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Abstract: Successful development of safe and effective nanoprobes for tumor targeting and
selective therapy is a challenging task. Although gold nanorods(GNRs) have the potential to
perform such a role, the toxicity of surfactant cetyltrimethylammonium bromides (CTAB) on their
surfaces limits their applications. Here, polyamidoamine dendrimer was applied to replace CTAB
molecules on the surface of gold nanorods. When the resultant dendrimer-modified gold nanorods
conjugated with arginine-glycine-aspartic acid (RGD) peptides, they showed highly selective
targeting and destructive effects on the cancer cells and solid tumors under near-infrared laser
irradiation. Also, we successfully observed the disappearance of tumors implanted in four sample
mice from test group of ten. High-performance RGD-conjugated dendrimer-modified GNR
nanoprobes exhibit great potential in applications such as tumor targeting, imaging, and selective
photothermal therapy.
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Introduction

One of the current challenges in biomedicine is to develop
safe and effective nanoprobes for tumor targeting and
selective therapy.'” Gold nanomaterials have been subject
to intensive investigation because of their unique physical,
chemical and optical properties.>* For example, gold
nanoshells with laser-excited tunable plasmon resonance have
been exploringly employed for clinical trials for tumor
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imaging and photothermal tumor ablation.”’® In recent years,
gold nanorods (GNRs) have attracted considerable attention
for their unique properties in photothermal therapy,’ "'
biosensing,'* molecular imaging,'* and gene delivery'* for
cancer therapy.

Although GNRs exhibit promising results in cellular
imaging, spectral detection and photoactivated therapy, there
are still some concerns remaining about synthesis, surface
modifications, biocompatibility and toxicity.'> For example,
the toxicity derived from a large amount of the surfactant
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cetyltrimethylammonium bromide (CTAB) during GNR
synthesis severely limits their biomedical applications.
Several methods have been employed to remove CTAB
molecules on the surface of GNRs.'°"?' However, the
complete removal of CTAB molecules on the surface of
GNRs is difficult to achieve. Therefore, developing a new
method to replace CTAB molecules on the surface of GNRs
is critical to improve their biocompatibility and enhance their
potential applications in in vivo imaging and photothermal
therapy.

Dendrimers are a class of polymers with highly ordered
structure. The accretion of functional groups, symmetry
perfection, nanosize, and internal cavities provide these
dendritic nanocomposites many potential applications in
nanomedicine.?>** Dendrimer coatings of nanoparticle sur-
faces can alter the charge, functionality, and reactivity, as
well as enhance the stability and dispersion of the nanopar-
ticles.* Our previous results demonstrated that dendrimer-
functionalized nanomaterials, such as carbon nanotubes,
quantum dots and magnetic nanoparticles, markedly enhance
the biocompatibility and cellular uptake of nanoparticles.> 2
So far no report is closely associated with the biocompat-
ibility of dendrimer-modified GNRs and tumor targeting
therapy based on dendrimer-modified GNRs.

Integrin oyfs, an important biomarker overexpressed in
sprouting tumor vessels and most tumor cells, plays a critical
role in regulating tumor growth, metastasis and tumor
angiogenesis.>”*° The RGD (arginine-glycine-aspartic acid)
short peptides can specifically bind with integrin ay3s,>" and
RGD-conjugated quantum dots have been successfully
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Here we report that a class of safe and effective nano-
probes, RGD-conjugated dendrimer-modified gold nanorods
(RGD-dGNRs), was employed for in vivo tumor targeting
and selective photothermal therapy. First, we used the
partially thiolated polyamidoamine (PAMAM) dendrimer to
replace CTAB molecules on the surface of GNRs, with the
aim of improving the biocompatibility of prepared GNRs.
Then, we prepared unique tumor targeting nanoprobes by
conjugating dendrimer-modified GNRs with RGD peptides,
and identified their maximal absorption peak around 820 nm.
Finally we investigated the feasibility of prepared nanoprobes
for tumor targeting and photothermal therapy in vitro and
in vivo under near-infrared laser irradiation (NIR) on
xenograft tumor model. We found that the prepared nano-
probes can selectively kill tumor cells in vitro and in vivo,
and extend the lifespan of mice loaded with tumors.

Experimental Section

Synthesis and Characterization of RGD-dGNR
Nanoprobes. GNRs were synthesized according to the seed-
mediated template-assisted protocol and our previous
reports.>** Functional PAMAM dendrimers, with a small
number of thiol groups, were prepared by reacting G4.0
PAMAM dendrimers with methyl mercaptoacetate.>>’ The
degree of thiolation and purity of thiolated G4.0 dendrimer
were monitored using 'H nuclear magnetic resonance ('H
NMR) analysis. Then ligand exchange was utilized to remove
CTAB molecules on the surface of GNRs by the way of the
phase transfer procedure.”’ Those amine groups on the
surface of dendrimer-covered GNRs were converted to
carboxylic acids by reacting with excess glutaric anhydride,
then conjugated with RGD (Supplementary Figure 8a in the
Supporting Information).*® Prepared RGD-dGNR nanoprobes
were characterized by HR-TEM (Hitachi H-700H), AFM
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(Veeco Instruments Inc.), '"H NMR (Bruker Avance III 400),
TGA (TA Instruments) and UV —vis absorbance spectroscopy.

Cell Targeting of RGD-dGNR Nanoprobes. The MCF-7
cell line with lower expression of ayf3; was selected as the
negative control group. HUVEC cell line with overexpression
of ayf; was used as positive control group. The melanoma
A375 cell line with overexpression of oy3; was selected as
the test group. The expression of ayf3; in tumor cells was
determined by flow cytometry (FCM). The three kinds of
cells were cultured in DMEM medium supplemented with
10% FBS and 1% penicillin—streptomycin in a humidified
5% CO, balanced air incubator at 37 °C for 2 days. All the
cells were collected and implanted onto 18 mm glass
coverslips in a 12-well tissue culture plate, and culturing was
continued for 3 days. After the cells were rinsed 3 times,
500 uL. of medium containing prepared nanoprobes was
added into each dish and incubated for 30 min. Subsequently,
these cells were rinsed with PBS buffer, fixed with 4%
paraformaldehyde, coated with glycerol, and sealed with
another coverslip. Then these cells were imaged by dark field
microscope under a reflective mode (Zeiss Axioscope).
Parallel competition inhibition control experiments were set
up. Before A375 cells were incubated with RGD-dGNR
nanoprobes, these cells were first incubated with free RGD
peptides, then incubated with RGD-dGNR nanoprobes, then
washed with PBS buffer, and then examined under the dark
field microscope. Finally these cells were made into TEM
specimens, and were observed by HR-TEM.

Cytotoxicity and Selective Photothermal Therapy of
dGNRs. The Cell Counting Kit-8 assay (Dojindo Labora-
tories) was used to measure cytotoxicity of synthesized
nanoprobes following the instruction of the kit. Cells
incubated with and without RGD-dGNR nanoprobes were
exposed to NIR laser irradiation, with a wavelength of 808
nm and varying intensities, from 30 mW (4 W/cm?) to 150
mW (20 W/cm?) in increments of 40 mW. The laser spot
size is 1.0 mm in diameter, and the exposure time is 4 min.
The cell viability was tested by both 0.4% trypan blue and
Calcein-AM staining.

Distribution and Selective Photothermal Therapy of
Nanoprobes. Animal experiments were performed according
to Guidelines for Animal Care and Use Committee, Shanghai
Jiao Tong University. Melanoma A375 cells (5 x 10°) were
injected subcutaneously into the right rear flank area of 50
female nude mice of age 6 to 8§ weeks. When tumors grew
to 5 mm in diameter, 200 ug of RGD-dGNR nanoprobes
was injected into mice via tail vein. For the blocking
experiment, ten mice were injected with the mixture of 0.5
mg of RGD peptides and 200 ng of RGD-dGNR nanoprobes.
For passive targeting experiment, 200 ug of pure dGNRs
was injected into ten nude mice via tail vein. Mice were
respectively sacrificed at 3 h, 6 h, 9 h, and 12 h. Blood and
organs were collected and kept in liquid nitrogen. Blood and
tissue samples were lysed in aqua regia. The precipitates were
dissolved in 0.5 M HCI, the amount of RGD-dGNRs was
measured by inductively coupled plasma mass spectrometry
(Thermo, U.K.).
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Figure 1. Characterization of CTAB-GNRs and RGD-dGNRs. (A) High resolution transmission electron microscopy
(HR-TEM) images of GNR-CTAB, scale bar, 20 nm. (B) HR-TEM images of GNR-G4.0, scale bar, 10 nm. (C) UV—vis
absorbance spectra of GNRs before and after dendrimer modification and RGD peptide conjugation. (D) TGA curves
showing difference in the weight loss of GNR-G4.0 and CTAB-GNRs. (E) AFM images of RGD-dGNRs deposited on
a silicon wafer. This image covers a 5 um x 5 um area and was obtained with a Digital Instruments Multimode AFM

operated in air using a tapping mode, scale bar, 100 nm.

Mice loaded with tumors were randomly divided into four
groups: test group (10 mice) (200 ug of nanoprobes plus
NIR laser irradiation); sham control group (10 mice) (PBS
plus NIR laser irradiation), and blank control (10 mice)
(untreated) as well as passive targeting group (10 mice) (200
ug of dGNRs plus NIR laser irradiation). When the tumor
sizes reached about 5 mm in diameter, the nude mice were
injected with 200 ug of prepared nanoprobes in PBS via tail
vein. At 6 h after injection, the mice were anesthetized and
irradiated with a NIR laser with a wavelength of 808 nm at
a power density of 24 W/cm? and a spot size of 5 mm
diameter for 5 min. Tumors were irradiated for four times
per month, once every week.

Observation by Real Time Reflectance Confocal
Microscopy. Real time reflectance confocal micrscopy
(RCM) was used to collect images of tumors from test group
and control group at 3 h, 1 day and 7 weeks after nanoprobes
injection, and to assess the histological and blood flow
changes. Hematoxylin and eosin staining was used to
examine tumor histological changes. Tumor size and mice
survivability were monitored for 7 weeks.

Statistical Analyses. All data are presented in this paper
as mean result = SD. Statistical differences were evaluated
using the ¢ test and considered significant at the P < 0.05
level. All figures shown in this article were obtained from
three independent experiments with similar results. Median
survival times were computed by using Kaplan—Meier
methods. 95% confidence intervals were computed. Differ-
ences in survival functions were assessed using the log rank
test. All analyses were performed using SPSS 14.0 software.

Results

Development of RGD-Conjugated dGNR Nanoprobes. As
shown in Supplementary Figure 1 in the Supporting Infor-
mation, the main route for GNR ligand exchange is as
follows: gold nanorods with CTAB first were synthesized,
then partially thiolated G4.0 PAMAM dendrimers were
prepared, and then the thiolated G4.0 PAMAM dendrimers
were used to replace CTAB molecules on the surface of gold
nanorods; the resultant G4.0 dendrimer-modified GNRs
(dGNRs) were conjugated with RGD peptides (RGD-
dGNRs). The original gold nanorods (GNRs-CTAB) are
about 42 nm in length, and 10 nm in width (Figure la).
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Dendrimer-modified GNRs exhibit better dispersion in water
solution than GNRs-CTAB (Figure 1b). GNRs-CTAB has
two absorption bands, a weak short-wavelength band around
520 nm and a strong long-wavelength band around 821 nm.
RGD-dGNRs exhibit an absorption band red-shift (about 3
nm) (Figure 1c). We observed that RGD-dGNRs exhibited
good stability and dispersibility in water or organic solution
with different pH conditions (Supplementary Figure 2 in the
Supporting Information).

We also used thermal gravimetric analysis (TGA) to
calculate the content (%) of the CTAB-modified GNRs and
G4.0-dendrimer-modified GNRs. The CTAB layer on the
surface of GNRs has ~4% weight loss, while G4.0-
dendrimer-modified GNRs have a ~17% weight loss (Figure
1d). Atomic force microscopy (AFM) images revealed
discrete entities with a dendrimer layer. Cross section of
height analysis of these entities revealed vertical heights of
15 to 20 nm. The uniform appearance and height values of
these entities demonstrated that these structures are a single
RGD-dGNR. The lateral size of a single RGD-dGNR is about
51 to 55 nm, which fits well with the predicted size (diameter
of G4.0 is about 4.5 nm). Therefore, CTAB molecules on
the surface of gold nanorods were completely replaced by
dendrimer, and prepared RGD-dGNRs exhibited good dis-
persibility in water solution (Figure le).

Evaluation of RGD-dGNR Nanoprobes for in Vitro
Tumor Cell Targeting. FCM analysis indicated the mela-
noma A375 cell lines and normal human umbilical vein
endothelial (HUVEC) cells exhibit overexpression of a3
integrin, and the breast cancer cell line MCF-7 cells exhibit
lower expression of oy33 integrin (Supplementary Figure 3
in the Supporting Information). Initial evaluation of the
cytotoxicity of RGD-dGNR nanoprobes (Supplementary
Figure 4 in the Supporting Information) showed both the
dendrimer-modified GNRs and RGD-dendrimer-modified
GNRs were biologically nontoxic within the concentration
of ~200 ug/mL. GNR-CTAB concentration of ~200 ug/
mL exhibited marked cytotoxicity.

Then we evaluated the specificity and sensitivity of RGD-
dGNR nanoprobes for tumor cell targeting. Under dark field
microscopy, melanoma A375 cells incubated with RGD-
dGNR nanoprobes (Figure 2A2) exhibit a strong golden
color; the melanoma A375 cells incubated with dGNRs
(Figure 2B2 and C2) and preincubated with free RGD
peptides did not exhibit a golden color, and similar negative
results also were observed for MCF-7 cells incubated with
dGNRs or RGD-dGNRs, which highly suggests that free
RGD peptides can block the binding of RGD-dGNR nano-
probes with oy33 integrins overexpressed in the tumor cells,
and RGD-dGNR nanoprobes can specifically target mela-
noma A375 cells. The sensitivity of prepared nanoprobes
for targeting melanoma A375 cells is 0.5 ug/mL or so.
Further observation showed that the RGD-dGNR nanoprobes
were located both on the surface and in the cytoplasm of
melanoma A375 cells after incubation of melanoma A375
cells with prepared nanoprobes for 24 h (Figure 2D1 and
D2).
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Selective Photothermal Therapy of Tumor Cells
Incubated with RGD-dGNR Nanoprobes. A375 cells
incubated with RGD-dGNR nanoprobes exhibited destruction
within the laser spots after exposure to the laser at 70 mW
(Figure 3A1). When the laser energy reached 110 mW, the
amount of destroyed tumor cells increased accordingly
(Figure 3A4). Few damaged cells were observed for the
A375 cells treated with dGNRs or NIR light alone (Figures
3A2, 3A3, 3A5, and 3A6). Similarly, no dead cells were
observed for MCF-7 cells treated with RGD-dGNR nano-
probes, pure GNRs, or NIR laser irradiation. These results
fully showed that RGD-dGNR nanoprobes were only em-
ployed to kill cancer cells with overexpression of oyfs
integrin under NIR irradiation. Therefore, the prepared RGD-
dGNR nanoprobes have the capability of selective photo-
thermal therapy on the cancer cells.

Under the condition of 110 mW laser irradiation for 4 min,
as the amount of RGD-dGNR nanoprobes in the medium
increased, the amount of destroyed cells also increased
accordingly. When the concentration of RGD-dGNR nano-
probes in the medium reached 100 ug/mL, all cancer cells
were killed within the laser spots (Figure 3B3). Therefore,
100 ug/mL RGD-dGNR nanoprobes was considered as the
optimal photothermal therapeutic concentration for in vitro
cancer cells.

In Vivo Tumor Photothermal Therapy. Mouse models
loaded with melanoma A375 cells were established (Figure
4a). The distribution of RGD-dGNR nanoprobes was exam-
ined in the whole body of mouse models, which showed that
47% of the injected RGD-dGNR nanoprobes located in the
blood at 3 h after injection, 17% of the RGD-dGNR
nanoprobes accumulated in local tumor tissues at 6 h after
injection (Figure 4b), and nanoprobes in the blood decreased
gradually in a time-dependent manner. Nanoprobes in the
tumor tissues increased gradually as time increased, which
fully suggests that the prepared RGD-dGNR nanoprobes
were targeting tumor tissues. Six hours after injection was
selected as the optimal time to begin the NIR laser irradiation
on the tumor locations in the control group or test group.
For the competition inhibition experiment group, few RGD-
dGNR nanoprobes accumulated in the tumor location
(Supplementary Figure 5 in the Supporting Information),
highly indicating the free RGD peptides can first bind with
Oy33 integrin on the surface of tumor cells, and block the
specific binding of RGD-dGNR nanoprobes with the tumor
cells and vasculature endothelial cells in vivo, finally resulting
in the failure of in vivo photothermal therapy.

For the passive targeting group, partial dGNRs were
observed to accumulate in tumor sites (Supplementary
Figure 6 in the Supporting Information), indicating den-
drimer-modified GNRs can preferentially accumulate in the
tumor tissues due to the EPR (enhanced permeability and
retention) effects. However, compared with the test group,
the amount of dGNRs in tumor locations was less than that
in the test group.

Under the NIR laser irradiation, the average tumor size in
the test group was markedly smaller than those in the control
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Figure 2. Light scattering images and intracellular locatio
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n of RGD-dGNRs. Reflective mode dark-field images and

bright field images of RGD-dGNRs (A), dGNRs (B), and free peptide and RGD-dGNRs (C) after incubation with A375
cells for 30 min at room temperature. The images were acquired with a Zeiss Axioscope2 microscope imaging
system. A1: bright field image of A375 cells incubated with RGD-dGNRs exhibiting cell shapes. A2: dark-field image
of melanoma A375 cells incubated with RGD-dGNR nanoprobes, exhibiting golden color. B1: bright field image of
A375 cells incubated with dGNRs exhibiting cell shapes. B2: dark-field image of melanoma A375 cells incubated with
RGD-dGNR nanoprobes, exhibiting black color. C1: bright field image of A375 cells incubated with free peptite and
RGD-dGNRs, exhibiting cell shapes. C2: dark-field image of melanoma A375 cells incubated with free peptite and
RGD-dGNRs, exhibiting black color. (D1 and D2) TEM images of RGD-dGNRs (arrow) in cytoplasm of melanoma A

375 cells, left scale bar, 500 nm; right scale bar, 200 nm.

groups (Figure 4c). As the laser irradiation times and mouse
breeding time increased, the tumors became smaller and
smaller. Conversely, the tumors in the control groups grew
bigger and bigger. Interestingly, we observed, the tumor
tissues in four mice almost completely disappeared in three
weeks or so. In addition, passive targeting photothermal
therapy based on dGNRs can also slightly inhibit tumor
growth, which is consistent with biodistribution of dGNRs
in tumor tissues. However, compared with active selective
tumor ablation based on RGD-dGNR nanoprobes, passive
targeting therapy based on dGNRs exhibits lower efficiencies
(»p < 0.05) (Supplementary Figure 7 in the Supporting
Information).

Regarding the effects of nanoprobes plus NIR laser
irradiation on the longevity of mice loaded with tumors, we
observed that the median survivability of mice in the control
group without any treatment was three weeks, in the control

group treated with PBS plus NIR laser was four weeks, and
in the test group was more than seven weeks. The surviv-
ability of mice in the test group was markedly stronger than
the one in the control group, P = 0.006. The Kaplan—Meier
curve suggests that the therapy based on nanoprobe injection
plus NIR laser irradiation can markedly increase the survival
time of mice with tumors (Figure 4d).

The potential mechanism of RGD-dGNR nanoprobe-based
photothermal therapy was also investigated by using real time
reflectance confocal microscopy (RCM). We observed that
the blood flow inside tumor tissues in the test group began
to be blocked at 3 h after NIR laser irradiation (Supplemen-
tary Video 1 in the Supporting Information). In the control
group, no obvious dynamic blood flow alteration was
observed. Additionally, after seven weeks of treatment, RCM
images of tumors in the test group clearly displayed
numerous gossamer-like collagen bundles and branchlike
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Figure 3. Selective destruction of A375 cancer cells incubated with RGD-dGNR nanoprobes. (A) Cell death analysis
via trypan blue staining. A1: partial cell death exhibiting blue color under 70 mW laser irradiation in the test group with
RGD-dGNRs plus irradiation. A2: no dead cells in the control group with pure GNRs. A3: no dead cells in the control
group with NIR irradiation. A4: all cell death exhibiting blue color under 110 mW laser irradiation. A5: no dead cells in
the control group with pur GNRs. A6: no dead cells in the control group with NIR irradiation. (B) Cell viability
assessed via calcein staining. B1: no dead cells in the test group with 0.1 ug/mL RGD-dGNRs. B2: no dead cells in
the test group with 5 ug/mL RGD-dGNRs. B3: cell death and disappearance within the spot in test group with 100 ug/
mL RGD-dGNRs.
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Figure 4. Melanoma animal models, biodistribution of RGD-dGNRs, and survival data analysis of control and test
group. (A) A375 melanoma mouse models. The tumor size can be calculated as ab?2 (a represents the longer
dimension and b represents the shorter dimension of the tumor). (B) Biodistribution of RGD-dGNRs in mice after
intravenous injection. Several time points after injection, gold amounts in tissue samples were evaluated by ICP mass
spectrometry (n = 3). (C) Tumor size at different time points postirradiation of mice treated with RGD-dGNRs plus
NIR laser (group 1); PBS plus NIR laser (group 2) or untreated control (group 3), P < 0.05 for group 2 or group 3
versus group 1. (D) Kaplan—Meier curve of the test group and control group, P = 0.006.

collagens (white arrow) (Figure 5A1). Numerous reflective
melanoma cells (white arrow) were still distributed through-
out the tumor tissues in the control group; some similar cells
in morphology and refractivity existed in a low density and
spare cluster (Figures 5A2 and 5A3). Accordingly, histologi-
cal analysis showed that the tumors in test group after seven
weeks of treatment exhibited a scarlike structure containing
numerous collagen bundles (Figure 5B1). A lot of tumor cells
were observed in those tumors untreated (Figure 5B3) and
treated with the PBS plus laser irradiation (Figure 5B2).

All data mentioned above confirmed that RGD-dGNR
nanoprobes own active targeting abilities and, under NIR
laser irradiation, exhibit selective destructive effects on
targeted cancer cells.

Discussion

Gold nanorods, due to their strong light enhanced absorp-
tion in NIR regions and plasmon resonance enhanced
properties, have become a class of promising candidates for
tumor targeting and selective therapy.®* Due to the toxicity
caused by CTAB molecules on the surface of GNRs, GNR-
based tumor targeting and photothermal therapy has not been

successfully achieved in animals loaded with tumors to date.
Although PEGylated gold nanorods have been investigated
for their applications in photothermal therapeutics in mice
loaded with tumors,*® this kind of passive targeting therapy
is based on the preferential accumulation of nanoparticles
in local tumors due to the EPR effects, and cannot realize
specific tumor targeting therapy. Therefore, to develop safe
and effective GNR-based nanoprobes for active tumor
targeting therapy is very necessary.

In this study, successful use of dendrimer to replace CTAB
molecules on the surface of GNRs markedly enhanced the
biocompatibility of gold nanorods. TGA and cytotoxicity
evaluation of prepared RGD-dGNRs fully suggest that CTAB
molecules on the surface of GNRs were completely replaced
by dendrimer. Positive development of the RGD-dGNR
nanoprobe-based active tumor targeting therapy was ac-
complished. Our results demonstrated that RGD markedly

(36) Dickerson, E. B.; Dreaden, E. C.; Huang, X; El-Sayed, I. H.; Chu,
H; Pushpanketh, S.; McDonald, J. F.; El-Sayed, M. A. Gold
nanorod assisted near-infrared plasmonic photothermal therapy
(PPTT) of squamous cell carcinoma in mice. Cancer Lett. 2008,
269, 57-66.
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Figure 5. RCM images and histological images of tumor seven weeks after treatment. (A) RCM images (0.25 mm x
0.25 mm) of tumor were acquired with Vivascope 3000 microscopes (Lucid) using a diode laser with a wavelength of
830 nm and a 30x objective lens of numerical aperture (NA) 0.9 (water immersion). A1: Arrows indicate numerous
gossamer-like collagen bundles and branchlike collagens. A2 and A3: arrows indicate that some reflective melanoma
cells existed in a low density and spare cluster. (B) Corresponding histological images (20x) of tumor using
hematoxylin and eosin staining in the group of RGD-dGNRs plus laser irradiation (B1), group of PBS plus laser
irradiation (B2) and the untreated control group (B3). B1: a scarlike structure containing numerous collagen bundles in
the tumor location. B2: a lot of tumor cells existed. B3: a lot of tumor cells existed.

enhanced the tumor targeting of dGNRs, and prepared RGD-
dGNR nanoprobes can target and destroy tumor cells with
overexpression of oyf3; integrin under NIR laser irradiation.
The “smart” nanoprobes bound with the inner walls of tumor
vessels, can absorb the optical energy from NIR laser
irradiation, transfer into thermal energy, and kill tumor cells,
which led to the extended lifespan of mice in the test group.
Interestingly, we observed that tumors in four mice com-
pletely disappeared, which indirectly suggests that prepared
RGD-dGNR nanoprobes own great potential in tumor
selective therapy; further study will focus on investigating
the optimal therapeutic condition of RGD-dGNR nanoprobes
for killing tumor cells in animal model loaded with tumor.

So far gold nanorod-based photothermal therapy has been
actively investigated. For example, El-Sayed et al.’ conju-
gated GNRs to anti-EGFR monoclonal antibodies (many
solid tumors overexpress EGFR) and incubated them in a
nonmalignant epithelial cell and two malignant oral epithelial
cell lines. The anti-EGFR/GNRs themselves were not cyto-
toxic and destroyed the tumor cells without harming healthy
cells after light irradiation. Wei and co-workers'! investigated
photothermal effects of folate-conjugated GNRs to KB cells.
With the help of real-time TPL microscopy, they found that
photothermolysis of KB cells was particularly effective when
folate-GNRs were localized on the cell membrane following
fs-pulsed excitation. Folate-GNR-mediated cavitation dis-
rupted membrane integrity, leading to cell death. The
mechanism is different from traditional assumptions of
nanoparticle-mediated hyperthermia based on systemic tem-
perature changes. GNR photothermal therapy was also used
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for fighting against pathogenic bacteria®’ and parasites.*® In
our study, we also observed that excess free RGD peptides
in medium can inhibit the uptake of RGD-dGNR nanoprobes
by tumor cells and vasculature endothelial cells, which highly
suggests that receptor-mediated endocytosis is the main
pathway of uptake of RGD-dGNR nanoprobes by melanoma
A375 cells. So far some reports showed that dendrimer can
form a nanoscale hole in the surface of tumor cells®® and
can improve the efficiency of uptake of dendrimer-modified
nanoparticles by tumor cells. In our study, the dendrimer-
based nanoscale hole endocytosis pathway may have less
influence on the uptake of RGd-dGNR nanoprobes by tumor
cells.

Regarding the therapeutic effects of active targeting and
passive targeting based on GNRs, we also compared the
difference between them. According to the distribution of
dGNRs and RGD-dGNRs in the mice loaded with tumors,
we can clearly observe slight or moderate dGNR accumula-
tion in tumor tissues, indicating dGNRs can preferentially

(37) Norman, R. S.; Stone, J. W.; Gole, A.; Murphy, C. J.; Sabo-Att-
Wood, T. L. Targeted Photothermal Lysis of the Pathogenic
Bacteria, Pseudomonas aeruginosa, with Gold Nanorods. Nano
Lett. 2008, 8, 302-306.

(38) Pissuwan, D.; Valenzuela, S. M.; Miller, C. M.; Cortie, M. B.
Golden Bullet? Selective Targeting of Toxoplasma gondii Ta-
chyzoites Using Antibody-Functionalized Gold Nanorods. Nano
Lett. 2007, 7, 3808-3812.

(39) Mecke, A.; Uppuluri, S.; Sassanella, T. M.; Lee, D. K.; Ra-
mamoorthy, A.; Baker, J. R., Jr.; Orr, B. G.; Banaszak Holl, M. M.
Direct observation of lipid bilayer disruption by poly(amidoamine)
dendrimers. Chem. Phys. Lipids 2004, 132, 3—14.
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Scheme 1. Accumulation of Gold Nanorods in Tumors through Both the EPR Effect and Active Binding®
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« Active targeting shows more specific and efficient binding ability than passive targeting. The photoactive therapy of RGD-dGNR conjugation involved in
directly destroying tumor cells and destroying tumor angiogenic vessels result in cell “starvation”.

accumulate into tumor tissues due to the EPR effects, but
the amount of dGNRs in tumor tissues is less than that of
RGD-dGNR nanoprobes in the test group. We observed that
the NIR laser irradiation energy at 70 mW can effectively
destroy cancer cells in vitro, which is lower than the
threshold based on PEGylated GNRs.? This difference may
be caused by binding of G4.0 dendrimers-GNRs with the
RGD peptides via covalent bond. Although the dGNR-based
passive targeting photothermal therapy can inhibit tumor
growth, RGD-dGNR nanoprobe-based active targeting pho-
tothermal therapy exhibits better therapeutic effects, which
are consistent with biodistribution of dGNRs and RGD-
dGNRs in mice loaded with tumors. Therefore, we consider
that the prepared RGD-dGNR nanoprobes may be one kind
of general nanoprobe, which may be widely applied for
therapy of those tumors with overexpression of a/3; integrin.
Compared to antibody-conjugated GNRs or other nanopar-
ticle-based therapy strategy, RGD-dGNR nanoprobes have
some obvious advantages such as favorable pharmacokinetics
and better tumor penetration ability due to its smaller size,
less nonspecific binding to normal organs and tissues, easy
fabricating and modifying.***!

In our study, we used reflectance confocal microscopy to
observe clearly that the blood flow inside tumor tissues in
the test group began to be blocked at 3 h after NIR laser
irradiation. RCM represents a novel tool to allow noninvasive
imaging of the skin tumor cellular structures in situ and in

(40) Aina, O.; Sroka, T.; Chen, M.; Lam, K. Therapeutic cancer
targeting peptides. Biopolymers 2002, 66, 184—199.

(41) Okarvi, S. Peptide-based radiopharmaceuticals: future tools for
diagnostic imaging of cancers and other diseases. Med. Res. Rev.
2004, 24, 357-397.

real time. Pigment melanin and melanosomes are the
strongest sources of contrast for tumor images.** Specifically
it is suitable for the observation of melanoma lesions such
as a hyperrefractive cluster of melanoma cells, and archi-
tectural disruption of the dermal—epidermal junction in the
animal models, and the observation of blood flow status in
the tumor tissues. RCM may be an ideal noninvasive tool
for monitoring therapeutic effects of anticancer agents on
superficial cancer.

Based on those data mentioned above, we suggest the
possible therapeutic mechanism as follows: (1) the prepared
“smart” RGD-dGNR nanoprobes distribute rapidly into
whole body of mice with tumors via the circulatory system,
and mainly enter into liver and tumor vessels; (2) “smart”
nanoprobes bind with the a5 integrins on the surface of
melanoma A735 cells and inner walls of tumor vessels, and
enter into cytoplasm via receptor-mediated endocytosis
pathway; (3) under NIR laser irradiation, the RGD-dGNR
nanoprobes absorb NIR laser and transfer laser energy into
heat, damaging vascular endothelial cells and blocking the
blood flow in tumor vessels, which inhibits the newborn
vessels in tumor tissues, block supply chains of nutrients
and oxygen, “starve” tumor cells, and finally result in the
necrosis or disappearance of tumor tissues (Scheme 1).

In conclusion, our study confirms that the RGD-conjugated
dGNR nanoprobes are not cytotoxic, can specifically target
tumor cells and vascular cells inside tumor tissues, and
exhibit selective destructive effects on the melanoma cells

(42) Rajadhyaksha, M.; Grossman, M.; Esterowitz, D.; Webb, R.;
Anderson, R. In vivo confocal scanning laser microscopy of
human skin: melanin provides strong contrast. J. Invest. Dermatol.
1995, 104, 946-952.
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under NIR laser irradiation. They can even make part of the
tumor tissues in mice disappear. Compared with presently
available reports, the RGD-dGNR nanoprobe-based targeting
therapy possesses some major advantages, which can extend
to various tumors with overexpressed ayf; integrins. The
RGD-dGNR-based therapy strategy has great potential in
applications such as tumor targeting imaging and selective
photothermal therapy.
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