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Abstract
Purpose—To evaluate the effects of near-infrared (NIR) laser irradiation of microspheres (MS)
containing hollow gold nanospheres (HAuNS) and paclitaxel (PTX) administered intra-arterially
in an animal model.

Materials and Methods—For the ex-vivo experiments, VX2 tumor-bearing rabbits underwent
hepatic artery (HA) administration of MS-HAuNS or MS. The animals were killed, the liver
tumors were subjected to NIR irradiation, and temperature changes were estimated with magnetic
resonance imaging. For the in-vivo study, VX2 tumor-bearing rabbits were randomized to 3
groups: MS-HAuNS-PTX-plus-NIR, MS-HAuNS-PTX, and saline-plus-NIR. Laser irradiation
was delivered at 1 hour and at 3 days after HA administration of saline or MS-HAuNS-PTX.
Animals were euthanized and tumors were analyzed for necrosis and apoptosis. Plasma samples
were collected from the MS-HAuNS-PTX-plus-NIR animals for PTX analysis.

Results—Ex-vivo experiments showed intratumoral heating in animals that received MS-
HAuNS but no temperature change in animals that received MS. Animals treated with MS-
HAuNS-PTX-plus-NIR showed a transient increase in plasma PTX levels after each NIR
irradiation and significantly greater tumor necrosis than did those that received MS-HAuNS-PTX
or saline-plus-NIR (44.9% vs. 13.8% or 23.7%, respectively; P < .0001). The mean apoptotic
index in the MS-HAuNS-PTX-NIR group (5.01 ± 1.66) was significantly higher than that in the
MS-HAuNS-PTX (2.99 ± 0.97) or saline-plus-NIR (1.96 ± 0.40) groups (P = .0013).

Conclusions—NIR laser irradiation after MS-HAuNS-PTX administration results in
intratumoral heating and increases the efficacy of treatment. Further studies are required to
evaluate the optimal laser settings to maximize therapeutic efficacy.

© 2011 The Society of Interventional Radiology. Published by Elsevier Inc. All rights reserved.

Address correspondence to Sanjay Gupta, MD, Department of Diagnostic Radiology, Unit 1471, The University of Texas MD
Anderson Cancer Center, 1515 Holcombe Blvd, Houston, TX 77030. Telephone: (713) 794-4855; fax: (713) 792-4098;
sgupta@mdanderson.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Vasc Interv Radiol. Author manuscript; available in PMC 2013 December 16.

Published in final edited form as:
J Vasc Interv Radiol. 2012 April ; 23(4): . doi:10.1016/j.jvir.2011.12.017.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gold nanostructures, such as gold nanoshells, hollow gold nanospheres (HAuNS), and gold
nanorods, have been used for photothermal ablation of tumors. These nanoparticles exhibit a
strong optical extinction at near-infrared (NIR) wavelengths (700–850 nm) because of the
localized surface plasmon resonance of their free electrons upon excitation by an
electromagnetic field (1, 2). Absorption of NIR light results in resonance and the transfer of
thermal energy to the surrounding medium or tissue.

Recent progress in the field of nanotechnology has led to the identification of various
inorganic nanoparticles such as iron oxide nanoparticles, carbon nanohorns, carbon
nanotubes, and gold nanoparticles as attractive vehicles for drug delivery. Hollow gold
nanospheres (HAuNS) are a novel class of gold nanoparticles having plasmon absorption in
the NIR region that display a strong photothermal coupling property suitable for
photothermal ablation therapy (3, 4). The unique combination of small size (30–50 nm in
diameter), absence of a silica core, spherical shape, strong and tunable (520–950 nm)
absorption band, and the lack of need for cytotoxic surfactant to stabilize other gold
nanoparticles suggest that HAuNS may be useful for in vivo molecular therapy (3, 4).

Use of external stimuli such as magnetization and light to trigger drug delivery from
nanoparticles is an attractive strategy because it can increase intratumoral drug
concentration, decrease systemic toxicity, and allow temporal and spatial control over drug
release. NIR light–triggered drug release is a promising approach for the spatiotemporal
control of drug delivery. NIR light is already being used in the clinic for molecular imaging
and for cancer ablation therapy. Bikram et al. (5) demonstrated temperature- modulated drug
delivery from SiO2/Au nanoshells embedded within temperature-sensitive hydrogels.
Bedard et al. (6) showed the NIR-triggered release of dextran from multilayered
polyelectrolyte microshells containing aggregates of colloidal gold. Wu et al. (7) used a
femtosecond-pulsed laser to trigger release of a dye molecule from liposomes containing
HAuNS. However, the release of therapeutically significant anticancer drugs from these
systems in a clinically relevant setting has not been investigated.

In an earlier study, we fabricated biodegradable, biocompatible poly(lactide-co-glycolide)
(PLGA) copolymer-based microspheres (MS) containing paclitaxel (PTX) and HAuNS as
the photothermal coupling agent, and evaluated the drug-release properties, in vitro
cytotoxicity, and in vivo antitumor activity of these MS mediated by NIR light (8). The
results showed that the release of PTX from the MS is readily controlled by the output
power of the NIR laser, duration of irradiation, treatment frequency, and concentration of
HAuNS embedded inside the MS. In vitro, cancer cells incubated with PTX and HAuNS-
loaded MS (MS-HAuNS-PTX) and irradiated with NIR light displayed significantly greater
cytotoxic effects than did cells incubated with the MS alone or cells irradiated with NIR
light alone. Treatment of subcutaneously implanted human U87 gliomas and MDA-MB-231
mammary tumor xenografts in nude mice with intratumoral injections of MS-HAuNS-PTX
followed by surface NIR irradiation has resulted in significantly delayed tumor growth
compared with the growth of tumors treated with HAuNS-loaded MS (no PTX) plus NIR
irradiation or with MS-HAuNS-PTX alone. The data supported the feasibility of a
therapeutic approach in which NIR light is used for simultaneous modulation of drug release
and induction of photothermal cell killing to maximize therapeutic effect. However, in
clinical practice, most tumors are located deep inside the body and may not be amenable to
direct intratumoral injection of particles or treatment by surface NIR irradiation. Hence, we
conducted this experiment to evaluate the feasibility and efficacy of using a percutaneously
inserted laser fiber for NIR laser irradiation of MS-HAuNS-PTX administered intra-
arterially in a rabbit liver tumor model.
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Materials and Methods
Synthesis of HAuNS

Polyethylene glycol (PEG)-coated HAuNS were synthesized using a previously reported
method (3, 4). Cobalt nanoparticles were first synthesized by reducing cobalt chloride (1
mL, 0.4 mol/L; Fisher Scientific, Pittsburgh, PA) with sodium borohydride (4.5 mL, 1 mol/
L; Fisher Scientific) in deionized water containing 2.8 mL of sodium citrate (0.1 mol/L;
Fisher Scientific). HAuNS were obtained by adding chloroauric acid (Fisher Scientific) into
the solution containing cobalt nanoparticles.

For PEG coating, HAuNS (5.0 × 1012 particles/mL) were added to argon-purged aqueous
solution containing methoxy-polyethylene glycol-SH (molecular weight 5,000; Nektar
Therapeutics, Huntsville, AL) with various concentrations. The reaction was allowed to
proceed overnight at room temperature. For purification, the reaction mixture was
centrifuged at 14,000 rpm for 20 minutes, and the resulting pellet was resuspended with
deionized water. The process was repeated twice to remove unreacted PEG molecules.

MS Preparation and PTX Loading
A modified water-in-oil-in-water (W1/O/W2) double-emulsion solvent evaporation method
was used to prepare PLGA MS containing both HAuNS and PTX (MS-HAuNS-PTX). The
first emulsion was formed by mixing an aqueous solution (0.08 mL) containing HAuNS (∼1
× 1012 particles) with dichloromethane (0.8 mL) coining PLGA (240 mg; DURECT Corp.,
Cupertino, CA) and PTX (24 mg; Yunnan Hande Bio-Tech Co., Ltd., Houston, TX), which
was then injected into an aqueous solution of 2% polyvinyl alcohol (8.0 mL; Polysciences,
Inc., Warrington, PA) serving as the external aqueous phase. W1/O/W2 emulsion was
achieved by using a POLYTRON PT-MR 3000 benchtop homogenizer from Kinematica AG
(Lucerne, Switzerland) at 15,000 rpm. The MS were formed after the organic solvent was
completely evaporated, washed three times with water, and freeze-dried. MS-HAuNS were
prepared similarly but without the addition of PTX.

PTX Loading Analysis
The amount of PTX in the MS was determined by an Agilent 1100 Series high-performance
liquid chromatography (Santa Clara, CA). PTX loading was expressed as PTX content in
dry MS (w/w).

Animal Care
The Institutional Animal Care and Use Committee (IACUC) approved the animal
experiments. The rabbits were maintained in facilities approved by the Association for
Assessment and Accreditation of Laboratory Animal Care and in accordance with current
U.S. Department of Agriculture, Department of Health and Human Services, and National
Institutes of Health Regulations and Standards.

Tumor Inoculation
Each rabbit was sedated with an intramuscular injection of buprenorphine (0.15 mg; Bedford
Laboratories, Bedford, OH), and anesthesia was induced with 5% isoflurane/oxygen (1.5 L/
min) administered via mask and maintained with 3%–5% isoflurane/oxygen (1.5 L/min).
Enrofloxacin antibiotic (Baytril; Bayer Corporation, Agriculture Division, Animal Health,
Shawnee Mission, KS) was given intramuscularly at a dose of 5.0 mg/kg. The abdomen was
shaved and prepared for aseptic surgery. A small midline incision was made, and the left
lateral lobe of the liver was exteriorized and inoculated at a single site with 0.3 mL of
freshly harvested and prepared VX2 tumor fragments. The fragments were placed in the
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liver through an 18-gauge needle attached to a 1-mL syringe. After hepatic inoculation, the
abdomen was closed in layers, and the animal was kept warm and monitored until it
recovered from anesthesia. The tumors were allowed to grow in the rabbits' livers for 14–16
days before treatment and reached a diameter of approximately 1–1.5 cm.

Ex Vivo Experiments
Ex-vivo experiments were performed in two New Zealand white rabbits fourteen days after
liver VX2 tumor implantation. Each rabbit was anesthetized with a 150-mg intramuscular
injection of ketamine (Fort Dodge Animal Health, Fort Dodge, IA) and 10 mg of
acepromazine (Vedco, Inc., Saint Joseph, MO). A 22-gauge intravenous catheter (Insyle™
Autogard™ Winged; Becton Dickinson Therapy Systems Inc., Sandy, UT) was placed in a
marginal ear vein, and anesthesia was maintained with use of intravenous injections of 25
mg/mL of thiopental sodium (pentothal; Hospira, Inc., Lake Forest, IL) given to effect. The
right groin was shaved and prepared for aseptic surgery. The right femoral artery was
isolated via a cut down, a 4.0 Fr introducer sheath (Cook Inc., Bloomington, IN) was placed
in the artery through a small arteriotomy, and heparin sodium (100 IU/kg) was administered.
A 2.8 Fr microcatheter (EmboCath Plus; BioSphere Medical, Rockland, MA) was inserted
through the sheath in the femoral artery. With the help of a 0.014-in. pre-shaped hydrophilic
guidewire (Transend; Boston Scientific, Miami, FL), the microcatheter was advanced up the
aorta and manipulated into the celiac axis under fluoroscopic monitoring. A digital
subtraction arteriogram was performed to document the location and size of the tumor and to
delineate its blood supply. The catheter was then manipulated into the proper hepatic artery
and positioned distal to the origin of the gastroduodenal artery. Blood flow around the
catheter and the absence of arterial spasm were verified by hand-injection of the contrast/
saline mixture. One animal underwent hepatic arterial (HA) administration of MS-HAuNS
suspended in 1 mL of a solution containing 0.5 mL of nonionic contrast medium (Visipaque
320; GE Healthcare, Inc., Princeton, NJ) and 0.5 mL of saline; the other animal underwent
HA administration of plain MS dissolved in 1 mL of the same solution. The animals were
euthanized 1 hour later with an overdose of Beuthanasia-D (1.0 mL/10 lb), and their livers
were removed en bloc and mounted in a saline bath (maintained at 33°C) in order to conduct
controlled exposure experiments in the tumors and to observe the spatiotemporal
temperature changes.

An 808-nm NIR 600-μm-diameter laser fiber (BioTex, Inc., Houston, TX) with a 1-cm-long
diffusing tip was inserted into the liver tumor under ultrasound guidance, and laser
irradiation was performed at 1.5 W with use of a Diomed 15 laser system (New York, NY).
Magnetic resonance temperature imaging was performed in a 1.5T clinical scanner (Excite
HD, GE Healthcare Technologies, Waukesha, WI) using a quadrature transmit and receive
knee coil. A multi-echo gradient-recalled echo sequence using a 12 echo train with 3.4-ms
spacing was used for fast high-resolution chemical shift imaging in order to measure
temperature-dependent changes in the proton resonance frequency shift (9). Acquisition
parameters were as follows: repetition time (TR) = 40 ms, echo time (TE) = 2 ms, flip angle
= 30°, acquisition matrix = 128 × 128 (zero padded to 256 × 256), field of view = 180 mm,
slice thickness = 4 mm, and receiver bandwidth = 244 Hz/pixel. Temperature changes were
estimated from the 12-echo chemical shift imaging acquisition by using an iterative
autoregressive moving average algorithm (9). A temperature sensitivity coefficient of –0.01
ppm/°C was used. Background drift in the sample was corrected for by subtracting the mean
from an adjacent region of interest outside the region of heating. All processing and analysis
of MR temperature images was performed off-line with use of in-house algorithms
implemented in MATLAB (MathWorks, Natick, MA).
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In vivo experiments
Hepatic VX2 tumor implantation was performed in 17 New Zealand white rabbits (3.5–4.2
kg). The experimental animals were divided into three treatment groups: MS-HAuNS-PTX-
plus-NIR group (n = 7; dose: 4 mg PTX in 40 mg MS for each animal), MS-HAuNS-PTX
group (n = 5; dose: 4 mg PTX in 40 mg MS for each animal), and saline-plus-NIR group (n
= 5). Animals in the MS-HAuNS-PTX-NIR and MS-HAuNS-PTX groups underwent HA
administration of MS-HAuNS-PTX suspended in 1 mL of a solution containing 0.5 mL of
nonionic contrast medium (Visipaque 320; GE Healthcare, Inc.) and 0.5 mL of saline,
whereas the animals in the saline-plus-NIR group underwent HA administration of 1 mL of
a solution containing 0.5 mL of nonionic contrast medium (Visipaque 320) and 0.5 mL of
saline. Using the technique described earlier in the ex-vivo experiment section, each rabbit
was anesthetized, and hepatic arterial catheterization and administration of respective
materials in each treatment group was performed under continuous fluoroscopic monitoring
to avoid any reflux into the gastroduodenal or gastric arteries. The MS-HAuNS-PTX-plus-
NIR and saline-plus-NIR groups were treated with NIR laser at 1 hour and at 3 days after
intra-arterial administration. Animals were maintained on intravenous anesthesia with
thiopental sodium and laser stimulation was performed at 1 hour after HA administration of
MS or saline. For the second laser stimulation experiment three days after HA
administration of MS or saline, animals were anesthetized with isoflurane (5%)/oxygen (1.5
L/min) administered via mask. An endotracheal tube was placed and anesthesia maintained
with isoflurane (3%–4%)/oxygen (1.5 L/min). With use of ultrasound guidance, an 18-gauge
guide needle was placed percutaneously into the tumor through which an 808 nm 600-μm-
diameter laser fiber (BioTex, Inc., Houston, TX) with a 1-cm-long diffusing tip was
introduced. A NIR diode laser system (Diomed 15; New York, NY) was used for laser
stimulation at 1.5 W for 3 minutes.

To demonstrate the proof of concept in an in vivo setting, in one of the animals in the MS-
HAuNS-PTX-plus-NIR group, MR temperature imaging was performed at the 1-hr NIR
irradiation to assess the intratumoral temperatures during NIR irradiation. Gentle pressure
via use of a strap to restrict respiratory breathing in the area was applied to the abdomen of
the animal during imaging to minimize liver motion. In this case, a slightly faster (2.8 sec
per image) MR temperature imaging sequence was used with single gradient-echo
acquisition (TR/TE= 22 ms/10 ms, flip angle = 20°, field of view = 120 × 120 mm,
acquisition matrix = 128 × 128, slice thickness = 6 mm, and receiver bandwidth = 156 Hz/
pixel) to minimize the potential for intra-scan motion artifacts in the images. As before,
complex phase-subtract and temperature-dependent resonance frequency (–0.01 ppm/°C)
were used to estimate temperature changes in the tissue.

Histological Analysis
All animals were euthanized 7 days after HA administration of MS or saline with an
overdose of Beuthanasia-D (1.0 mL/10 lb). Tumors were excised at necropsy and placed in
10% neutral buffered formalin. The fixed tissues were then embedded in paraffin blocks
from which 4-μm sections were cut and stained with hematoxylin and eosin for necrosis
evaluation, and TUNEL staining was performed for apoptosis assessment.

For necrosis evaluation, tissue glass slides were digitized via whole-slide scanning with a
20× objective by using the Aperio ScanScope CS system (Aperio Technologies, Vista, CA).
A veterinary pathologist examined the specimens under light microscopy. The necrosis
percentage was determined by the ratio of necrosis to intact tumor in each slide, and the
overall necrosis in each group was determined by average necrosis in that group.
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For apoptosis evaluation, TUNEL staining of tissue slides was performed with a TACS®
insito apoptosis detection kit (Trevigen, Inc, Gaithersburg, MD). Apoptosis was scored by
microscopic examination at 40× magnification. Five fields of non-necrotic areas were
randomly selected in each histological section; in each field, the number of apoptotic nuclei
were recorded as numbers per 100 nuclei scored (500), and the results were expressed as a
percentage for each slide. Two observers determined that the apoptotic index and mean
apoptotic index was obtained.

PTX Analysis
Blood samples were collected from all MS-HAuNS-PTX-plus-NIR group animals. On day
1, blood was collected via a catheter inserted in an ear vein of the animals just before
administration of MS-HAuNS-PTX, at 10 and 50 minutes after administration, and at 10 and
30 minutes after laser irradiation. Three days later, blood samples were collected at 10
minutes before and at 10 and 30 minutes after the second laser irradiation. Blood samples
were also collected just before euthanization of the animals. The PTX levels in these blood
samples were analyzed by using liquid chromatography-mass spectrometry.

Tissue Preparation for Scanning Electron Microscopy
For tissue scanning electron microscopy (SEM), tissues were processed according to the
previously described techniques (10). Tissues were embedded in 3% agarose; 100-μm-thick
tissue sections were cut with use of either a Krumdieck MD-4000 Tissue Slicer (Alabama
Research & Development, Munford, AL). Sections were stained with 0.2 M cacodylate-
buffered 2% tannic acid and 0.1 M cacodylate-buffered 2% osmium tetroxide, and then
dehydrated in increasing concentrations of ethanol followed by infiltration with 100% t-
butanol for 30 minutes. Samples were dried in a dessicator and then mounted on SEM
sample stubs using carbon adhesive tape. Sections were then sputter-coated with 10 nm of
gold and imaged with an Quanta 400 FEG SEM (FEI, Hillsboro, OR).

Statistical Analysis
A one-way ANOVA F-test was used to evaluate the mean necrosis percentage and apoptotic
index among the three groups. The Tukey-Kramer multiple comparison procedure was used
to protect the familywise/experimentwise error while conducting multiple comparisons. P
< .05 was considered statistically significant.

Results
MR Temperature Imaging

Ex vivo experiments in the liver in which MS-HAuNS had been administered showed
measurable temperature increase on MR imaging (Fig 1). Maximum estimated temperature
changes were 8.6°C at 1 minute, 12.4°C at 3 minutes, and 13.9°C at 5 minutes at an output
power of 1.5 W; these temperatures were observed close to the position of the laser fiber.
The standard deviation in the temperature across the tumor region was 0.03°C before the
laser was turned on. The mean and standard deviation of temperature change along the
borders of the lesion was 4.0°C ± 1.7°C, 7.4°C ± 2.3°C, and 8.5°C ± 2.6°C at the 1-, 3-, and
5-minute time points, respectively. Similar temperature changes were noted in the in vivo
experiment performed in one animal in the MS-HAuNS-PTX-plus-NIR group. The
estimated maximum temperature change in the tumor was 18°C, whereas the mean and
standard deviation was 15.4°C ± 2.1°C (Fig 2). Ex vivo experiments in the liver in which
plain MS without nanoshells were injected did not result in any observable temperature
change.
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Delivery of MS into VX2 Tumor
Hematoxylin and eosin staining preparations showed variable degrees of tumor necrosis in
the VX2 tumors. The MS-HAuNS were present in the tumoral and peritumoral vessels as
well as in the interstitial tissues. The MS-HAuNS appeared as rounded structures and ranged
in size from 20 to 100 microns (Fig 3a). Scanning electron microscopy confirmed the
presence of MS-HAuNS in the tumor vessel (Fig 3b).

PTX Release
Plasma PTX levels in the MS-HAuNS-PTX-plus-NIR group from the time of HA
administration until necropsy are shown in Figure 4. PTX levels peaked immediately after
HA administration followed by a gradual decline. A transient increase in plasma PTX levels
was noted after each NIR irradiation, especially after the NIR irradiation on day 3 of the
experiment. However, these differences between PTX levels before and after each laser
treatment did not reach statistical significance.

Tumor Necrosis Quantification
The extent of necrosis in each group of rabbits is summarized in Figure 5a. MS-HAuNS-
PTX-plus-NIR induced significantly more tumor necrosis (44.9% ± 15.4%) than did MS-
HAuNS-PTX alone (13.8% ± 6.9%; P = .0008) or saline-plus-NIR (23.7% ± 5.2%; P = .
0147). The difference in the mean tumor necrosis between the MS-HAuNS-PTX and saline-
plus-NIR groups was not statistically significant (P = .3608).

Tumor Apoptosis Quantificatio
TUNEL assay showed that the mean apoptotic index (Fig 5b) in the MS-HAuNS-PTX-plus-
NIR group (5.01 ± 1.66) was significantly higher than in the MS-HAuNS-PTX alone (2.99 ±
0.97; P = .0156) or saline-plus-NIR (1.96 ± 0.40; P = .0013) group. The difference in the
mean apoptotic index between the MS-HAuNS-PTX alone and saline-plus-NIR groups was
not statistically significant (P = .3322).

Discussion
In this study, we investigated the potential clinical use of NIR-radiation–triggered
photothermal effect to modulate drug delivery from temperature-sensitive PLGA MS
containing optically active gold nanoshells and an anticancer agent. Our data show that NIR
laser irradiation mediated via a percutaneously placed fiber after HA administration of MS-
HAuNS results in intratumoral heating in a rabbit VX2 liver tumor model, triggers release of
PTX from MS-HAuNS-PTX and increases the efficacy of treatment after IA delivery of
MS-HAuNS-PTX in liver tumors. The enhanced antitumor activity in tumors treated with
MS-HAuNS-PTX-plus- NIR irradiation is likely a result of both the cytotoxic effect of PTX
and the photothermal effect mediated by HAuNS.

The ability of nanoparticles to convert NIR laser radiation to heat has been demonstrated in
many recent studies (1, 2). In our ex vivo experiments, heating was noted only in liver
tumors containing MS-HAuNS, not in liver tumors containing plain MS, clearly
demonstrating that at the laser power settings used, local heating was associated with
photothermal interaction between the gold nanoshells and NIR, not from direct heating from
NIR irradiation. Spatiotemporal thermal profiles observed in the current experiment are
consistent with the results from earlier studies using gold nanoshells embedded in gel
phantoms or ex vivo canine livers (11-13). Maximum temperature changes were noted in the
immediate vicinity of the laser fiber and gradually decreased with increasing distances from
the fiber. Since the nanoshells were injected intra-arterially and randomly distributed in the
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tumors, this peripheral fall-off in heating was likely not related to HAuNS concentration but
was more likely secondary to reduced NIR intensities due to both scattering from tissue and
absorption from HAuNS. Although heating was noted at 6–8 mm from the laser fiber,
greater depths and higher temperatures can be potentially achieved with higher laser powers
or extended irradiation. The maximum achievable temperatures and maximum depth at
which temperature changes are observed will also vary, depending on the tissue or tumor
type because attenuation properties of tissues differ.

Temporal and spatial controlled release has the potential of increasing drug delivery to the
tumor and allowing prolonged exposure of the tumor to the chemotherapeutic drug, thereby
increasing therapeutic efficacy. NIR radiation-induced drug release from nanoshells or
nanoshell-containing hydrogels has been shown in a number of in vitro studies (5-7). Our
earlier in vitro experiments using MS-HAuNS-PTX had shown that rapid, repetitive PTX
release occurred upon irradiation with NIR light (808 nm), whereas PTX release was
insignificant when the NIR light was switched off (8). In the present study, pharmacokinetic
analysis showed that PTX levels peaked immediately after HA administration and then
gradually declined. This initial rapid release of PTX could be attributed to the burst effect of
PTX-loaded MS. Such a burst release effect was not observed previously when MS-
HAuNS-PTX was incubated in phosphate-buffered saline solution (8). It is likely that the
presence of blood accelerated the release of PTX from MS-HAuNS-PTX. The burst effect
may be reduced by optimizing the MS formulation and by increasing the efficiency of PTX
loading. It was also noted that the plasma level of PTX was maintained at least 7 days in
rabbits that received HA administration of MS-HAuNS-PTX; this sustained release of PTX
from the MS should enhance the antitumor activity of PTX against hepatocellular carcinoma
or metastases in the liver. Although the observed pharmacokinetic profile does not provide
definite evidence of laser-stimulated release of PTX from the microspheres, the transient
increase in plasma PTX levels noted after each NIR irradiation indirectly suggests that NIR
irradiation plays some role in augmenting PTX release. Further studies should be designed
to better understand the NIR laser-mediated intratumoral drug release from the MS- HAuNS
formulations in an in-vivo setting.

We used PTX in this study because it has been shown to be an effective mitotic inhibitor and
apoptosis inducer in tumor cells and is a widely used agent to treat a variety of human
cancers (14, 15). Paclitaxel has also been shown to have cytotoxic activity against human
hepatocellular cancer cell lines (16, 17). However, other anticancer agents that are
commonly used for intra-arterial regional treatment, such as doxorubicin, can easily be
incorporated into the MS-HAuNS formulation used in our study.

In an in vitro experiment involving mouse melanoma B16F10 cells, Wu et al. (18) reported
the use of multifunctional hybrid nanogels (constructed by coating the Ag-Au bimetallic
nanoparticle core with a thermoresponsive nonlinear PEG-based hydrogel as a shell) loaded
with the anticancer drug temozolomide (for combined local chemotherapy) and combined
with photothermal treatment using external NIR radiation (18). Although other investigators
have reported a similar concept of incorporating nanoparticles in biodegradable hydrogels or
liposomes and using external NIR radiation for mediating drug release, to our knowledge,
the use of these nanosystems in a clinically relevant large animal model has not been
investigated (5, 7).

Our study shows the multifunctional potential of encapsulating gold nanoshells into
biodegradable MS. Microspheres (20-100 micron) act as embolic agents and lodge in the
intratumoral and peritumoral vessels after HA administration. Findings on both light and
scanning electron microscopy confirmed the presence of MS in the intratumoral and
peritumoral vessels. Encapsulation of HAuNS into the MS does not interfere with the
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photothermal sensitivity of nanoshells, as shown by the temperature changes observed in the
ex vivo experiments of the current study as well as in in vitro experiments from a previous
study (8); hence these nanoshell-containing MS can be used for mediating photothermal
ablation of tumors. In addition, cytotoxic drugs can be loaded into the MS, allowing local
intratumoral delivery of chemotherapeutic agents. Although not definitely proven in the
current study, results of our earlier in-vitro study suggest that NIR laser radiation-mediated
nanoshell heating can be used to potentiate release of the drug from the thermoresponsive
MS.

In this study, antitumor activity was assessed by using necrosis percentage and apoptosis
rates. We observed statistically significant increases in necrosis and apoptosis percentage in
the MS-HAuNS-PTX-plus-NIR treatment group compared with the other two treatment
groups. These findings suggest that HA infusion of MS-HAuNS-PTX followed by NIR
irradiation using a percutaneously placed laser fiber may produce prominent antitumor
effects. The enhanced antitumor activity in tumors treated with MS-HAuNS-PTX and NIR
irradiation is likely a result of both the cytotoxic effect of the PTX release and the
photothermal effect mediated by HAuNS. The results of our study are in keeping with
earlier studies that have suggested that a combination of thermal ablation and local delivery
of a chemotherapeutic agent can result in better tumor control than does treatment with a
single method (19-21). However, substantial viable tumor was identified even in the MS-
HAuNS-PTX-plus-NIR treatment group in the present study. This finding may be associated
with a number of factors. For example, it is possible that the NIR effect was limited to the
immediate vicinity of the fiber and did not extend into the periphery of the tumor; this can
potentially be corrected by increasing the NIR power or by placing additional fibers in the
tumor. Further studies are required for optimization of laser fiber placement and NIR
radiation settings to achieve better tumor control.

Our study has several limitations. First, the temperature changes were measured in ex vivo
livers, but the presence of blood circulation in vivo may alter the temperature changes
achieved after laser stimulation. We did observe similar temperature changes on in vivo MR
temperature imaging performed in one animal. However, further in vivo MR thermal
mapping studies in a larger number of animals is required to assess the intratumoral and
peritumoral thermal profile after NIR irradiation. Second, we did not measure the
intratumoral PTX concentrations or distribution after NIR stimulation; hence, we were not
able to assess the drug concentrations in different parts of the tumor. Third, since we did not
mark the position of the laser fiber, we could not quantify the treatment effect as a function
of distance from the laser fiber. Fourth, the experimental parameters that we used, such as
MS-HAuNS concentrations and the power, duration, and frequency of the laser, were based
on previous experience. Therefore, the study design did not allow determination of optimal
treatment conditions, including the optimal nanoparticle concentration and laser settings to
induce maximal photothermal effect, drug release, and cell killing.

In conclusion, this preliminary feasibility study demonstrated that NIR irradiation, mediated
via percutaneously placed intratumoral laser fibers, can be used for local intratumoral
heating and has the potential to mediate drug release from intra-arterially injected MS-
HAuNS-PTX. Furthermore, this therapeutic approach enhanced tumor killing in a rabbit
liver tumor model. Future studies will focus on improving drug loading and NIR radiation
settings to maximize antitumor effects.
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Figure 1.
Ex vivo MR temperature imaging. (a) The estimated maximum change in temperature as
measured by proton resonance frequency shift over time for a 180-sec (dashed) and a 300-
sec (solid) exposure of 1.5 W at 808 nm. (b) Spatial profiles orthogonal to the laser fiber for
60 sec (triangle), 180 sec (+), and 300 sec (o) exposure times are shown versus the
approximate tumor boundaries (dashed). (c) The approximate location of the laser fiber in
the tumor (dashed line) is shown on the magnitude image of the fast chemical shift imaging
acquisition (i). An overlay of the temperature change (5°C–15°C) as measured by proton
resonance frequency for 60-sec (ii), 180-sec (iii), and 300-sec (iv) exposures of 1.5 W at 808
nm with an outline of the approximate tumor boundaries (green) shown for reference.
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Figure 2.
In vivo MR temperature imaging. Magnetic resonance (MR) temperature imaging of laser
exposure (1.5 W for 180 sec) of VX2 in the liver of rabbits injected with MS-HAuNS-PTX.
Sagittal MR image (a) shows the liver VX2 tumor (arrow) and the laser fiber inserted
through a guide cannula (open arrow), whereas (b) shows the MR temperature imaging–
estimated maximum temperature rise at the end of the exposure overlaid on the image.
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Figure 3.
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(a) Hematoxylin and eosin–stained slide (180× magnification). MS are visualized as white
spheres (black arrows) under light microscopy. (b) A scanning electron micrograph (3000×
magnification) of a VX2 tumor shows the presence of MS (small arrow) in a tumor blood
vessel (large arrow).
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Figure 4.
Bar chart showing mean plasma PTX levels with 1 standard deviation error bars at different
time points after IA administration of MS-HAuNS-PTX. The blood concentration of PTX
was analyzed by using high-performance liquid chromatography.
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Figure 5.
Antitumor effects of various treatments on VX2 tumors grown in the liver of rabbits. (a) Bar
chart of mean necrosis percentage for each treatment group with 1 standard deviation error
bars and Tukey-Kramer adjusted pairwise P values. (b) Bar chart of mean apoptotic index
for each treatment group with 1 standard deviation error bars and Tukey-Kramer adjusted
pairwise P values.
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