conclusions can be made.

1y

2)

3)

4)

(1]

[2]

[3]

[4]

(5]

(6]

(71

(8]

Compared with a single-layered Au—SiO2 nanoshell, a
multilayered nanoshell produces additional dipole peaks
in the spectra. The number of peaks depends on the number
of gold layers, and the peak positions are affected by the
geometry size.

A three-layered gold nanoshell can shift the LSPR at wave-
length of 1300 nm or even longer under the condition of
feasible gold layer thickness and without much widening
the line width.

A five-layered nanoshell can exhibit two resonance peaks
in NIR region. Dual imaging/heating function may be re-
alized by designing one peak with larger scattering and the
other peak with larger absorption. The former is believed
crucial for ultrahigh resolution OCT bioimaging, and the
later is desired for high-efficiency thermal treatment.

The maximum field enhancement of an Au-SiOy—Au
nanoshell happens inside the silica layer. With other pa-
rameters kept constant, the narrower the silica layer, the
stronger the field is enhanced.
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