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Metal nanoshells are a class of nanoparticles with tunable optical
resonances. In this article, an application of this technology to
thermal ablative therapy for cancer is described. By tuning the
nanoshells to strongly absorb light in the near infrared, where
optical transmission through tissue is optimal, a distribution of
nanoshells at depth in tissue can be used to deliver a therapeutic
dose of heat by using moderately low exposures of extracorpore-
ally applied near-infrared (NIR) light. Human breast carcinoma cells
incubated with nanoshells in vitro were found to have undergone
photothermally induced morbidity on exposure to NIR light (820
nm, 35 W/cm?), as determined by using a fluorescent viability stain.
Cells without nanoshells displayed no loss in viability after the
same periods and conditions of NIR illumination. Likewise, in vivo
studies under magnetic resonance guidance revealed that expo-
sure to low doses of NIR light (820 nm, 4 W/cm?) in solid tumors
treated with metal nanoshells reached average maximum temper-
atures capable of inducing irreversible tissue damage (AT = 37.4 =
6.6°C) within 4-6 min. Controls treated without nanoshells dem-
onstrated significantly lower average temperatures on exposure to
NIR light (AT < 10°C). These findings demonstrated good correla-
tion with histological findings. Tissues heated above the thermal
damage threshold displayed coagulation, cell shrinkage, and loss
of nuclear staining, which are indicators of irreversible thermal
damage. Control tissues appeared undamaged.

C onventional surgical treatment of solid tumors is an effective
therapy for the removal of well defined, accessible, primary
tumors located within nonvital tissue regions. However, the high
morbidity and invasive nature associated with surgical resection
renders this therapy unsuitable for treatment of small, poorly
defined metastases or other tumors embedded within vital
regions. Thermal ablation therapies can provide a minimally
invasive alternative to conventional surgical treatment of solid
tumors. In addition to their minimally invasive nature, thermal
therapeutic procedures are relatively simple to perform and
therefore have the potential of improving recovery times, re-
ducing complication rates and hospital stays. Thermal delivery
methods that warrant investigation for local tissue ablation
include laser-induced thermal therapy (1-3), microwave and
radiofrequency (RF) ablation (4-6), magnetic thermal ablation
(7, 8), and focused ultrasound (9).

The goal of a minimally invasive thermal ablation treatment is
to conform a lethal dose of heat to the prescribed tissue volume
with as little damage to intervening and surrounding normal
tissue as possible. Usually, delivery is by means of interstitial or
intracavity placement of catheters or probes. Externally focused
ultrasound transducers have successfully provided a means by
which thermal therapies can be performed extracorporeally, but
the volume and speed of such treatments is limited by the
potential destruction of normal tissue in the near field between
the target and the ultrasound probe (10). RF and microwave
therapies suffer from similar near field or intervening tissue
problems. In addition, energy deposition is often much slower
with these moieties, serving to increase the treatment time and
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generate less sharp lesion boundaries. Like RF and microwave
therapies, laser-induced thermal therapy approaches suffer a
common limitation, which arises from the fact that the heating
from these sources is nonspecific, making the energy source the
heat source. Treatment volumes and times are therefore limited
by the maximum temperature near the tip and the temperature
at the expanding thermal boundary. Treatment of larger volumes
with this method often requires slow diffusion from the source,
resulting in extended treatment times and generating poorly
defined lesion boundaries. In particular, this method makes
treatment of large or irregularly sized lesions with conventional
laser thermal therapy impractical and somewhat difficult (3). Yet
another approach uses alternating magnetic fields to heat oxide
nanoparticles embedded within tissue. Unlike the techniques
listed above, this magnetic thermal therapy approach provides
selective heating to tissues loaded with the thermal coupling
agent (iron oxide in this case). Potential limitation appears to be
the high quantity of iron required to induce heating; tumors were
injected with up to 10% total weight of iron oxide.

Here we present an approach to thermal therapeutics using a
class of nanoparticles called metal nanoshells, which perform as
intense near-infrared (NIR) absorbers. Metal nanoshells consist
of a spherical dielectric core nanoparticle, in this case silica,
which is surrounded by a thin metal shell, in this case gold (11,
12). These particles possess a highly tunable plasmon resonance,
a resonant phenomenon whereby light induces collective oscil-
lations of conductive metal electrons at the nanoshell surface.
The particle’s plasmon resonance, in turn, determines the ab-
sorbing and scattering properties of the particle. Whereas many
bulk metals demonstrate plasmon resonance behavior, they do
so over a very small region of the visible spectrum. Unique to
nanoshells is their plasmon tunability, as well as the ease and
controllability by which the tunability is achieved. By controlling
the relative thickness of the core and shell layers of the nano-
particle, the plasmon resonance and the resultant optical ab-
sorption of nanoshells can be tuned across a broad region of the
spectrum from the near-UV to the midinfrared. This range spans
the NIR (13), a region where optical absorption in tissue is
minimal and penetration is optimal (14). To date, nanoshells
have demonstrated their usefulness in applications ranging from
photooxidation inhibition in photoluminescent polymer films
(15), Raman sensors that can be optimized to specific pump laser
wavelengths (16, 17), substrates for whole-blood biosensing (18),
optically triggered drug delivery (19), and optomechanical ma-
terials (20, 21).

In this article, we used silica—gold nanoshells with a strong
absorption in the NIR. As an NIR absorber, nanoshells are
optically very robust; the nanoshell’s rigid structure and noble
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metal surface make it far less susceptible to chemical/thermal
denaturation and photobleaching effects than conventional NIR
dyes (22), providing extended performance in situ. Nanoshells
are also intense absorbers. Conventional NIR dyes like Indo-
cyanine green possess an absorption cross section of ~1.66 X
10729 m? at wavelengths ~800 nm; in contrast, Mie scattering
theory predicts that the metal nanoshells used in the following
study possess absorption cross sections on the order of 3.8 X
10~ m?. This finding implies that a nanoshell is over 1 million-
fold more likely than the comparable dye to encounter an
absorbing event and convert that light into thermal energy.
Nonetheless, pioneering work by Chen et al. (23-25) investigated
Indocyanine green as a thermal coupling agent delivered intra-
tumorally into tumor tissue with moderate success. A further
benefit of nanoshells versus conventional dyes is the potential to
both “stealth” the nanoshells with immunoinert materials as well
as conjugate them with biomolecules for targeted therapy after
systemic delivery (26, 27). This result is accomplished through
the nanoshell’s gold surface. An otherwise inert and biocom-
patible material (28), the gold surface provides simple chemistry
for the self-assembly of polyethylene glycol (PEG), antibodies, or
avariety of other agents. Conventional organic dyes, on the other
hand, often lack available chemical moieties for facile conjuga-
tion of such compounds, resulting in shorter circulation times.

The therapeutic strategy reported here exploits the naturally
occurring deficit of NIR-absorbing chromophores in most tissue,
permitting transmission of NIR light (700-1,000 nm) through
tissue with scattering-limited attenuation and minimal heating.
Light within this spectral region has been shown to penetrate
tissue at depths beyond 1 cm with no observable damage to the
intervening tissue (29). Numerous medical diagnostic applica-
tions have taken advantage of the deep-penetrating, benign
nature of NIR radiation, including pulse oximetry (30), optical
coherence tomography (31), diffuse tomography (32), and laser
Doppler imaging (31, 33, 34). Combining these two otherwise
benign moieties (nanoshells and NIR light), we present a tech-
nique that allows a noninvasive delivery of heat to a tissue
volume by using an extracorporeal, low-power diode laser to
selectively induce photothermal destruction of a tumor volume
treated with gold nanoshell particles. Furthermore, we believe
that real-time magnetic resonance temperature imaging (MRTI)
monitoring, in combination with the intense NIR-absorbing,
nonbleaching, easily conjugable nanoshells, facilitates the po-
tential for a minimally invasive NIR-based thermal ablation
therapy and may bring targeted NIR therapeutics to the fore-
front as a viable, minimally invasive method of cancer treatment.

Materials and Methods

Synthesis of Thiolated PEG (SH-PEG). SH-PEG was synthesized by
reacting PEG-amine (M; 5,000, Nektar, Huntsville, AL) with
2-iminothiolane (Sigma-Aldrich) for 1 h. The product was then
dialyzed (molecular weight cutoff of 500; Spectrum Laborato-
ries, Rancho Domingo, CA) against deionized (DI) H,O for at
least 4 h to remove excess reagent. The SH-PEG yield was
determined colorimetrically at 412 nm after reacting with Ell-
man’s reagent, 5,5'-dithio-bis(2-nitrobenzoic acid), from Sigma.
Product was stored at —20°C.

Gold-Silica Nanoshell Fabrication. Metal nanoshells were fabri-
cated as described (11). Briefly, silica nanoparticles were grown
by the Stober method (35), in which tetraethyl orthosilicate
(Aldrich) was reduced in NH,OH in ethanol. Particles were sized
with a Philips XL30 scanning electron microscope; polydisper-
sity of <10% was considered acceptable. The particle surface
was then terminated with amine groups by reaction with amin-
opropyltriethoxysilane (Aldrich) in ethanol.

Very small gold colloid (1-3 nm) was grown by using the
method of Duff and Baiker (36). This colloid was aged for 2

13550 | www.pnas.org/cgi/doi/10.1073/pnas.2232479100

weeks at 4°C and was then concentrated by using a rotary
evaporator. Aminated silica particles were then added to the gold
colloid suspension. Gold colloid adsorbs to the amine groups on
the silica surface, resulting in a silica nanoparticle covered with
gold colloid. Gold-silica nanoshells were then grown by reacting
HAuCl, with the silica-colloid particles in the presence of
formaldehyde. This process reduces additional gold onto the
adsorbed colloid, which act as nucleation sites, causing the
surface colloid to grow and coalesce with neighboring colloid,
forming a complete metal shell. Nanoshell formation was as-
sessed by using a U-2001 UV-Vis spectrophotometer (Hitachi,
Tokyo) and scanning electron microscopy. Nanoshells were
designed to have a 55-nm core radius and a 10-nm-thick shell to
have a peak absorption in the NIR (13).

SH-PEG was assembled onto nanoshell surfaces by combining
5 uM SH-PEG and 1.5 X 10" nanoshells per ml in DI H,O for
1 h, followed by centrifugation and resuspension in DI H,O.
Before injection, nanoshells were suspended in PBS (PBS/100
mM Na,HPO,/150 mM NaCl, pH 7.4). Colloid stability in saline
was monitored through spectrophotometric analysis at the nano-
particles’ peak absorbance.

In Vitro Photothermal Nanoshell Therapy. Human breast epithelial
carcinoma SK-BR-3 cells (ATCC) were cultured in 12-well plates
in McCoy’s 5a modified medium supplemented with FBS (10%
vol/vol), glutamine (1.9 mM), penicillin (88 units/ml), and
streptomycin (88 wg/ml).

Nanoshells were suspended in serum-free medium (4.4 X 10°
particles per ml). Cells were rinsed with PBS and incubated with
nanoshells at 37°C. Nanoshell-free control treatments received
only serum-free medium. After 1 h, excess unbound nanoshells
were removed by rinsing three times with PBS. Fresh culture
medium was then added to the wells.

Cells were exposed to NIR light (coherent, 820 nm, 35 W/cm?)
for 7 min to induce photothermal cell damage. After exposure
to light, cells were incubated for an additional 2 h at 37°C. The
cells were then exposed to three different stains that identify (7)
cell viability, (i/) membrane permeability/damage, and (iii)
nanoshell binding. Cell viability was assessed by using calcein
AM (Molecular Probes, 1 uM), which causes viable cells to
fluoresce green. Cell membrane damage was identified by using
an aldehyde-fixable fluorescein dextran dye (M, 10,000, Molec-
ular Probes). Cells were incubated with the fluorescent dextran
for 30 min, rinsed once, and quickly fixed with 5% glutaralde-
hyde. To evaluate cellular binding of nanoshells, cells were fixed
in 2.5% glutaraldehyde for 10 min, rinsed three times with DI
H,0, and exposed to a silver enhancement stain (Amersham
Pharmacia) for analysis of nanoshell binding through phase
contrast microscopy.

Transmissible Venereal Tumor (TVT) Tumor Inoculation. Female
nonobese diabetic CB17-Prkd ¢ SCID/J mice were handled in
accordance with the Institutional Animal Care and Use Com-
mittee of the University of Texas M. D. Anderson Cancer
Center. Canine TVT cells (courtesy of A. Harmelin, The Weiz-
mann Institute of Science, Rehovot, Israel) were inoculated s.c.
(=~0.25 ml) into the right and left hind leg of each mouse (n =
5) and grown to a tumor burden of ~1.0 cm in diameter (usually
~6 weeks).

In Vivo Nanoshell Therapy. Mice were anesthetized with isoflurane,
and the skin over the tumor was shaved and swabbed with PEG
diacrylate (M, 600, Sartomer, West Chester, PA) as an index-
matching agent. PEG-passivated NIR-absorbing gold-silica
nanoshells (20-50 ul) were injected interstitially ~5 mm into the
tumor volume. Control tumor sites received a saline injection.
Five to 30 min after injection, tumor sites were exposed to NIR
light (820 nm, 4 W/cm?, 5-mm spot diameter, <6 min), whereas
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temperature profiles were monitored by using phase-sensitive,
fast-spoiled gradient-echo MRI.

MRI was used for treatment planning, localization, and
monitoring of the temperature distribution during the treat-
ments. All imaging studies were performed in a 1.5-T MR
scanner (Signa Echospeed, General Electric Medical Systems,
Milwaukee, WI) equipped with high-performance gradients (23
mT/m maximum amplitude and 120 T per m per sec maximum
slew rate) and fast receiver hardware (bandwidth, =500 MHz).
Mice were placed on a 3-in (1 in = 2.54 cm) receive-only surface
coil specially designed for small animal imaging (courtesy of R.
Giaquinto, General Electric Corporate Research and Develop-
ment, Schenectady, NY). T1- and T2-weighted images were used
to plan and localize the treatment by verifying the position of the
laser fiber relative to the imaged region before irradiation.
MRTI was performed by using a complex phase-difference
technique with a fast, 2-D RF-spoiled gradient-recalled echo
sequence (TR/TE = 49.5 ms/20 ms, flip angle = 30°, band-
width = 9.62 kHz). To achieve a 5 sec per image scan time for
the small field of view (4 X 2 cm?), partial Fourier imaging in the
phase-encode direction (256 X 48 encoding matrix) with phase-
preserving reconstruction was used along with a reduced band-
width to minimize gradient heating limitations. The acquired
voxel size was 0.16 X 0.31 X 3 mm?. The in-plane resolution was
interpolated to a 0.16 X 0.16 mm? pixel size by using zero
padding before extrapolation of the temperature data. The
change in temperature from baseline after N images (ATy) was
extrapolated from the complex-valued MRTI data (§) by using
the temperature dependence of the proton resonance frequency
shift (37) and an assumed temperature sensitivity («) of —0.01
ppm/°C according to the relation in Eq. 1

N N
> 54, >, arg(SE1S;)

i=1 i=1

2myByaTE  2myByaTE

N
ATy = 28T, =

i=1

[1]

where &87; is the temperature difference measured between the
i and (i-1) images, yBy is the resonance frequency (63.87 MHz),
and TE is the sequence echo time (38). Thermal dose was
calculated in equivalent minutes at 43°C (f43) by using the
relationship in Eq. 2

0.25,
0.50,

T; < 43°C

N
(tz)y = 2 R#C-Th.A¢, withR = { T, = 43°C,

i=1
[2]

where At is the time between measurements (in this case the time
between images), 7; is the temperature in degrees Celsius for the
ith measurement, and R is a constant empirically derived from
hyperthermia experiments in living tissue (39). Temperature and
dose information were calculated and made available for display
on the scanner during the treatments by using software devel-
oped inhouse in the FUNCTOOL V. 1.9 environment (Advantage
Windows Workstation, General Electric Medical Systems,
Waukesha, WI). Offline data processing, including color over-
lays and plotting, was performed by using code developed in the
MATLAB environment (Mathworks, Natick, MA).

Tumor excision and fixation proceeded immediately after
treatment and euthanasia. Histological evaluation was con-
ducted by means of hematoxylin/eosin and silver enhancement
staining of paraffin-embedded tissue sections to assess the
distribution of tissue damage and nanoshells, respectively, within
the treatment area. MRI thermal data were then compared with
images from gross pathology and histology of tumor sections.
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Fig. 1. Extinction spectrum of nanoshells in water confirms the overlap of
peak nanoshell absorbance with the emission wavelength (820 nm) of
the laser source (dotted line), promoting optimal laser-induced nanoshell
heating.

Results and Discussion

NIR-absorbing nanoshells were fabricated with a 110 = 11-nm-
diameter core and a 10-nm-thick gold shell resulting in a peak
absorbance at 820 nm, matching the emission wavelength of the
diode laser (Fig. 1). PEG passivation of gold nanoshell surfaces
was performed to minimize aggregation in physiological envi-
ronments. Assembling a monolayer of PEG onto the surface
introduces a brush border of sterically stabilizing polymer on the
nanoparticle surface. Spectrophotometric analysis revealed a
<10% reduction in the nanoshells’ peak absorbance after sus-
pension in saline. Spectral broadening, redshifting, and reduc-
tion of the original absorbance peak are indicators of colloidal
aggregation, which is a behavior typical of metal colloids sus-
pended in saline solutions. Little of this behavior is seen with the
PEG-passivated nanoshells, confirming successful retention of
nanoshell colloidal stability using PEG.

Localized photothermal destruction of carcinoma cells has
been demonstrated in vitro. Silver staining of nanoshell-treated
SK-BR-3 cells revealed that the protein-adsorbent gold surface
of bare nanoshells promoted high densities of nanoshell binding
to the cells. Nanoshell-free controls demonstrated no silver
staining. On laser exposure at 35 W/cm? for 7 min, all nanoshell-
treated samples underwent photothermal destruction within the
laser spot as determined by calcein AM viability staining (Fig. 2).
Circular regions of cell death are seen in fluorescence micros-
copy images. The diameters of these regions match the laser spot
size, confirming that cell death was confined to the laser/
nanoshell treatment area. Exposing the cells to either nanoshells
or NIR light individually did not compromise cell viability.

In addition to loss in viability, cells receiving nanoshell/laser
treatments underwent sufficient damage to irreversibly compro-
mise cell membrane barriers. Effectively impermeable to healthy
cells, the M, 10,000 fluorescent dextran dye clearly penetrated
the intracellular space of nanoshell/laser-treated cells (Fig. 2)
over the same circular-sized area as the viability stain. Like the
viability results, membrane permeability was not compromised
in either of the controls. These findings do not suggest the
causality of cell death, only an associated loss in membrane
integrity with the loss of cell viability in this therapeutic regime.

In vivo MRTT analysis revealed that nanoshell-treated tumors
resulted in an average temperature increase of 37.4 = 6.6°C on
NIR exposure for 4—6 min. This therapy raised temperatures
well above the damage threshold necessary to induce irreversible
tissue damage (40) and did so by using laser dosages that were
10- to 25-fold less than those used in earlier studies examining
Indocyanine green dye (24). Meanwhile, nanoshell-free controls
treated for the same period saw average temperature increases
of 9.1 = 4.7°C, levels that are insufficient to induce irreversible
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Fig.2. Cellsirradiated in the absence of nanoshells maintained both viabil-
ity, as depicted by calcein fluorescence (a), and membrane integrity, as indi-
cated by lack of intracellular fluoroscein dextran uptake (c). Cells irradiated
with nanoshells possess well defined circular zones of cell death in the calcein
AM study (b) and cellular uptake of fluoroscein dextran from increased
membrane permeability (d).

tissue damage. The average temperature increases reported here
were acquired at a depth of ~2.5 mm beneath the dermal surface
over a 2 X 2 pixel area, or roughly 0.32 X 0.32 mm. All
measurements exclude the highest and lowest temperature read-
ings from each sample in an attempt to eliminate outlier artifacts
that can arise from movement or drying at the tissue surface. The
noise, or the spatial SD in the background of the temperature
difference images, was low and did not exceed 1.5°C in any of the
images. A complete list of the average temperature elevation
from each study is reported in Table 1. Observed variances in the
maximum temperature change were likely due to intraexperi-
mental perturbations in the distribution of the nanoshells within
the treatment volume (particularly distance from skin surface),
the angle of incidence, and source-to-skin distance of the laser
fiber, as well as the placement of the MR plane for observation.
In the one outlier where temperatures reached 60°C, the max-
imum was found very close to the skin surface (<1 mm) and may
have been the result of accidental deposition of a small nanoshell
volume onto the outer dermal surface after injection.

Overall, these findings correlated well with gross pathology, in
which defined zones of edema and loss of birefringence were
observed in some of the nanoshell-treated tumors in the regions
where MRTI suggested there should be irreversible tissue dam-
age. Histology also identified common markers of thermal
damage in NIR /nanoshell-treated tumors, such as coagulation,
cell shrinkage, and loss of nuclear staining (Fig. 3). Within
regions of thermal damage, nanoshells were found by using a
sliver enhancement stain that amplifies the size of the nanopar-

Table 1. Average tumor heating in nanoshell-treated and
nanoshell-free controls

AT = SD
Mouse Control Nanoshell
1 4.7 = 0.7 39.7 + 4.7
2 84 +16 60.4 + 3.4
3 9.1+25 44,6 + 6.0
4 59+1.2 328 £ 1.2
5 8.7 0.9 28.1+1.0
6 76 1.6 325+ 0.7
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Fig. 3. (a) Gross pathology after in vivo treatment with nanoshells and NIR
laser reveal hemorrhaging and loss of tissue birefringence beneath the apical
tissue surface. (b) Silver staining of a tissue section reveals the region of
localized nanoshells (outlined in red). (c) Hematoxylin/eosin staining within
the same plane clearly shows tissue damage within the area occupied by
nanoshells. (d) Likewise, MRTI calculations reveal an area of irreversible
thermal damage of similar dimension to a, b, and c.

ticles for examination by optical microscopy. Despite the local
injection of nanoshells 5 mm into the tumor, nanoshells were
found to diffuse easily throughout the tumor. During nanoshell
injection, the tumor surface quickly turns a visible greenish color
common to nanoshells. Histology also confirmed a diffuse
distribution of nanoshell over a large volume within the tumor,
all of which suggests that the nanoparticles’ small diameter of 130
nm permits diffusion from the injection site throughout the
interstitium. The diffuse distribution explains why heating does
not initiate 5 mm below the surface at the injection site, but
instead heats with a profile that mimics a volume containing a
nearly uniform distribution of absorbing material. Whereas
heating above damage threshold was seen for all experimental
samples, neither the irradiated saline controls nor treatments
receiving nanoshell injections without irradiation provided any
visible tissue damage in gross pathology or histology. Although
histology and MRTI analysis both confirm tissue damage in
nanoshell treatments, discrepancies exist in zonal depth of tissue
damage assessed by histopathology and MR analysis, which may
be attributed to misregistration of the imaging plane with the
histological sections.

Further examination of thermal profiles as a function of depth
(Fig. 4) reveal a profile in good qualitative agreement with
theoretical and experimental data published elsewhere (41, 42).
Maximal temperature changes were found to occur ~1 mm
beneath the apical surface. This behavior may be the product of
higher photon densities in this region, which is a phenomenon
often seen in highly scattering mediums like tissue. The addi-
tional contributions from backscattered light coming from other
depths can create subdermal light dosages exceeding the original
dosage by as much as 140% (42). In addition to this effect,
convective cooling at the air-tissue interface will also promote
cooler surface temperatures. Regardless of cause, the end result
is a zone of thermal damage spanning a depth of ~4 mm after
6 min. This limit of damage depth may be due to a variety of
factors. As with conventional thermal therapies, some maximal
treatment volume will exist for nanoshell thermal therapy, and
although nanoshell densities do begin to diminish at these
depths, we do not attribute this falloff in heating to reduced
concentrations of nanoshells. A more likely contributor to this
falloff is reduced NIR intensities due to both scattering from
tissue and absorption from upperlying nanoshells. Although
maximal depths of treatment appear to be ~4—6 mm for this
setup, we can report that heating has been observed at depths
beyond 1 cm in other studies. Even greater depths may be
achievable by combining lower nanoshell concentrations (pro-
viding deeper NIR penetration into the tumor) with extended
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Fig.4. Measured temperature rise plotted as a function of depth along the trajectory. Measured temperature rise in a region of interest at 0, 1, 3, and 6 min

for nanoshell treatment (a) and control treatment (b).

irradiation times or higher laser powers. The maximum treatable
depth will also be tissue-specific, as the scattering, perfusion, and
pigmentation between tissues differ, resulting in varying back-
ground attenuation between tissue. Whereas no natural pig-
ments absorb strongly in the NIR, many absorb to some extent
(14). At sufficient concentration and laser powers, the presence
of these pigments may reduce the maximum laser dosage toler-
able in healthy tissue due to the increased background tissue
heating from the absorbing pigment.

Fig. 5 demonstrates temperature change versus time for
several depths (2.5, 3.75, 5.0, and 7.3 mm) within the tumor
during treatment. Heating occurs in two phases: initial rapid
transient heating, followed by a gradual heating until the laser is
turned off. The first phase of heating occurs during the first
minute of irradiation. We speculate that such a significant degree
of heating within a brief period is due to intense localized heating
before thermal relaxation into surrounding tissue takes hold.
This finding suggests that alternative dosage regimens (higher
dosage, less exposure time) may provide improved heating while
minimizing heating in surrounding tissue. Cooling, meanwhile,
proceeded with predictable Newtonian behavior.

© Nanoshells

© Control

AT (°C)

g 10 0
Time (min)
Fig. 5. Temporal plots of maximum temperature change of NIR-irradiated

tumors with nanoshells (red) and without nanoshells (blue) at depths of 2.5
(a), 3.75 (b), 5.0 (c), and 7.3 (d) mm beneath the apical tissue surface.
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Now that a regime of nanoshell and laser dosage has been
found for successful therapy of nanoshell-treated tumors, sur-
vival studies monitoring tumor growth/regression of entire
tumors after treatment with the NIR nanoshell therapy under
MR guidance are possible. Future investigations of a targeted
nanoshell therapy that is similar in many ways to the delivery of
stealth liposomes (43, 44) are warranted, where nanoshells are
“stealthed” with PEG, systemically injected, and preferentially
accumulated at the tumor site due to the highly permeable,
poorly organized vascular networks commonly found in neo-
plastic tumors. This preferential accumulation behavior is often
referred to as the enhanced permeability and retention effect
(45). NIR treatment of the bulk tissue then selectively heats and
destroys the nanoshell-laden tumor regions within the tissue,
while leaving surrounding tissue intact. As an additional adju-
vant, nanoshells may also be conjugated with antibodies target-
ing surface oncoproteins overexpressed within the tumor to
promote cell internalization, further accumulation, and more
selective thermal damage of the tumor. Such therapies could
have a large impact on the treatment of secondary metastases
and other tumors considered to be otherwise inoperable.

Conclusions

By using two benign moieties (NIR light and nanoshells) we have
successfully achieved localized, irreversible photothermal abla-
tion of tumor tissue both in vitro and in vivo. In vitro, cells
irradiated with very high dosages of NIR laser without
nanoshells maintained viability. Likewise, cells incubated with
nanoshells in the absence of laser maintained viability as well,
suggesting that neither therapy by itself is cytotoxic. Combining
these two therapies, however, produced localized cell death
confined to the laser/nanoshell treatment area. Similar results
were seen in vivo. With the aid of MRTI, real-time thermal
monitoring of tumors treated with the intense NIR-absorbing,
nonbleaching nanoshells ensured that successful irreversible
thermal destruction was achieved and confined to the tumor
volume. Furthermore, histological examination revealed that
MRTT estimation of tissue damage was in good agreement with
experimental findings, demonstrating its potential utility in
determining tissue damage during therapy, making it possible to
tailor therapy regimens to ensure the complete thermal destruc-
tion of tumors in future studies.
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