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ABSTRACT: Gold nanorods (AuNRs), because of their strong absorption of near-infrared (NIR) light, are very suitable for in
vivo photothermal therapy of cancer. However, appropriate surface modification must be performed on AuNRs before their in
vivo application because of the high toxicity of their original stabilizer cetyltrimethylammonium bromide. Multidentate ligands
have attracted a lot of attention for modification of inorganic nanoparticles (NPs) because of their high ligand affinity and
multifunctionality, while the therapeutic effect of multidentate ligands modified NPs in vivo remains unexplored. Here, we
modified AuNRs with a polythiol PEG-based copolymer. The multidentate PEG coated AuNRs (AuNR-PTPEGm950) showed
good stabilities in high saline condition and wide pH range. And they had much stronger resistance to ligand competition of
dithiothreitol (DTT) than AuNRs coated by monothiol-anchored PEG. The AuNR-PTPEGm950 had very low cytotoxicity and
showed high efficacy for the ablation of cancer cells in vitro. Moreover, the AuNR-PTPEGm950 showed good stability in serum,
and they had a long circulation time in blood that led to a high accumulation in tumors after intravenous injection. In vivo
photothermal therapy showed that tumors were completely cured without reoccurrence by one-time irradiation of NIR laser after
a single injection of these multidentate PEG modified AuNRs.

KEYWORDS: gold nanorods, multidentate polyethylene glycol, surface modification, tumor accumulation,

cancer NIR photothermal therapy

1. INTRODUCTION

Inorganic nanoparticles (NPs), because of their unique
physicochemical properties, provide promising tools in cancer
diagnosis and therapy including drug/gene delivery, biosensing,
bioimaging, and photodynamic/photothermal therapy.' ™
However, realizing their functions successfully in complex
biological systems is not easy.*”* For in vivo application, the
NPs should first have good colloidal stability and biocompat-
ibility. Moreover, to obtain high therapeutic efficacy, the NPs
need to have targeting ability to the tumor site. It is well known
that NPs, because of their size effect, have more chance to
arrive at tumor tissues than normal tissues by taking advantage
of enhanced permeability and retention (EPR) effect in solid

adsorb proteins in blood will be easily cleared by the
reticuloendothelial system (RES) or mononuclear phagocyte
system (MPS), which usually results in a short blood circulation
time,”~'> which will greatly reduce the efficiency of tumor
targeting.

To fabricate stable, biocompatible, and long-circulating NPs,
suitable surface modification is one of the most effective
ways.'> '€ Ideally, a desirable coating material should first have
high affinity to the NP surface and also provide NPs with
chemical functionality, good colloidal stability, biocompatibility,
and antifouling property.'* Recently, multidentate polymer
ligands have attracted great attention because of their ability for
enhancing the affinity of ligands to inorganic NPs and

tumors that have defective vascular architecture with high endol\;v_irzlég the modified NPs Withzon;giiggr;ftional prop-
permeability and impaired lymphatic drainage system.”'® The erty. Polyethylene glycol (PEG)™"""™*" and zwitter-

EPR effect is known as the “golden standard” for drug design to
tumor therapy, but it requires the systemically administered
NPs to remain in blood circulation for a long time to have
enough chance to accumulate in tumors through the leaky
vasculature.”'® Nanoparticles that aggregate or nonspecifically
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ionic groups such as phosphorylcholine and sulfobe-
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Scheme 1. Schematic Representation of Surface Modification of CTAB Capped AuNRs with Polythiol PEG Based Copolymer

for in Vivo Photothermal Therapy (Not to Scale)
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taine,”>*® because of their excellent hydrophilicity and

antifouling ability, have been designed into multidentate ligands
that have been demonstrated to endow NPs with good stability,
biocompatibility, and nonfouling property both in
vitro®72#**228 4nd in vivo.”**” Although the great potential
of using the multidentate ligands in nanomedicine is promised
by their fascinating properties, there is still no report that
demonstrates the therapeutic efficacy of multidentate ligand
coated NPs in vivo.

Gold nanoparticles with unique surface plasmon resonance
(SPR) can strongly absorb light and efficiently convert the light
into localized heat.”*° The heat can be utilized to selectively
ablate cancer cells, which is known as plasmonic photothermal
therapy (PPTT).*® It provides an attractive method for treating
solid tumors in a minimally invasive manner and may have
several advantages, such as fast recovery, fewer complications,
and shorter hospital stay.>" In particular, for in vivo therapy of
tumors under skin and deeply seated within tissue, near-
infrared (NIR, ~650-900 nm) light which has been shown to
have a deep penetration in tissues up to 4—10 cm is strongly
desired.* The NIR light used in this manner provides deep-
tissue penetration with high spatial precision without damaging
normal biological tissues due to minimal absorption by the
hemoglobin and water molecules in normal tissues in this
spectral region.31’32 Encouragingly, many gold nanostructures
are designed successfully, including silica/gold nanoshells,>
gold nanorods,** gold nanocages,*® hollow gold nanospheres,*®
and nanomicelle-based gold nanoshells,>” that absorb light
strongly within the tissue-transparent NIR region. Among
them, gold nanorods (AuNRs) have attracted much interest for
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biomedical application because of their advantages like efficient
large-scale synthesis, high optical absorption coeflicients in the
NIR region, and precisely tunable absorption range of light by
adjusting their aspect ratio.”**®*” Especially, AuNRs have been
demonstrated to be one of the most efficient exogenous agents
for NIR photothermal cancer therapy, which showed high
efficacy in ablation of cancer cells in vitro*®~* or tumors in
vivo.*"¥* Co-delivery of anticancer drugs carried by AuNRs
showed the combined photothermal-chemotherapy with
enhanced antitumor effect.”~* Moreover, AuNRs also showed
great promise for cancer diagnostics such as X-ray CT imaging,
photoacoustic imaging, and surface-enhanced Raman imaging
in living mice.****’ Despite these advantages, the synthesized
AuNRs capped with excess positive surfactant cetyltrimethy-
lammonium bromide (CTAB) are very toxic to cells and
unstable in serum which is not suitable for direct clinical
application.***° It was also reported that the CTAB-stabilized
AuNRs were rapidly cleared out from blood at 0.5 h after
intravenous injection because of the opsonization and fast
uptake by RES.>" Therefore, a biocompatible and antifouling
coating is needed to cover AuNRs by certain surface
modification before clinic use. PEGylation is the most applied
strategy to modify the AuNRs, which makes the AuNRs obtain
good stability, biocompatibility, long blood-circulation time,
and effective tumor accumulation.*"**+3!

Recently, we developed PEG-based multidentate ligands to
modify gold nanospheres and studied the effect of the ligand’s
composition on NP’s fate in vivo.”” It showed that the
copolymer with about 1:2 ratio of mercapto groups to PEG
segments could well stabilize the gold nanospheres with high
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tumor accumulation. The polythiol PEG-based ligand
(PTPEGm950) showed great promise for modifying other
metal nanoparticles because of the strong reactivity of thiols.
Therefore, in this study, we applied the multidentate PEG
copolymer to modify the AuNRs (Scheme 1) and used the
coated AuNRs as photothermal agents for cancer therapy. The
modified AuNRs showed good stability, low cytotoxicity, and
effective photothermal ablation of cancer cells in vitro. Most of
all, the multidentate ligand modified AuNRs exhibited long
blood circulation time and high tumor accumulation in vivo and
led to a very impressive therapeutic effect in nude mice bearing
tumors by treating with a safe NIR laser.

2. EXPERIMENTAL SECTION

2.1. Materials. Cetyltrimethylammonium bromide (CTAB) was
purchased from Aladdin Reagents Inc. Dithiothreitol (DTT) was
purchased from Sangon Biotech (Shanghai) Co., Ltd. Hydrogen
tetrachloroaurate hydrate (HAuCl,-4H,0), ascorbic acid (AA),
sodium borohydride (NaBH,), silver nitrate (AgNO;), and other
common regents were purchased from Sinopharm Chemical Reagent
Co., Ltd. 2,2-Dithiodiethanol, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT), and fluorescein diacetate (FDA) were
purchased from Sigma-Aldrich. All reagents for the cell culture were
directly used after being purchased from Gibco or Dawen Biotech
(Hangzhou) Co., Ltd. All water was distilled and subsequently purified
to Millipore Milli-Q_quality.

2.2. Synthesis of CTAB and PTPEGmM950 Coated AuNRs. The
synthesis of AuNRs was referenced to the methods by El-Sayed et al.,*>
Murphy et al,*® and Zubarev et al.>* with slight modifications. First,
the growth solution was prepared in advance by added 0.35 mL of 78.8
mM AA to 50 mL solution of 100 mM CTAB, 0.5 mM HAuCl,, and
0.1 mM AgNOj;, which resulted in a colorless solution. Then the gold
seeds were prepared by adding 0.6 mL of ice solution of 10 mM
NaBH, into a 10 mL solution of 100 mM CTAB and 0.25 mM
HAuCl, with vigorous stirring, which resulted in the formation of a
brownish yellow solution. Vigorous stirring of the seed solution was
continued for 10 min. To prepare AuNRs with a longitudinal
absorption band around 800 nm, 1.5 mL of the aged seed solution was
added to the growth solution. The mixed solution was shaken for 2—5
min and then kept still overnight at 27 °C to finally generate CTAB
capped AuNRs.

For further surface modification, the synthesized AuNRs were first
centrifuged twice at 16 000 rpm for 10 min to remove the excess
CTAB, and then the purified AuNRs were redispersed in the same
amount water. PTPEGm950 was prepared as previously regorted, and
the ratio of mercapto groups to PEG segments was ~1:2.%" There are
about 6 thiol groups and 14 PEG chains per polymer as estimated
from for 'H NMR and GPC results.”” The polymer protected AuNRs
were obtained by exchange of CTAB molecules on AuNRs with
thiolated PTPEGm950. Briefly, 10 mg of PMTPEGm950 was
dissolved in 10 mL of water, which then was added into the purified
AuNRs solution (50 mL). After the mixture was stirred at room
temperature for 24 h, the modified AuNRs were purified by
centrifugation twice at 16 000 rpm for 1S min and then dispersed in
PBS and filtered through syringe filters with cellulose acetate
membranes with a pore size of 0.45 ym. The AuNR concentration
was analyzed by ICP-MS (Thermo Elemental Corporation of USA, X
series II).

2.3. Stability of AuNRs. The stabilities of AuNR-PTPEGm950 at
various situations were tested by UV—vis spectra collected within a
range of 400—900 nm. To determine AuNPs stability with respect to
various conditions, the AuNRs in water were added to test solutions in
a 1:1 volume ratio, including 10 mM phosphate buffered solution (PB
solution) with 2-fold desired NaCl concentrations, 2-fold physiological
phosphate buffered saline (PBS, 8 g of NaCl, 0.2 g of KCl, 2.9 g of
Na,HPO,-12H,0, 0.2 g of KH,PO,, in 1000 mL of water, pH 7.4), and
PB (10 mM) solutions at pH 1—13. The spectra were recorded 10 min
after the conditions of the AuNR solution were adjusted. To
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determine the stability of biological complex media, AuNRs were
added to 100% fetal bovine serum (FBS) in a 1:10 volume ratio and
the solution was checked after 24 h by UV—vis spectroscopy to see if
any aggregation had occurred.

2.4. DTT Competition Tests. The DTT competition tests were
performed according to the reference but with slight modification.”’
Briefly, the amount of water and AuNR stock solution added to each
cuvette was calculated to yield an optical density at the longitudinal
absorption band around 800 nm of ~0.35—0.4 at a final solution
volume of 200 uL. First, DTT (1.5 M) was added to a solution of
NaCl (4 M) in the quartz cuvette and thoroughly mixed. The
appropriate volumes of AuNR stock solution and water were added to
make the final desired concentrations of AuNRs, DTT, and NaCl,
mixed for 30 s, and a series of absorption spectra were collected at
various time intervals to track changes in the spectra.

2.5. Characterization. Optical absorption spectra were obtained
using a UV—vis Shimadzu UV-250S spectrometer with 1 cm path
length quartz cuvettes. The morphology and size of the NRs were
determined using transmission electron microscopy (TEM) performed
with a JEM-1230EX TEM instrument operating at 80 kV in bright field
mode. FT-IR analysis was performed with a Bruker Vector2
spectrometer. The hydrodynamic size and { potential of the AuNRs
were measured using dynamic light scattering (DLS; the hydro-
dynamic sizes obtained from DLS of anisotropic AuNRs are not exact
because the data were fitted to a spherical model and here they are
only used to present the tendency of size change for the AuNRs after
surface modification). Measurements were performed using a Zetasizer
Nano-ZS from Malvern Instruments equipped with a He—Ne laser
with a wavelength of 633 nm at 25 °C using a detection angle of 173°.

2.6. Cell Culture. Human umbilical vein endothelial cell line
(HUVEC), human oral epidermoid carcinoma cell line (KB), and
human hepatocarcinoma cell line (HepG2) were purchased from
China Center for Typical Culture Collection. HUVEC and KB cells
were cultured with RPMI 1640 medium, and HepG2 cells were
cultured with Dulbecco’s modified Eagle medium (DMEM). All cells
were cultured in the medium supplemented with 10 % FBS, 100 U/
mL penicillin, and 100 mg/mL streptomycin and cultured at 37 °C in
a 5% CO, humidified environment.

2.7. Cytotoxicity Assay. Cytotoxicity of AuNRs was performed by
standard MTT assay as previously reported.”® To determine the
relative cell viability by MTT assay, cells were plated at a density of 5 X
10° cells per well in a 96-well plate and cultured for 24 h. The medium
was replaced with fresh medium containing the AuNRs of varying
concentrations (the Au atomic concentration was determined by ICP-
MS). Cells cultured in nanoparticle-free media were used as a control.
After treatment for 24 h, the wells were washed with PBS, the medium
was replaced with 100 yL of fresh medium, 20 yL of MTT (S mg
mL™") was added to each well, and the cells were further cultured at 37
°C for 4 h. The dark blue formazan crystals generated by the
mitochondria dehydrogenase in live cells were dissolved with 150 uL
of dimethyl sulfoxide to measure the absorbance at 570 nm by a
microplate reader (model 550, Bio Rad). The relative cell viability (%)
is [(the absorption of treated well)/(the absorption of control well)] X
100.

2.8. NIR Photothermal Assay in Vitro. HepG2 cells were plated
in a 96-well plate and cultivated to near 100% confluence. For laser
irradiation, the medium was carefully removed and an amount of 20
uL of fresh medium containing AuNRs at different concentrations was
added. Then the cells were irradiated using a continuous-wave (CW)
diode laser at 808 nm with a ~1 mm focused spot size at a power of
400 mW for 1 min. The cells irradiated under the same condition but
without AuNRs were chosen as control. Cell viability was confirmed
by staining the cells with FDA. The live cells can manufacture
fluorescein from FDA by esterase inside cells, while the dead cells
cannot. The CW diode laser with wavelength of 808 nm was
purchased from Hi-Tech Optoelectronics Co., Ltd.

2.9. Animals. Animal experiments were performed according to
Guidelines of Animal Care and Use Committee, Zhejiang University.
Healthy male Institute of Cancer Research (ICR) mice and male
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Figure 1. (a) TEM image and (b) absorption spectrum of AuNRs. (c) Hydrodynamic sizes and { potential of AuNRs before and after surface
modification measured by DLS. The hydrodynamic sizes obtained from DLS of anisotropic AuNRs are not exact because the data were fitted to a
spherical model and here they are only used to present the tendency of size change for the AuNRs after surface modification. (d) FT-IR spectra of

CTAB and PTPEGm950 coated AuNRs.

BALB/c nude mice were purchased from the animal center of Zhejiang
Academy of Medical Sciences.

2.10. Blood Circulation and Biodistribution of AuNR-
PTPEGmM950. AuNRs given in 0.1 mL solution with 100 ug of Au
were injected via the tail vein in each mouse (male ICR mice, 18—22
g). Blood circulation analysis was performed by measuring the
remaining gold content from blood taken after injection at different
times. Blood samples were collected at S min, and 1, 3, 6, 12, and 24 h
postinjection (pi), and the total blood weight was estimated to be ~7%
of body weight. Biodistribution analysis was performed by measuring
the gold content in main organs including the liver, kidneys, spleen,
heart, and lung, which was collected in 1 day pi. The gold content was
analyzed by ICP-MS.

2.11. Histology. For histology, major organs (liver, kidneys, and
spleen) were harvested from those mice after injection for 24 h.
Organs were fixed in 3.7% neutral buffered formalin, processed
routinely into paraffin, sectioned into 4 um, and stained with
hematoxylin and eosin (H&E). The histology was performed in a
blind fashion by professional personnel in the medical college of
Zhejiang University. The samples were examined by microscope
(Olympus BX61 inverted microscope) in bright field.

2.12. Tumor Xenografts. KB cells (2 X 10°) in 0.1 mL of PBS
were injected subcutaneously into the rear flank area of male nude
BALB/c mice of weight 16—18 g. Tumor dimensions (length and
width) were measured using a caliper. The tumor volume was
calculated as length X width?/2 (mm?®). Tumors were allowed to grow
to ~100 mm® before experimentation.

2.13. Tumor Accumulation. AuNRs given in 0.1 mL of PBS with
100 pg or SO pg of Au were injected via the tail vein in each tumor-
bearing mouse. The mice were sacrificed at 24 h postinjection, and
tumors were collected for measuring their Au content by ICP-MS.

2.14. ICP-MS Measurement. Organs and tumors were washed in
PBS buffer, weighted, and lyophilized for 1 day. Blood was lyophilized
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directly. The dried tissues and blood were mashed and dissolved in
aqua regia for 24 h. Then the aqua regia was diluted and the
precipitated tissue debris was removed by centrifugation at 10 000 rpm
for S min. The Au content in the supernatant was detected by ICP-
MS.

2.15. NIR Photothermal Assay in Vivo. For safety test of laser
irradiation on normal tissues, the healthy mouse thigh was irradiated
by a CW diode laser at 808 nm with a ~6 mm focused spot size at a
power of 1.56 W for S min or a power of 3.9 W for 2 min. For tumor
ablation study, AuNR-PTPEGm950 given in 0.1 mL of PBS with 50
ug of Au, 100 pug of Au or pure PBS without AuNRs as control was
injected via the tail vein in each tumor-bearing mouse. After 24 h, the
tumors were irradiated by the 808 nm laser at a power of 1.56 W for
2.5 or 5 min. Mice injected with PBS or 100 pg of AuNRs but without
irradiation were also conducted as controls. The tumor growth of all
these treated groups was monitored by taking photos of tumors up to
16 days after treatment. The CW laser (MDL-N-808nm) with
wavelength of 808 nm was purchased from Changchun New Industries
Optoelectronics Tech. Co., Ltd.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of PTPEGm950
Modified AuNRs. AuNRs were synthesized according to the
seed-mediated growth method with slight modification.>*~*
The prepared AuNRs had an aspect ratio of ~3.7, which
averaged 28 nm in length and 7.5 nm in width (Figure la).
They showed a longitudinal absorption band at around 785 nm
which overlapped well with the NIR region (Figure 1b). After
modification with polythiol PEG ligand (PTPEGm950), the
hydrodynamic size obtained by DLS measurement of modified
AuNRs (~86 nm, AuNR-PTPEGm950) was increased
compared to the CTAB capped AuNRs (~56 nm, AuNR-

dx.doi.org/10.1021/am5001823 | ACS Appl. Mater. Interfaces 2014, 6, 5657—5668
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Figure 2. UV—vis spectra of AuNR-PTPEGm950 incubated in (a) physiological phosphate buffered saline (PBS) and solution with 2 M NaCl and
(b) phosphate buffered solutions with various pH values from 1 to 13. Time-dependent absorption spectra of AuNRs capped with (c) PTPEGm950
and (d) HS-PEG2000 from 0 to 60 min in the presence of 0.15 M DTT and 0.4 M NaCl.

CTAB) because of the polymer layers covered on the AuNRs
(Figure 1c). The ¢ potential of AuNRs was changed from
strongly positive (~+40 mV) to slightly negative (~—10 mV)
after modification, which indicated good replacement of CTAB
ligands on NRs. FT-IR analysis also confirmed the surface
conjugation of AuNRs with PEG-based polymethacrylate,
where the strong band at ~1471 cm™' (ascribed to
trimethylammonium group of CTAB) disappeared and a new
strong band at ~1050 cm™ (ascribed to ether bonds of PEG
chains) was measured in the spectrum of AuNR-PTPEGm950
(Figure 1d).

3.2. Colloidal Stability and Ligand Affinity of PEG
Coated AuNRs. The stabilities of AuNR-PTPEGM950
samples were investigated under various conditions, including
physiological phosphate buffered saline (PBS), saline solutions
with high NaCl concentration (2000 mM), and solutions of
different pH. The UV—vis spectra of AuNR-PTPEGM950 in
PBS and 2 M NaCl kept good shape as prepared, with a typical
high longitudinal plasmon peak at ~785 nm and a low
transverse plasmon peak at ~510 nm (Figure 2a). Under pH
range from 1 to 13, the UV—vis spectra of AuNR-PTPEGM950
all kept a similar shape, which indicated no detectable
aggregation of AuNRs had happened (Figure 2b). However,
AuNR-CTAB aggregated seriously in PBS and alkaline PB
solution (Figure S1 in Supporting Information). These results
showed that the multidentate PEG ligand could stabilize
AuNRs with strong resistance to high ionic strength and wide
pH conditions that could be attributed to the effects of steric
exclusion, surface hydration, and pH-insusceptibility of PEG
chains.

One main advantage of multidentate ligands is their strong
affinity to NPs, which is expected to keep stable coating on NPs
under competitive environment. For thiol ligands, their linkage
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to metal surface could be affected by other types of thiols in the
environment such as glutathione or proteins with mercapto
groups in biological systems.”® The ligand affinity of the
multidentate ligands to AuNRs can be tested in the presence of
strong competition by a dithiol reducing agent DTT.*® At high
concentrations, DTT can displace weakly to modestly bound
ligands from the surface of AuNRs, inducing progressive
aggregation. This process can be further accelerated in the
presence of excess NaCl. We compared the stability of polythiol
PEG coated AuNRs with monothiol-anchored HS-PEG2000
coated AuNRs (AuNR-PEG2000) under DTT competition
condition. Figure 2c showed the time evolution of the
absorption spectra collected for AuNR-PTPEGm950 in
aqueous solutions containing 0.15 M DTT (large excess) and
0.4 M NaCl, and no significant shape change of the spectra was
observed after 60 min. However, the spectra of AuNR-
PEG2000 changed remarkably under the same conditions
with an obvious decreased absorption at the longitudinal band
range (Figure 2d). It demonstrated that the AuNRs capped
with the multidentate PTPEGm950 have much stronger
resistance to competition of thiol agents than the monothiol
ligand modified AuNRs. Combined with the superstabilities of
the previous PTPEGm950 modified gold nanospheres, these
results strongly suggest that the polythiol PEG ligand could be
widely used to stabilize various types of gold nanoparticles with
improved stability which should improve their performance in
certain bioapplications, where the ability to resist thiol-rich,
high electrolyte concentration, and wide pHs is highly desirable.

3.3. Cytotoxicity of Multidentate PEG Coated AuNRs.
Among the various gold nanostructures, the cytotoxicity of
AuNRs is special because of the excess toxic CTAB used in the
synthetic process. Much of the cytotoxicity of AuNRs resulted
from the residual CTAB.>®> So modifying the AuNR surface

dx.doi.org/10.1021/am5001823 | ACS Appl. Mater. Interfaces 2014, 6, 5657—5668
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Figure 4. Cell viability of HepG2 cells was assessed via fluorescein diacetate (FDA) staining, after cell irradiation with 808 nm laser of 400 mW for 1
min in the presence of AuNRs at concentrations of (a) 0 ug mL™, (b) 25 ug mL™", and (c) 50 pg mL™". Scale bars in parts a—c are 40 ym. (d—f)
Micrographs of cells at bright field corresponding to cells under laser irradiation at center of parts a—c. Scale bars in parts d—f are 10 ym.

with suitable ligands is important to improve their biocompat-
ibility. Cytotoxicity of AuNP-PTPEGm950 was evaluated by
both MTT assay compared with AuNR-CTAB (after three
rounds of centrifugation) in both normal cell line human
umbilical vein endothelial cell (HUVEC) and cancer cell line
human oral epidermoid carcinoma cell (KB) (Figure 3). It was
observed that the cytotoxicity of AuNR-CTAB on cancer KB
cells was higher than that on normal HUVEC cells, which
might result from many complicated factors depending on the
cell types. It was also reported that the AuNR-CTAB exhibited
selective toxicity to cancer cells rather than normal cells because
of the different intracellular localization between normal and
cancer cells.*® After modification, the AuNR-PTPEGm950
showed no obvious cytotoxicity for both types of cells in all
tested concentrations up to 50 ug mL™" (gold atoms), while the
AuNR-CTAB exhibited much higher cytotoxicity. These results
demonstrated that modification with the multidentate PEG can
greatly reduce the cytotoxicity of AuNRs, which promised their
application in vivo.

3.4. NIR Photothermal Ablation of Cancer Cells in
Vitro. The photothermal therapy effect of AuNR-PTPEGm950
was first evaluated in vitro, which was performed by directly
irradiating the cancer cells with NIR laser after cell exposure to
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AuNR-contained medium. Cell viability of cells after treatment
was assessed via fluorescein diacetate (FDA) staining, in which
living cells can be stained to emit strong green fluorescence
while damaged cell cannot be stained. Here, HepG2 cells were
used because they have good adhesion ability on cell culture
plate during the washing process after FDA staining, which
reflects the actual photothermal effect of AuNRs on the treated
cells. As shown in Figure 4a, after irradiation with a continuous
wave (CW) diode laser of 808 nm with a ~1 mm focused spot
size at power of 400 mW for 1 min, the cells without AuNRs
kept good viability. Under the same irradiation, when the cells
were incubated with AuNRs at a concentration of 25 g mL™’,
an obvious dark spot appeared in the fluorescent image because
of the photothermal damage of the cells (Figure 4b). The dark
spot caused by the cell death under the laser center became
larger as the concentration of AuNRs increased to SO g mL™"
(Figure 4c). With the same laser power, a higher concentration
of AuNRs produced more heat which resulted in a larger
damage spot of cells. The cell damage was caused by the
hyperthermic effect generated from the AuNRs that absorbed
the NIR laser radiation and converted it into local heating
through nonradiative mechanisms,*>>” which may result in a
series of changes at the molecular level, including changes to
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Figure 5. (a) UV—vis spectra of AuNR-PTPEGm950 after incubation in 100% FBS for 0 and 24 h. Insets: A solution of AuNRs incubated in FBS for
24 h and a TEM image of AuNRs dispersed in FBS. The blood circulation curve (b, the data fitted to monoexponential decay model) and
biodistribution (c, given in % ID; d, given in % ID g_l) at 24 h pi of AuNR-PTPEGm950 after intravenous injection in ICR mice. Error bars
represent the mean + SD (n = 3). (e) Representative H&E stained images of major organs including liver, spleen, and kidney collected from the
control untreated mice and AuNP injected mice at 24 h postinjection in ICR mice. Scale bars in (e) are 20 ym. Here each mouse was injected at a

single dose of 100 ug of AuNRs.

the cytoskeletal structure, cell membrane rupture, protein
denaturation, impairment of DNA and RNA synthesis, and
programmed apoptosis.* Figure 4d—f showed the morphology
of the irradiated cells, where the changed cell morphology with
blebbing of the cell membrane was observed for the cells with
AuNRs (Figure 4ef), while no visible change in cell
morphology was observed for cells without AuNRs (Figure
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4d). It indicated that the fast ablation of cancer cells was mainly
caused by the heat induced destruction of the cell membrane.

3.5. Blood Circulation, Tissue Distribution, and
Biocompatibility of AUNR-PTPEGmM950. Before the study
of photothermal therapy in vivo, we investigated the blood
circulation and tissue distribution of multidentate PEG
modified AuNRs. First, we tested the stability of AuNR-
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Figure 6. (a) Plots of temperature increase of PBS solutions with AuNR-PTPEGm9S0 after irradiation under different conditions versus the
concentration of AuNRs. (b) Accumulation of AuNR-PTPEGm9S0 in tumors at 24 h pi with injection doses of S0 yg and 100 ug of Au per mouse
(given in pg g™ tumor and % ID g™' tumor). Error bars represent the mean + SD (n = 3). (c) Photothermal effect of NIR irradiation at different
conditions on normal tissue without AuNRs. Representative digital photos of mouse thighs up to 10 days after irradiated at a power of 1.56 W for 5
min (upper row) and at a power of 3.9 W for 2 min (bottom row). Red arrows mark the irradiation sites. (d) Photothermal therapy of KB tumor-
bearing mice by irradiating the tumors with NIR CW laser after a single injection of AuNR-PTPEGm950 for 24 h. Representative digital photos of
tumors on mouse thigh up to 16 days after treatment with different therapeutic conditions. Red dotted circles mark the completely ablated tumors.

PTPEGm950 in serum. The absorption spectrum of AuNRs
after incubation in 100% fetal bovine serum (FBS) for 24 h still
kept a good shape without notable change (Figure Sa). No
aggregation or sedimentation was observed for the solution of
AuNRs in FBS, which kept a bright brown color (Figure Sa,
inset digital image). The TEM image also showed the AuNR-
PTPEGm950 well dispersed in the FBS (Figure Sa, inset TEM
image). These results indicated that the multidentate PEG
modified AuNRs had good stability in the biological condition.
Next, we investigated the kinetics of AuNR circulation in the
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bloodstream after intravenously injecting AuNRs into ICR
mice. The blood circulation curves of AuNR-PTPEGm9S0 is
shown in Figure 2a (given in % of the injected dose (% ID)),
and the experimental data can be fitted to a monoexponential
decay model,*® resulting in a half-decay time (t,,,) of ~10.3 +
2.4 h. It was also reported that the CTAB-stabilized AuNRs
were rapidly cleared out from blood within 0.5 h after
intravenous injection.”’ Here, the PTPEGmM950 was proved
to greatly prolong the blood circulation time of AuNRs which

can be considered to possess long-circulating properties.***” In
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this study, the used PTPEGm950 has a side chain of PEG with
a molecular weight of 950 Da. For this type of polythiol PEG
ligand, the PEG segments could be changed with different
molecular weights, which with a higher molecular weight may
bring a longer circulation time.>” A thorough examination of
how the multidentate PEG ligands designed with different
molecular weights of PEG side chains impact blood circulation
of the multidentate ligand modified NPs would be important
and merits further investigation in future studies. It would make
us understand better the difference between the multidentate
PEG and monothiol-anchored PEG for nanoparticle mod-
ification. Figure Sc shows the biodistribution of AuNR-
PTPEGm950 in main organs at 24 h postinjection, which
showed that NRs accumulated in the liver and spleen with
much higher quantity than in the heart, kidneys, and lung as
expected because of the strong phagocytosis in RES organs.
The highest accumulation of NPs was found in the liver
(~20% ID), followed by the spleen (~8% ID). Considering
that the spleen is much smaller than the liver, the concentration
of AuNR-PTPEGm950 in spleen was much higher than that in
liver (Figure Sd, ~40% ID g~ vs ~15% ID g*).

Additionally, no apparent histopathological abnormalities or
lesions were observed in liver, spleen, and kidney in the AuNR-
PTPEGm950 treated mice by H&E staining, which showed no
noticeable toxic effect of these multidentate PEGylated AuNRs
on the major organs of mice at 24 h after administration
(Figure Se). Combined with the in vitro cytotoxicity results
(Figure 3), these preliminarily results indicate ideal biocompat-
ibility of the multidentate PEGylated AuNRs for in vivo
applications.

3.6. NIR Photothermal Ablation of Tumors Mediated
by AuNR-PTPEGM950. The hyperthermia of tumours is
based on the phenomenon that most of tumors have a reduced
tolerance for exposure to temperatures in the range 42—47°C
compared to normal tissue, which is due to their poor blood
supply.>>*”%° To make sure that the photothermal effect of
AuNRs can generate enough heat for tumor ablation, we
investigated the temperature change of PBS solution with
AuNR-PTPEGm950 as functions of AuNR concentration and
laser power. As shown in Figure 6a, after irradiation, the
temperatures of AuNR-PTPEGm950 PBS solution at a
concentration of 20 ug mL™" were increased by 21.0 °C at a
power of 1.56 W for 2.5 min, 30.7 °C at a power of 1.56 W for
5 min, 19.7 °C at a power of 3.9 W for 1 min, and 34.0 °C at a
power of 3.9 W for 2 min. In contrast, the temperature of pure
PBS increased by less than 4 °C at the four types of irradiation.
Considering that the in vivo temperature of the human body is
~37 °C, mediated with AuNRs and NIR irradiation, the tumor
tissues can easily be heated to over 42 °C within a short time.
At the same concentration of AuNRs, irradiation for a longer
time resulted in a much higher temperature increase as
expected. When the concentration of AuNRs is between S
and 20 pug mL™!, for different laser power, it was found that the
temperature increase was slightly higher for 1.56 W for 2.5 min
than that of 3.9 W for 1 min, while temperature increase for 3.9
W for 2 min was higher than that of 1.56 W for 5 min. It
indicated that the irradiation with different laser power would
result in a different temperature increase even if the laser energy
is the same. No matter what kind of power, the temperature
increased dramatically as the concentration of AuNRs
increased. So a high accumulation of AuNRs in tumors should
be crucial to the therapeutic effect.
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The accumulation of AuNR-PTPEGm950 in xenografted KB
tumors after intravenous injection for 24 h was evaluated at
injection doses of SO and 100 ug (Figure 6b). It showed that a
higher injection dose resulted in a higher concentration of
AuNRs in tumors, where the accumulation was ~7.7 ug g_l
tumor at a dose of 50 yg and ~13.9 ug g~ tumor at a dose of
100 pg. Converting the data to % ID g~', the results were
similar without significant difference, which were
~15.5% ID g at a dose of 50 ug and ~13.9% ID g™' at
dose of 100 pg. The level of AuNRs in tumors could be
considered as a high accumulation which is much higher than
that in non-RES organs (Figure Sd, heart, lung, and kidney),
and it is also comparable with that of the monothiol-anchored
PEGS5000 modified AuNRs.** It has been demonstrated that it
needs to maintain a range 42—47 °C for tens of minutes to kill
cancer cells; this duration can be shortened to only a few
minutes for temperatures over 50 °C.°"%> As estimated from
the temperature increase in PBS solution (Figure 6a), after
irradiation at a power of 1.56 W for S min, the temperature
could increase ~18.8 °C with a tumor accumulation of ~7.7 ug
g™ and ~23.6 °C with a tumor accumulation of ~13.9 ug g™
The temperature increase would be higher if the irradiation was
applied at a power of 3.9 W for 2 min. When these temperature
enhancements were added to the body temperature (~37 °C),
the tumor tissues can be heated to over 50 °C, enough to kill
the cancer cells efficiently within minutes.

Although the NIR region is considered as a transparency
window in the human body due to the minimal absorption of
NIR light by tissues, in fact the NIR laser radiation cannot
completely traverse the tissue without any influence at high
power.%’ Therefore, the safety threshold laser energy should be
confirmed to exclude side effects on normal tissues arising from
the irradiation. For in vivo study, we first investigated the
photothermal effect of NIR irradiation on normal tissues
without AuNRs by irradiating the mouse thigh at a power of
1.56 W for 5 min or at a power of 3.9 W for 2 min by using an
808 nm CW laser with a focused spot size at ~6 mm. It showed
that irradiation by laser at a power of 3.9 W for 2 min resulted
in a big blister on the mouse thigh after 2 days and gradually
developed into an eschar (Figure 6c, bottom row). In contrast,
the injury to the tissue was negligible when irradiating by laser
at a power of 1.56 W for S min (Figure 6¢, upper row). The
results indicated that a laser with too large a power will
inevitably injure the normal tissue. Considering that the
temperature increases of the AuNR solution were similar,
generated by the two types of irradiation with the same energy,
the laser power of 1.56 W for S min was chosen to be the
maximum energy for the next in vivo ablation of tumors to
avoid burning of the normal tissues.

The in vivo AuNR-mediated NIR photothermal therapy was
performed using a KB tumor xenografts model. Nude mice
bearing KB tumors were intravenously injected with AuNR-
PTPEGm950 at different doses for 24 h and then subjected to a
single 808 nm CW laser exposure at a power of 1.56 W for
different times. Figure 6d presents the representative digital
photos of tumors at times for the 2nd, 10th, and 16th day after
different kinds of treatments. It showed that the control group
with only AuNR injection but no laser irradiation had no
influence on tumor growth (Figure 6d, the second column).
The control group without AuNRs but treated with a low laser
energy irradiation of 1.56 W for 2.5 min caused a blister on the
2nd day, which then developed into an eschar on the grown
tumor on the 10th day (Figure 6d, the 3rd column). Similarly,
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the control group without AuNRs but treated with a high laser
energy irradiation of 1.56 W for S min showed a more serious
injury to the tumors, which caused big black scars on the
tumors on the 2nd day after treatment (Figure 6d, the Sth
column). These results showed that the NIR laser irradiation is
more destructive to tumor tissue than to normal tissues because
the tumors have a reduced tolerance for hyperthermia.>**”%
However, the NIR laser irradiation with this energy cannot
completely suppress the growth of tumors. The tumors treated
by irradiation of 1.56 W for 2.5 min grew as big as tumors in
the control group without irradiation at the 16th day. Obvious
reoccurrence of the tumors treated by irradiation of 1.56 W for
S min happened around the black scars on the 10th day (the
tumors started to relapse on the 4th to 6th days) and the
tumors reconstructed with big sizes on the 16th day. For the
treatment group with an intravenous injection of AuNR-
PTPEGm950 at a dose of 100 ug and irradiation of 1.56 W for
2.5 min, although the tumors were reconstructed on the 16th
day, the growth of tumors was almost suppressed up to the
10th day, which was much better than the control group with
the same irradiation conditions (Figure 6d, the 4th column).
When the irradiation time was prolonged to S min, the
treatment group with an injection dose of 100 ug of AuNRs still
showed a very effective therapeutic effect (Figure 6d, the 7th
column). In this group, the tumors were ablated completely
without showing reoccurrence even after 40 days, and the scars
of tumors fell off and normal healthy skin reconstructed. Even
in the treatment group with irradiation of 1.56 W for 5§ min and
a low dose of 50 ug of AuNRs, the tumors did not recur during
the following 16 days and the scars on the thigh gradually
became smaller and smaller (Figure 6d, the 6th column).
Although a statistical information (volume of tumors) of tumor
ablation would be helpful to evaluate the photothermal
therapeutic effect, here we did not provide the volume growth
curves of tumors because tumors ablated form scars that make
the volume measurements not exact. For example, the tumors
in the groups (Figure 6b; the 4th column, 100 pug of NR + NIR
2.5 min; the 4th column, PBS + NIR S min) first form scars and
later recurred around the scars but left a scar hole in the
recurred tumors, which makes it difficult to measure their exact
volumes. These successful tumor photothermal therapeutic
effects were attributed to the generation of local heat from the
accumulated AuNRs in the tumor site under sufficient laser
irradiation which is high enough for complete destruction of
tumor tissue. The results demonstrated that the multidentate
PEG modified AuNRs can serve as an effective photothermal
agent for tumor ablation by a single intravenous administration
and one-time NIR laser irradiation of safe energy to normal
tissues.

When using AuNRs as photothermal agent for cancer
therapy, the question of whether the AuNRs are still stable after
near-infrared irradiation is always raised. Although some
references reported that the AuNRs would melt after irradiation
with high laser energy,”> our results showed that the PEGylated
AuNRs were quite stable after five runs of irradiation with a 808
nm laser of 1.56 W for S min which is strong enough to
completely ablate tumors in this study (Figure S2). So the
AuNRs are suitable to serve as a photothermal agent for in vivo
photothermal therapy of tumors. We believe that based on this
study, further designed multidentate ligands that make modified
AuNRs with higher tumor accumulation will be beneficial for
obtaining effective therapy by a lower NIR laser energy in the
future.
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4. CONCLUSION

In summary, we demonstrated that the multidentate PEG
ligand modified AuNRs can serve as an effective NIR
photothermal agent for tumor ablation in vivo. A type of
multidentate ligand of polythiol PEG-based copolymer was
used to successfully stabilize AuNRs in solutions with high
saline concentration and wide pH range. The multidentate PEG
greatly increased the ligand affinity to the AuNR core, which
showed much stronger resistance to the DTT competition than
monothiol-anchored PEG ligand did. After surface modifica-
tion, the cytotoxicity of AuNRs was remarkably reduced
compared to that of the original CTAB coated ones, and the
PEGylated AuNRs had low toxicity on main organs of mice in
vivo. The AuNR-PTPEGm950 showed high efficacy for the
ablation of cancer cells in vitro, where cells were killed easily by
irradiating with a NIR laser in the presence of AuNRs but there
was no damage on cells when in absence of AuNRs. Moreover,
the AuNR-PTPEGm950 showed good stability in serum, and
they had a long circulation time in blood and led to a high
accumulation in tumors. Importantly, tumors irradiated by NIR
808 nm laser with a suitable energy after intravenous injection
of AuNR-PTPEGm950 could be completely ablated, form
eschars without reoccurrence, and finally reconstruct with
normal tissues. These encouraging results suggest that AuNR-
PTPEGm950 has great potential in serving as an effective
photothermal agent for future clinical cancer therapy. It also
strongly indicates that the multidentate PEG surfaces could be
widely used to stabilize various NPs and successfully deliver
them to disease sites, which is important for realizing the
fascinating functions of NPs for biomedical applications in vivo.
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