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The plasmonic gold nanoparticles are promising candidates for photothermal therapy (PTT)
application. The optical properties of various gold nanoparticles have been widely investigated
for PTT application in the first near-infrared (NIR) window (650 — 950 nm). However, few
studies are reported about the nanoparticles employed in the second NIR window (1000 — 1350
nm) where light penetrates through the tissue deeper. Recently a new type of plasmonic rod-in-
shell (RIS) nanoparticles that can be optically responsive in the second NIR window has been
reported (ACS Nano, 2013, 7, 5330). In this article, we employed an extensive numerical
exploration of the optical absorption properties of the RIS particles by tuning their dimensional
parameters including the core length, gap size and shell thickness. A number of favorable
optical properties of the RIS nanoparticle potentially for the better PTT effect have been
observed including: (1) the strong and highly tunable optical absorption in the second NIR
window with a particle size less than 100 nm; (2) a larger absorption cross-section both in the
first and second NIR window over a nanorod with the same gold mass; and (3) particles’
orientation insensitive light absorption in the first NIR window due to the overlapping of the
longitudinal and transverse mode. These unique optical properties imply the RIS nanoparticle
could become a promising candidate for the PTT application in the first and second NIR
window.
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absorption cross-section is an important factor to evaluate the
laser-induced thermal effect.'” The reason to choose the
particles’ absorption at the NIR region is that normal tissues
absorb and scatter light minimal at this region.">'® However,
the wavelength range between 650 and 950 nm called the first
NIR window is not the optimal because of the background
noise caused by the tissue auto-fluorescence and the limitation
of the tissue penetration depth between 1 and 2 cm.!” A recent
study showed that at the wavelength between 1000 and 1350
nm called the second NIR window light penetration depth
through the tissue reaches the maximum.'® This is highly
favourable for the treatment of deeply embedded tumors.

Many researches have focused on tuning the optical
properties of the nanoparticles to the first NIR window for PTT

Introduction

Plasmonic photothermal therapy (PTT) is a novel and
promising method in cancer therapy that utilizes selective laser
light and employs metallic photothermal nanoparticles that can
target the tumor cells. The incident laser excites the localized
surface plasmon resonance (LSPR) on the nanoparticles that
converts light into heat and causes irreversible damage to the
tumor tissues without hurting the healthy tissues. Compared
with traditional cancer therapy methods like surgery and
chemotherapy, it is minimally-invasive to the healthy tissues'.
The utilization of metallic plasmonic nanoparticles in PTT has
been widely investigated over the past few years.>> It has been

found that the light absorption cross section of the metallic 1923

nanoparticles can have four to five orders of magnitude greater
than that of the conventional photoabsorbing dyes.* > The gold
nanoparticles are promising candidates for the application of
PTT because their surface is easier to be functioned with the
ligands targeted to the tumor cells using the Au-S bond. In
addition, they have good biocompatibility for the possible in
vivo long-term circulations.®® The preferred size of the gold
nanoparticles should be less than 100 nm, because larger gold
nanoparticles show a shorter circulating half-life and are more
rapidly cleared by the reticuloendothelial system (RES), which
is not favourable for the specific targeting to the tumor sites
during the treatment.'® Moreover, the ideal gold
nanoparticles suitable for the PTT should have a large
absorption cross- section in the near-infrared (NIR) region. The

This journal is © The Royal Society of Chemistry 2013

application. Various gold nanoparticles like nanorods,
nanoshells?*?® and nanocages'" %! have exhibited good
photothermal therapeutic effects in the in vivo and in vitro
experiments. The optical absorption of gold nanorods,
nanoshells and nanocages are easily tuned to the first NIR
window by controlling their dimensional aspect ratios
(length/width or particle size/shell thickness).® *> However, the
nanorods seem to be the most extensively investigated particle
candidate for PTT due to a few reasons. Theoretical and
experimental studies have both shown that nanorods have a
larger absorption cross-section than nanoshells when
normalizing for particle size differences, as well as six times
greater heat generation per weight of gold than nanoshells.?® In
addition, the synthetic procedure of nanorods is relatively facile
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Figure 1. (A, C) Schematic illustration and (B, D) calculated absorption
spectra of (A, B) a Au nanorod (D =20 nm, L = 60 nm) or (C, D) a Au rod-
in-shell particle (D = 20 nm, L = 60 nm, 7 = 4 nm, G = 5 nm) when
illuminated by the (black) transversely or (red) longitudinally polarized
light. The blue and yellow shaded areas indicate the first and second
biological window (window 1 and window 2), respectively. (E) Near-field
intensity distribution of the resonance mode (i) — (iv).

and their shape is easier to be controlled compared with the
other two nanoparticles.*® Furthermore, nanorods contribute to
longer blood circulation time for better aggregation in the
tumor cells, although their optical absorption is orientation-
dependent.??

On the other hand, there are few studies referring to the gold
nanoparticles that can be employed in PTT in the second NIR
window. Recently a new type of plasmonic rod-in-shell (RIS)
nanoparticles via the galvanic reaction of Au-Ag rod-shells has
been reported by Tsai and his co-workers.** These
nanoparticles have a size smaller than 100 nm and can be
tailored to be responsive in both the first and second NIR
window. In vitro and in vivo experiments have clearly displayed
high efficacy in NIR photothermal destruction of cancer cells,
which has made the RIS structure a promising hyperthermia
agent in two NIR windows. Additionally, RIS particles exhibit
a more effective anticancer efficacy in the laser ablation of
solid tumors compared to gold nanorods in the first NIR
window with the use of an 808 nm diode laser. However,
before the further development of these particles for the PTT
applications a number of questions relevant to their optical
properties have to be answered. For example, what is the
tunable range of the optical resonances for the RIS particles?
Do they have a larger absorption cross-section than the
traditional gold nanoparticles such as nanorods? Are their
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Figure 2. Longitudinal plasmon hybridization diagram for a Au rod-in-shell
particle (D = 20 nm, L = 60 nm, 7= 4 nm, G = 5 nm) from the individual
nanorod and shell structures obtained using the FDTD simulations of their
absorption cross-section.

resonances orientation-sensitive to the incident light? What is
the plasmon mode for each individual resonance peak?

In this article, we theoretically investigated the optical
absorption properties of the RIS particles in a systematic
manner to optimize the structural dimension in terms of the
absorption cross-section and the resonance wavelength. We
have found that the longitudinal and transverse plasmon
resonances of the RIS particles are highly tunable through both
the first and the second NIR windows by controlling their core
size, gap size, and shell thickness. We also compared the
absorption cross-section of the longitudinal and transverse
modes of a RIS particle with that of a nanorod with a similar
size of the RIS’s core. Consequently, we observed some merits
of the RIS particles for better PTT efficacy in terms of the
resonance wavelength position and tunability, absorption cross-
section, and light polarization dependency.

Results and discussion

Our simulations were performed by employing a finite
difference time domain (FDTD) method using the program of
FDTD Solutions (Lumerical Solutions, Inc.). It is a simulation
program using the FDTD method to solve the electromagnetic
Maxwell equations, capable of analysing the interaction of light
with complicated structures. We have used Lumerical’s multi-
coefficient model (MCM) to fit the empirical dielectric
functions of Au and Ag®>3® (see Figure.S1 in the Supporting
Information). The simulation mesh size is set as 1 nm and the
calculated wavelength range is from 400 to 1400 nm. The
background medium of the particles is water. Figure 1A and C
show the schematic illustration of a gold nanorod and a rod-in-
shell (RIS) particle used in the simulation. The nanorod consists
of a cylinder and two rounded ends with a diameter (D) and a
total length (L), denoted as (D, L). The RIS particle has a gold
nanorod core (with a diameter D and a total length L), an outer
shell (with a thickness 7) and a hollow gap (with a gap size G)
in between, denoted as (D, L, T, G). Incident light illuminates
the nanoparticle with a polarization along the transverse (black
in Figure 1A, C) or the longitudinal (red in Figure 1A, C) axis

This journal is © The Royal Society of Chemistry 2012
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Figure 3.Calculated absorption spectra of a Au rod-in-shell particle (D =20
nm, L =60 nm, and 7'= 4 nm) with different gap sizes (G): (i) 3, (ii) 4, (iii)
5 and (iv) 6 nm, excited by (A) the transversely and (B) longitudinally
polarized light.

of the particle. The core of the RIS particle is composed of Au
and the outer shell is made of Au/Ag composite with a 1:1 ratio
in order to be consistent with the average atomic ratio of Au/Ag
in the energy-dispersive X-ray analysis of the experimental
samples.** We have realized that the experimentally obtained
RIS particles may have the irregular shape and porous shells.
For the sake of simplicity, we take a simulation model with a
complete and smooth shell, a regular rod-like shape and a gap
filled with air. The inclusion of peanut shape and tiny holes on
the shells will lead to small shifts of longitudinal and transverse
modes and slight change of intensities of resonance peaks (data
not shown).

Figure 1B displays the calculated absorption spectra of a
nanorod with a 20 nm diameter (D) and a 60 nm length (L).
Under the illumination of longitudinally polarized light, the
nanorod shows a strong plasmon resonance at 742 nm locating
in the first NIR window (red curve, mode i in Figure 1B). The
corresponding on-resonance near-field intensity distribution (i
in Figure 1E) clearly indicates its dipolar mode feature. In
contrast, only a very weak resonance mode at 515 nm can be
observed for the light polarized along the transverse axis (black
curve in Figure 1B). To fully understand the tunability of the
optical resonances, we have calculated the absorption spectra of
a nanorod with different lengths from 60 to 120 nm in Figure
S2 (in the Supporting Information). It is shown that as L
increases from 60 to 120 nm, namely, the aspect ratio (length
versus width) from 3 to 6, the longitudinal mode is shifted from
the first NIR window (e.g. 742 nm for i in Figure S2) to the
second NIR window (e.g. 1038 nm for iv in Figure S2) with an
increment of the absorption cross-section as well. While the
transverse mode remains constantly in the visible range (i.e. ~
510 nm) with a cross-section of one order of magnitude smaller
for various L. This means if we want to tailor the absorption of
nanorods to the second NIR window, the size of the nanorods
are most likely larger than 100 nm, which would shorten the
half-life during the circulation. Moreover, the chemical
synthesis of nanorods with an aspect ratio larger than 6 is still
quite challenging.

For a comparison, the absorption spectra of a RIS nano-
particle (20, 60, 4, 5) with a core of the same sized nanorod (20,

This journal is © The Royal Society of Chemistry 2012

60) discussed in Figure 1B are shown in Figure 1D, indicating
remarkably different resonant behaviours compared to the
conventional nanorods. Typically, the absorption cross-section
of a RIS particle dominates the contribution to the whole
extinction spectrum (see Figure S3 in the Supporting
Information). Under the longitudinal excitation, the RIS particle
shows two strong resonance modes at 681 (mode iii) and 1158
nm (mode iv), locating at the first and second NIR window,
respectively (red curve in Figure 1D). More interestingly, a
strong resonance mode at 696 nm (mode ii) in the first NIR
window can be observed as well under the transverse
polarization (black curve in Figure 1D). By careful comparison,
we have found that the RIS particles have many optical
advantages over the nanorods. First, the longitudinal absorption
response of the RIS particle is strongly active both in the first
and second NIR window and it does not require a larger
dimensional aspect ratio. This means that the RIS particles with
a suitable size (< 100 nm) can be easily tuned to be responsible
in the second NIR window potentially with better performance
for PTT applications. Next, the longitudinal absorption cross-
section of the RIS particles is greater than that of the nanorod in
both NIR windows even by normalizing the gold mass (see
Figure S4 in the Supporting Information), which potentially
indicates a better PTT efficacy. Additionally, the transverse
absorption response of the RIS particles is also quite strong in
the first NIR window, implying that the RIS particles can
generate heat efficiently as well when the incident light
polarization is along the transverse axis. More importantly, the
RIS particles may be used as a type of orientation insensitive
agent for the PTT application. Typically, the nanorods are
randomly distributed when chemically attached to the tumors.
Some of nanorods cannot work as the effective heat generation
agent when the NIR laser is polarized along the short axis of the
nanorods. In contrast, thanking for the overlapping of the strong
transverse mode and the longitudinal mode (see mode ii and iii
in Figure 1D), the RIS may always provide high PTT efficacy
in the first NIR window no matter how the particles are
oriented if a 690 nm laser is used. In order to gain more insights
into the plasmonic properties of the resonance modes (ii — iv) of
the RIS particles in Figure 1D, we also plotted their near-field
intensity distribution. It can be seen from Figure 1E that the
near-field intensity is in general strongly enhanced in the gap
for all resonance modes (ii — iv) compared to the mode i in the
conventional nanorods due to the plasmon coupling between
core and shell.*”** For the transverse mode (ii), the enhanced
near-field regions are mainly in the gaps along the width axis
with a maximum value (|E|) of 53, while for the longitudinal
modes (iii and iv), the enhanced regions are in the gap along the
length axis with a maximum value of 49 and 73, respectively.
In fact, by controlling the galvanic reaction the shell of RIS
particles may become porous in the Au/Ag layer,*' which
allows the molecules to access the gap regions. Therefore, the
enhanced near-fields in the gap of the RIS particles indicate a
promising application in surface enhanced Raman scattering.*?
The gap region filled with solvent will induce a dramatic
redshift of plasmon modes due to the increased refractive index
in the gap (see Figure S5 in the Supporting Information).

To understand the difference of absorption spectra between
the nanorod and the RIS particle, we utilize the plasmon
hybridization theory to explain their optical behaviours.** In the
framework of the plasmon hybridization model, the optical
spectrum of a RIS particle can be considered as the
hybridization of individual nanorod and shell plasmons. The
left and right panels in Figure 2 show the absorption spectra of
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Figure 4. Calculated absorption spectra of a Au rod-in-shell particle (D = 20
nm, G =5 nm, and 7 = 4 nm) with different lengths (L): (i) 40, (ii) 60, and
(iii) 80 nm, excited by (A) the transversely and (B) longitudinally polarized
light.

the individual nanorod and shell, with a dipolar rod mode and a
dipolar bonding shell mode clearly visible. Then dipolar
bonding shell mode is confirmed by the symmetric combination
of the surface charges on the inner and outer shell (see the
calculated modal surface charge distributions in the inset for the
symmetries of the modes). The dipolar antibonding shell mode
is expected to locate at the high-energy region and display very
weak intensity due to the weak coupling to the incident light
and the damping effect of interband transition. The weak mode
at around 2.6 eV for the shell structure is a high-ordered
bonding mode instead of the antibonding dipolar mode,
confirmed by the surface charge profile. The central panel
shows the absorption spectrum of the combined structure of a
RIS particle with two modes via the hybridization of individual
nanorod and shell dipolar plasmons. The hybridized mode at
around 1.1 eV is mainly a bonding combination of the bonding
shell dipole and the rod dipole, resulting in the mode shifting to
a lower energy range. We refer to this mode as the RBS mode.
The opposite surface charges on the nanorod and inner shell
surface also explains the strong electromagnetic field
enhancement in the gap region. In contrast, the surface charge
calculations indicate that the mode at around 1.8 eV (referred to
as the RAS mode) is mainly dominated by a bonding
combination of the antibonding shell dipole and the rod dipole.
We did not observe the plasmon hybridization of the high-
ordered mode (e.g. the mode at 2.6 eV) with the rod dipole,
because they do not have a same angular momentum in the
symmetric structure. However, in some broken-symmetric
structures, e.g. nanoeggs and semishells, the reduction in
symmetry can relaxes the selection rules, allowing for an
admixture of dipolar components in all plasmon modes.***** The
antibonding combination mode of the bonding shell dipole and
rod dipole does not exist is due to the small gap size induced
mode conversion in the RIS particle, which has also been
reported in a multilayer nanoshell system very recently.*®

To study the optical tunability of the RIS nanoparticles, we
have tuned their dimensional parameters including the gap size,
particle length and shell thickness and then compared the
variation of their absorption spectra. Figure 3 shows the
absorption spectral results of a RIS particle (D = 20 nm, L = 60
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Figure 5. Calculated absorption spectra of a Au rod-in-shell particle (D = 20
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4, (iii) 5 and (iv) 6 nm, excited by (A) the transversely and (B)
longitudinally polarized light.

nm, 7 =4 nm) under two polarization directions when changing
the gap size. As the gap size increases from 3 to 6 nm, the
transverse mode blue-shifts from 747 to 691 nm with a gradual
increment of absorption cross-section (see Figure 3A). This can
be explained by the fact that the plasmon coupling between
core and shell becomes weaker when the gap size increases.
Conversely, the longitudinal modes exhibit a different
dependence on the gap size variation. Figure 3B displays that
when the gap size increases from 3 to 6 nm, the RAS mode is
slightly blue-shifting from 687 to 675 nm with a nearly constant
intensity, the RBS mode shows an obvious blue-shift from 1334
to 1100 nm and three times increment of intensity, indicating a
much higher tunability in terms of the mode wavelength and
intensity compared to the transverse mode and the RAS mode.
Figure 4 shows the absorption spectra of a Au RIS particle
(D =20 nm, G =5 nm, T =4 nm) with different lengths excited
by the transversely and longitudinally polarized light. When the
length (L) of the RIS particle increases from 40 to 80 nm, the
transverse and longitudinal mode behave dramatically
differently. The transverse mode shows a slight spectral red-
shift from 676 to 706 nm and intensity increment, while the
longitudinal RAS and RBS mode exhibit a red-shift of more
than 190 and 500 nm (from 580 to 776 nm and from 892 nm to
more than 1400 nm), respectively, indicating a much larger
tunability. We expect that the RBS mode can be further tuned
to be at a higher wavelength, e.g., the mid-IR range, for the
application of surface enhanced infrared absorption
spectroscopy (SEIRA) due to its high field enhancement. Now
we switch to the discussion about the optical influence by
varying the shell thickness of the RIS particle. As indicated in
Figure 5, when the shell thickness is increased from 3 to 6 nm,
the transverse mode and the RBS mode show a blue-shift and
the RAS mode almost stay constant in terms of the wavelength
and the intensity, which is very similar to the results of tuning
the gap size shown in Figure 3. The blue-shift of the transverse
mode and the RBS mode is mainly induced by the blue-shift of
the bonding mode of the shell dipole due to the thicker shell
thickness, which has little impact on the RAS mode. In the
synthesis process the particle inhomogeneity and irregular

This journal is © The Royal Society of Chemistry 2012
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of the resonance mode (i) and (ii).

shape is inevitable. That will lead to the experimental spectra
broader than our simulation result.

Comparing the spectral variation by the altering the
dimensional parameters of RIS particles including the gap size,
core length and shell thickness, we have found that the core
length is the most sensitive parameter to impact on the optical
absorption spectrum, which is similar in conventional nanorod
particles. We also point out that the RBS mode has a largest
optical tunability from the first NIR window throughout the
second NIR window. However, the RAS mode and the
transverse mode can only be possibly tailored in the first NIR
window. This effect is most likely due to the stronger mode
hybridization in the RBS mode, which can also be
demonstrated by the large field enhancement in Figure 1 E.

In addition to the tunability of the resonance wavelength and
the corresponding absorption cross-section, we note that the
peak separation (i.e. the wavelength difference) between the
RAS and RBS mode is highly tailorable. For instance, for the
RIS particle of (i-iv) in Figure 3B, the peak separation is
possibly tuned from 430 to 650 nm by changing the gap size.
The high tunability and flexibility of the RAS and RBS mode
position  (including their high electromagnetic field
enhancement) and peak separation offer a number of merits for
the NIR SERS application. First, we can possibly align the RAS
and RBS mode to the laser line and the Stokes Raman band to
maximize the Raman signal amplification as a double-
resonance substrate in NIR SERS measurement,*’ where the
Raman scattering wavelength and the excitation wavelength
can be separated by over 100 nm. For example, Figure 6 shows
that a RIS particle (20, 80, 2, 3) has a field-enhanced double-
resonance of the mode i and ii at around 780 and 890 nm,
corresponding to the high-ordered RAS and RBS mode

This journal is © The Royal Society of Chemistry 2012
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(illustrated by the surface charge distribution in Figure 6B),
respectively. For a SERS measurement of 4-aminothiphenol
molecules, the mode i can be aligned to the excitation laser of
785 nm and consequently the mode ii can result in a maximal
enhancement factor of the v(CC) Raman band at 896 nm (i.e.
1589 cm™). In addition, the large peak separation also allows to
amplify the Raman band at a longer wavenumber, for example,
W(=CH) at around 3000 cm™'. Figure 7A shows another example
of an orientation-insensitive RIS particle (20, 80, 4, 3) for the
PTT application due to the overlapping to the mode ii and mode
iii at around 800 nm. The mode ii and mode iii corresponds to
the longitudinal high-ordered RBS mode and the transverse
mode (confirmed by the near-field enhancement and the surface
charge distribution profile in Figure 7B), respectively.
Moreover, the mode ii may improve the PTT efficacy due to its
large absorption cross-section.

Conclusions

We have theoretically simulated the optical absorption spectra
of the gold RIS nanoparticle and optimized it through tuning
the dimensional parameters including core length, gap size and
shell thickness for the PTT application in the first and second
NIR window. The optical resonance behaviours of the RIS
particle can be explained by the plasmon hybridization theory
via the hybridization of individual nanorod and shell plasmons.
Gold RIS nanoparticles have a number of advantageous optical
features for the PTT application compared to the gold nanorods,
for example, a stronger and highly tunable optical absorption in
the second NIR window with a suitable particle size (< 100 nm),
a larger absorption cross-section both in the first (for the
transverse mode) and second NIR window (for the longitudinal
mode) for a similar particle size, and particles’ orientation-
insensitive light absorption due to the overlapping of the strong
longitudinal and transverse mode in the first NIR window. The
strong near-field enhancement in the RIS particles’ gap and the
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flexible tunability of the peak separation in the double-
resonance mode imply the potential for the NIR SERS
application as well. Therefore, the results obtained in this work
will pave the way to the design and development of better
plasmonic nanostructures for the PTT application in the first
and second NIR window.
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The plasmonic rod-in-shell nanoparticles have a number of favorable optical
properties for the photothermal therapy application compared to the nanorods:
increased longitudinal and transversal absorption cross-section in the NIR window |,
larger and highly tunable absorption cross-section in the NIR window I, particles’
orientation insensitive for the heat generation.



