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Abstract

Nanomedicine has attracted increasing attention in recent years, because it offers great promise to
provide personalized diagnostics and therapy with improved treatment efficacy and specificity. In
this study, we developed a gold nanostar (GNS) probe for multi-modality theranostics including
surface-enhanced Raman scattering (SERS) detection, x-ray computed tomography (CT),
two-photon luminescence (TPL) imaging, and photothermal therapy (PTT). We performed radi-
olabeling, as well as CT and optical imaging, to investigate the GNS probe’s biodistribution and
intratumoral uptake at both macroscopic and microscopic scales. We also characterized the
performance of the GNS nanoprobe for in vitro photothermal heating and in vivo photothermal
ablation of primary sarcomas in mice. The results showed that 30-nm GNS have higher tumor
uptake, as well as deeper penetration into tumor interstitial space compared to 60-nm GNS. In
addition, we found that a higher injection dose of GNS can increase the percentage of tumor
uptake. We also demonstrated the GNS probe’s superior photothermal conversion efficiency with
a highly concentrated heating effect due to a tip-enhanced plasmonic effect. In vivo photothermal
therapy with a near-infrared (NIR) laser under the maximum permissible exposure (MPE) led to
ablation of aggressive tumors containing GNS, but had no effect in the absence of GNS. This
multifunctional GNS probe has the potential to be used for in vivo biosensing, preoperative CT
imaging, intraoperative detection with optical methods (SERS and TPL), as well as image-guided
photothermal therapy.

Key words: Gold nanostars, photothermal therapy, nanoparticles, tumor imaging, SERS, CT, biodistribution,
theranostics

Introduction

Nanotheranostics, in which diagnostic and
therapeutic functions are combined into a single na-
nometer-sized agent, provides an attractive means to
improve cancer management by allowing tumor

identification, real-time tracking of biodistribution,
image-guided specific therapy, and continuous mon-
itoring of therapeutic response.[1-6] Gold nanoparti-
cles (e.g., nanorods, nanoshells, nanocages, and
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nanostars) have received great attention as nan-
otheranostic agents due to their unique properties
including strong localized surface plasmon resonance,
in vivo stability, well-established biocompatibility, and
facile surface modification via thiol-gold chemical
bonding.[4-7] Gold nanoparticles can be designed to
have strong surface plasmon resonance in the
near-infrared (NIR) region, which is considered to be
the optimal optical window for biomedical imaging
and therapy due to the low optical attenuation coeffi-
cients of water and other tissue chromophores in this
spectral range (700-900 nm).[8] Gold nanoparticles
can also be used for surface-enhanced Raman spec-
troscopy (SERS), multiphoton microscopy, photo-
thermal therapy (PTT), photodynamic therapy (PDT),
and other applications.[9-15] SERS combines surface
plasmon resonance and “fingerprint” Raman spec-
troscopy to provide a sensing method with high sen-
sitivity and specificity.[16-19] The SERS enhancement
factor for gold nanoparticles is typically 107-10° and
can reach 10% at “hot spots,” enabling single-molecule
detection.[20] PTT uses gold nanoparticles as a
transducer to convert NIR light to heat and generate a
localized temperature increase. The distinct ad-
vantage of PTT with gold nanoparticles is that the
NIR light only causes heating within tissues that have
gold nanoparticle accumulation. Tumors tend to have
high uptake of nanoparticles due to the enhanced
permeability and retention (EPR) effect,[21, 22] so
they experience large temperature increases with NIR
light exposure; surrounding tissues, which have
minimal nanoparticle uptake, experience little to no
change in temperature with NIR exposure. Thus, the
gold nanoparticle-enhanced PTT method can specifi-
cally target tumors more effectively than traditional
chemotherapy. Gold nanoparticles can also be used as
contrast agents for x-ray computed tomography (CT)
because gold exhibits high x-ray attenuation
(~2.7-times higher attenuation than iodine per
mass).[23] Furthermore, gold nanoparticles can be
functionalized with a wide variety of molecules suit-
able for magnetic resonance imaging (MRI), positron
emission tomography (PET), single-photon emission
computed tomography (SPECT), and optical imag-
ing.[24] Therefore, gold nanoparticle theranostic
probes could be used to perform pre-treatment scans
with CT, MRI, or PET; in situ tumor detection using
optical imaging and SERS; effective cancer PTT ther-
apy using NIR light; targeted radiotherapy with
linked radioisotopes; and therapeutic response mon-
itoring with various imaging modalities.

Over the last two decades, our laboratory has
devoted extensive effort to develop the SERS tech-
nique for chemical and biological sensing using vari-
ous metallic nanostructures.[18, 25-28] Recently, our

group has developed a unique surfactant-free method
for the synthesis of gold nanostars (GNS) with
tip-enhanced plasmonics.[29] This novel synthetic
method produces GNS without the use of toxic sur-
factants traditionally required for GNS synthesis,
which improves the biocompatibility of the resulting
GNS. The GNS contain multiple sharp spikes, which
act like lightning rods to dramatically enhance the
local electromagnetic field. This design results in
stronger SERS enhancement, larger two-photon action
cross-section, and higher photothermal conversion
efficiency than exhibited by other gold nanoparticle
shapes.[29-31] Therefore, GNS have the potential to be
used as a highly effective multimodality theranostic
nanoprobe. In a previous in vitro study, we developed
a quintuple-modality plasmonic nanoprobe based on
GNS for SERS, MRI, CT, two-photon luminescence
(TPL) and PTT.[32] We have also used GNS to inves-
tigate nanoparticle penetration through the
blood-brain-barrier in brain tumors.[13] Although
various properties of GNS have been investigated,
their in vivo biodistribution, tumor uptake, intra-
tumoral distribution, and feasibility for in vivo CT
imaging, SERS detection, and tumor PTT ablation
have not yet been fully investigated.

In this study, we demonstrated the in vivo ap-
plication of the multifunctional GNS probe for both
imaging and therapy. We performed in vivo GNS
tracking using TPL, CT, and radiolabelling to examine
how nanoparticle size and injection dose affect their
biodistribution and intratumoral distribution. We also
showed in vivo SERS detection of GNS accumulated
within a primary sarcoma through the intact skin.
Furthermore, we characterized the in vitro perfor-
mance of GNS for PTT and demonstrated efficient in
vivo tumor ablation. These results confirm that the
developed multifunctional GNS can be applied for in
vivo tracking at different resolution scales, as well as
for image-guided PTT for specific cancer treatment.

Materials and Methods

Nanoparticle Synthesis and Characterization

All chemicals were purchased from Sig-
ma-Aldrich (St. Louis, MO) and used directly unless
otherwise noted. Gold nanostars were synthesized
following our seed-mediated method, which has been
previously described.[29] In short, 12-nm gold nano-
sphere seeds were synthesized via the reduction of
HAuCly (100 ml, 1 mM) by trisodium citrate (15 ml,
1% w/v). 60-nm GNS were synthesized by rapidly
and simultaneously mixing AgNOs (1 ml, 3 mM) and
ascorbic acid (500 ul, 0.1 M) with 100 ml of a solution
containing 0.25 mM HAuCly, 1 mM HCI, and 1 ml of
the gold nanosphere seeds synthesized in the previ-
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ous step. 30-nm GNS were prepared with the same
method except the volume of gold nanosphere seeds
added was increased to 2 ml. Thiolated polyethylene
glycol (PEG, 6 kDa) polymer was added in large ex-
cess (50,000 PEG molecules per nanoparticle) to pas-
sivate the nanoparticle surface. Raman reporter,
p-mercaptobenzoic acid (pMBA, 10 pM), was also
added to the obtained gold nanoparticle solution.
After 8 hours incubation at room temperature, the
nanoparticle solution was pelleted and resuspended
in water. All water used in this study was ultrapure
(18 MQ-cm).

Synthesized nanoparticles were characterized by
transmission electron microscopy (TEM) using 160 kV
acceleration voltage (Tecnai G? Twin, FEI, Hillsboro,
OR) and by VIS-NIR spectrophotometry (UV-3600,
Shimadzu, Japan) at the Shared Materials Instrumen-
tation Facility of Duke University
(https:/ /smif lab.duke.edu/). The TEM sample was
prepared by drying diluted nanoparticle solutions on
a formvar/carbon-coated copper grid. The nanopar-
ticles” concentration, hydrodynamic size, and
C-potential were measured by nanoparticle tracking
analysis (NS 500, Nanosight, UK) and dynamic light
scattering (Zetasizer Nanoseries, Malvern, UK) at
25 °C.

To investigate the elemental composition of the
synthesized nanoparticles, 30-nm and 60-nm GNS
were dissolved in aqua regia, and then gold and silver
concentrations were measured with atomic absorp-
tion spectroscopy (Atomic Absorption Spectrometer
3100, Perkin Elmer, Waltham, MA).

Mouse Models

All animal studies were performed in accord-
ance with protocols approved by the Duke University
Institutional Animal Care and Use Committee. For the
radiolabeled GNS biodistribution study, mice with
xenograft sarcomas were prepared by injecting mouse
sarcoma cells in 150 pl of phosphate buffered saline
(PBS) solution into the leg muscle of nude mice. Sar-
coma cell lines for intramuscular injection were pre-
pared from mouse primary sarcomas, which were
homogenized and enzymatically digested as de-
scribed previously.[33] The obtained cells were cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) for 5 to 8 passages before implantation. The
mice with xenograft tumors were used for the biodis-
tribution study when the tumors reached 8-mm di-
ameter. For the in vivo CT imaging and PTT studies,
primary soft-tissue sarcomas were generated in the
right hind leg of LSL-Kras¢?DP; p53FL/FL compound
mutant mice between 6 and 10 weeks of age via in-
tramuscular injection of an adenovirus expressing Cre

recombinase (University of lowa, Carver College of
Medicine Viral Vector Core Facility).[34] LSL-Kras¢12D
and p53F/FL mice have been described in previous
studies.[35, 36]

In Vivo Biodistribution with Radiolabeled
Nanostars

No-carrier-added Na’¥'I in 0.1 M NaOH with a
specific activity of 1200 Ci/ mmol was purchased from
Perkin-Elmer Life and Analytical Sciences (Boston,
MA). Concentrated PEGylated GNS were incubated
with 131 (5 pCi per 200 pg gold) in PBS for 2 hours at
room temperature. Unbound 31 was removed by
pelleting and resuspending the nanoparticles in sterile
PBS. The retention of 3l on the GNS surface was in-
vestigated in PBS with 4% albumin. After 96 hours
incubation at 37 °C, the solution was centrifuged and
the radioactivity of the supernatant and pellet was
measured to determine the percentage of 131l remain-
ing on the GNS surface. Freshly radiolabeled GNS
were used for biodistribution studies. Twelve mice
with xenograft sarcomas were randomly divided into
3 groups (n=4 in each group). Nanoparticles in PBS
were injected intravenously via the tail vein. For the
first group, 100 pl of radiolabeled 30-nm GNS (50 pg
gold) was injected. For the second group, 100 pl of
radiolabeled 30-nm GNS (200 pg gold) was injected.
For the third group, 100 pl of radiolabeled 60-nm GNS
(200 pg gold) was used. The injection standard (5%)
for each dose was prepared by diluting 100 pl of ra-
diolabeled GNS solution to 2 ml with water. Mice
were sacrificed 48 hours after injection and organs of
interest were harvested for radioactivity measure-
ment. The radioactivity of each organ and internal
standard was measured with an automated gamma
counter (LKB 1282, Wallac, Finland), and the meas-
ured results were used to calculate percentage of in-
jected dose per gram tissue (% ID/g) for each organ of
interest.

In Vivo Tumor CT Imaging

Mice with primary sarcomas were used for CT
and optical imaging at 12 weeks post-Adeno-Cre in-
fection, at which time point large sarcomas (~0.5-1 cm
diameter) were present in each mouse. A total of 3
mice were used for the CT and optical imaging study.
Longitudinal dual energy (DE) micro-CT imaging was
done in all animals. DE imaging was used to accu-
rately quantify in vivo concentrations of gold dynam-
ically. The gold nanoparticle contrast agent (12-nm
nanospheres, 30-nm GNS or 60-nm GNS) was injected
intravenously through the tail vein at a gold dose of
20 mg/25g body weight and post-injection DE CT
scans were immediately acquired. Additional DE CT
scans were done at 24 hours and 72 hours

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 9

949

post-injection. Following the final scan, the mice were
euthanized and tissues were harvested, as described
below. A custom-built dual-source micro-CT imaging
system was used for the study.[37] Animal monitor-
ing and CT data acquisition were performed and raw
CT images processed, as described previously.[38] In
short, two acquired datasets (80 kVp and 40 kVp en-
ergies) were reconstructed using the Feldkamp algo-
rithm, co-registered, and smoothed using joint bilat-
eral filtration. Dual energy decomposition was per-
formed by fitting the voxel data to a CT sensitivity
matrix derived from gold concentration standards,
which we have previously validated in vivo.[39] The
result of the dual energy decomposition was a gold
concentration map, in which intensity values repre-
sent the calculated concentration of gold within each
voxel. CT images were manually segmented using
Avizo (Visualization Sciences Group, FEI, Hillsboro,
OR). Following segmentation, gold concentrations
were measured in each region of interest by calculat-
ing the average value of the gold maps over the entire
region of interest.

SERS Measurement

In vivo SERS spectra were recorded with a PIXIS:
100BR_eXcelon CCD mounted to an Acton LS-785
spectrograph (1200 grooves/mm grating), controlled
by LightField software (Princeton Instruments, Tren-
ton, NJ). A 785-nm diode laser was fiber-coupled to
the excitation fiber of an InPhotonics Raman probe
(Norwood, MA) and the collection fiber of the Ra-
manProbe was coupled to the entrance slit of the
LS-785 spectrograph. SERS spectra were recorded for
mice in the CT study immediately after euthanasia.
Spectra were recorded for all mice through the skin
over the tumor and over the leg muscle on the con-
tralateral side as a control.

Tissue Staining

Frozen tumor sections (8 pm thick) were im-
munostained for the endothelial cell marker CD31.
Prior to staining, sections were fixed with 4% para-
formaldehyde, rinsed with PBS, and blocked with
10% FBS in PBS for one hour. The sections were then
incubated with the primary antibody (rat anti-mouse
CD31, BD Pharmingen, Franklin Lakes, NJ) diluted
1:250 in blocking buffer for 2 hours at room tempera-
ture. The slides were rinsed three times with PBS for
10 minutes to remove unbound primary antibody,
after which the secondary antibody (Alexa Fluor
488-conjugated donkey anti-rat IgG, Invitrogen,
Carlsbad, CA) diluted 1:500 in blocking buffer was
added and incubated for 1 hour in the dark. Nuclei
were counterstained with 4, 6-diamidino-2-
phenylindole (DAPI). A few sections were also used

for hematoxylin and eosin (H&E) staining. For H&E
staining, samples were stained with hematoxylin,
rinsed with water and ethanol, stained with eosin Y,
then dehydrated with ethanol and xylene, and
mounted for microscopy.

Two-Photon Luminescence Imaging

Two-photon luminescence imaging on im-
munostained tumor sections was performed using an
Olympus FV 1000 multiphoton microscope (Olympus
America, Center Valley, PA). The pulsed laser used
was a Ti:Sapphire laser (Chameleon Vision II; Co-
herent, Santa Clara, CA) with tunable range of
680-1080 nm, 140 fsec pulse width, and 80 MHz repe-
tition rate. The laser beam (800 nm wavelength) was
focused with a water-immersion objective with 25X
1.05 NA (Olympus America, Center Valley, PA). Im-
ages were acquired for each channel (red, green, and
blue filter cubes with PMTs) and were merged for the
final TPL images.

Dark Field and Fluorescence Imaging

Immunostained sections were imaged using a
Zeiss Axiovert 135 inverted microscope (Carl Zeiss
Inc., Thornwood, NY) with a Cytoviva darkfield
condenser and dual mode fluorescence module (Cy-
toviva, Auburn, AL) fitted with a triple bandpass
emission filter. All images were acquired using a 20x
lens. Each tumor was imaged using both fluorescence
and darkfield modes. For darkfield imaging, indirect
sample illumination enables image production from
light scattered by the samples. Gold nanoparticles are
readily detected by darkfield microscopy due to their
increased scattering properties relative to the sur-
rounding tissue. Combined darkfield and fluorescent
images of each tumor were produced by first thresh-
olding the darkfield images to include only the bright
gold nanoparticles. The fluorescence images were
then separated into individual color channels in Im-
age] (http://imagej.nih.gov/), each of which was
thresholded to remove overlapping signals. The re-
sulting images were overlaid, which allowed visuali-
zation of the spatial relationship between the gold
nanoparticles and the vasculature and nuclei within
the tumors.

In Vitro Photothermal Heating Characteriza-
tion

The photothermal effect for 30-nm GNS at dif-
ferent concentrations and laser power densities was
investigated by irradiating 0.8 mL of GNS solution in
a plastic vial for 20 minutes with a 980 nm continuous
wavelength laser. A thermocouple temperature probe
(VWR, Randnor, PA) was inserted into the solution
and used to measure temperature during laser irradi-
ation. The GNS stability during laser irradiation was
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tested by repeating three cycles of laser irradiation on
and off for 10 minutes. Calculation of photothermal
conversion efficiency was performed following a pre-
viously described method.[40, 41] To summarize, 1.5
ml solutions of PBS, 30-nm GNS, 60-nm GNS, and
silica-core gold nanoshells (120 nm core, 15 nm shell,
courtesy of Dr. Jennifer L. West Lab, Duke University)
at equal optical densities (0.5, 1, and 1.5) were placed
in a quartz cuvette and heated using an 808-nm diode
laser operating at a power of 1 W. The laser fiber optic
probe was oriented horizontally and was located 0.5
cm from the base of the cuvette. Solution temperature
was monitored using an immersed thermocouple
temperature probe positioned 1 cm above the laser
path. The top of the cuvette was covered by insulating
foam to reduce heat loss from the surface of the solu-
tion. After reaching a temperature plateau at 25
minutes, the laser was turned off and temperature
recording was continued until the solution returned
to room temperature. From the calculated exponential
fit of the heating and cooling curves, we determined
the characteristic time constant and heat transfer co-
efficient of the system. We then used this information,
along with the system heat capacity, laser intensity,
and solution optical density to calculate the photo-
thermal conversion efficiency for each nanoparticle
type. This conversion efficiency is defined as the frac-
tion of absorbed laser power that is converted to heat
by the nanoparticles. For a detailed description of the
photothermal conversion efficiency calculations, refer
to [40, 41].

In Vivo Photothermal Therapy

A 980-nm continuous-wavelength laser was
used for the in vivo photothermal therapy. The max-
imum permissible exposure (MPE) for this wave-
length is calculated to be 0.72 W/cm? according to
American National Standards Institute (ANSI) laser
safety guide. The tumor surface temperature during
laser irradiation was continuously and remotely
monitored with an infrared thermal imaging camera
(Thermo Tracer TS 7302, NEC, Japan). In addition, a
thermocouple temperature probe was also used to
measure tumor surface temperature before and after
laser irradiation to verify temperature measured from
an infrared thermal imaging camera. Two groups of
mice with primary sarcomas (n=2 in each group) were
used. For the treatment group, 2 mg of 30-nm GNS
were injected two days before photothermal therapy,
while PBS solution was injected for the control group.
The tumors were irradiated at 0.7 W/cm? for 10
minutes on both the front and back sides. Afterwards,
the mice were monitored and the photothermal ther-
apy effect was evaluated by observing the change in
tumor size.

Statistics

Differences between groups in the biodistribu-
tion and photothermal conversion efficiency studies
were analyzed using a one-way ANOVA followed by
post-hoc testing with the Fisher’s PLSD test. All data
are represented as the mean * standard deviation.

Results

Nanostar Characterization

GNS (30-nm and 60-nm) were synthesized via a
seed-mediated method, in which gold ions were re-
duced onto the surface of 12-nm gold nanospheres
using ascorbic acid in the presence of AgNOs. This
procedure causes asymmetric growth of the gold
cores, resulting in the development of multiple gold
spikes. TEM images and UV-Vis spectra of the syn-
thesized nanoparticles are shown in Figure 1.

O

—B0nm
=—30nm

Extinction (A.U.)

450 600 750 900
Wavelength (nm)

Figure 1. TEM images of 12-nm gold nanospheres (A), 30-nm GNS (B), and 60-nm
GNS (C). UV-Vis spectra of 12-nm gold nanospheres, 30-nm GNS, and 60-nm GNS
solutions (D). The plasmon peaks are 520 nm for 12-nm nanospheres (5 nM), 945 nm
for 30-nm GNS (0.2 nM), and 706 nm for 60-nm GNS (0.1 nM), respectively. Scale bar
is 20 nm in all images.

The 12-nm nanospheres have a plasmon peak at
520 nm while the GNS have peaks at 706 nm (60-nm
GNS) or 945 nm (30-nm GNS). Nanoparticle size and
C-potential measurements are shown in Table 1. The
hydrodynamic diameter for each particle type is sig-
nificantly higher than the physical diameter shown
with TEM, reflecting the increase in effective particle
size due to PEG coating. The obtained nanoparticles
have C-potential close to neutral after PEG coating,
which demonstrates effective shielding of the GNS
surface charge by PEG. This is important for mini-
mizing particle aggregation, plasma protein binding,
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and host nanoparticle recognition. The resulting na-
noparticles exhibit no aggregation under physiologi-
cal salt conditions. AAS measurements showed that
30-nm GNS contain 95.5% gold and 4.5% silver by
mass while 60-nm GNS contain 96.9% gold and 3.1%
silver.

Table 1. Nanoparticle size (by TEM and DLS) and {-potential of
three nanoparticles investigated in this study. TEM nanoparticle
diameter was measured end-to-end.

TEM diameter 12 nm 30 nm 60 nm

Hydrodynamic diameter 38 nm 56 nm 73 nm
Polydispersity Index 0.14 0.30 0.25

-potentia -7.1mV -3.1mV -5.7mV
P ial 3
250 -
Sy Il 30nm_50ug
150 I 30nm_200ug
I 60nm_200ug 4 B
o 1004 o3
a a2
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6
4
24 *
0
et.q.(-o,k-euuq;gyw.c.e
g LOETIF LIS ES S &L
FISTELF o FETd 2
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Figure 2. Biodistribution (%ID/g) of GNS with different particle sizes and injection
doses 48 hours after tail vein injection. Four mice with xenograft sarcomas were used
for each group. Smaller nanostars with higher injection dose have higher tumor
uptake. The %ID/g is defined as percentage of total injection dose per gram tissue
weight. Error bars show standard deviation. The asterisk represents a statistically
significant difference from the other two groups (p<0.05).

Nanostar In Vivo Biodistribution

A nanoparticle’s in vivo biodistribution and tu-
mor uptake are of critical importance for its use in
cancer imaging and treatment. Radioisotope labeling
provides a sensitive and quantitative method to in-
vestigate nanoparticle biodistribution. For the biodis-
tribution study, GNS were labeled with 1311, which has
a half-life of ~8 days. lodine radioisotopes show high
labeling efficiency (more than 99%), as well as good
stability on gold nanoparticles due to strong io-
dine-gold interaction.[42] The retention of 1311 on the
GNS surface was investigated in PBS with 4% albu-
min and results showed that 99% of 1311 remained on
the nanoprobes after incubation at 37 °C for 72 hours.

Radiolabelled GNS (30 nm and 60 nm) were in-
jected intravenously into mice with xenograft sarco-
mas, and radioactivity uptake in tumor and other
organs of interest was measured after 48 hours; results

are shown in Figure 2. Tumor uptake of 30-nm GNS
was higher (2.11 £ 0.64 %ID/g) than that of 60-nm
GNS (0.88 + 0.46 %ID/ g) with the same injection dose
of gold (200 pg). In addition, 30-nm GNS showed a
higher tumor uptake with a 200-pg injection dose
(211 + 0.64 %ID/g) than with 50-pg injection dose
(1.08 £ 0.25 %ID/g). This difference was found to be
statistically significant. The reticuloendothelial system
(RES), including liver and spleen, demonstrated high
uptake of nanoparticles, which is consistent with pre-
vious studies.[43] Relatively low uptake levels of na-
noparticles were seen in other non-target organs.

Tumor CT Imaging

In order to further investigate gold nanoparti-
cles’ dynamic biodistribution and demonstrate re-
al-time monitoring of intratumoral accumulation, we
performed dual-energy CT imaging on mice with
primary sarcomas 30 minutes, 24 hours, and 72 hours
after gold nanoparticles injection. Mice with primary
sarcomas are immunocompetent and may more ac-
curately reflect the tumor microenvironment and re-
sponse to therapy of human tumors compared to
xenograft models.[44-46] The longitudinal du-
al-energy CT imaging showed gold nanoparticle dis-
tribution at various time points (Figure 3). The CT
images at 30 minutes clearly show gold nanoparticles
localized to blood vessels. It appears that the majority
of blood vessels in the tumor region were located on
the outside of the tumor, so perfusion to the core of
the tumor may be limited. At the 24-hour and 72-hour
time points, there was nanoparticle accumulation in
the tumors. Concentrations of gold in the blood, tu-
mors, and other organs calculated from each du-
al-energy CT scan are shown in the Supplementary
Figure S1. These results are consistent with the results
obtained with radiolabelled GNS, showing significant
RES accumulation and tumor uptake, as well as de-
creasing concentrations of gold within the blood over
time. The most notable difference between these two
biodistribution studies is that the concentration of
gold in the tumor relative to the liver and spleen was
much higher in the CT study than in the radiolabeled
study. This is most likely due to the much higher dose
of gold injected for the CT study. The RES might be
saturated with a high injection dose, which would
give the nanoparticles a longer circulation time. It is
also possible that the tumor nanoparticle uptake dif-
fers between the primary tumor and xenograft mouse
models. Blood residence time for each nanoparticle
type was approximated using the measured gold
concentrations in the blood at 0, 24, and 72 hours
post-injection. 12-nm nanospheres had a blood
half-life of approximately 26 hours; 30-nm GNS had a
half-life of 33 hours; and 60-nm GNS had a half-life of
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27 hours, which is consistent with residence times we
have seen in previous gold nanoparticle studies.[39]
These CT results also show a comparison of the con-
centrations of gold within the tumor rim and tumor
core. In all three cases, there was high gold concen-
tration in the tumor rim and negligible gold concen-
tration in the tumor core. CT slices through the tu-
mors demonstrate this heterogeneous intratumoral
distribution (Figure 4). The gold concentration at the
rim is much higher than that in the center and is not
evenly distributed around the tumor rim. The low
concentration at the center may reflect poor perfusion
in the tumor core. This is supported by the H&E im-
ages (Supplementary Figure S2), which show tumor
necrosis at the core, but viable tumor near the mar-
gins. Additionally, the 12-nm nanospheres showed
much more skin accumulation around the tumor site
than the larger GNS. Images of the gross primary
sarcomas before extraction are shown in Supplemen-
tary Figure S3. They show that the surface of the sar-
coma is black in color due to high GNS accumulation,
consistent with the CT cross-sectional images. There is
also a clearly visible color boundary between tumor
and normal muscle due to differential GNS uptake,
which indicates that GNS could potentially be used as
an intraoperative imaging contrast agent during can-
cer surgery.

Optical Imaging of Nanoparticle Distribution
in Tumors

GNS have extremely strong two-photon lumi-
nescence and can be used to monitor nanoparticle
distribution at the cellular level without dye labeling.
GNS also have a large enough scattering cross-section
to allow imaging by darkfield microscopy, in which
only the light scattered from indirect illumination of
the sample is detected. After CT imaging, tumors
were sectioned, immunostained and imaged using
two-photon microscopy, fluorescence microscopy,
and darkfield microscopy. As shown in Figure 5, both

12-nm nanosphere 30-nm GNS

the 30-nm and 60-nm GNS show extremely strong
two-photon luminescence. The emitted light spans the
visible spectrum, so the nanoparticles appear bright
white. It is noteworthy that 12-nm gold nanospheres
showed no detectable TPL signal. All three nanopar-
ticle types were visible by darkfield microscopy, but
the GNS were much less easily visualized with this
modality compared to TPL imaging. Both imaging
methods were able to show tissue-level distribution of
nanoparticles within the tumor. The 12-nm nano-
spheres and 30-nm GNS nanoprobes penetrate more
deeply into the tissue than 60-nm GNS after leaking
through tumor vasculature. The 12-nm nanospheres
and 30-nm GNS have a fairly even distribution in
tumor tissue, while the larger 60-nm GNS were re-
stricted primarily to the perivascular space.

12 nm 30 nm 60 nm

30 minutes

24 hours

72 hours

Figure 3. Maximum intensity projection CT images of hind leg primary sarcomas at
30 minutes, 24 hours, and 72 hours after gold nanoparticle injection (12-nm nano-
spheres, 30-nm and 60-nm GNS). Gold concentrations are shown in green (win-
dowed from 2 to 10 mg/ml), while other tissues are shown in gray scale (windowed
from —100 to 5000 HU). Gold is primarily visualized in the blood vessels immediately
after injection and in the tissues in the delayed scans.

60-nm GNS

Figure 4. Dual-energy CT axial slices (top) and coronal slices (bottom)
in primary sarcomas 72 hours post-injection with 12-nm gold nano-
spheres, 30-nm GNS, and 60-nm GNS. Gold is shown in green (win-
dowed from 2.5 to 8 mg/ml), while all other tissues are shown in gray
scale (windowed from -500 to 1200 HU).
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12-nm nanosphere

Darkfield

TPL

30-nm GNS

60-nm GNS

Figure 5. High-resolution darkfield/fluorescence microscopy (top) and two-photon luminescence (TPL) microscopy (bottom) for gold nanoparticle tracking in tumors after
leaking through vasculature. 12-nm gold nanospheres were undetectable with TPL imaging in this study, but all nanoparticles were visible darkfield. Gold nanoparticles with
smaller size penetrate more deeply into tumor interstitial space. Scale bar, 50 um. Blue, DAPI; green, CD31; gold nanostars appear yellow in darkfield images and white in TPL

images.
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Figure 6. (A) In vivo SERS spectra of 30-nm and 60-nm GNS nanoprobes with pMBA reporter. Unique SERS peaks can be detected at 1067 and 1588 cm-! in the tumor, but not
in the normal muscle. Baselines are artificially offset to visualize each spectrum individually. (B) Mouse with primary sarcomas 3 days after 30-nm GNS injection. Significant GNS
accumulation can be seen in the tumor (T), but not in the normal leg muscle of the contralateral leg (N).

GNS Nanoprobe for in vivo SERS Measure-
ments

Gold nanostars exhibit very intense SERS signal
due to strong local field enhancement at the tips of the
nanostar spikes. Our previous study showed that
GNS SERS enhancement is more than two orders of
magnitude higher than that of gold nanospheres.[31]
Following CT imaging, the SERS signal from the GNS
that accumulated within each tumor and contralateral
leg muscle was measured. Figure 6A shows the SERS
spectrum for 30-nm GNS and 60-nm GNS in the sar-
coma and normal muscle. The GNS were labeled with
PMBA, a Raman reporter. The characteristic SERS
peaks of pMBA on GNS at 1067 and 1588 cm! were
detected in the tumor, but not in the contralateral leg
muscle, which shows that SERS has the capability to
differentiate tumor from normal muscle. The SERS

spectra for Raman reporter pMBA from 30-nm and
60-nm GNS are nearly identical. Those two major
peaks were assigned to the stretching vibrational
mode of the benzene ring in pMBA based on previous
combined theoretical and experimental investiga-
tions.[47, 48]

GNS Nanoprobe for Photothermal Therapy

In addition to its use as an imaging and tumor
detection agent, the developed multifunctional GNS
probe can also be used for photothermal therapy. Be-
cause the 30-nm GNS accumulate more in tumors and
have deeper tissue penetration than the 60-nm GNS,
we selected 30-nm GNS to investigate in vivo photo-
thermal therapy. The 30-nm GNS probe was first
tested with in vitro experiments, the results of which
are shown in Figure 7. After three repetitive laser ir-
radiations (0.8 W/cm?), there was no decrease in the

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 9

954

photon-to-heat conversion (Figure 7A). Figures 7B
and 7C demonstrate that equilibrium temperature
varies with GNS concentration and laser power. Wa-
ter (no GNS) increased from room temperature to ~31
°C after extended laser irradiation, while the 0.5 nM
GNS solution increased to ~42 °C upon continuous
irradiation. Equilibrium was reached after about 10
minutes of irradiation at all GNS concentrations. This
equilibrium temperature depends strongly on laser
power, as shown in Figure 7C. Although increasing
laser power clearly led to higher final temperatures,
the 0.7 W/cm? laser power was chosen for in vivo
studies in order to minimize non-target tissue damage
and keep exposure levels under the recommended
maximum permissible exposure (MPE). We also per-
formed calculations to investigate how efficiently
GNS can facilitate photothermal therapy (Supple-
mentary Figure S4). The results suggest that GNS
have a high photothermal conversion efficiency and
that the temperature at the GNS surface could be high
enough to vaporize surrounding water molecules.
This finding is supported by the presence of signifi-
cant condensation on the sides of the cuvette after
even short periods of irradiation (with bulk solution
temperature < 40 °C).

We then performed a direct measurement of
photothermal conversion efficiency for the 30-nm and
60-nm GNS, and we compared their efficiency to gold
nanoshells, which are one of the most well-studied
nanoparticles used for photothermal therapy.[49, 50]
Figure 7E shows the temperature profiles for each of
these three nanoparticles, with the 30-nm and 60-nm
GNS having a much higher equilibrium temperature
(42.3 °C and 414 °C) than nanoshells (34.7 °C) at
equivalent optical density. The calculated values of

photothermal conversion efficiency (Figure 7F) were
94% for 30-nm GNS, 90% for 60-nm GNS, and 61% for
gold nanoshells. The difference in efficiencies between
the gold nanoshells and the two sizes of GNS was
found to be statistically significant. This demonstrates
that GNS have a higher efficiency in converting the
delivered laser power into heat.

Following in vitro evaluation, we performed in
vivo photothermal therapy on mice bearing primary
sarcomas. Figure 8 shows NIR images depicting sur-
face temperature change during the photothermal
treatment process and the measured temperature in-
crease of sarcomas with and without GNS over 10
minutes of laser exposure. The tumor temperature is
much higher for mice with GNS injection than for
mice with PBS injection. The tumor surface tempera-
ture with GNS reaches 50 °C after only 4 minutes of
treatment, which is high enough to kill tumor cells.[51]
The tumors treated with GNS and laser irradiation
regressed to an undetectable size one day after pho-
tothermal therapy with GNS, while tumors treated
with PBS and laser irradiation continued to grow
rapidly. Photographs and x-ray images of these two
conditions are shown in Figure 9. The GNS mice ex-
hibited no sign of tumor growth for 7 days following
treatment, at which point they were sacrificed. The
laser irradiation was confined primarily to the tumor
and there was no detectable tissue damage outside of
the tumor region. There was some skin burning di-
rectly over the tumor surface, but no other adverse
effects were observed in these mice. These results
provide the proof of principle that the GNS nano-
probe may provide a useful platform for im-
age-guided photothermal therapy, which will be in-
vestigated further in future pre-clinical experiments.
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Figure 7. In vitro photothermal heating evaluation. (A) Repetitive photothermal heating (0.2 nM 30-nm GNS solution) with 0.8 W/cm? laser (980 nm wavelength) on at 0, 25, and
50 minutes and laser off at 10, 35, and 60 minutes. (B) Temperature profile for different GNS concentrations with 0.8 W/cm? laser intensity. (C) Temperature profile for 0.2 nM
GNS with different laser intensities. (D) Temperature profile for 12-nm gold nanospheres (5 nM) and water with 0.8 W/cm? laser intensity. No photothermal enhancement was
observed for 12-nm gold nanospheres compared to water. (E) Temperature profile of 30-nm GNS, 60-nm GNS, and gold nanoshells for photothermal conversion efficiency
calculations. (F) Calculated photothermal conversion efficiency for GNS nanoprobes and gold nanoshells as a comparison (n=3 for each group).
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Figure 8. (A) Near-infrared imaging of mouse surface temperature during photothermal treatment of primary sarcomas after intravenous injection of PBS or 30-nm GNS. Each
image shows the surface temperature plot of the whole mouse, with the tumor circled in red. T represents the mouse tumor and H represents the mouse head. The temperature
scale bar is between 23° C and 60 °C. (B) In vivo profile of the average surface temperature of primary sarcomas with and without injection of GNS measured by a calibrated IR

camera.

PBS GNS
IBeforePTT After PTT ! | Before PTT After PTT !

Figure 9. Photographs (top) and x-ray images (bottom) of mice before and after photothermal therapy with tumors circled in red. The control mouse images were taken 7 days
after treatment and the images of the mouse with GNS injection were taken 3 days after treatment. Dark discoloration in the tumor region for the GNS mouse is due to
nanoparticle accumulation in the underlying tumor. X-ray images show a clear decrease in tumor bulk for the mouse with GNS injection, but a significant increase in tumor size
for the mouse with PBS injection. Similar results were obtained for the second mouse tested in each group.
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Discussion and Conclusion

We have shown in this study that our unique
surfactant-free GNS can be effectively used for mul-
timodal in vivo imaging and therapy of cancer in a
laboratory animal model. We have demonstrated that
(1) GNS can be radiolabelled for particle tracking and
biodistribution analysis; (2) they are an effective CT
contrast agent that can be monitored dynamically and
quantified using dual energy CT; (3) they have high
SERS signal; (4) they exhibit intense two-photon lu-
minescence for nanoparticle detection; and (5) they
have high photothermal conversion efficiency, which
was utilized for tumor photothermal ablation in a
proof-of-principle demonstration.

Although other gold nanoparticles have been
used for imaging and therapy, these GNS exhibit
unique properties including tip-enhanced plasmonics,
which provide significant advantages. Not only do
GNS have a tunable plasmon resonance peak in the
NIR region, but they also have multiple sharp spikes,
which generate strong local field enhancement for
SERS. The narrow spikes provide a very large ab-
sorption cross-section for both TPL imaging and
photon-to-heat conversion for PTT. Our surfac-
tant-free synthesis method produces GNS with high
biocompatibility and low toxicity, which allows for
successful in vivo application of these nanoparticles.
This is the first in-depth in vivo demonstration of these
novel GNS, and our results suggest that GNS have
great promise for further in vivo applications.

The multifunctional GNS nanoprobe has the
potential to be used for tumor detection and margin
delineation using SERS. Our group has been working
on SERS detection for more than two decades.[52-55]
SERS takes advantage of surface plasmon resonance
and narrow Raman peaks to provide a sensing
method with high sensitivity and specificity. GNS are
particularly well-suited for SERS sensing due to the
strong local field enhancement at the tip of each spike,
which greatly increases the SERS signal. In this study,
we demonstrated the ability to detect a strong in vivo
SERS signal in sarcomas through the intact skin for
both 30-nm and 60-nm GNS. A recent study applied
SERS imaging with gold nanospheres to identify mi-
croscopic glioblastoma extent in a mouse model, and
the results demonstrated that the resection under
SERS guidance is more accurate than traditional
method with white light illumination.[56] The GNS
nanoprobes developed in this study have strong SERS
enhancement without aggregation (more than 100
times stronger than gold nanospheres),[31] which
could be wused to significantly improve this
SERS-guided surgical technique by detecting tumor
margins and residual tumor cells in the surgical bed

with high sensitivity. Our future studies will further
explore this exciting application for GNS.

The PTT results show a  successful
proof-of-principle demonstration of GNS-mediated
photothermal ablation. In vitro tests showed highly
efficient heating even at relatively low laser power.
The GNS photothermal conversion efficiency
(90-94%) was significantly higher than that calculated
for gold nanoshells (61%), a nanoparticle commonly
used for in vivo photothermal therapy.[49, 50] It
should be mentioned that our calculated value for
gold nanoshells is somewhat higher than values pre-
viously reported.[40, 57] The absorption efficiency of
nanoshells varies significantly depending on both the
core and total diameter of the gold nanoshells.
Therefore, it is expected that the calculated conversion
efficiency will vary from one formulation to another.
In addition, our experimental setup might also yield
slightly different results from others in the literature.
Although our calculated conversion efficiency values
may be high compared to previous reports, the im-
portant result from this experiment is the direct
comparison between GNS and gold nanoshells, which
shows that the GNS have significantly higher conver-
sion efficiency than the commonly-used gold
nanoshells. This difference is consistent with prior
theoretical calculations, which have shown that GNS
have a very high absorption-to-scattering ratio rela-
tive to other gold nanoparticle shapes (including gold
nanoshells).[30] Because absorption contributes more
to photothermal conversion than scattering, heating
efficiency tends to correlate well with the absorp-
tion-to-scattering ratio. Our theoretical calculations
have shown that GNS have the highest absorp-
tion-to-scattering ratio of the commonly used plas-
monics gold nanoparticles, which is consistent with
the very high conversion efficiency seen in this study.
Such high conversion efficiency is ideal for in vivo
applications, because the conversion efficiency is a
measure of how much of the incoming laser light gets
converted to heat. Nanoparticles with higher effi-
ciency are capable of achieving higher local tempera-
tures at a given laser power or can use lower laser
power to minimize off-target tissue heating. Fur-
thermore, 30-nm GNS also have a much smaller size
than that of gold nanoshells, which are typically
larger than 100 nm. The small size of GNS would help
them leak through tumor vasculature by the enhanced
permeability and retention (EPR) effect and penetrate
more deeply into tumor interstitial space, making
photothermal heating more even and effective for
treating tumor cells. Additionally, GNS showed no
decrease in effectiveness after multiple rounds of
photothermal heating. Despite being heated to very
high temperatures, GNS maintain their structure and
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photon-to-heat conversion efficiency, which makes it
possible to use GNS for prolonged therapy or for
multiple therapy sessions over the course of several
days or weeks. Because GNS remain trapped in the
tumor tissue by the EPR effect, such longitudinal
treatment regimens using only a single injection are
highly practical.

The in vivo PTT results indicate that a single
20-minute laser treatment could be sufficient to ablate
an otherwise highly-aggressive primary soft-tissue
sarcoma. The GNS-treated mice exhibited no tumor
recurrence for 7 days, while the tumors in PBS-treated
mice continued to grow rapidly. It should be men-
tioned that the laser irradiation caused some skin
burning directly over the tumor in this study, which
could be avoided by lowering laser intensity and/or
changing laser wavelength in future studies. In this
study, a 980-nm laser was used to match the 945-nm
plasmon peak of the 30-nm GNS probe. However,
there is moderate absorption of 980-nm light by water,
which is likely why we noticed some mild damage
due to non-specific heating (skin burns) in this ex-
periment. If we tune the GNS plasmon peak to lower
wavelengths (~800 nm), we will be able to use a laser
wavelength (808 nm), which will have much less wa-
ter absorbance. Given the high photothermal conver-
sion efficiency seen in this study, we should also be
able to reduce the laser intensity without significantly
reducing our treatment efficacy. Together, these steps
should significantly decrease any off-target effects of
the laser heating in future studies.

In addition to single PTT treatment tumor abla-
tion, repeat therapy could potentially be given using a
fractionated regimen of irradiation to kill additional
tumor cells without needing to inject any additional
nanoparticles. In addition to photothermal therapy,
gold nanoparticles can also be applied to enhance
radiation therapy.[58] A combined photothermal
therapy and radiation therapy enhanced by GNS
might further improve treatment efficacy, and allow a
lower dose for both treatment modalities to minimize
side effects.

Tracking nanoparticles after leaking through
tumor blood vasculature is important for both drug
delivery and molecular imaging. Although imaging
modalities like CT, MRI, and PET can be used to per-
form whole body scans, they are insufficient to track
nanoparticles at the cellular level. Optical imaging
with higher spatial resolution can be used to track
nanoparticles; however, labeled dyes may dissociate
from nanoparticles in the body, which makes imaging
characterization error prone. Additionally, traditional
fluorophores commonly quench when attached to
gold nanoparticles, making fluorescence imaging dif-
ficult for such nanoparticles. As a result, a nanoprobe

with intrinsic imaging properties would be more
suitable. GNS can be directly imaged using both
two-photon and darkfield microscopy, as we have
demonstrated in this study. Darkfield microscopy can
be used for any nanoparticle that has sufficiently large
scattering cross-section, with scattering cross-section
generally increasing for larger diameter nanoparticles.
We were able to visualize both GNS and 12-nm gold
nanospheres in tissue sections using darkfield mi-
croscopy; however, the sensitivity of darkfield mi-
croscopy for the detection of nanoparticles in tissue is
fairly low. A single nanoparticle with size less than 50
nm cannot readily be detected in tissue sections due to
the background signal from tissue light scattering.
Although we were able to visualize nanoparticles in
the darkfield images, the bright spots most likely
represent areas where multiple nanoparticles were
congregated or aggregated, which increased the scat-
tering intensity above background levels. Two-photon
luminescence, on the other hand, has extremely high
sensitivity for detecting GNS. The calculated
two-photon absorption cross-section for branched
GNS is approximately 5 x 10* times higher than for
equivalent-sized gold nanospheres,[59] which means
that even single GNS appears very bright when im-
aged with two-photon microscopy. This can be used,
as in the present study, to detect tissue distribution of
nanoparticles ex vivo. Two-photon microscopy can
also be used for in vivo imaging, and has previously
been used by our lab to detect GNS within tissue
vasculature and penetration through the blood-brain
barrier.[13, 29, 30]

Two-photon and darkfield microscopy of tumor
sections showed similar results in this study. The
12-nm nanospheres were undetectable using
two-photon microscopy, but showed widespread
distribution within the tumor tissue in the darkfield
images. 30-nm GNS showed distribution throughout
the tumor tissue, but were more concentrated near the
blood vessels than in the interstitial space. 60-nm GNS
had much less penetration into the interstitial space,
and were detected primarily in the perivascular re-
gion. This result was expected, as larger nanoparticles
diffuse less into tissues than smaller nanoparticles and
tend to remain near the vasculature. For therapeutic
efficiency, deeper tumor penetration is desirable, and
therefore smaller nanoparticles are ideal. The 30-nm
GNS were chosen for the PTT study primarily because
of their better tumor penetration when compared
with the 60-nm GNS.

The GNS probe has also been successfully used
as a highly-enhancing contrast agent for CT imaging.
CT is one of the most commonly used imaging mo-
dalities in the clinic today and is extremely useful for
tumor detection and treatment planning (for both
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surgery and radiation therapy). Developing a probe
that can be used for both CT imaging and therapy is
highly advantageous, as that single probe can be used
for pre-treatment planning, confirmation of therapeu-
tic delivery to the target, therapy, and monitoring of
treatment response. CT imaging also provides
non-invasive real time dynamic information, which
allows us to accurately determine nanoparticle con-
centrations in different tissues at any given time. This
allows us to acquire full biodistribution data dynam-
ically, without having to sacrifice animals at each time
point. It also allows us to visualize which regions of
the tumor are well vascularized and which do not
experience any nanoparticle delivery. GNS tumor
distribution seen in CT can also be used for dose
painting strategies with radiation treatment.[43, 60]
This information can therefore be very useful in im-
proving our understanding of nanoparticle in vivo
performance and for treatment planning.

In vivo biodistribution and tumor uptake are of
great importance for nanoparticle studies. Particle size,
surface charge, and targeting ligands have all been
considered to affect nanoparticle in vivo biodistribu-
tion and tumor uptake.[21, 42, 61-64] The shape of
nanoparticles has also been found to affect circulation
time and tumor accumulation.[65] GNS have a unique
shape with multiple branches compared to traditional
nanospheres. Comparing tumor uptake and intra-
tumoral distribution of nanoparticles with different
shapes will enable us to identify the most suitable
nanoprobe structure for future contrast agent and
drug carrier development. In this study, we found the
tumor uptake of the GNS to be 1-2 %ID/g. A recent in
vivo study on '"Au-doped gold nanoparticles with
similar PEG coating reported that nanospheres and
nanodisks have much more tumor uptake than that of
nanorods and nanocages one day after IV
injection.[66] The tumor uptake of different shaped
nanoparticles was reported to be 23.2 %ID/g (nano-
spheres), 2.0 %ID/g (nanorods), 7.5% %ID/g
(nanocages) and 4.9 %ID/g (nanodisks) at the end of
24 h. The differences seen in tumor uptake can be at-
tributed not only to differences in shape, but also to
differences in tumor type and injection dose. The
previous study used EMT6 murine mammary carci-
noma cells, while we used a xenograft sarcoma tumor
model. The liver uptake for different nanoparticles
was reported to be 34.9 %ID/g (nanospheres), 55.0
%ID/g (nanodisks), 52.1 %ID/g (nanorods), and 63.4
%ID/g (nanocages) at the end of 24 hours. The liver
uptake of GNS is relatively low: 16.54 + 2.97 %ID/g
(30-nm GNS, 50 pg), 19.77 £ 5.76 %ID/g (30-nm GNS,
200 pg) and 19.49 + 6.36 %ID/g (60-nm GNS, 200 pg)
at the end of 48 hours. The lower liver uptake in this
study might be due to dense PEGylation, which im-

proves the ability of the GNS to evade phagocytosis.

Particle size also plays an important role in de-
termining the biodistribution and clearance pathway
(via liver/spleen or kidney). Nanoparticles with size
less than 10 nm have been found to be cleared by the
kidney, while the liver and spleen will quickly filter
nanoparticles larger than 200 nm.[67, 68] Conse-
quently, a nanoparticle size between 30 nm to 200 nm
has been considered to be ideal for nanoparticle ac-
cumulation in tumors through the EPR effect.[69] In
this study, we compared 30-nm and 60-nm GNS with
the same injection dose (200 pg) and found that 30-nm
GNS have a higher tumor uptake. Future studies
could be performed to investigate whether nanopar-
ticles with a size less than 30 nm would have even
better tumor uptake. Furthermore, our results from
biodistribution of radiolabeled GNS indicate that in-
jection dose can also affect how well the nanoparticles
are taken up by the tumor. This finding is supported
by the CT biodistribution data, which show that for a
higher dose (20 mg) the concentration of gold at the
periphery of the tumor is almost equal to the concen-
tration of gold within the liver and spleen (Supple-
mentary Figure S1). This accumulation in tumors in
the CT study is much higher than the accumulation
observed with the lower doses used in the radio-
labeled biodistribution study. One potential reason
for the large differences in tumor accumulation be-
tween these experiments is RES saturation. Previous
studies have shown that the RES can be saturated at
high concentrations of nanoparticles, which consid-
erably slows the clearance of those nanoparticles from
the blood stream.[70] This gives them a much longer
time to circulate and accumulate in tumors via the
EPR effect. This finding is of importance for using
nanoparticles as imaging and therapeutic agents.
Further experiments could be performed to investi-
gate the detailed relationship between nanoparticle
injection dose and tumor uptake to optimize nano-
particle delivery.

The study using '3'I-labeled GNS demonstrates
the great potential that exists for future applications of
gold nanoparticles with imaging and therapy. For
example, 1 is a PET radionuclide and can be at-
tached to the gold nanoparticle surface for PET im-
aging, which can be used to investigate pharmacoki-
netics and dynamic biodistribution. In addition, 131
has been used for radioisotope-based therapy.[71] The
large surface area of GNS makes it a suitable carrier
for radioisotope delivery including iodine-125 and
astatine-211 for combined cancer imaging and treat-
ment.[72-74] The GNS surface can also readily be
modified with other radioisotopes for SPECT or gad-
olinium for MR imaging. This GNS nanoplatform
exhibits high flexibility for combining a variety of
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imaging and therapeutic agents onto a single
theranostic nanoprobe.

In this study, we developed a multifunctional
theranostic GNS nanoprobe and investigated how the
size, shape, and injection dose of nanoparticles affects
their biodistribution and intratumoral distribution.
The GNS probe can be used for in vivo biosensing and
tracking using SERS, TPL, and CT at different spatial
scales from whole body to the cellular level. Fur-
thermore, we demonstrated the GNS probe’s high
photon-to-heat conversion efficiency and concentrat-
ed heating effect with near-infrared light, which has
better performance than gold nanoshells, a widely
used PTT agent. In a proof-of-principle PTT in vivo
experiment, we observed effective tumor ablation
after photothermal treatment. This result lays the
foundation for future preclinical experiments with the
multifunctional GNS nanoprobe for pretreatment
plan design, intraoperative tumor margin delineation
with SERS and TPL, image-guided PTT therapy, as
well as therapeutic response monitoring. Such future
studies are warranted to better characterize the po-
tential of GNS as a theranostic agent for personalized
cancer management.

Supplementary Materials
Figures S1-54. http:/ /www.thno.org/v05p0946s1.pdf
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