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Gold Nanorods for Photoacoustic Imaging-guided Tumor Photothermal
Therapy in the Second Near-infrared Region

WANG Ruyi', XING Yang', FAN Bo'', ZHANG Ruipingz*
(1. School of Pharmacy, Shanxi Medical University, Taiyuan 030001, China;
2. The Radiology Department of Shanxi Provincial People' Hospital, Shanxi Medical University, Taiyuan 030001, China)

Abstract: Photoacoustic (PA) imaging-guided photothermal therapy (PTT) in the second near-infrared (NIR-II) region has garnered
increasing attention due to its inherent advantages, such as enhanced penetration depth and heightened signal intensity. This ap-
proach enables real-time tumor diagnosis and in-situ treatment simultaneously, offering significant advantages in clinical translation.
Nevertheless, there is an urgent need for the development of photothermal agents with clinical translational potential in the NIR-II re-
gion. Here, we successfully synthesized gold nanorods (GNRs) exhibiting strong absorption in the NIR-II region, which enables pre-
cise PA imaging-guided PTT. GNRs has a high photothermal conversion efficiency of 36.68% and good photothermal stability. After
being modified with polyethylene glycol (PEG), in vitro experiments showed that GNRs-PEG had ignorable cytotoxicity and
showed efficient ablation of 4T1 cells. An orthotopic breast cancer model was established to study the in vivo anti-tumor efficacy of
GNRs-PEG on 4T1 tumor-bearing mice. The results showed that GNRs-PEG had an enhanced tumor inhibitory effect. Additionally,
in vivo PA imaging can be used to track the dynamic distribution of GNRs-PEG at the tumor site. Furthermore, in vivo results demon-

strated the high effectiveness of GNRs-PEG for tumor elimination through PA imaging-guided PTT in the NIR-II region. In conclu-
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sion, the GNRs-PEG synthesized in this work hold broad applications as NIR-II PA contrast agents for imaging-guided cancer therapy.

Key words: polyethylene glycol modified gold nanorods; the second near-infrared region; image-guided therapy

1 Introduction

Due to its high morbidity and mortality rates
worldwide, cancer poses a serious threat to human
survival and quality of life'". Rapid, accurate diag-
nosis and effective treatment options are still lack-
ing for cancers that require ongoing progression” .
Diagnostic imaging modalities currently available in-
clude computed tomography (CT), magnetic reso-
nance imaging (MRI), and X-ray'*. However, these
imaging techniques have some disadvantages, such
as poor spatial resolution, low soft tissue contrast,
long signal acquisition time, and radiation expo-
sure””. Photoacoustic (PA) imaging represents a nov-
el non-invasive molecular imaging technique that
merges the high contrast of optical imaging with the
deep penetration of ultrasound imaging, thereby fa-
cilitating its widespread application in biomedical
disease diagnosis and functional imaging®”. In com-
parison to the first near-infrared region (NIR-I, 650~
900 nm), PA imaging within the second near-infra-
red region (NIR-II, 1 000-1 700 nm) not only af-
fords a notably enhanced depth of penetration but
also allows for a higher maximum permissible irra-
diation level owing to reduced absorption and scat-
tering by skin tissues®’. Meanwhile, the diminished
background signal of the NIR-II region significantly
enhances the imaging resolution. This feature posi-
tions NIR-II imaging as a promising and novel strat-
egy for early cancer diagnosis and real-time moni-
toring of the treatment process "

In photothermal therapy (PTT), a photothermal
agent (PTA) absorbs NIR laser light of a specific
wavelength and converts light energy into heat. Ex-
cessive heat can induce apoptosis or necrosis of tu-
mor cells, thus causing damage to tumor tissues'”.
More importantly, the external laser light source can

selectively irradiate the tumor site, thereby substan-

tially reducing the potential damage to normal tis-

sues during treatment'®. This is especially suitable
for the treatment of tumors at the superficial ana-
tomical locations. Breast cancer is a superficial tu-
mor where light can penetrate the normal tissue to
reach the focus, enabling specifically targeted thera-
py. Specifically, PA imaging-guided PTT could track
the distribution of PTA in focus and provide appro-
priate timing for photothermal treatment ",

At present, various materials have been devel-
oped and applied in phototheranostics research, in-

17 and car-

cluding noble metals"”, semiconductors
bon materials''™®. The pivotal issue lies in the devel-
opment of PTAs with clinical translational pros-
pects. Gold nanomaterials have received much atten-
tion due to their tunable absorption resonance peak,
excellent photostability, high photothermal conver-
sion efficiency, and promising prospects in clinical

[19

applications'”. Notably, gold nanoparticles have re-

ceived FDA approval for cancer treatment in clini-

cal trials™”

. In addition, Au@silica nanoshells have
been utilized for thermotherapy, securing FDA ap-
proval in 2012 (NCT01270139)?". These achieve-
ments underscore the potential of gold nanomateri-
als in advancing cancer therapy toward -clinical
translation. However, the majority of PTAs have
been reported within the NIR-T region®. Among
various gold nanomaterials, gold nanorods (GNRs)
can range in size, and the wavelength of the SPR
can be precisely tuned in the visible and NIR re-
gions as the aspect ratio changes®?®. Because
GNRs have the characteristics of a strong absorp-
tion band in the NIR-II region and photothermal
conversion efficiency, GNRs have become candidate
products for PTAs*. Cetyltrimethyl ammonium bro-
mide (CTAB) was the most common surfactant for
GNR  synthesis.

CTAB resulted in a significant positive charge on

However, the incorporation of

the surface of nanoparticles, leading to obvious bio-

toxicity of GNRs™. In addressing this problem,
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polymers””, natural polymeric materials® ™", sili-
ca®’, and graphene™ have been applied to exchange
and/or block the original CTAB on the surface of
GNRs, thereby rendering it suitable for utilization in
studies related to PTT. Up to now, several types of
GNRs absorbed in the NIR-II region, such as hol-
low GNRs" or substances coated to the surface of
GNRs"™, have been explored as PA contrast agents
for PA imaging-guided PTT. In contrast, superhigh
aspect ratios GNRs are relatively simple to prepare
and exhibits exceptional photothermal conversion ef-
ficiency, rendering them highly suitable for NIR-II
PA image-guided PTT.

In this study, GNRs with strong absorption at
1 064 nm in the NIR-II region were synthesized
and employed for PA imaging-guided PTT of tu-
mors (Scheme 1). The NH,~PEG-SH was modified
on the surface of GNRs through S—Au covalent

[33

bonding™. After being modified with polyethylene
glycol (PEG), a hydrophilic and flexible polymer,
GNRs-PEG displayed reduced cytotoxicity and de-
creased protein adsorption on the surface, thus
avoiding recognition by the immune system and pro-

longing circulation time*. The GNRs-PEG showed

GNRs growth
solution

Seed growth Seed solution

solution

good biocompatibility, high photothermal stability,
and a photothermal conversion efficiency of 36.68%.
Furthermore, NIR-II lasers (I 064 nm, 100 mJ/cm?)
permit a significantly higher maximum permissible
exposure (MPE) compared to NIR-I lasers (808 nm,
33 mJ/cm®), thereby enabling higher laser power for
enhancing PA imaging performance® ™. In vivo, di-
agnosis and treatment outcomes confirm that GNRs—
PEG can serve as a viable candidate for tumor treat-

ment through PA imaging—guided PTT.

2 Materials and methods

2.1 Materials

Gold (III) chloride hydrate (HAuCL, 99%), hy-
droquinone, and fluorescein isothiocyanate (FITC)
were obtained from Macklin (Shanghai, China). Cet-
yltrimethylammonium bromide (CTAB, AR), sodium
hydroxide (NaOH, AR),
(NaBH,, AR), and silver nitrate (AgNO;, AR) were
acquired from Tianjin Kaitong Chemical Reagent Co.
LTD. NH2-PEG-SH (M. W. 5000 Da) was provided
from Guangzhou Weihua Biotechnology Co. LTD.
The Cell Counting Kit-8 (CCK-8) and 4', 6-di-
amidino-2-phenylindole (DAPI) were obtained from

sodium  borohydride

exs CTAB -~ NH-PEG-SH

GNRs solution

PA imaging

1 064 nm

Scheme 1 Schematic representation of GNRs-PEG with strong absorption in the NIR-IT region for tumor PTT guided by PA imaging.
(a) Synthesis of seed solutions. (b) Synthesis of GNRs. (c) PEG modification of GNRs. (d) Schematic representation of GNRs-PEG

acting in vivo
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Saiwen Innovation Biotechnology Co., Ltd. (Bei-
jing, China).
2.2 Synthesis of GNRs-PEG

Gold seed solution was synthesized following
previously described methods™”. Briefly, HAuCl, so-
lution (0.001 mol/L) and CTAB (0.2 mol/L) were
combined in a volume ratio of 1:1, and an appropri-
ate amount of ice—cold NaBH, (0.01 mol/L) was
rapidly added under vigorous stirring for 30 s. Age
the seed solution for 5 min at room temperature. Af-
terward, 5 mL of HAuCl, (0.001 mol/L) and 5 mL
of CTAB (0.2 mol/L) were mixed. Then, 105 pL of
AgNO; solution and 400 pL of hydroquinone solu-
tion at an equal concentration (0.1 mol/L) were
added. Subsequently, 75 pL of gold seed solution
was added and the reaction was allowed to proceed
for 12 hours at 30 °C. The obtained GNRs were col-
lected by centrifugation at 8 000 g for 30 minutes
and washed with water.

To reduce toxicity and increase the long circu-
lation of GNRs, GNRs were mixed with NH,~PEG—
SH at a mass ratio of 1:10 and reacted overnight. Fi-
nally, the GNRs-PEG was washed with water and
harvested through centrifugation.

2.3 Characterization of GNRs-PEG

The morphology of GNRs was observed by
TEM. The size and zeta potential were measured us-
ing Zatesizer Nano ZS90 (Malvern Instruments Ltd.,
Malvern, UK). The optical properties were studied
using the UV-vis—NIR absorption spectra. Addition-
ally, the GNRs and GNRs-PEG were examined
with FT-IR spectroscopy.

2.4  Photothermal property of GNRs—-PEG

Different concentrations of GNRs-PEG disper-
sions (0,25, 50,75, 100, 125 and 150 rg/mL) were ir-
radiated with a NIR- [[ laser (1 064 nm, 1.0 W/cm?)
for 5 min. Furthermore, 100 pg/mL of GNRs-PEG
dispersion was irradiated with a 1 064 nm laser for
5 min at different power (0.25,0.5, 1.0, 1.25, and 1.5
W/em?). The temperature changes were recorded at
10-second intervals using an infrared thermal cam-
era (Fluke Ti 400). To assess the photothermal sta-

bility, the GNRs-PEG dispersion (100 pg/mL) was
irradiated for 5 min using 1.0 W/cm’ laser, followed
by naturally cooled to the initial temperature. This
ON-OFF cycle of laser irradiation was repeated five
times.

The GNRs-PEG dispersion was exposed to
1 064 nm irradiation (1.0 W/cm®, 5 min). Subsequent-
ly, turn off the laser and allow the solution to cool
naturally. The relationship between temperature and
time was recorded and then calculation of thermal
conversion efficiency.
2.5 Cell and culture

4T1 cells were maintained in a complete
DMEM medium supplemented with 10% FBS con-
taining 1.0% penicillin—streptomycin, and cultured
in a stable environment of 5.0% CO, at 37 °C. All cell
experiments were conducted during the logarithmic
phase of cell growth in optimal conditions.
2.6 Cytotoxicity of GNRs-PEG

The CCK-8 assay was performed to evaluate
cell viability. Briefly, 4T1 cells were seeded in 96-
well plates until adherence. Subsequently, GNRs-
PEG solution with various concentrations was added
and incubated with 4T1 cells for 24 hours. Then, the
solution was removed and cells were washed with
PBS twice. Afterward, 100 pL of medium containing
10 pL of CCK-8 reagent was added into each well and
incubated for 1 hour. Cell viability was evaluated by
determining the absorbance at 450 nm using a micro-
plate reader (Spectra Max Plus 384, Molecular De-
vices). The cell viability (CV, %) calculation formu-
la was as follows:

cv(o)=2

ST X 100%

control

2.7 Cellular uptake

To examine cellular uptake, fluorescently la-
beled GNRs-PEG was prepared. The GNRs-PEG
solution was mixed with fluorescein isothiocyanate
(FITC) at a ratio of 5:1 in the dark for 2 h. GNRs-
PEG-FITC were obtained by washing with deionized
water. Subsequently, 4T1 cells were seeded in 6-well
plates at a density of 3x10° cells per well. 24 hours lat-
er, GNRs—PEG-FITC solution (100 pg/mL) was add-
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ed and incubated for different time points. Untreated
cells were used as controls. Then, the cell suspen-
sion was collected, followed by resuspension in
PBS. These procedures were performed in the dark.
The fluorescence intensity of GNRs-PEG-FITC up-
take by cells at different time points was assessed
using flow cytometry (Navios, Beckman Coulter).

In addition, the cell colocalization experiment
further verified the cellular uptake of GNRs-PEG.
After 4T1 cells were seeded on the sterile glass slides
and co—incubated with 100 pg/mL of GNRs-PEG-
FITC solution for 8 h. Subsequently, the slides were
carefully removed and the cell nuclei were stained
with DAPI. Cells were imaged using confocal laser
scanning microscopy (Fluoview FV3000, Olympus).
2.8 The anti-tumor experiment of GNRs-PEG in
vitro

The in vitro therapeutic effect of GNRs-PEG
was evaluated by in vitro proliferation inhibition
assay. A density of 8x10° cells per well was seeded
in 96-well plates. After adherence, cells were co—
incubated with GNRs-PEG solution (100 pg/mL)
for 4 hours, and then irradiated using a 1 064 nm
laser (1.0 W/cm?, 5 min). The PBS and non-irradi-
ation groups were used as controls. The cells were
then cultured for an additional 20 hours. Similarly,
medium containing CCK-8 reagent was added into
each well, followed by incubation of 1 h. The mi-
croplate reader (Spectra Max Plus384, Molecular De-
vices) was used to measure the cell proliferation via-
bility by calculating the absorbance value at 450 nm.

Trypan blue staining was also performed on
4T1 cells to evaluate cell apoptosis. The 4T1 cells
were stained for 5 min with Trypan Blue diluting
solution (0.04%), and the cells of each group were
cleaned with PBS, and photographed under an opti-
cal microscope.

2.9 PA imaging

To examine in vitro PA imaging effects, vari-
ous concentrations of GNRs—PEG solution (0, 100,
150, 200, 250, 500 pg/mL) were placed in a poly-

urethane tube and imaged by a real-time multispec-

tral optoacoustic tomography
(MOST insight128, Germany). The PA signals were

collected under the laser wavelength at 1 064 nm.

imaging system

Finally, the linear relationship between PA signals
and the sample concentrations of GNRs-PEG was
calculated.

GNRs-PEG solution (10 mg/kg) was injected
into the 4T1 tumor-bearing mice via the tail vein
for in vivo PA imaging. Then mice were imaged us-
ing the Vevo—-LAZR-X high-frequency photoacous-
tic ultrasound imaging system for small animals,
and the PA signal intensity was captured at different
time intervals.

2.10  Photothermal performance of GNRs-PEG
in vivo

The 4T1 tumor-bearing mice were randomly
divided into two groups and intravenously injected
with saline or GNRs-PEG (10 mg/kg), respectively.
After 8 h post-injection, mice were irradiated with
the 1 064 nm laser (1.0 W/cm?, 5 min). The body
temperature of mice during photothermal treatment
was monitored using an infrared thermal camera.
2.11 Anti—tumor efficacy after PTT in vivo

The 4T1 tumor-bearing mice were randomly di-
vided SalinetLaser,
GNRs-PEG, and GNRs-PEG-Laser). The GNRs-
PEG (10 mg/kg) were then intravenously adminis-

into four groups (Saline,

trated into mice. The Laser group was irradiated
through a 1 064 nm laser (1.0 W/cm? 5 min) after
8 hours of administration. The temperature of mice
was monitored during photothermal treatment. The
tumor volumes and body weight were recorded ev-
ery other day for 14 days.
2.12 Histological analysis and blood biochemistry
After the treatment, H&E staining of the major
tissue organs (heart, liver, spleen, lungs, and kid-
neys) was performed. TUNEL staining was carried
out using commercially available kits (DAB (SA-
HRP) Tunel Cell Apoptosis Detection). To prelimi-
narily assess the in vivo toxicity, the whole blood
and serum of mice were collected to detect the bio-

chemical indicators.
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3 Results and discussion

3.1 Characterization of GNRs

The GNRs were synthesized using the seed-me-
diated method, which had been optimized in previ-
ous studies. As shown in Fig. 1(a) and 1(b), the
TEM result revealed that the GNRs had a stable
and uniform rod-like morphology with an average
length and width of 84.25 nm and 13.02 nm, re-
the SPR wavelength of
GNRs could be varied with the aspect ratio®. The

spectively. Importantly,

obtained GNR aspect ratio was about 6.4:1 and
had a strong absorbance in the NIR-II region (Fig.
1(c)), indicating the potential for PTT and PA imag-
ing. After modified the PEG, the zeta potential was
+30 mV for bare GNRs and was decreased to +10 mV
after PEG modification. FT-IR spectroscopy was
used to analyze the successful preparation of NH,-
PEG-SH and GNRs-PEG. As shown in Fig. 1(d),
the S—H stretching band of GNRs-PEG disappeared

at 2 691 cm ', indicating the successful modification

(©
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Wavelength/nm

of NH2-PEG-SH on the surface of GNRs.
3.2 Photothermal performance of GNRs-PEG
The GNRs-PEG dispersions with different con-
centrations were irradiated with a 1 064 nm laser. The
results of thermal images showed that increasing the
concentration of nanomaterials and the duration of
laser exposure could enhance the photothermal per-
formance of GNRs-PEG (Fig. 2(a) and 2(b)). In
contrast, the temperature of pure water was almost
unchanged under the same conditions. Meanwhile, 100
ng/mL of GNRs-PEG dispersion was irradiated by
laser at 1 064 nm for 5 min, when the irradiation power
was increased from 0.5 W/cm® to 1.5 W/cm?, the dis-
persion temperature was increased from 33.2 °C to
63.9 °C (Fig. 2(c) and Fig. S1). These results showed
that GNRs—PEG could efficiently converts light to heat
and probably serve as a good PTAs. In addition, the
photothermal stability of GNRs—-PEG was investigated
by a heating—cooling cycle experiment. The 100
pg/mL of GNRs-PEG was subjected to five con-
secutive ON-OFF cycles at a power of 1.0 W/cm’

(b)

()

GNRs
N _\/_V\(f‘\—\r-’\/\rr
® | NH,PEG-SH
8 -
e f
E 7’
-‘é‘ S-H(2 691 cm-1)
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Fig.1 Characterization of GNRs
(a) TEM images of GNRs, scale bar = 100 nm; (b) TEM images of GNRs, scale bar = 10 nm; (c) UV-vis-NIR spectra of GNRs;
(d) FT-IR spectra of GNRs, NH,-PEG-SH and GNRs-PEG
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(Fig. 2(d)). The maximum temperature of each cycle
remained constant and the duration of each set of
cycles was almost the same, which indicated that the
GNRs had good photothermal stability. Furthermore,
the photothermal conversion efficiency of the GNRs~
PEG was 36.68% by fitting the curve of average tem-
perature over time (Fig. 2(e) and 2(f), Supporting in-
formation). Such high values indicated the great po-
tential of GNRs-PEG to be used as PTT and PA
contrast agents.
3.3 Cell assay

The CCK-8 method was used to evaluate the
toxicity of GNRs—PEG on 4T1 cells. After co—incu-
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ation with different concentrations, the survival rates
of 4T1 cells were above 80% within the study con-
centration range (Fig. 3(a)). The results indicated the
good biocompatibility of GNRs—PEG for biomedical
applications.

The cell uptake of GNRs-PEG-FITC was de-
tected by flow cytometry. As illustration in Fig. 3(b)
and 3(c), the fluorescence intensity gradually in-
creased with the prolongation of the co—incubation
time. The fluorescence intensity peaked at 8 h, indi-
cating that the cells had completed the uptake of
GNRs-PEG. Meanwhile, confocal laser scanning im-

ages showed that the green fluorescence was local-
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Fig. 2 Photothermal properties of GNRs-PEG
(a) Temperature increase curves of GNRs-PEG with different concentration; (b) the corresponding thermal image;

(c) temperature increase curves of GNRs-PEG with different power; (d) photothermal stability of GNRs-PEG; (e) heating/cooling

curve; (f) the plot of cooling time versus negative natural logarithm of the temperature driving force obtained from cooling stage
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Fig.3 Antitumor effects of GNRs-PEG in vitro
(a) Cell viability of 4T1 cells treated with various concentrations of GNRs-PEG; (b) intracellular uptake of GNRs-PEG in 4T1 cells
at different time points detected by flow cytometer; (c) the corresponding statistical analysis; (d) uptake images of GNRs-PEG-FITC
by 4T1 cells at 8 h via CLSM (scale bar = 50 um); (e) 4T1 cells treated with/without 1 064 nm irradiation (****p < 0. 001);
(f) trypan blue staining of 4T1 cells by GNRs-PEG under laser irradiation/non-irradiation, scale=100 pm

ized in the cytoplasm after 8 h incubation of GNRs~
PEG (Fig. 3(d)). These results indicated that 4Tl
cells could effectively uptake GNRs—PEG.

In addition, the photothermal anti-tumor effect
of GNRs-PEG was detected by the CCK-8 method.
The cell survival rate in the PBS group was high
(>90%) with or without laser irradiation. In con-
trast, the cell survival rate was lower than 12% in
AT1 cells after incubation with 100 pg/mL of
GNRs-PEG pulse laser irradiation (Fig. 3(e)). These
results confirmed that GNRs-PEG could effectively
kill tumor cells under NIR-II laser irradiation.

The viability of 4T1 cells was assessed using
Trypan blue staining. Trypan blue staining enables a
rapid and straightforward differentiation between live
and dead cells. Normal viable cells with intact
membrane structures prevent the entry of Trypan blue.
Conversely, cells exhibiting reduced activity or
compromised cell membranes display increased per-
meability and can be stained blue by Trypan blue.
Loss of cell membrane integrity indicates cellular
death. As depicted in Fig. 3(f), laser irradiation had
minimal impact on the survival of PBS-treated cells,

with only a few deceased cells observed within the

visual field. GNRs—-PEG treatment also did not im-
pede cell growth. However, upon laser irradiation in
the GNRs—PEG group, an abundance of blue regions
and an increased number of dead cells were evident
under microscopic examination. These experimental
findings demonstrate that GNRs—PEG can effectively
induce tumor cell death through photothermal action
when exposed to laser irradiation.

3.4 PA imaging of GNRs-PEG

PA signals of GNRs-PEG solutions at various
concentrations were measured using a photoacoustic
system (Fig. 4(a)). As the concentration of GNRs—
PEG increased, the intensity of the PA signal gradu-
ally enhanced. In addition, there was a linear corre-
lation between the photoacoustic signal and concen-
tration in the range of 0 to 500 pg/mL.

PA imaging of GNRs-PEG as an exogenous
contrast agent in 4T1 tumor-bearing mice was stud-
ied. The PA signals were acquired at appropriate
time intervals after injection of GNRs—PEG (10 mg/kg)
in tumor—bearing mice. Ultrasound (US) and PA im-
ages of tumor-bearing mice at different time was de-
picted in Fig. 4(b). The PA signals of tumor tissues

reached the maximum at 8 h post-injection. It indi-
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Fig.4 PA imaging of GNRs-PEG
(a) PA images and signal intensity of GNRs-PEG with different concentrations; (b) US and PA images of tumor-bearing mice at dif-

ferent time; (c) quantitative analysis

cated that GNRs-PEG accumulates most in the tu-
mor at 8 h post-injection, and was eliminated from
the body after 12 h (Fig. 4(c)).
3.5 Anti—tumor effect of GNRs—PEG in vivo

The in vivo anti—tumor efficacy of GNRs-PEG
in 4T1 tumor-bearing mice, guided by PA imaging,
was further investigated. The experimental procedure
was depicted in Fig. 5(a). 4T1 tumor—bearing mice
were randomly divided into four groups: saline, sa-
line+Laser, GNRs—PEG, and GNRs-PEG-Laser.
According to the maximum enrichment time shown in
the PA images, mice in the Laser plus group received
1 064 nm laser irradiation (1.0 W/cm’, 5 min) at 8 h
post-administration. The temperature changes at the
tumor site were recorded using a NIR thermal imaging
camera (Fig. 5(b)). As depicted in Fig. 5(c), the
temperature increased by 2.3 °C in the control and
12.8 °C in the GNRs-PEG group, respectively. This
suggests that laser irradiation alone was insufficient to
achieve the desired photothermal effect, whereas
GNRs-PEG combined with laser treatment exhibited

a robust hyperthermic effect on tumor tissues. These

findings underscore the high photothermal efficiency
of GNRs-PEG. Additionally, after 14 days, tumors in
the GNRs-PEG and laser-treated group exhibited a
size reduction. In contrast, tumors in all other groups
exhibited significant growth, indicating that treatment
with GNRs-PEG alone or laser irradiation alone failed
5(d) and 5(e)).

Throughout the entire experimental period, there was

to inhibit tumor growth (Fig.

no significant change observed in the body weight of
mice across all groups (Fig. 5(f)). Furthermore, the
TUNEL assay demonstrated that the GNRs—PEG—+
Laser induced a notable level of tumor apoptosis (Fig.
5(g)). These findings collectively affirm the remark-
able PTT efficacy of GNRs—PEG, leading to complete
tumor elimination in vivo.
3.6 Biological safety

Considering the in vivo biosafety of GNRs-
PEG, histological examination using H&E staining
of major organs and analysis of blood biochemical
indicators were conducted. The results demonstrat-
ed no statistically significant differences between
the GNRs-PEG and control groups (Fig. 6(a),
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6(b),
GNRs—PEG. Thus,
ered promising candidates for PA imaging-guided
PTT.

indicating the favorable biosafety profile of
GNRs-PEG could be consid-

4  Conclusion

In summary, GNRs with PA imaging and PTT
characteristics in the NIR-II region were successfully
synthesized using a seed—mediated method. Surface
modification of GNRs with PEG significantly en-
hanced their biocompatibility. The GNRs-PEG dem-

onstrated strong NIR- [[ absorption and exhibited
favorable characteristics including high stability and
negligible toxicity. /n vivo investigation revealed that
GNRs~PEG accumulated specifically in the tumor
region following intravenous administration, resulting
in an augmented photothermal response. Furthermore,
the tumors subjected to PTT under NIR-II PA imaging
guidance demonstrated a substantial suppression of
growth. These findings underscore the remarkable
capabilities of GNRs-PEG for NIR-II PA imaging and
their potential for image-guided tumor therapy.
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