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Abstract

Gold nanoshells are concentric spherical constructs that possess highly desirable optical responses in the
near infrared. Gold nanoshells consist of a thin outer gold shell and a silica core and can be used for both
diagnostic and therapeutic purposes by tuning the optical response through changing the core—shell ratio as
well as the overall size. Although optical properties of gold nanoshells have already been well documented,
the reflectance characteristics are not well understood and have not yet been elucidated by experimental
measurements. Yet, in order to use gold nanoshells as an optical contrast agent for scattering-based optical
methods such as reflectance spectroscopy, it is critical to characterize the reflectance behavior. With this in
mind, we used a fiber-optic-based spectrometer to measure diffuse reflectance of gold nanoshell suspensions
from 500 nm to 900 nm. Experimental results show that gold nanoshells cause a significant increase in the
measured reflectance. Spectral features associated with scattering from large angles (~180°) were observed
at low nanoshell concentrations. Monte Carlo modeling of gold nanoshells reflectance demonstrated the
efficacy of using such methods to predict diffuse reflectance. Our studies suggest that gold nanoshells are an
excellent candidate as optical contrast agents and that Monte Carlo methods are a useful tool for opti-
mizing nanoshells best suited for scattering-based optical methods.

Abbreviations: NIR: near infrared; OCT: optical coherence tomography; CCD: charge-coupled device; POI:
point of photon insertion; LAS: large angle scattering

Introduction

Presently, diagnostic procedures to detect the
presence of cancerous tissue often include painful
biopsies, time-consuming histopathological analy-
sis, and conventional imaging techniques that use
potentially harmful ionizing radiation. However,
utilizing advanced optical technologies, such as
those proposed within the scope of this paper,
within the spectrum of cancer diagnostics can
prove beneficial in several important ways. First,
small and subtle changes in optical properties

associated with early cancers are difficult to discern
from normal tissue (Drezek et al., 2003), using
either the current conventional or optical tech-
nologies. Second, advances in optical technologies
for cancer diagnostics also promise to improve
sensitivity, specificity, and cost effectiveness, as
well as bring higher resolution and non-invasive
imaging and assessment of tissue over current
approaches.

Specifically, scattering-based optical techniques,
such as polarized scattering spectroscopy (Sokolov
et al., 2004) and optical coherence tomography
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(OCT) (Matheny et al., 2004), utilize intrinsic
changes, including increased nuclear size and
changes in refractive index, to differentiate normal
from diseased tissue. These methods have shown
considerable promise in overcoming limitations
associated with current optical techniques. How-
ever, these changes, and many other valuable
molecular indicators of early cancers, may not, at
the same time, generate obvious intrinsic optical
contrast. For this reason, optical contrast agents
that can, in fact, enhance the subtle differences
between normal and diseased tissue by targeting
specific biomolecular markers of interest are most
desirable for the early detection of cancer.
Various chemical and particle-based techniques
have been investigated for use as contrast agents
for optical technologies (Brigger et al. 2002; Licha,
2002; West & Halas, 2003). However, as optical
diagnosis of cancer is still a developing field, the
use of such agents is not routine. Particle-based
technologies have generated much interest for
enhancing contrast for optical imaging (Sokolov
et al., 2003; Loo et al., 2004a, b) and microscopy
(Loo et al., 2004a, b; Wang et al., 2004) due to
their unique optical capabilities and ease of adding
surface modifications. However, with the
advancement in nanotechnology, interest is rapidly
growing in developing nanoparticle-based contrast
agents to probe for and target molecular signa-
tures of interest. This exciting nexus of nano-bio-
opto technologies aims to improve detecting,
monitoring and sensing of biomolecules that can
potentially achieve earlier and greater accuracy in
cancer detection. Molecular-specific contrast
agents achieve specific targeting through antibody
binding of tumor cell surface molecules or tumor-
specific peptides. Antibody targeting has been used
extensively to achieve cell-selective targeting by
therapeutic and diagnostic agents, and it is espe-
cially useful for targeting biomarkers of cancers
(Chen et al., 2005; Michalet et al., 2005). To
illustrate, Chen et al. (2005) showed OCT image
enhancement using gold nanocages and have also
targeted breast cancer cells through the process of
bioconjugation. Levy et al. (2002) used targeted
silica, encapsulating magnetic nanoparticles and
fluorescent dyes, to enhance optical imaging and,
therefore, the detection and therapy of oral cancer
cells. In addition, nanoparticles, such as semicon-
ductor quantum dots, also have highly modifiable
surfaces and show similar potential for use as

target-specific probes (Akerman et al., 2002; Wang
et al., 2004). Chang et al. (2005), for example,
showed the utility of using protease-activated
quantum dots to potentially improve bioimaging
of protease activity.

In this paper, though, we consider the use of
metal nanoshells as an exogenous contrast agent.
Metal nanoshells consist of a dielectric core, typi-
cally silica, covered with a thin outer metallic shell,
usually gold. Gold nanoshells exhibit enhanced
scattering and absorption behavior due to the
strong plasmon resonance of the metallic-dielectric
concentric spherical configuration (Oldenburg
et al., 1998). In particular, the optical behavior of
gold nanoshells in the near infrared (NIR) wave-
lengths shows scattering and/or absorption cross
sections several times the particle geometric cross
section (Oldenburg et al., 1999). This is not seen
with comparable particles such as gold colloidal
nanoparticles, which show weak optical activity in
the NIR spectrum region (Kreibig & Vollmer,
1995). By varying the relative core size and shell
thickness, the peak resonance of the gold nano-
shells can be systematically varied across a broad
range of the optical spectrum that spans the visible
and the near infrared spectral regions. In Figure 1,
Mie extinction plots are shown with a 50 nm
radius silica core and an increasing core radius-to-
shell thickness ratio that shifts the peak resonance
into the NIR. Gold nanoshells can also be tuned to
preferentially absorb or scatter at the same peak
optical resonance (Loo et al., 2004a, b). Under
current laboratory methods, it is possible to fab-
ricate gold nanoshells of varying sizes with exper-
imental observations of optical attenuation closely
matching Mie theory. The fabrication method
utilizes a combination of molecular self-assembly
and colloid chemistry in aqueous solution.

The strong optical responses of gold nanoshells
in the NIR are especially useful for biophotonic
applications where medium optical transmissivity
peaks. Gold nanoshell surfaces are virtually
chemically identical to gold colloid used in
numerous bioconjugate applications (Faulk &
Taylor, 1971). By functionalizing gold nanoshell
surfaces with target-specific antibodies, Loo et al.
(2004a, b) showed that visualization of HER2-
positive breast cancer cells under brightfield and
darkfield microscopy could be enhanced using
HER2-targeting gold nanoshells. The targeted
cancer cells can then be selectively destroyed via
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Figure 1. By increasing the core radius-to-shell thickness ratio, the peak extinction resonance can be shifted well into the NIR.
Peak resonance shifts to longer wavelengths for gold nanoshells with a core (silica) radius of 50 nm and a decreasing gold shell

thickness.

photothermal destruction (Loo et al., 2005).
Although gold nanoshells have already shown
considerable success in both cancer imaging and
therapy, the reported optical properties of nano-
shells thus far show only properties in transmis-
sion, and experimental measurements have not yet
been reported for reflectance. Characterizing
nanoshell reflectance is, therefore, a crucial step in
understanding how gold nanoshells affect tissue
reflectance for scattering-based optical methods.
This will, in turn, help in further elucidating the
efficacy of gold nanoshells as an optical contrast
agent.

Using experimental and computational tools, we
evaluated diffuse reflectance behavior of gold
nanoshells suspended in water. We first used ana-
Iytical electromagnetic methods to calculate opti-
cal properties of various nanoshells with a variety
of scattering and absorbing capabilities. Subse-
quently, we measured diffuse reflectance of gold
nanoshell suspensions of varying concentrations
using a fixed geometry fiber-probe-based spec-
trometer. To investigate the efficacy of using

computational methods to predict reflectance from
nanoparticle suspensions, Monte Carlo methods
were used to model diffuse reflectance from com-
puter models based on these same gold nanoshell
suspensions. It should be further noted that Monte
Carlo methods have been widely used to simulate
photon propagation through a turbid medium,
such as biological tissue (Wang et al., 1995). As
such, the use of these methods can also assist in
evaluating predictions of macroscopic reflectance
behavior of nanoparticles, such as gold nanoshells,
in a turbid medium.

Based on our studies, we show that the mea-
sured diffuse reflectance from gold nanoshell sus-
pensions can be efficiently modeled with Monte
Carlo methods. In general, reflectance is greater
with high scattering, low absorption and low
anisotropy of nanoshells (greater probability of
scattering backwards). Due to the fixed fiber-probe
geometry, spectral features related to scattering
from large angles (~180°) become more noticeable
at lower nanoshell concentrations. As a result,
scattering from large angles results in higher
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measured reflectance and may be a useful feature
for detecting the presence of nanoshells at low
concentrations. However, at the same time, the
accuracy of computational predictions may be
limited. The Monte Carlo models cannot account
for the rise in detection of photons that are singly
scattered at large angles (~180°), as the assump-
tion that gold nanoshells gives rise to a homoge-
nous change in optical properties of the medium,
may not be accurate at low concentrations of
nanoshells.

Methods

Gold nanoshells have been shown by various
investigators to possess unique properties for use
as an optical contrast agent and also as a thera-
peutic agent for cancer diagnosis and treatment
(Loo et al., 2005). To non-invasively detect early
cancers, using gold nanoshells as a scattering-
based optical contrast agent, there is a need to
understand how gold nanoshells affect diffuse
reflectance.

Optical properties of gold nanoshells

The optical response of gold nanoshells can be
described by using computed solutions of Mie the-
ory for concentric spherical shells at the boundaries
between different mediums: the gold shell, the silica
core, and the embedding medium (Oldenburget al.,
1999). To investigate how optical properties of gold
nanoshells affect diffuse reflectance, theoretical
optical properties of gold nanoshells were first cal-
culated with excitation wavelengths from 500 nm to
900 nm in water (n = 1.33). Using Mie scattering
solutions at 180° (opposite direction to the excita-
tion wave direction), the scattering efficiencies were
calculated to examine the effect of scattering from
large angles on reflectance. To avoid confusion, in
this paper, theoretical scattering efficiency from
180° will subsequently be called the Q5 scattering
efficiency. From Mie Theory, the Qg efficiency is
given as

4 o
Oigo = W|511(180 )|

2
where k = %n ,r = radius

The term S;;(180°) is the Mie angular scattering
component in the direction opposite of the exci-
tation plane wave (van der Hulst, 1981; Bohren
and Huffman, 1983). Gold nanoshells of approxi-
mately R71/84 (representing a core radius of
71 nm and total radius of 84 nm), R104/127 and
R154/178, all showing different optical properties,
were selected and used for the Monte Carlo studies
and fabricated for spectroscopic measurements.

Gold nanoshell fabrication

Gold nanoshells of a wide range of sizes can, with
adequate predictability and reproducibility, be
fabricated using current laboratory protocols.
First, the silica cores were made by reducing tet-
racthylorthosilicate (Sigma-Aldrich) in ethanol as
outlined by Stober et al. (1968). The average size of
the silica core nanoparticles were then determined
by scanning electron microscopy, SEM (Philips
FEI XL30). The surface of the Stober particles
were then functionalized with amine groups using
3-aminopropylethoxysilane (Sigma-Aldrich). To
form the outer gold shell, the aminated silica par-
ticles were added to concentrated, aged (2 weeks at
~4 °C) gold colloid that was grown using the
method outlined by Duff & Baker (1993). The gold
colloid adsorbs onto the aminated surface and
forms nucleation sites for the further reduction of
gold onto the Stober nanoparticle surface. The
gold shell was then grown by reacting HAuCly
(Sigma-Aldrich) with the gold-seeded aminated
particles in the presence of formaldehyde. The
absorbance characteristics of the nanoshells were
monitored using a UV-Vis spectrophotometer.
The average size and distribution of the gold
nanoshells were then measured using the SEM and
the standard deviations of the nanoshell sizes were
determined to be approximately 5%. The sizes of
the nanoshells were then reconfirmed by compar-
ing the UV-VIS measurements and the theoretical
Mie extinction at the average size. Gold nanoshells
of average sizes approximately R71/84 (represent-
ing a core radius of 71 nm and an overall radius of
84 nm), R104/127 and R154/178 were fabricated to
encompass a variety of different optical properties.
Figure 2 shows a SEM micrograph of the R154/
178 gold nanoshell, one of the nanoshells
fabricated for the spectroscopy studies. The gold
nanoshell suspensions were concentrated to a
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Figure 2. Scanning electron microscope (SEM) image of
the R154/178 (representing a core radius of 154 nm and
overall radius of 178 nm) nanoshell. The scale bar repre-
sents 500 pm.

volume fraction of approximately 0.0002 for
spectroscopic measurements.

Diffuse reflectance spectroscopy

Diffuse reflectance measurements of nanoshell
suspensions were performed using a fiber-optic-
based Ocean Optics HR2000 spectrometer (Ocean
Optics, Inc., Dunedin, FL). The instrument con-
sists of a tungsten-halogen broadband light source
(DH2000, Ocean Optics, Inc.) and a spectrometer
(HR2000, Ocean Optics, Inc.) with a 2048 element
charge-coupled device (CCD) (UV2/OFLV-5,
Ocean Optics, Inc.). The spectrometer has a slit
width of 5 um with the optical resolution of
approximately 0.66 nm. The instrument was set up
to collect diffuse reflectance of nanoshell suspen-
sions from 500 nm to 900 nm through a fiber optic
reflection probe. The illumination and collection is
coupled through a fiber probe consisting of six
illumination fibers around one read fiber (R400-
ANGLE, Ocean Optics, Inc.). Each fiber is
400 um in diameter with a numerical aperture of
0.22, and the probe end employs a 30° glass win-
dow to eliminate specular reflectance. The charge-
coupled device in the spectrometer detects reflected
light and presents the intensity as a function of
wavelength. A diffuse reflection standard (WS-1,
Ocean Optics, Inc.) submerged in water was used
as the 100% reflectance reference. The angled
probe was placed approximately 0.3 cm above the
surface of the reference and the detected reflec-
tance was referenced as 100% reflectance with an
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integration time of 700 ms. This process ensures
maximum detection of reflected photons without
detector saturation. A darkened cuvette with water
was used as the base reference (0% reflectance)
with the probe immersed and illumination turned
on. Suspensions of gold nanoshells were measured
with a starting volume fraction (V) of ~0.0002
and subsequently diluted by 5x, 25x, and 100x.
Each suspension was measured using a darkened
cuvette with the probe immersed in the nanoshell
suspension and the percent diffuse reflectance
recorded with an integration time of 700 ms.

Monte Carlo modeling

Photon propagation through a turbid medium,
such as biological tissue, can be efficiently modeled
using Monte Carlo methods. The method allows
investigators to accurately predict how light
interacts with tissue without the use of actual
biological tissue. Monte Carlo modeling of photon
transport by Wang et al. (1995), a computational
tool written in Standard C (MCML), has been
widely used to simulate the random walk of pho-
tons through multilayered turbid media. Scattering
and absorption events of photons propagating
through a turbid medium can be accurately mod-
eled using this method. Then, as optical parame-
ters, such as scattering and absorption coefficients
of the model, are changed, the propagation
behavior changes accordingly. In our study, dif-
fuse reflectance from a suspension of nanoshells in
water was modeled as a homogenous medium.
Following the method shown by Lin et al. (2005),
the scattering and absorption cross sections (C) of
gold nanoshells can be related to the scattering
(usca) and absorption coefficients (p,ps) by

Hgcaabs = NxC (2)

where N is the number of particles per unit vol-
ume. The scattering and absorption coefficients
can then be used in the Monte Carlo simulations.
To simulate the diffuse reflectance from gold
nanoshell suspensions, the embedding medium
index of refraction was set at n = 1.33 (water) and
n = 1.5 (glass) for the source medium. To effi-
ciently model and study the diffuse reflectance
measured from the experimental measurements,
we employed the use of a simplified Monte Carlo
model to simulate diffuse reflectance from a gold



686

(a)
lllumination Collection
Fiber Fiber

(b)

Point of Photon
Insertion

Diffusely Reflected
Photon

|

>500um

r = 500um

V)

Experimental Schematic

Modeling Schematic

Figure 3. Schematic shows the (a) experimental setup and (b) the simplified model used in the Monte Carlo studies. Schematic
(a) shows the use of the 6-illumination around 1-collection fiber optic probe. Gold nanoshell suspensions were modeled as a
homogenous bulk semi-infinite layer (¢ = 1.0 x 10® cm) at the point where photons are introduced (POI) into the model at
0 pm shown in (b). The distribution of photon reflectance was analyzed up to r = 500 um, and all the photons that were
remitted at radii > 500 pm were tallied. The total diffuse reflectance, regardless of the distribution, was used in comparison to

the experimental results.

nanoshell suspension. Figure 3 shows the experi-
mental (Figure 3(a)) and modeling (Figure 3(b))
schematic, where the collection geometry of the
fiber optic probe used in the experimental mea-
surements was simplified and the modeled diffuse
reflectance is collected regardless of where the
photon is remitted. The modeled diffuse reflec-
tance will be compared to the experimental mea-
surements, followed by an analysis of the radial
distribution of the modeled photon reflectance.
The scattering and absorption coefficients of the
gold nanoshells at the average size of R71/84,
R104/127 and R154/178 were calculated with
volume fractions of 0.0002 (1x), 4x 107 (5x),
8 x 107 (25x), and 2 x 107® (100x). In this cal-
culation and subsequent use in the Monte Carlo
simulations, the size distributions of the fabricated
gold nanoshells were neglected and only the aver-
age size was considered. The optical properties of
water were not considered in the final optical
properties of the model because the experimental
setup eliminates optical attenuation due to water.
The nanoshell suspension was modeled as a semi-
infinite homogenous (depth (d) = 1.0 x 10% cm)
layer. As the nanoshell suspensions are diluted, the
optical coefficients decrease proportionately as
demonstrated by Eq. (2). The MCML method

assumes that the angular scattering pattern of the
turbid media follows the Henyey—Greenstein
approximation (Henyey & Greenstein, 1941). It is
also important that the angular scattering pattern
of gold nanoshells can be approximated to the
Henyey—Greenstein scattering pattern. Figure 4
shows the comparison between the actual angular
scattering pattern and the scattering pattern
approximated by Henyey—Greenstein. The graphs
in Figure 4 show the scattering patterns of the
R104/127 nanoshell at 630 nm (Figure 4(a)) and at
830 nm (Figure 4(b)). While there are small
differences, gold nanoshell angular scattering is
adequately estimated by the Henyey—Greenstein
approximation.

Results

Figures 5 through 7 show the computational and
experimental results of the R104/127, R71/84 and
R154/178 nanoshells, respectively. To avoid con-
fusion, features from the measured reflectance
spectra related to photon scattering from large
angles (~180°) will hereinafter be referred to as
Large Angle Scattering (LAS). Graphs (a) and (b)
in Figures 5-7 show the theoretical nanoshell



- Mie Scattering
0.5 A — Henyey-Greenstein

0 T T T T 1
0 0.2 0.4 0.6 0.8 1
Angle (r rad)
(b) 0.6
-# Mie Scattering
0.5 1 — Henyey-Greenstein
0.4 4
T
5 0.3 1
0.2
0.1 &-\_\__\
0 T T T T 1
0 0.2 0.4 0.6 0.8 1

Angle (r rad)

Figure 4. Graphs shows the angular scattering patterns of
the R104/127 gold nanoshell at (a) 630 nm and (b) 830 nm.
The graphs show that the theoretical Mie scattering pat-
terns is adequately estimation by the Henyey—Greenstein
phase scattering approximation, and thus appropriately
modeled in Monte Carlo.

optical properties calculated from Mie theory.
Figures 5(a), 6(a) and 7(a) show the scattering,
absorption, extinction and 180-Scattering (van der
Hulst, 1981 (efficiencies as a function of wave-
length and Figures 5(b), 6(b) and 7(b) shows the
anisotropy parameter (g value) as a function of
wavelength. Spectroscopy measurements of gold
nanoshell suspensions diluted from 1x to 100x are
shown in Figures 5(c), 6(c) and 7(c). The Monte
Carlo simulation results for each nanoshell are
shown in Figures 5(d), 6(d) and 7(d). To further
analyze the modeling results, Figure 8 shows the
percent reflectance as a function of the collection
radius at 700 nm over the first 500 pm radius of
the R71/84 nanoshell suspension model. In the
graph (Figure 8), 0 um represents the point of
photon packet introduction (POI), and the x-axis
(radius) is the distance from POI at which the
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reflectance is recorded. It is important to note that
the total reflectance remains the same for the dif-
ferent dilutions modeled (Figure 6(d)). Each data
point in Figure 8 represents the modeled reflec-
tance accumulated from each 50 pm interval and is
represented at the midpoint. The insert in Fig-
ure 8, shows the accumulated modeled reflectance
collected over the first 500 pm radius as a per-
centage of the modeled total diffuse reflectance
that was collected regardless of radial distribution.
Figure 9 shows the accumulated diffuse reflectance
collected from a radius of > 500 pm, with respect
to volume fraction of the R71/84 gold nanoshell.

Discussion
Diffuse reflectance spectroscopy

Scattering and absorption

From the results shown in Figures 5-7, a marked
change in diffuse reflectance was observed, par-
ticularly for longer wavelengths in all the nano-
shells used in our studies. From these results,
nanoshells that exhibit high scattering, with low
absorption and low anisotropy, generally exhibit
substantial changes in measured diffuse reflec-
tance. In general, then, we can say that higher
scattering and lower absorption efficiencies will
result in higher measured reflectance. However, it
should be added that this generalization is com-
plicated by the changing anisotropy factor across
the spectral range, which is explained below.

Anisotropy parameter (g)

The anisotropy parameter, g, a dimensionless
number, is a measure of the photon travel direc-
tion retained after a single scattering event and is
the expectation value for average cos(f) shown in
Figures 5(b), 6(b) and 7(b). The value of g ranges
from —1 to 1, with a positive value indicating the
preference for forward scattering and a negative
value for backward scattering. A value of 0 indi-
cates isotropic scattering and equal probability of
scattering in all directions. The nanoshells used in
our studies have anisotropy values that change
with wavelength. This results in photons that are
more backward scattering and, hence, the phe-
nomenon contributes to the overall measured
reflectance. As shown in Figures 5(c), 6(c) and
7(c), at Vy = 0.0002, the R71/84 nanoshell shows
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Figure 5. Graphs show computational and experimental results from the R104/127 nanoshell. Graph (a) shows the scattering,
absorption, extinction, and 180-Scattering (Scattering from 180°) properties calculated from Mie Theory. From Mie calculations,
we can also obtain the anisotropy parameter (g) shown in graph (b). Diffuse reflectance spectroscopy experiments of diluting gold
nanoshell suspensions are shown in graph (c). Diluting the suspension by 5x, 25x and 100x shows decreasing detected reflec-
tance. Using Monte Carlo computational methods, diffuse reflectance of the R104/127 nanoshell suspended in water is simulated.
Results only show one representative line, while the total reflectance of diluting a suspension remains the same.

a diffuse reflectance of approximately 15% within
the 800 nm to 900 nm wavelength region, while
the R154/178 nanoshell also shows reflectance
approximately 15% within the same wavelength
region. This occurs despite that the R154/178
nanoshell shows higher scattering efficiencies and
lower absorption efficiencies compared to the R71/
84 nanoshell. This discrepancy is likely a result of
the lower anisotropy values at 800 nm to 900 nm
of the R71/84 nanoshell as compared to the R154/
178 nanoshell.

Large angle scattering (LAS)

As nanoshell suspensions are diluted, the inter-
particle distance between nanoshell particles
increases causing the number of detectable LAS
photons to increase. As the particles are farther

apart, photons scattered from large angles (~180°)
are more likely to travel directly to the collection
fiber without interacting with any other particle.
This gives rise to spectral features that are more
obvious at lower nanoshell concentrations. These
features observed at lower concentrations can be
related to the Qg9 scattering efficiencies (Mie
scattering solution at 180°) of nanoshells shown in
Figures 5(a), 6(a) and 7(a) and which can be rep-
resentative of photons scattered at approximately
180°. The R104/127 nanoshell shows a small
reflectance peak at approximately 610 nm that is
more noticeable at dilutions greater than 25x
(Figure 5(c)), and this peak is seen in the
180-Scattering efficiencies shown in Figure 5(a).
Similarly, the R154/178 nanoshell shows two
peaks, one at ~590 nm and another at ~730 nm,
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Figure 6. Graphs show computational and experimental results from the R71/84 nanoshell. See description for Figure 3.

where the peak at ~710 nm was only observed at
dilutions greater than 5x (Figure 7(c)). The peak
at ~710 nm corresponds to the peak seen in the
180-Scattering efficiency shown in Figure 7(a).

Monte Carlo modeling

In the graphs shown in Figures 5(d), 6(d) and 7(d),
the modeling results are shown for each nanoshell.
The graphs show the total diffusely reflected
photons collected regardless of the radial distri-
bution; and the diffuse reflectance from different
concentrations of nanoshell suspensions remains
the same, and only a single line is shown in the
results. Diffuse reflectance of a model generally
remains the same if the p-to-u, ratio (with other
parameters constant) remains the constant. How-
ever, the experimental results show that the
detected diffuse reflectance decreases as the con-
centration of the nanoshell suspension is lowered.
In general, the modeling results correspond to the
measured spectra at high concentrations, with

variations due to both the influence of LAS and
the variation in nanoshell size distribution from
the fabrication process. Then, as the suspension
concentration is lowered, the detected reflectance
signal appears to show an increase in photons that
were scattered from large angles (~180°). To
investigate how decreasing nanoshell concentra-
tion affects the reflectance signal collected, we first
analyzed the radial distribution of the measured
diffuse reflectance up to 500 pm from the POI (see
Figures 3 and 8). From Figure §, the 1x suspen-
sion shows the greatest change in reflectance over
the first 200 um radius, and at lower concentra-
tions, while the reflectance remains low and more
evenly distributed through 500 pm. To further
analyze photon distribution, Figure 9 shows the
accumulated diffuse reflectance of all reflected
photons at any distance greater than 500 pm as a
function of the volume fraction (R71/84). The
most dilute nanoshell suspensions show the high-
est accumulated diffuse reflectance for distances
> 500 um. With decreasing volume fraction, a
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Figure 7. Graphs show computational and experimental results from the R154/178 nanoshell. See description for Figure 3.

3.5

—-1x g . 100
=) | 1x
- 5x £5 80
3.0 —&—25x g ; 60 m 5x
;\? -O-100x % g
:2'5_ '.g‘g_ 20 {m 25x
3] Pgc) 100x
c 0+ : : : .
S 2.0 0  0.00005 0.0001 0.00015 0.0002
-
o Volume Fraction
K}
@ 1.5
@
]
5 1.0
b=
a 0.5 4
0.0 | A—= A A
U - T T T T T T T T
0 100 200 300 400 500
Radius (um)

Figure 8. Using the results from the Monte Carlo computations, the distribution of photons across the collection radius is
analyzed. The graph shows the accumulated reflectance, at 50 pm intervals up to 500 um, of the R71/84 nanoshell dilutions at
700 nm excitation wavelength and where 0 pwm represents the point where photon packets are introduced. It is important to
remember that, regardless of distribution, the total reflectance remains the same for the dilutions of the same nanoshell
suspension. The insert shows the accumulated reflectance of photons from radial distances less than 500 pwm as a percentage of
the total modeled reflectance. At 1x concentration, this is almost 100%, and therefore the modeled reflectance (Figures 5(d),
6(d) and 7(d) corresponds to experimental measurements of highly concentrated gold nanoshell suspensions.



Diffuse Reflectance (%)

0 ; ; ; *
0 0.00005 0.0001 0.00015 0.0002
Volume Fraction

Figure 9. Graph shows that a greater proportion of pho-
tons is reflected farther away from the source when all the
photons remitted at > 500 um for the R71/84 nanoshell are
accumulated. As the volume fraction of nanoshells de-
creases, a greater number of photons are remitted
> 500 pm.

greater proportion of photons are remitted further
away from the POI ( > 500 um); at the same time,
as the extinction coefficient decreases, an increas-
ing effective photon pathlength results. In order to
understand why the experimental results corre-
spond more closely to the modeled total reflec-
tance at higher nanoshell concentrations, we
analyzed the distribution of the photon reflec-
tance. From the insert shown in Figure 8, the
modeled diffuse reflectance collected from a radial
distance less than 500 pm from the POI of the 1x
nanoshell suspension is almost 100% of the total
reflectance, whereas, the 100x suspension shows
only about 6% of the total modeled reflectance.
From the modeling results, we can infer that, in
the experimental measurements, the fiber optic
probe (diameter of collection fiber = 400 pm)
detect most of the diffusely reflected photons from
a highly concentrated suspension of gold nano-
shells.

In summary, when the results from the modeling
and spectroscopy studies are compared, the
experimental observation demonstrates that
decreasing nanoshell concentrations appear to
decrease the measured diffuse reflectance. Analysis
of the photon distribution of the Monte Carlo
models suggests that the experimental observa-
tions of decreasing diffuse reflectance are due, in
fact, to the fixed fiber-probe geometry. In the
spectroscopy measurements, the source-detector
separation distance (distance between the source
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fiber and the collection fiber) of the probe is con-
stant and can only collect photons up to a fixed
distance. When the nanoshell volume fraction is
lowered, the fiber-probe detects decreasing diffuse
reflectance, where a greater proportion of reflected
photons is not detected at all by the probe.

Conclusions

The unique, tunable and strong optical responses
of gold nanoshells, particularly in the NIR, are
most desirable for biophotonics applications. Gold
nanoshell optical properties have already been
widely reported and are typically shown in trans-
mission. In this paper, we show both experimental
and modeling analysis of gold nanoshell reflec-
tance. As gold nanoshell reflectance has not yet
been investigated, it is important to understand
how tissue reflectance will be altered when used in
conjunction with scattering-based spectroscopic
methods for the detection of cancers targeted by
gold nanoshells. From our studies, we show that
gold nanoshells with high scattering efficiencies and
low anisotropy parameter values (g) of nanoshells
are ideal for producing a significant increase in
diffuse reflectance. The high scattering efficiencies
at 180 degrees (Qg9) were observed to significantly
alter scattering signatures, especially at lower
concentrations. This important property has
already been shown to improve contrast for scat-
tering-based imaging with OCT (Barton et al.,
2004; Agrawal et al., 2006). From the Monte Carlo
studies, gold nanoshell reflectance can be accu-
rately modeled as a homogenous medium and may
be useful for modeling reflectance of tissue with
embedded gold nanoshells. In this paper, we have
also shown that gold nanoshells are an excellent
candidate as an optical contrast agent for altering
scattering signatures for scattering-based diagnos-
tic modalities. Furthermore, the modeling method
can be used to obtain optimized nanoshells best
suited for scattering-based optical technologies.
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