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Conventional Au nanomaterial synthesis typically necessitates the involvement of extensive surfactants and
reducing agents, leading to a certain amount of chemical waste and biological toxicity. In this study, we
innovatively employed ultra-small graphene oxide as a reducing agent and surfactant for the in situ
generation of small Au nanoparticles under ultraviolet irradiation (UV) at ambient conditions. After ultra-
small GO-Au seeds were successfully synthesized, we fabricated small star-like Au nanoparticles on the
surface of GO, in which GO effectively prevented Austar from aggregation. To further use GO—Austar for
cancer PTT therapy, through the modification of reduced human serum albumin—folic acid conjugate
(rHSA-FA) and loading IR780, the final probe GO-Austar@arHSA-FA@IR780 was prepared. The prepared
probe showed excellent biocompatibility and superb phototoxicity towards MGC-803 cells in vitro. In
vivo, the final probe dramatically increased tumor temperature up to 58.6 °C after 5 minutes of
irradiation by an 808 nm laser, significantly inhibiting tumor growth and nearly eradicating subcutaneous
tumors in mice. This research provides a novel and simple method for the synthesis of GO-Au
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1. Introduction

According to recent reports, there has been a rapid increase in
cancer incidence and mortality rates worldwide. Therefore,
recognizing the growing challenges in cancer management,
intensive efforts have been dedicated to seamlessly integrating
cancer diagnosis and therapy.”* This includes the incorpora-
tion of advanced techniques such as photothermal therapy
(PTT), photodynamic therapy (PDT), and chemotherapy,
reflecting a flexible approach to address the complexity of
cancer treatment.>® Compared with conventional treatments
such as radiotherapy, chemotherapy, and clinical surgery, these
innovative cancer treatment methods possess visualization and
light-induced therapy efficacy. They effectively integrate
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nanocomposites, showcasing significant potential in biological applications.

fluorescence imaging with in vivo therapy, providing a compre-
hensive approach to cancer treatment.””

PTT could generate thermal energy through the absorption of
near-infrared (NIR) wavelength light (typically in the range of 700
900 nm). The excellent tissue penetration of NIR light ensures not
only favorable therapeutic efficacy but also minimal side effects in
the context of in vivo cancer cellular therapy.'®"* To achieve the
optimal therapeutic effect, photothermal reagents with high
safety and excellent NIR absorption were chosen to construct
nanoprobes for cancer diagnosis and therapy. Herein, the NIR dye
IR780 iodide, characterized as a hydrophobic heptamethine
indocyanine dye, has emerged as an excellent PTT reagent owing
to its high stability, deep penetration, and favorable real-time
imaging property, indicating that the photosensitive molecule
IR780 could be used for cancer PDT, PTT therapy, as well as
fluorescence imaging in cancer therapeutic applications.*>**

However, the limited hydrophilicity of IR780 hinders its
clinical application. Biocompatible carriers are employed to
overcome these challenges.***® Plasmonic gold nanomaterials,
including nanostars, nanorods, nanocages, and nanoprisms,
exhibit substantial potential in bio-applications."”"*° Particularly
in cancer therapy, gold nanomaterials show favorable charac-
teristics, such as low toxicity, excellent biocompatibility,
chemical stability, and plasmon properties tunable in the NIR
region.””* Furthermore, the surface-resonant plasmon of
nanoparticles is intricately linked to their size and morphology.
To harness these properties, extensive efforts have been
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dedicated to precisely regulate their surface-resonant plasmon
in the NIR region for in vivo applications.”” This involves the
advancement of photothermal transducers for cancer therapy,
which are capable of converting absorbed near-infrared (NIR)
light into localized heat. These transducers facilitate directed
photothermal therapy specifically targeting tumor tissue,
ensuring minimal damage to normal biological tissues owing to
their excellent tissue penetration. Moreover, the corresponding
NIR absorption capability can be adjusted through the modifi-
cation of the shape of the utilized gold nanomaterials. Star-
shaped gold nanoparticles (Austar) have generated interest
due to their simple synthesis method, distinctive plasmon band
in the NIR window, and strong absorption in the NIR region.*
Due to these intriguing properties, Austar has been widely
applied in bio-imaging, nano-therapy, and nanomedicine.**

To diminish the aggregation of the prepared Austar,
a common approach is to modify a surfactant layer to improve the
hydrophilicity of the synthesized metal nanomaterials. However,
numerous surfactants exhibit some biological toxicity.”** To
improve the biosafety of the obtained nanomaterials, minimizing
the dosage of the traditional surfactant is highly desired.*

Recently, two-dimensional graphene and its derivatives,
including graphene oxide and reduced graphene oxide, have
attracted tremendous attention in the construction of biosen-
sors and clinical applications.**** The unique structure of gra-
phene oxide endows its favorable physic-chemical properties,
such as the - adsorption capacity, large surface area, and
abundant functional groups. Consequently, it has emerged as
an excellent platform for constructing biosensors and serving as
carriers for various inorganic nanomaterials and organic
molecules.*** Interestingly, some works mentioned that carbon
nanomaterials including GO and carbon nanotubes could be
used as reductants and surfactants to produce metal nano-
particles and semiconductor nanoparticles directly in the
absence of conventional reductants and surfactants, which
could effectively reduce the use of the toxic reductant and
surfactant regents.**

In this work, we synthesized gold nanostars on the surface of
graphene oxide in situ, in which GO could be used as a reduc-
tant and surfactant in the formation process of Au nano seeds
under UV-light irradiation without adding any other reductants
and surfactants. Based on the GO-Au seeds, we directly
prepared Au nanostars on the surface of GO. Through
a systemic preparation process, we first synthesize gold seeds
on the surface of GO in situ by a UV-induced method. Then,
according to the commonly seed-mediated method, Austar
supported on graphene oxide was synthesized based on the
above-acquired GO-Au seeds (GO-Austar) with a near-infrared
(NIR) absorption range overlapping with IR780. In this
process, GO served multiple roles as a surfactant to protect Au
seeds and Austar from aggregation, reductant to synthesize Au
seeds, as well as a carrier to load IR780 molecules. To enhance
the biocompatibility and targeted ability of probes, the
composites (rHSA-FA)-combined reduced human serum
albumin (rHSA) and FA were cross-linked onto the surface of
Austar and GO via chemical bonding Au-S through -7 stack-
ing. After that, the NIR fluorescent molecule IR780 was loaded
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to realize photothermal therapy (PTT) cooperating with Austar,
which could be effectively released from the surface of GO at the
tumor sites (details are displayed in Scheme 1). Such hybrid
nanomaterials (GO-Austar@rHSA-FA@IR780) have been
successfully prepared for gastric cancer PTT therapy, and
exhibited favorable biocompatibility and excellent PTT thera-
peutic ability due to the synergetic NIR absorption of Austar and
IR780. The demonstrated UV-induced strategy presented
a promising approach for the design of low-toxicity nano-
materials in the context of cancer diagnosis and therapy.

2. Experimental details

2.1. Reagents and materials

Gold chloride trihydrate (HAuCl,-3H,0) was bought from
Shanghai Titan Polytron Technologies, Inc. (Shanghai, China).
In addition, chemical reagents including hydrochloric acid
(HCI, 37%), sulfuric acid (H,SO4, 98%), nitric acid (HNOs,
=97.2%), folic acid (FA), anhydrous dimethyl sulfoxide (DMSO),
silver nitrate (AgNO;) and ascorbic acid (AA) were all obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
N-Hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC) were obtained from
Aladdin Reagent Co., Ltd. (Shanghai, China). Annexin V-FITC/PI
Apoptosis Detection Kit, 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI), Cell Counting Kit
(CCK-8) and Calcein-AM/PI Double Stain Kit were all bought
from YEASEN Corporation (Shanghai, China). Fetal bovine
serum (FBS), Dulbecco's Modified Eagle's Medium (DMEM),
penicillin-streptomycin, and trypsin-EDTA used for cell culture
were all obtained from Gibco Life Technologies. All chemical
reagents used here were of analytical grade without further
purification. The double-distilled water (18.2 MQ, Millipore Co.,
USA) was employed in all experiments. In addition, phosphate-
buffered solutions (PBS, 0.1 M) were acquired by using 0.1 M
Na,HPO, and 0.1 M KH,PO,.

2.2. Characterization equipment

The morphology information of various nanomaterials was
monitored by field emission transmission electron microscopy
(FE-TEM, Talos F200X) and scanning electron microscopy (SEM,
Zeiss Ultra5). The hydrodynamic sizes of various nanomaterials
were investigated by dynamic light scattering (DLS, Nano Brook
Omni Zeta/PLS, Brook, USA). The UV-vis spectrophotometer
(Varian Inc., Palo Alto, CA, USA) was used to study the modified
information of the probes. Fourier transform infrared spec-
troscopy (FTIR) of different nanomaterials was carried out on
a Fourier transform infrared spectrometer (Nicolet 6700). The
element binding energy was analyzed by X-ray photoelectron
spectroscopy (AXIS Ultra DLD).

2.3. Synthesis of GO with small size

In this process, layered graphene oxide with large sizes was
synthesized according to the previously reported Hummer's
method.*” To obtain graphene oxide with a small size, 500 mg of
the above-acquired GO nanolayer was ultrasonicated in 40 mL of
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Scheme 1 Schematic illustration of the preparation and therapeutic mechanism of GO-Austar@rHSA-FA@IR780.

an acid mixture containing strong sulfuric acid and concentrated
nitric acid (v/v = 3/1) for 7 h. Then, the obtained GO was
centrifuged at 10 000 rpm for 20 min, followed by washing with
HCI (4%) under sonication for three times to remove a large
proportion of excess acid. After that, the acquired GO was
repeatedly washed with deionized water until most of the GO
could not be centrifuged. Then, the above-obtained GO was
purified by dialysis in water for 5 days. Finally, the purified GO
solution was filtrated by a 0.22 pm filter membrane to remove
large-size GO sheets and obtain GO with a size around 200 nm.
Finally, the GO was lyophilized for further use.

2.4. Synthesis of graphene oxide modified with gold seeds
(GO-Au seeds)

In this process, 5 mg of purified GO powder with a small size
was dissolved in 20 mL of pure water with ultrasonication to
form a GO solution. Then, 66 uL HAuCl, solution (242.81 mM)
was mixed with GO solution under stirring. The pH of the
mixture was regulated by 1 M sodium hydroxide solution to
a pH value of 11. After adjusting, the brown solution was irra-
diated with UV light at an energy of 1000 J for 120 min. The
acquired GO-Au solution was stored in the dark and acted as
seeds for GO-Austar nanocomposite preparation.

To obtain the GO-Austar nanocomposites, the common
seed-mediated method was utilized. In brief, 2 mL of the above-
synthesized GO-Au seeds solution was diluted with 38 mL pure
water with stirring. After that, 20.8 uL HAuCl, solution (242.81
mM), 440 puL HCI (1 M), and 2.2 mL AgNO; (3 mM) were
successively added by stirring. Then, 1.6 mL AA (0.1 M) was
added to the mixture and stirred for 1 min. Finally, the product
GO-Austar was centrifuged at 8500 rpm for 5 min and redis-
solved in 1 mL PBS for further use.
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2.5. Preparation of rHSA-FA and crosslinking procedure of
rHSA-FA onto GO-Austar

To enhance the biocompatibility of the final probes, we
employed rHSA-FA composites, which consist of reduced
human serum albumin (rHSA) and the targeted molecule folic
acid (FA), to modify GO-Austar. In brief, 1 g FA powder was
dissolved in 50 mL dimethyl sulfoxide (DMSO). Subsequently,
1.08 g 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC-HCI) and 651 mg N-hydroxysuccinimide (NHS)
were added to activate the FA in the dark for 12 h at room
temperature. After repeated centrifugation and washing with
a mixture of cold acetone and diethylether (v/v = 3/7) to remove
insoluble byproduct (dicyclohexylurea), the activated FA (FA-
NHS) was lyophilized. Moreover, the reduced human serum
albumin (rHSA) was prepared by adding 250 pL NaBH, (1 M)
into 10 mL HSA solution (4 mg mL ™). After 2 h stirring, 50 mg
FA-NHS was added to the previously obtained rHSA solution for
6 h crosslinking. Ultimately, the excess FA-NHS was removed by
centrifugal ultrafiltration (3 K MWCO), and the acquired rHSA-
FA composites were lyophilized and stored at —20 °C.

To attach rHSA-FA onto the surface of GO-Austar, 1 mg
rHSA-FA was dissolved in 1 mL PBS, and then mixed with the
previously obtained GO-Austar solution. After 6 h stirring, the
products were centrifuged and washed with PBS three times.
Finally, the nanocomposites GO-Austar@rHSA-FA were dis-
solved into 1 mL PBS, and stored in darkness.

2.6. Loading IR780 onto GO-Austar@rHSA-FA

To enhance the PTT therapy, IR780 was loaded into the GO-
Austar@rHSA-FA to construct the nanoprobes. In brief, the
IR780 was firstly dissolved into DMSO with a concentration of
200 mg mL~". Subsequently, 50 pL IR780 solution was mixed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with GO-Austar@rHSA-FA (2 mg mL ") with stirring for 8 h at
37 ©°C. Finally, the obtained nanocomposites GO-Aus-
tar@rHSA-FA@IR780 were washed three times with PBS to
remove residual reagents by centrifugation (8000 rpm min *, 3
min). Moreover, the collected supernatant solution was used to
calculate the unloaded amount of IR780. Finally, the sequential
nanocomposites GO-Austar@ rHSA-FA@IR780 were redis-
persed in 1 mL PBS (pH 7.4) for further use.

The entrapment efficiency (EE) and loading rate (LR) of
IR780 in GO-Austar@rHSA-FA@IR780 were calculated accord-
ing to the following equations:

weight of IR780 loaded in nanocomposites
weight of TR780 added initially

EE (%) = % 100%

weight of IR780 in nanocomposites
weight of IR780 + weight of GO — Austar@rHSA

—FA x 100%

LR (%) =

2.7. Characterization of various materials

In this work, the field emission transmission electron microscope
(FE-TEM, Talos F200X), atomic force microscope (AFM, Dimension
Icon & FastScan Bio, USA), and Zetasizer Nano ZS were used to
analyze the morphology information of various nanomaterials.
Moreover, energy-dispersive X-ray spectroscopy (EDS) was
employed to investigate the elemental distribution of nano-
materials, while X-ray photoelectron spectroscopy was utilized to
analyze changes in elemental valence states. Furthermore, UV-vis
spectrophotometry (Varian Inc., Palo Alto, CA, USA) was carried
out to study the UV-vis absorbance spectra of nanomaterials.

2.8. Cell lines and culture conditions

The Dulbecco's modified Eagle medium (DMEM) containing
10% (v/v) fetal bovine serum, 100 U mL ™" penicillin, and 0.1 mg
mL " streptomycin (named as cell medium) was used in this
work to culture man gastric cancer (MGC-803) cells at 37 °C with
5% CO,. As the cells were in a logarithmic growth phase, they
were applied to our experiment. Additionally, trypsin/EDTA was
used to subculture MGC-803 cells.

2.9. Cytotoxicity of various materials

The cytotoxicity assay is crucial to studying the toxicity of con-
structed probes for further cancer therapy and assaying the
therapeutic efficacy. In this work, Calcein-AM and PI Staining
Technology, CCK-8 analysis, and apoptosis assay were applied
to investigate the biosafety and phototoxicity of various mate-
rials, including free IR780, GO-Austar@rHSA-FA, and GO-
Austar@rHSA-FA@IR780 nanoprobes.

CCK-8 assay. Briefly, MGC-803 cells were incubated in 96-cell
plates (5 x 10° cells per well). After 24 h incubation, 100 uL
fresh complete medium containing IR780, GO-Austar@rHSA-
FA and GO-Austar@rHSA-FA@IR780 at various dosages were
added into 96-cell plates, where the IR780 dosage ranged from 1
to 6 ug mL~' and GO-Austar@rHSA-FA were at 2-12 pug mL ™
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(control group: blank, 100 pL fresh complete medium). After
12 h endocytosis, the cells were washed with PBS twice, and
then incubated with 100 pL fresh complete medium. Following
that, the cells were irradiated with an 808 nm laser (1.0 W ecm ™,
5 min), and the cells were in the dark as comparisons. After that,
the cell viability in various groups was analyzed by CCK-8 assay
when incubated for 24 h in the dark. Moreover, a microplate
reader with an absorbance peak at 450 nm was used to calculate
the cell viability, and the obtained data were processed by the
followed formula:

Cell Vlablhty = (ODtreated - ODblank)/(ODcomrol - ODblank)

Apoptosis assay. The cell apoptosis was investigated on a BD
FACS Calibur (BD Biosciences, Mountain View, CA) after the
treated cells in various groups were stained by Annexin V-FITC/PI
Apoptosis Detection Kit (Yeasen, Shanghai). Briefly, the MGC-803
cells in 6-cell plates (1 x 10> cells per well) were firstly interacted
with PBS, IR780, GO-Austar@rHSA and GO-Austar@rHSA-
FA@IR780 (IR780: 3 ug mL ™", GO-Austar@rHSA: 6 ug mL ") for
12 h. After irradiation with or without 1.0 W cm ™ 808 nm for
5 min and incubation for an additional 12 hours, the cells were
collected and stained in 400 pL of binding buffer including 5 pL
of Annexin V and 10 pL of PI for 10 min. Ultimately, the stained
cells were investigated on flow cytometry, and the experimental
data were analyzed by FlowJo 10.0 software.

Calcein-AM and PI staining study. To visualize the thera-
peutic efficacy of various materials, the MGC-803 cells were first
treated according to the same steps as the cells in the CCK-8
assay after being incubated in 24-cell plates for 24 h (1.0 x
10* cells per well). In brief, the cells in 24-cell plates were first
interacted with PBS, IR780, GO-Austar@rHSA-FA, and GO-
Austar@rHSA-FA@IR780 (IR780: 3 pg mL™', GO-Aus-
tar@rHSA-FA: 6 pg mL ") for 12 h. Then, the treated cells were
irradiated with or without a NIR laser (808 nm, 1 W cm ™ ?) for
5 min. After an extra 12 h incubation, the cells were stained with
calcein-AM (2.0 uM) and PI (1.5 puM), and finally observed by
fluorescence microscope.

2.10. Animals and tumor model

The female nude mice at 6 weeks old and 18-22 g were
purchased from Shanghai Jiesijie Laboratory Animal Co., Ltd.
(China). All animal procedures were performed in accordance
with the Guidelines for the Care and Use of Laboratory Animals
of Shanghai Jiao Tong University, and approved by the Animal
Ethics Committee of Animal Research's Ethical Requirements
(approval number 202201012). To generate a gastric cancer
tumor model, MGC-803 cells (2 x 10° in 100 pl PBS) were
subcutaneously injected into the right flank of isoflurane-
anesthetized mice. As the tumor size increased to 100 mm?,
the mice were used for animal experiments.

2.11. In vivo therapy effect of mice tumor

To investigate the in vivo therapy effect on mice tumors during
various materials, the MGC-803 tumor-bearing mice were firstly
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subcutaneously injected separately with 100 pL PBS (used as
control), free IR780, GO-Austar@rHSA-FA and GO-Aus-
tar@rHSA-FA@IR780 (IR780: 5 mg kgfl, GO-Austar@rHSA-FA:
25 mg kg ).

After 24 h post-injection, the tumor sites were treated with
1.0 W em ™2 808 nm laser radiation for 5 min. Meanwhile, the
temperature changes at the tumor sites and the infrared
pictures were recorded by utilizing an infrared camera. After-
ward, the relative tumor volume and mice weight were
measured every 3 days within 18 days, and the changes in tumor
sites from each group were recorded every day by a camera.

2.12. Statistical analysis

All data in this work were shown as means 4 SD.

3. Results and discussion

3.1. Preparation and characterization of various materials

The size and morphology of the GO nanosheet were investigated
by AFM (Fig. 1A). As shown in Fig. S2A,} the GO was shown to be
almost single-layer sheets with an average width and length of
250 nm and 170 nm, respectively. The as-synthesized GO
nanosheets were utilized as carriers to modify gold seeds.
Subsequently, the GO-Austar was obtained by the gold seeds-
mediated method, and its morphology was investigated by
TEM. It can be observed that considerable Au nanoparticles
with spherical or ellipse shape (average diameter: 12 nm) are
deposited on the thin slice GO nanostructure (Fig. 1B and
S2BT). The AFM topography image of GO-Au seeds in Fig. S1t
also confirmed that Au seeds were stacked on the surface of GO.
Normal Au seed synthesis methods need strong reductants like
NaBH, (ref. 38) or other violent atmospheres to trigger the
occurrence of a reduction reaction. The UV-assisted synthesis
method could induce the photoreduction reaction with a mild
atmosphere, showing excellent safety and feasibility.

The final nanocomposites of GO-Austar@rHSA-FA were
obtained by the crosslinking procedure of rHSA-FA towards the
GO-Austar nanosheet. The TEM in Fig. 1C shows the successful
preparation of GO-Austar@rHSA-FA, and the HSA-FA decora-
tion also enhanced the contrast of nanocomposites. As shown
in Fig. S2C,T the morphology of Austar exhibited outstanding
size uniformity. The average diameter of Austar and GO-Aus-
tar@rHSA-FA was 45.67 £+ 3.93 nm and 270.8 + 37.2 nm,
respectively, analyzed by image J. The high magnification TEM
image of GO-Austar@rHSA-FA showed that numerous spikes
stretched from their surfaces (Fig. 1D). The hydrodynamic
particle sizes of GO-Au seeds and GO-Austar@rHSA-FA were
detected by DLS, and showed a uniform size distribution
(Fig. S31). However, the hydrodynamic diameter of GO-Aus-
tar@rHSA-FA was 357.7 nm, which is much larger than the
TEM diameter and could not reflect the real particle size.
Results of GO-Austar@rHSA-FA were further confirmed by the
EDX energy spectrum (Fig. 1E). The EDX energy spectrum also
revealed major elemental proportion in GO-Austar@rHSA-FA,
indicating atomic percentages of 45.27%, 13.67%, and 41.06%
for C, O, and Au, respectively. The synthesis of conventional
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gold nanostars requires CTAB,* Triton X,* and other surfac-
tants to control the particle size and prevent their aggregation.
The employment of GO enabled the surfactant-free synthesis of
gold nanostars, obviously reducing the preparation difficulty of
Au nanoparticles.

To investigate the mechanism in the formation of GO-Aus-
tar, we conducted X-ray photoelectron spectroscopy (XPS)
analyses on both GO and GO-Au nanocomposites. The full
spectra in Fig. S41 unveil the extensive Au production on the
surface of GO. Referring to the typical XPS spectrum of the
carbon element, the C 1s binding energy spectrum was decon-
volved into three distinct peaks, including 284.76 eV (C-C in
aromatic rings), 286.45 eV (C-0O), and 287.98 eV (O-C=0). As
depicted in Fig. 2A and B, the signals at 287.98 eV (O-C=0)
increased noticeably after the production of Austar. This
evidence indicates that GO serves as a reducing agent, facili-
tating the reduction of Au®* in the presence of UV radiation.
Benefiting from the robust UV absorption capability of GO, the
absorbed UV energy triggers the photoreduction reaction of
Au*’, thereby promoting the generation of the Au nanocomplex.
The Au 4f binding energy spectra in Fig. 2C and D also verified
the production of Au nanoparticles.

UV-vis spectroscopy was used to testify to the systematic
immobilization of the final probes. The change of absorption of
GO-Au seeds under different pH and different times were
recorded in Fig. 3A and B. The UV-vis absorbance spectra of the
GO-Au seed (Fig. 3C curve b) showed the absorption peaks at
345 nm and 535 nm, revealing the formation of the GO-Au seed.
The longitudinal SPR absorption of GO-Au seed red-shifted to
816 nm after the Au-seed was self-grown to Au-star onto the GO
sheet (Fig. 3C curve c). The result is consistent with the
morphological changes observed in the TEM image. As shown
in Fig. 3D, GO-Austar (curve a) exhibited a typical absorption
peak at 245 nm, corresponding to the m-m* transition of
aromatic areas in the synthesized GO-Austar. Furthermore, the
composites rHSA-FA (curve b) displayed two distinct peaks at
280 nm and 346 nm as a consequence of the absorption of rHSA
and FA correspondingly. Compared with the bare GO-Austar
(curve a), there was an extra peak at 348 nm (curve c) due to the
presence of FA and a distinct red-shifted peak at 260 nm
because of the superposition of GO-Austar and rHSA. Further-
more, because of the characteristic absorption peak at 776 nm
of IR780 (curve d), a broad and obvious absorption peak
emerged across from 600 nm to 900 nm after loading the IR780
in GO-Austar (curve e), indicating the successful integration of
IR780 and GO-Austar, as well as the favorable stability of the
loaded IR780.

3.2. Cellular uptake and intracellular distribution

The distribution of various materials of free IR780 and GO-
Austar@rHSA-FA@IR780 in MGC-803 were investigated via
confocal laser scanning microscopy (CLSM) and flow
cytometry (FC) (Fig. 4A and B). As shown in Fig. 4A, only dim
red fluorescence was monitored in the cells treated with free
IR780 for 4 h, indicating the low amount of IR780 that
entered the cells. On the contrary, owing to the FA receptor
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Fig.1 Synthesis and characterization of GO—Austar@rHSA—-FA. (A) AFM topography image of GO. TEM image of GO-Au seeds (B) and (C) GO-
Austar@rHSA-FA. (D) Highly-magnified TEM image of GO—-Austar@rHSA—-FA. (E) EDX energy spectrum of GO—-Austar@rHSA—FA.

targeting ability of GO-Austar@rHSA-FA@IR780, bright FA@IR780 for 4 h. Meanwhile, the mean fluorescence values
fluorescence was detected in the cytoplasm after the MGC- examined by FCM also verified the higher fluorescence
803 cells were co-incubated with GO-Austar@rHSA- intensity of the MGC-803 cells after incubation with the GO-
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Austar@rHSA-FA@IR780, which was 2.4-fold higher than most significant difference in the quantity of cellular uptake
that of the MGC-803 treated with IR780 (Fig. 4B). The red between GO-Austar@rHSA-FA@IR780 and free IR780
fluorescence intensity gradually increased over time, and the occurred after 12 h of incubation with a 3.6-fold higher mean
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In vitro cellular uptake of GO—Austar@rHSA-FA@IR780 by MGC-803. (A) Confocal images, scale bar: 2 um. (B) Flow cytometry analysis of

MGC-803 cells exposed to free IR780 and GO—-Austar@rHSA-FA@IR780 for 4 h and 12 h. Red, blue, and yellow histograms represent the cellular
uptake of PBS, free IR780, and GO—-Austar@rHSA-FA@IR780, respectively. (C) Representative TEM images of MGC-803. (D—F) Ultrastructure of
MGC-803 cells after 24 h incubation with GO—-Austar@rHSA-FA@IR780; red arrows indicate the GO—-Austar@rHSA-FA@IR780 located in the

lysosome.

fluorescence intensity via FCM. All results indicated that FA
ligands on the surface of the GO-Austar@rHSA-FA@IR780
nanoprobe could enhance the targeting effectiveness toward
MGC-803 cells. The fabricated GO-

gastric cancer

© 2024 The Author(s). Published by the Royal Society of Chemistry

Austar@rHSA-FA@IR780 might provide an alternative
superior approach for transporting abundant IR780 into the
MGC-803 cells. Furthermore, the internalization of the
nanoprobes was intuitively examined by TEM (as shown in

RSC Adv, 2024, 14, 10714-10725 | 10721
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respectively. (Scale bar, 100 pm).

Fig. 4C-F, denoted by red arrows). As shown in Fig. 4E, GO-
Austar@rHSA-FA@IR780 were positioned in lysosomes and
endosomes in aggregated style, and no nanoprobes were
detected in the nucleus. We speculated that GO-Aus-
tar@rHSA-FA@IR780 was specifically recognized and
endocytosed by the surrounding MGC-803 cells (over-
expression of FA receptor).

3.3. Invitro cell toxicity

Good biocompatibility and superior phototoxicity were the
prerequisites for a nano-platform based PDT/PTT to kill MGC-
803. The cellular proliferation inhibition by free IR780, GO-
Austar@rHSA-FA, and GO-Austar@rHSA-FA@IR780 was
measured by CCK-8 assay. There was an obvious difference

10722 | RSC Adv, 2024, 14, 10714-10725

between the NIR irradiation group and the dark group. The
groups including free IR780, GO-Austar@rHSA-FA and GO-
Austar@rHSA-FA@IR780 (IR780: 0-6 pug mL™', GO-Aus-
tar@rHSA-FA: 0-12 pg mL ') exhibited favorable biocompati-
bility without NIR irradiation, while the groups with NIR
irradiation showed concentration-dependent photo-toxicity to
gastric cancer cells. As shown in Fig. 5B, there was no obvious
decline in the cell viability after treatment of PBS with or
without NIR irradiation, which revealed that the laser power
intensity remained within the safe range. Furthermore, the
biocompatibility and photo-toxicity of various treatments (free
IR780, GO-Austar@rHSA-FA, and GO-Austar@rHSA-
FA®@IR780) towards MGC-803 with or without laser irradiation
(IR780: 3 g mL ™', GO-Austar@rHSA-FA: 6 g mL ') were also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Representative infrared thermography image of mice bearing MGC-803 upon irradiation (1.0 W cm™2, 808 nm, 5 min) after treatment with
PBS, GO-Austar@rHSA-FA, free IR-780 and GO-Austar@rHSA-FA@IR780 (1 mg kg*1 of IR780, 5 mg kg*1 of GO-Austar@rHSA-FA) to
investigate the temperature variation in the tumor site over time (0 min, 1 min, 3 min, and 5 min).

confirmed by flow cytometry assay. Particularly, the total
apoptosis ratio of MGC 803 cells treated with GO-Aus-
tar@rHSA-FA@IR780 was 70.9%, which is 3.6-fold higher than
that with free IR780 (19.27%) and 1.8-fold with GO-Aus-
tar@rHSA-FA (39.2%) (as shown in Fig. 5A). Intuitively, the
Annexin V-FITC and propidium iodide (PI) dual labeling assay
was further used to detect stain dead and live cells to reconfirm
the observation in the CCK-8 and flow cytometry assays. As
shown in Fig. 5C, there were no obvious dead cells existing in
the dark groups, signifying the good biocompatibility of the free
IR780, GO-Austar@rHSA-FA, and GO-Austar@rHSA-
FA@IR780. Furthermore, compared with the faint red fluores-
cence in the free IR780 and GO-Austar@rHSA-FA@IR780
groups with NIR irradiation, a strong red fluorescence was
observed in the GO-Austar@rHSA-FA@IR780 nanoprobe

© 2024 The Author(s). Published by the Royal Society of Chemistry

group, revealing that the nanoprobe has superior therapeutic
efficacy as a result of the high loading efficiency of IR780 and
GO-Austar, as well as good targeting capacity of FA. All the
above results might be attributed to the superior synergistic PTT
effect of IR780 and PDT effect of the GO-Austar of the nanop-
robes, and the favorable specifically targeted effect of GO-Aus-
tar@rHSA-FA.

3.4. Invivo therapeutic effect of GO-Austar@rHSA-FA in
tumor-bearing mice

To evaluate the therapeutic effect of the GO-Austar@rHSA-
FA@IR780 nanoprobe in vivo, PBS, GO-Austar@rHSA-FA, free
IR 780 and GO-Austar@ rHSA-FA@IR780 (1 mg kg ' IR780)
were intratumorally injected in MGC-803 tumor-bearing mice,
and an 808 nm laser (1.0 W cm™?) was used to irradiate the

RSC Adv, 2024, 14, 10714-10725 | 10723
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were irradiated (1.0 W cm™2, 5 min).

tumor site of mice for 5 minutes after the injection of 24 hours.
The temperature changes of the tumor site in different treat-
ment groups were then monitored in real-time. As shown in
Fig. 6, as the laser irradiation time increased, the temperature
of the tumor site showed an escalating trend. The temperature
of the tumor site in mice treated with free IR780 could reach
47.7 °C, while the temperature of the tumor site in mice treated
with the nanoprobe increased to 58.6 °C under the same laser
irradiation time. However, as a control, the temperature of the
tumor site in mice treated with PBS could only rise to 34.3 °C,
which was not enough to cause thermal damage to the tumor,
indicating that the intensity of the laser irradiation was safe. As
shown in Fig. 7, within 18 days after laser irradiation, PBS-
treated mice still had a relatively fast tumor growth rate. In
addition, although IR780 has excellent PTT results, the IR780
group showed a lower tumor suppressive effect, which may be
due to the hydrophobicity of IR780, which cannot effectively
diffuse in tumor tissues. It is worth noting that the GO-Aus-
tar@rHSA-FA@IR780 group showed a good tumor growth
inhibitory effect, and demonstrated its excellent PTT function.
Furthermore, we also monitored the growth trend of tumors
through cameras and recorded the changes in the tumor size in
different treatment groups, as shown in Fig. S7.1 Over time, the
tumors still grew significantly in the different treatment groups
without laser irradiation and the laser-irradiated PBS treated
group. However, the tumor size of mice treated with GO-Aus-
tar@rHSA-FA@IR780 showed a significant reduction trend
under laser irradiation, and the tumor site showed obvious
scars after 3 days. After 15 days, the tumor tissue of the tumor-
bearing mice was almost ablated after treatment with GO-
Austar@rHSA-FA@IR780, and new normal tissue appeared at
the tumor site. Remarkably, the tumor sites of GO-Aus-
tar@rHSA-FA@IR780 treated mice did not grow new tumor
tissue after 30 days. However, although some tumors in the
IR780 group were ablated, new tumor tissues still appeared
within 15 days. This observation suggests that the inherent
retention of the GO-Austar@rHSA-FA@IR780 nanoparticles
leads to a substantial accumulation of nanoprobes at the tumor
site, thereby enhancing its therapeutic effectiveness.

10724 | RSC Adv, 2024, 14, 10714-10725

4. Conclusion

In this study, we leverage the strong absorption property of
graphene oxide specifically in the ultraviolet (UV) wavelength
range to trigger the photoreduction of Au**. Simultaneously, the
abundance of functional groups on the surface of synthesized
small graphene oxide provides ample growth sites for Au
nanoparticles, significantly enhancing their in situ growth
possibility on the graphene oxide surface. Additionally, modi-
fication of the HSA-FA conjugate enhanced the biocompati-
bility of GO-Austar. The in situ growth of GO-Austar on the
graphene oxide surface was confirmed through AFM and TEM.
EDX further revealed the elemental composition of GO-Aus-
tar@rHSA-FA; XPS indicated that GO serves as a reducer,
facilitating the reduction of Au®" in the presence of UV radia-
tion. Upon loading with IR780, the photothermal effect of GO-
Austar@rHSA-FA@IR780 was markedly enhanced, inducing
significant apoptosis in MGC-803 cells in vitro. The in vivo
heating experiment in mice revealed a rapid temperature
increase at the tumor site under 808 nm laser irradiation,
reaching 58.6 °C within 5 minutes. Tumor therapeutic experi-
ments also demonstrated that GO-Austar@rHSA-FA@IR780
significantly inhibits tumor growth, nearly eradicating subcu-
taneous tumors in mice. The novel preparation method of these
gold nanostars provides a low-energy, environmentally friendly
synthesis strategy, thereby accelerating the pace of their inte-
gration into biological applications.
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