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hepatocellular carcinoma
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Despite the progress made in novel immunotherapy for hepatocellular carcinoma (HCC), drug resistance

remains a challenging problem. In this study, we developed a stepwise nanodrug delivery system, known
as Au-SS-PEG/Sor/ATPaptamer/LHRH-MPGANLS, to adapt to the high concentrations of glutathione (GSH)
and adenine nucleoside triphosphate/adenosines (ATP/ADO) found in cancer cells and the tumor

microenvironment (TME). This system utilizes novel Au nanoclusters conjugated with disulfide-linked
PEG as vectors to transport sorafenib (Sor) and an ATP-binding nucleic acid aptamer (ATP,p). It can

enter HCC cells through luteinizing hormone-releasing hormone (LHRH)-MPGANSS (LM). Within the cells,

the disulfide bonds of the nanoclusters are cleaved by the high levels of GSH, leading to the release of
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Sor/ATPapt. This release can be further triggered by ATP/ADO, resulting in a stepwise drug release

mechanism. Furthermore, this nanodrug system has exhibited the ability to overcome aPD-1 resistance
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1 Introduction

HCC is one of the most common cancers and a leading culprit
of cancer-related death worldwide.' Despite the availability of
novel drugs and therapies, such as immunotherapy based on
PD-1/PD-L1 inhibitors,> the treatment of HCC remains chal-
lenging due to drug resistance,® leading to a poor prognosis for
HCC patients.

The mechanisms underlying drug resistance in HCC
patients are diverse.* Among them, ATP is instrumental in the
development of drug resistance. For instance, high levels of ATP
in HCC cells can intensify the activity of the multidrug-resistant
protein ABCG2.? In addition, the high concentration of ATP in
the TME, resulting from the growth and cell death of cancer
cells, could be metabolized to ADOs by CD39 and CD73.® ADOs
are potent immunosuppressive factors that hinder the effec-
tiveness of immunotherapy.” Therefore, drugs targeting ADO-
related genes, such as anti-CD39 antibodies, anti-CD73 anti-
bodies, and A2AR inhibitors, have been developed to overcome
drug resistance.*™
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in HCC tumors. In summary, our novel drug delivery system demonstrates a dramatic anti-HCC effect
and holds great potential for treating HCC patients.

However, achieving efficient and precise targeted delivery of
anti-cancer drugs in vivo remains a challenge.""® For example,
drugs are susceptible to clearance by the reticuloendothelial
system during blood circulation and can be hindered by the
high tumor interstitial pressure from penetrating deep into
tumors."** Consequently, there is an urgent need to develop
novel drug delivery systems that can foster drug release within
cancer cells, thereby refining cancer treatment.

The luteinizing hormone-releasing hormone (LHRH)
receptor is highly expressed in breast, ovarian, and prostate
cancer cells.’*"” LHRH is overexpressed in HCC cells*®*® but is
not expressed in most visceral organs,*® making the LHRH
peptide a valuable targeting component in drug delivery
systems as it facilitates drug uptake by LHRH-expressing
cells.>*>® Moreover, cancer cells produce dramatic amounts of
glutathione (GSH),** so considerable efforts have been made to
develop nanodrug delivery systems for cancer treatment based
on GSH.»?%

Gold (Au) nanoparticles have gained extensive attention due
to their good biocompatibility, low cytotoxicity, abundant
surface-active sites suitable for surface modification, and
responsive properties.”®**® Enhancing the physical and chemical
properties of Au nanoparticles, such as linking them with di-
sulfide bonds, is a promising approach to creating intelligent
and responsive drug delivery systems.***" For example, Feng
et al.*® synthesized a nanodrug delivery system, DOX-EGF-SA-Au
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Au-SS-PEG/Sor/ATP:»

Au-SS-PEG/Sor/ATP~/LM

Scheme 1 Preparation pipeline and anti-cancer mechanism of Au-SS-PEG/Sor/ATP,,/LM nanoclusters.

NPs, to treat brain tumors. Zhao et al.** achieved nanodrugs
with excellent GSH and NIR responsiveness by modifying the
surface of hollow mesoporous carbon (HMC). They loaded HMC
with DOX, introduced Au-S bonds, and sealed the ends with
polyethylene glycol.

In this project, we developed a stepwise drug release system
using Au nanoclusters linked with disulfide-PEG, the anti-HCC
drug Sor, ATP,, and LM (Scheme 1). This system was designed
to adapt to the high concentrations of GSH and ATP-ADO in
HCC cells and the TME, cleaving the disulfide bonds to release
Sor/ATP,, which was further dissociated by ATP/ADO, result-
ing in a stepwise drug release. We also evaluated the anti-cancer
efficacy of this system in HCC cells and HCC tumors, particu-
larly in aPD-1-resistant HCC tumors.

2 Experiments
2.1 Chemicals

All the chemical reagents were analytically pure. 2,2'-Di-
thiodipyridine ~ (C10HgN,S,),  1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysuccinimide (NHS), sodium citrate (Na;CsH50,-2H,0) and Sor
were purchased from Shanghai Aladdin Bio-Chem Technology
(Shanghai, China). Chloroform (CHCl;) and methanol (CH;OH)
were provided by Sinopharm Chemical Reagent (Shanghai,
China). Chloroauric acid (HAuCl,) was obtained from Shanghai
Macklin Biochemical (Shanghai, China). Carboxyl polyethylene
glycol sulfhydryl (COOH-PEG-SH, M.W. 2000) and polyethylene
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glycol sulthydryl (HS-PEG-SH, M.W. 2000) were from Shanghai
Pengsheng Biological (Shanghai, China). Aptamer (ATPqp, 5'-
amination modification), complementary DNA (cDNA) (5'-ACC
TTC CTC CGC AAT ACT CCC CCA GGT-3'), and GSH were
bought from Shanghai Sangon Bioengineering Technology
(Shanghai, China). LM was purchased from Shanghai Peptides
Biotechnology (Shanghai, China). PD-1 inhibitor («PD-1) was
obtained from Sir Run Run Shaw Hospital, Zhejiang University
School of Medicine (Hangzhou, Zhejiang, China). A ready-to-use
dialysis bag 54-3500D RC membrane (MW: 3500D) was provided
by Zhejiang Life Science Biotechnology (Hangzhou, Zhejiang,
China).

2.2 Establishment of the nanodrug delivery system

The procedures entailed four sequential steps: preparation of
Au-SH nanospheres, self-assembly of Au-SH nanospheres to Au-
SS-PEG nanoclusters, loading ATP,p, onto Au-SS-PEG/Sor, and
coating of Au-SS-PEG/Sor/ATP,, with LM.

2.2.1 Preparation of Au-SH nanospheres. Au-SH nano-
spheres were prepared by utilizing two different pipelines as

Table 1 Au-SH preparation pipelines

1% wt 1% Sodium
Pipeline HAuCl, (pL) citrate (mL)
1 1000 20
2 58.6 10

© 2025 The Author(s). Published by the Royal Society of Chemistry
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described in Table 1. In the first pipeline, 1000 pL of 1% wt
chloroauric acid was introduced into 100 mL of deionized
water, which was then gradually heated to 100 °C with contin-
uous stirring. When the solution reached a boiling point, 20 mL
of 1% wt sodium citrate solution was rapidly introduced. Once
the solution turned deep red, the heater was turned off, allow-
ing it to slowly cool down to room temperature (RT). Subse-
quently, 1 mL of HS-PEG-SH solution, containing 600 pg HS-
PEG-SH, was mixed with the solution at RT with constant stir-
ring for 3 h. Finally, the nanospheres were collected by centri-
fugation at 10 000 rpm and washed with deionized water. In the
second pipeline, 58.6 puL of 1% wt chloroauric acid was added to
100 mL of deionized water, and the subsequent steps were the
same as described above.

2.2.2 Preparation of Au-SS-PEG nanoclusters. 50 mg of Au-
SH nanospheres were introduced into a 50 mL phosphate buffer
saline (PBS) solution and thoroughly dispersed. Next, 50 mg of
2,2'-dithiodipyridine was introduced into the solution, and the
mixture was stirred at RT for a duration of 12 h. Following the
completion of the reaction, the mixture was subjected to
extensive washing with methanol and PBS and then dried in
a vacuum at 30 °C. Subsequently, the modified dry nano-
particles were re-dispersed in a 50 mL chloroform solution and
subjected to 15 min of sonication. Following sonication, the
mixture was incubated with 65 mg of COOH-PEG-SH and stirred
at RT for 24 h. After this incubation period, the nanoparticles
were collected by centrifuging the reaction mixture at 10
000 rpm for 15 min at 4 °C, washed with a PBS buffer, and re-
dispersed in PBS.

2.2.3 Preparation of Au-SS-PEG/Sor/ATP,p,. First, a mixture
of Au-SS-PEG, EDC-HCI, and NHS in a molar ratio of 4: 3 : 1 was
prepared and sonicated for 20 min. Concurrently, equal
amounts of 5-amino modified ATP, (5'-ACC TGG GGG AGT
ATT GCG GAG GAA GGT-3') and cDNA (5-ACC TTC CTC CGC
AAT ACT CCC CCA GGT-3') were dispersed in PBS. This
dispersion was then added to 1 mL of PBS buffer with pH
ranging from 4 to 7 at a concentration of 2 mg mL ™", along with
Sor. The two mixtures were subsequently combined with
continuous stirring for a duration of 24 h. Following the
completion of the reaction, the nanoparticles were collected by
centrifuging the mixture at 10 000 rpm for 15 min at 4 °C,
washed with a PBS buffer, and dried at a low temperature. To
confirm whether ATP,, (27 bp) was successfully loaded onto Au-
SS-PEG, the nanoclusters underwent DNA gel electrophoresis.
Similarly, Cy5.5-NH, and FITC-NH, were mixed with ATP,. and
cDNA, respectively, and then introduced into the reaction to
obtain Cy5.5- and FITC-labeled Au-SS-PEG/Sor/ATP,,; and Au-
SS-PEG/Sor/ATP,,/LM nanoparticles.

2.2.4 Preparation of Au-SS-PEG/Sor/ATP,,/LM nano-
clusters. Au-SS-PEG/Sor/ATP,,; nanoclusters were first resus-
pended in PBS and activated by the addition of the appropriate
amounts of EDC-HCI] and NHS. Subsequently, the suspension
was mixed with 10 mg of LHRH-MPG*M'S
(GRLWYSWHEGALFLGFLGAAGSTMGAWSQ-PKSKRKV)  and
stirred for a period of 24 h. Following this, the solution was
subjected to centrifugation, and the resulting pellet was washed
with 2-(N-morpholino) ethanesulfonic acid hydrate (MES)
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buffer. The washed pellet was then dried at a low temperature
and subjected to protein gel electrophoresis to confirm the
presence of LM in the nanoclusters. For comparison, a protein
marker and LM (4.6 kDa) were employed as controls in the gel
electrophoresis analysis.

2.3 Material testing and characterization

2.3.1 Morphological analysis. Dynamic light scattering
(DLS) was utilized to determine the size of the nanoparticles
with a Zetasizer Nano ZS90 (Malvern Panalytical, Worcester-
shire, UK). A scanning transmission electron microscope
(STEM) was employed to observe the morphology of the nano-
particles with a JEM-2100 machine (JEOL, Kyoto, Japan). The
chemical structure of gold nanoparticles assembled with PEG
and disulfide bonds was detected using a Fourier transform
infrared spectrometer (FTIR, Nicolet 6700, Thermo Fisher
Scientific, Kansas, USA). The release of Sor was measured using
an ultraviolet-visible (UV-Vis) spectrophotometer (UV-3600,
Shimadzu, Kyoto, Japan).

2.3.2 Tests for Sor release responding to GSH and/or ATP.
10 mg of Au-SS-PEG/Sor/ATPapt/LM was placed inside a dialysis
bag, which was then immersed in a 10 mL release solution
consisting of PBS/0.1% Tween-80 (PBST) containing 10 mM
GSH and/or ATP. The entire setup was placed on a shaking
platform at RT and oscillated for a duration of 24 h. The timing
commenced at the start of oscillation, and at predetermined
time intervals, 0.5 mL of the release solution was pipetted into
an EP tube. Subsequently, PBST solution with an equivalent
amount of GSH and/or ATP was added for further release under
the same conditions. The concentration of Sor in the superna-
tant was detected using UV-Vis, with the absorbance value (OD)
measured at 260 nm. The relative cumulative release charac-
teristics of Sor were evaluated by utilizing PBST as the control
group. Specific experimental conditions are detailed in Table 2.

2.3.3 Influence of nanoclusters on erythrocytes. For the
hemolysis test, 0.5 mL of blood was collected from the orbital
sinus of each mouse to prepare a 5% erythrocyte suspension,
which was then divided into six test tubes, with each containing
2.5 mL of the suspension. Tubes 1 to 4 were sequentially sup-
plemented with 0.4, 0.3, 0.2, and 0.1 mL of the Au-SS-PEG/Sor/
ATP,,/LM suspension, followed by the addition of saline to
reach a total volume of 5 mL. Tube 5 and Tube 6 were filled with
saline and distilled water, serving as negative and positive
controls, respectively. All samples were incubated at 37 °C for
30 min. Specific parameters are detailed in Table 3. Subse-
quently, the OD values of the supernatant from each group were
measured at 540 nm using a microplate reader, and the
hemolysis rate was calculated.

Table 2 Conditions of the tests for Sor release assays

No.
Content 1 2 3 4
20 mM GSH - + - +
20 mM ATP - - + +

Nanoscale Adv., 2025, 7, 6851-6863 | 6853
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Table 3 Setup of hemolysis tests

Tube (mL)
Content 1 2 3 4 5 6
5% red blood cells 2.5 2.5 2.5 2.5 2.5 2.5
0.9% NacCl 2.1 2.2 2.3 2.4 2.5 —
Distilled water — — — — — 2.5
NP solution 0.4 0.3 0.2 0.1 —

For inverted microscopy and TEM inspection, a 5% eryth-
rocyte suspension was introduced to each well of a 12-well cell
culture plate (2 mL per well), mixed, and housed in a CO,
incubator for 1 h. Subsequently, 0.2 mL of Au-SS-PEG/Sor/
ATP,,/LM was added to each well and thoroughly mixed. After
an additional 1 h incubation at 37 °C, the cells were observed
under an inverted microscope. For further examination, the
cells were subjected to fixation, dehydration, embedding, and
sectioning using an LKB ultra-thin slicer. Finally, the samples
were stained, dried, and examined by utilizing a Hitachi H-600A
TEM (Tokyo, Japan) from Japan.

2.3.4 Protein gel electrophoresis and plasma adsorption
capacity detection. The Au-SS-PEG/Sor/ATP,,/LM suspension
was incubated with 30% fetal bovine serum (FBS, Gibco, Tulsa,
Oklahoma, USA). The particle size of the Au-SS-PEG/Sor/ATP,,/
LM nanoclusters was assessed both before and after this incu-
bation using a nanoparticle size analyzer. Following the incu-
bation, the nanoclusters were pelleted by centrifugation, and
their anti-protein adsorption performance was evaluated by
utilizing SDS-PAGE. For comparison, FBS, Au, AU-SH, and Au-
SS-PEG were included as control samples.

2.3.5 Photothermal performance test. The photothermal
conversion performance of the Au-SS-PEG/Sor/ATP,/LM
nanoclusters was assessed with the use of an infrared thermal
imager (HIKVISION, Hangzhou, Zhejiang, China). In this eval-
uation, an appropriate amount of Au-SS-PEG/Sor/ATP,,/LM
nanoclusters was resuspended in 2 mL of PBS buffer and sub-
jected to irradiation with near-infrared (NIR) rays at 808 nm and
an intensity of 2 W cm™? for 10 min. Simultaneously, a PBS
solution was employed as a blank control group. A thermal
imager was utilized to measure the rate of temperature change
in the solution per minute, and a curve illustrating the
temperature changes throughout the illumination was plotted.

2.4 Cell experiments

2.4.1 Cell uptake assay. Human hepatocyte LO2 cells, HCC
cells HepG2, and mouse HCC cells H22 were purchased from
the National Collection of Authenticated Cell Cultures (China)
and maintained in RPMI-1640 medium containing 10% FBS
and 100 U mL™" penicillin/streptomycin (Cytiva, Logan, Utah,
USA) in a 37 °C incubator supplied with 5% CO,.

The cellular uptake of Au-SS-PEG/Sor/ATP,, before and after
LM coating was analyzed. HepG2 cells were inoculated into 6-
well plates with a density of 5 x 10 cells per mL and cultured
overnight. Then Au-SS-PEG/Sor/ATP,,/LM and Au-SS-PEG/Sor/
ATP,, conjugated with FITC were incubated with the indicated
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cells, followed by washing with PBS. Finally, the cells were
stained with 200 uL DAPI and observed using a laser scanning
confocal microscope (Leica, Wetzlar, Germany).

2.4.2 CCK-8 cell viability assay. LO2 cells were inoculated
in 96-well plates and cultured with media containing Sor, Au-SS-
PEG/Sor/ATP,p, Au-SS-PEG/LM or Au-SS-PEG/Sor/ATP,p/LM of
different concentrations (0.01, 0.02, 0.03, and 0.04 pg mL %),
with the drug-free medium as the control. After irradiation
under 808 nm NIR light with a power density of 2 W cm™2 for
10 min, the cells were placed in a cell culture incubator for 24 h.
Subsequently, the cells were washed with PBS and cultured with
a fresh medium containing 10% CCK-8. Finally, the OD,s,
values were measured using a microplate reader (PerkinElmer,
Austin, Texas, USA).

2.4.3 Apoptosis test. Cells were inoculated into 6-well
plates and cultured with media containing the same concen-
tration (0.04 pg mL ') of Sor, Au-SS-PEG/Sor/ATP,, or Au-SS-
PEG/Sor/ATP,,/LM medium for 6 h. After irradiation for 10 min
under 808 nm NIR light with a power density of 2 W cm ™2, the
cells were cultured for 24 h. Afterward, the cells were incubated
with the working solution from an Annexin V-FITC/PI kit
(BestBio, Shanghai, China) and were then collected for flow
cytometry analysis.

2.4.4 Western blot analysis of PD-L1 expression. Proteins
were extracted using lysis buffer (CST, USA), and the protein
concentration was determined using the BCA assay. The protein
samples were loaded onto 10% SDS-PAGE and separated by
electrophoresis. After electrophoresis, the proteins were trans-
ferred onto a polyvinylidene difluoride membrane (Millipore,
USA). The membrane was blocked with 5% skim milk at room
temperature for 1 h to reduce nonspecific binding. It was then
incubated overnight at 4 ©°C with anti-PD-L1 antibody
(ab205921) and anti-B-actin antibody (ab8226). After washing,
the membrane was incubated with a horseradish peroxidase
(HRP)-conjugated secondary antibody (goat anti-rabbit IgG
H&L, ab205718) at room temperature for 2 h. All antibodies
were purchased from Abcam. Finally, protein bands were visu-
alized using a chemiluminescence imaging system (Clinx,
China) and enhanced chemiluminescence (ECL) reagent (Bi-
osharp, China).

2.5 In vivo experiments

2.5.1 Establishment of tumor-bearing models. BALB/c-
nude mice were obtained from Shanghai SLAC Laboratory
Animal (Shanghai, China) and were housed in an animal
facility with a 12-h light/dark cycle. These mice had unre-
stricted access to both water and food. For the xenograft assay,
each mouse received a subcutaneous injection of 2 x 10°
HepG2 cells into the right side of their back. All animal
protocols were approved by the Animal Ethics Committee of Sir
Run Run Shaw Hospital, Zhejiang University School of Medi-
cine. Every procedure was carried out in strict accordance with
relevant guidelines and regulations, including the principles
for animal research outlined in the Guide for the Care and Use
of Laboratory Animals (8th edition) published by the National
Academies Press, USA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5.2 Invivo fluorescence imaging and drug distribution at
the tumor site. To assess the distribution of the mentioned
drugs in mice, tumor-bearing mice were randomly divided into
three groups, each consisting of three mice. These groups
received injections via the tail vein. The injections included the
Au-SS-PEG/SOr/ATP,,; suspension, the Au-SS-PEG/SOr/ATP,p/
LM suspension, or PBS, all of which contained Cy5.5-NH,. After
a 36-h interval, real-time imaging was conducted by utilizing an
in vivo imaging system (PerkinElmer, Austin, Texas, USA) from
PerkinElmer in the USA.

To investigate the drug distribution at tumor sites, tumor-
bearing mice treated with FITC-labeled Au-SS-PEG/Sor/ATPyp,
or Au-SS-PEG/Sor/ATP,,/LM were euthanized, and their tumors
were dissected. The tumor samples underwent a series of pro-
cessing steps, including fixation, dehydration, paraffin embed-
ding, sectioning, dewaxing, rehydration, counterstaining with
DAPI, mounting, and observation. Imaging was performed by
utilizing an inverted fluorescence microscope from ZEISS
(Gottingen, Germany).

2.5.3 In vivo thermal imaging. To evaluate the photo-
thermal heating capability of the nanomaterials in mice, tumor-
bearing mice were randomly divided into three groups (n = 3
per group). The injected formulations included the Au-SS-PEG/
Sor/ATP,,/LM suspension, an Au suspension or PBS (control).
After intravenous tail vein injection, the tumor region was
irradiated with an 808 nm NIR laser at 24 h post-injection. The
temperature changes in the tumor area were monitored and
recorded using an infrared thermal imaging camera.

2.5.4 In vivo anti-tumor and systemic toxicity evaluation.
Fifteen tumor-bearing mice with initial tumor volumes ranging
from 100-200 mm® were randomly divided into five groups,
each consisting of three mice. These groups were denoted as
follows: Group I (PBS), Group II (Sor), Group III (Au-SS-PEG/Sor),
Group IV (Au-SS-PEG/So1/ATP,y,), and Group V (Au-SS-PEG/Sor/
ATP,,/LM). Each group received injections at a dose of 2.5 mg
kg~ " via the tail vein. After a 24-h interval, the mice underwent
a 10-min irradiation with an 808 nm NIR light source at a power
density of 2 W cm 2. The injection and irradiation procedures
were repeated once every five days. Tumor size was measured
daily to generate tumor growth curves.

After the experiments, all surviving mice were euthanized,
with their tumors dissected and fixed for subsequent histolog-
ical analysis.

2.5.5 Establishment of the aPD-1-resistant mouse model.
C57BL/6 mice were obtained from Shanghai SLAC Laboratory
Animal in China and divided into two groups, each consisting
of three mice. Subsequently, 5 x 10> cells per mL of H22 cells
were subcutaneously injected into the right lower axilla of each
mouse. Following 7 days, the experimental group received
intraperitoneal injections of aPD-1 (0.1 mg g~ body weight) for
five consecutive days, while the control group received an
equivalent volume of PBS. One week later, the injection proce-
dure was repeated for another five days. After an additional
week, a higher dose of aPD-1 (0.5 mg g ' body weight) was
administered intraperitoneally over the same duration. Tumors
were then dissected and digested to obtain a single-cell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suspension, which was subsequently reinjected into the mice.
This process was repeated several times to establish the resis-
tance index (RI) of tumor cells, which was determined through
MTT assays (Fig. S4). The cells that exhibited resistance to aPD-
1 treatment were then injected into the mice to establish the
aPD-1-resistant mouse model.

2.5.6 Evaluating the anti-cancer effect of Au-SS-PEG/Sor/
ATP,,/LM in the aPD-1-resistant mouse model. C57BL/6 mice
with aPD-1-resistant tumors were divided into four groups, each
consisting of three mice. These groups were denoted as follows:
Group I (PBS), Group II (aPD-1), Group II (Au-SS-PEG/Sor/
ATP,,/LM), and Group IV (Au-SS-PEG/Sor/ATP,,/LM+aPD-1).
An equal volume of the respective treatments was adminis-
tered via intravenous injection. After a 24-h interval, all mice
were exposed to 10 min of NIR irradiation. Five days later, mice
in Group IV received simultaneous injections of Au-SS-PEG/Sor/
ATP,,/LM and aPD-1. Following 30 days of treatment, the
surviving mice were euthanized, and their tumor tissues were
dissected and photographed. A portion of the tissues was
homogenized for ATP concentration measurement using an
ATP detection kit (Beyotime Biotechnology, Shanghai, China),
with readings taken with the use of a multi-functional micro-
plate reader (PerkinElmer, Austin, Texas, USA). The remaining
tissues were fixed for immunohistochemistry (IHC) assays, for
which the following antibodies were used: anti-TGF-
B (ab215715, Abcam, Cambridgeshire, UK) and anti-IL-10 (E-AB-
70235, Elabscience, Houston, Texas, USA).

2.6 Statistical analysis

All experiments were conducted at least three independent
times. The data were presented as mean =+ standard deviation.
Significance was measured by utilizing one-way ANOVA,
Student's t-test, and the Newman-Keuls post hoc t-test, with
GraphPad Prism 8.0 (USA) applied. P < 0.05 is considered
significant (***P < 0.001, **P < 0.01, and *P < 0.05).

3 Results

3.1 Preparation and characterization of Au-SS-PEG/Sor/
ATP,,/LM nanoclusters

To confirm the composition of Au-SS-PEG/Sor/ATP,p/LM
nanoclusters prepared as described in Fig. 1(a), we conducted
a series of experiments. We began by utilizing STEM to assess
the size of Au-SH and Au-SS-PEG-COOH nanoclusters. The data
indicated that Au-SH prepared using pipeline 1 exhibited
a spherical shape with a uniform particle size of approximately
17 nm (Fig. S1(a and b)), while the size of Au-SH nanospheres
prepared using pipeline 2 was around 8 nm (Fig. 1(b)). We
proceeded with the preparation of Au-SS-PEG/Sor/ATP,,/LM
using pipeline 2 and observed the morphology of the resulting
Au-SS-PEG-COOH and Au-SS-PEG/Sor/ATP,,/LM nanoclusters.
STEM analysis revealed that the sizes of these nanoclusters were
approximately 8-10 nm and 50 nm, respectively (Fig. 1(c and d)).
The zeta potentials of different nanomaterials during the
preparation process are shown in Fig. S2. Consistent with these
findings, DLS data verified that the size of Au-SH nanoparticles
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and Au-SS-PEG/Sor/ATP,,/LM nanoclusters was roughly 8-
10 nm and 50 nm, respectively (Fig. 2(a and b)).

Next, we carried out FTIR analysis to examine the functional
groups on Au-SH and Au-SS-PEG nanoparticles. The outcomes
indicated that the S-S stretching vibration of Au-SS-PEG peaked
at 618 cm ' in the spectrogram (Fig. 2(c)) and the C-O
stretching vibration absorption peaked at 1380 cm ' and
1250 cm ™, confirming the successful synthesis of Au-SS-PEG.
To validate the presence of Sor in these nanoclusters, we
compared the UV absorption spectra of Sor and Au-SS-PEG/Sor/
ATP,,/LM. Both Sor and Au-SS-PEG/Sor/ATP,, /LM exhibited
distinct UV absorption near 260 nm (Fig. 2(d)). Subsequently,
agarose gel electrophoresis was conducted to confirm the
binding of ATP,, (27bp) to the Au-SS-PEG/Sor/ATP,p; nano-
clusters (Fig. 2(e)). Lastly, protein gel electrophoresis confirmed
the presence of LM (4.6 kDa) in the Au-SS-PEG/Sor/ATP,,/LM
nanoclusters (Fig. 2(f)). Altogether, these results demonstrated
the successful preparation of Au-SS-PEG/Sor/ATP,,/LM
nanoclusters.

3.2 Measurement of the performance of Au-SS-PEG/Sor/
ATP,,/LM nanoclusters

To assess the photothermal conversion efficiency of Au-SS-PEG/
Sor/ATP,,/LM nanoclusters, we subjected a suspension of these
nanoclusters and PBS to NIR irradiation for 10 min. The
thermal imaging data revealed that the temperature of the
nanocluster suspension increased from 25 °C to 56.2 °C, while
the temperature of PBS remained unchanged (Fig. 3(a)).

6856 | Nanoscale Adv., 2025, 7, 6851-6863

To explore the impact of Au-SS-PEG/Sor/ATP,,/LM nano-
clusters on blood cells, we conducted hemolysis tests using
mouse blood. The results demonstrated that these nanoclusters
did not induce hemolysis of mouse blood (Fig. 3(b)). Likewise,
the erythrocytes in blood samples incubated with various
concentrations of Au-SS-PEG/Sor/ATP,,/LM remained intact
(Fig. 3(c)). TEM findings indicated that these nanoclusters were
not internalized by erythrocytes and the erythrocyte cell
membranes appeared smooth and intact, with no observable
hemoglobin leakage (Fig. 3(d)). Additionally, we incubated the
nanoclusters with FBS to evaluate their interaction with
macromolecules in plasma. Both protein gel electrophoresis
and DLS data revealed that these nanoclusters did not adsorb
plasma proteins, and their size did not dramatically change
after 24 h of incubation with FBS (Fig. 3(e and f)).

We established the standard curve of Sor (Fig. S3) using UV-
Vis spectrophotometry and calculated the encapsulation effi-
ciency and drug loading capacity of Au-SS-PEG for Sor to be
71.2% and 4.7%, respectively, according to the formula. To test
the release of Sor loaded in the Au-SS-PEG/Sor/ATP,,/LM
nanoclusters, we measured the concentration of free Sor in
response to GSH and/or ATP treatment. The results manifested
that either GSH or ATP significantly boosted the release of Sor,
with a more pronounced effect observed in the presence of both
GSH and ATP (Fig. 3(g)). Taken together, these findings
demonstrated that Au-SS-PEG/Sor/ATP,,/LM nanoclusters
exhibit excellent photothermal conversion performance, high
blood compatibility, and efficient Sor release in response to
GSH/ATP.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3 The anti-cancer effect of Au-SS-PEG/Sor/ATP,,/LM
nanoclusters in vitro

To investigate the anti-cancer effect of Au-SS-PEG/Sor/ATPapt/
LM nanoclusters on HCC, we initially assessed the uptake of
FITC-labeled nanoclusters by LO2 hepatocytes and HepG2 HCC
cells. Confocal microscopy data revealed that LO2 cells did not
absorb Au-SS-PEG/Sor/ATP,,/LM nanoclusters, and only
a small amount of Au-SS-PEG/Sor/ATP,, nanoclusters were
taken up by HepGz2 cells. However, the LM coating significantly
facilitated the absorption of Au-SS-PEG/Sor/ATP,, nanoclusters
by HepG2 cells (Fig. 4(a)). We then evaluated the cytotoxicity of
these nanoclusters to LO2 cells by employing a CCK-8 staining
assay. The results indicated that the viability of LO2 cells treated
with Au-SS-PEG/Sor/ATP,, or Au-SS-PEG/Sor/ATP,,/LM was not

(@)

DAPI FITC Labelled NPs

LO2
Au-SSPEG/Sor/ATP,,/LM

Merge

View Article Online

Paper

reduced compared to cells treated with Sor, as shown by the
CCK-8 assay results (Fig. 4(b)).

Next, we conducted Annexin V/PI staining assays to assess
the apoptosis of HepG2 cells treated with PBS, Sor, Au-SS-PEG/
SOr/ATP,p, Or Au-SS-PEG/Sor/ATP,,/LM. The findings sug-
gested that SS-PEG/Sor/ATP,,/LM remarkably enhanced the
pro-apoptotic effect of Sor or SS-PEG/Sor/ATP,, in HepG2 cells
(Fig. 4(c and d)). These results collectively indicated that SS-
PEG/Sor/ATP,,/LM can intensify the anti-cancer effect of Sor in
HCC cells without heightening the cytotoxicity to normal
hepatocytes. Finally, we examined PD-L1 expression on HepG2
cell surfaces through western blot analysis. As shown in
Fig. 4(e), the Au-SS-PEG/Sor/ATP,,/LM group demonstrated the
most significant reduction in PD-L1 expression, thereby effec-
tively enhancing immunotherapy efficacy.
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Fig. 4 Cytotoxic effect of released Sor from Au-SS-PEG/Sor/ATP,./LM. (a) Confocal images of LO2 and HepG2 incubated with the indicated
nanoclusters; (b) CCK-8 assay data showing the viability of LO2 cells with the indicated treatments; (c and d) Annexin V/PI staining results
depicting the apoptosis of HepG2 cells with the indicated treatments; (e) western blot analysis of PD-L1 expression in HepG2 cells under different

treatments.
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3.4 The anti-cancer effect of Au-SS-PEG/Sor/ATP,,/LM
nanoclusters in HCC xenograft mice

To evaluate the anti-cancer effect of Au-SS-PEG/Sor/ATP,,/LM
nanoclusters in vivo, we established an HCC xenograft mouse
model and injected cy5.5-labeled nanoclusters into these mice.
Using in vivo imaging and fluorescence microscopy, we
observed that the fluorescent signal in the xenograft tumors of
mice injected with Au-SS-PEG/Sor/ATP,,/LM was significantly
stronger than that in mice injected with Au-SS-PEG/Sor/ATP,,
or PBS (Fig. 5(a—c)). To evaluate the photothermal performance
of nanomaterials in vivo, we intravenously administered
different nanoparticle formulations via tail vein injection. At
24 h post-injection, the tumor region was irradiated with an
NIR laser while monitoring temperature changes using
infrared thermal imaging. As demonstrated in Fig. 5(d and e),
the Au-SS-PEG/Sor/ATP,,/LM group exhibited the most
significant tumor accumulation, consequently achieving the
highest temperature elevation up to 54.7 °C upon laser irradi-
ation. We then measured the size and volume of xenograft
tumors dissected from the mice receiving different treatments,
while simultaneously monitoring changes in body weight. The
results showed that Sor-treated tumors were notably smaller
than PBS-treated tumors. Tumors treated with Au-SS-PEG/Sor
or Au-SS-PEG/Sor/ATP,,, had similar sizes, which were
smaller than Sor-treated tumors. Tumors treated with Au-SS-
PEG/Sor/ATP,,/LM were the smallest (Fig. 5(f and g)). No
significant abnormal changes in body weight were observed in
the mice during the entire treatment period (Fig. 5(h)). H&E
staining data confirmed a significant reduction in tumor cell
density within the xenograft tumors treated with Au-SS-PEG/
Sor/ATP,, /LM compared to tumors in the other treatment
groups (Fig. 5(i)). These results indicated that Au-SS-PEG/Sor/
ATP,,/LM effectively targets HCC cells and suppresses their
growth in vivo.

3.5 The impact of Au-SS-PEG/Sor/ATP,,/LM on oPD-1-
resistant HCC mice

To determine the anti-cancer effect of Au-SS-PEG/Sor/ATPapt/
LM nanoclusters in an immunotherapy drug-resistant HCC
model in vivo, we established an «PD-1-resistant HCC mouse
model. After 30 days of treatment, the size of tumors from PBS-
and oPD-1-treated mice was similar, confirming the resistance
of these tumors to aPD-1 therapy. However, the tumors from
mice treated with Au-SS-PEG/Sor/ATP,,/LM or Au-SS-PEG/Sor/
ATP,,/LM+aPD-1 exhibited pronounced shrinkage (Fig. 6(a)).
Since aPD-1-resistant tumors have elevated levels of extracel-
lular ATP/ADO and immunosuppressive factors such as IL-10
and TGF-B,** we tested the ATP concentration and the expres-
sion of IL-10 and TGF-B within the tumors. The results indi-
cated that tumors from mice treated with Au-SS-PEG/Sor/ATPq,/
LM or Au-SS-PEG/Sor/ATP,p/LM+aPD-1 exhibited a substantial
reduction in the ATP concentration and IL-10/TGF-3 expression
compared to tumors treated with PBS or aPD-1 (Fig. 6(b and c)).
Finally, the infiltration of CD3" CD69" T cells into tumor tissues
of mice was analyzed by flow cytometry. As shown in Fig. 6(d),
the Au-SS-PEG/Sor/ATP,,/LM+aPD-1 group exhibited the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highest T cell infiltration at 14.06%, surpassing all other
groups. These findings demonstrated that Au-SS-PEG/Sor/
ATP,,/LM nanoclusters alone are sufficient to hinder the
growth of aPD-1-resistant HCC tumors.

4 Discussion

While novel therapies like immune checkpoint inhibitors have
dramatically improved the prognosis of HCC patients, HCC
remains one of the deadliest cancers globally due to factors
such as drug resistance and lack of more effective drug delivery
methods.*

The development of nanodrug delivery systems has the
potential to enhance the stability, biocompatibility, perme-
ability, and retention of anti-cancer drugs,* ultimately
improving the survival rates of cancer patients. In this project,
a novel nanodrug delivery system was set up to achieve a step-
wise release of anti-cancer drugs in response to the high levels
of GSH and ATP/ADO in HCC cells.

Various biomaterials, including polymers, liposomes, and
metal nanoparticles, have been explored for delivering anti-
cancer drugs. Notably, nanoparticles have been extensively
studied as carriers for improving the targeting and therapeutic
effects of Sor, a drug with limitations such as rapid metabolism,
poor solubility, and low bioavailability, which hinder its efficacy
in treating HCC.*” For instance, Babos et al.*®* employed PEG
and PEG-PLGA polymer nanoparticles to encapsulate doxoru-
bicin and Sor, achieving a controlled release of these drugs.
Tahir et al* prepared lipid polymer hybrid nanoparticles
loaded with Sor using bulk nanoprecipitation, microfluidic
forward flow, and nano-precipitation techniques and demon-
strated their stability, biocompatibility, and safety in biological
media.

In contrast, the system developed in this project leverages
the high concentrations of GSH and ATP/ADO in cancer cells
and the TME, reducing the uncontrolled release of Sor in non-
cancerous tissues. Additionally, the system includes ATP,py,
which can aid in reducing the ATP/ADO levels in the TME, thus
mitigating their contribution to drug resistance. The LM
coating further enhances the targeted delivery of Sor into HCC,
bolstering its anti-cancer effect. This approach could potentially
be applied to the delivery of drugs for treating other cancers
expressing LHRH receptors, such as breast, ovarian, and pros-
tate cancers. Indeed, Tang et al.*® pointed out that in LHRH
receptor-expressing MCF-7 breast cancer cells, the LHRH
peptide enhances DNA internalization and reduces cytotoxicity.
It would be interesting to determine whether LM coating has
a similar effect in other cancers expressing LHRH receptors.

Importantly, the Au-SS-PEG/Sor/ATPapt/LM nanoclusters
demonstrated a great anti-cancer effect in aPD-1-resistant HCC
tumors. This effect is likely achieved through improved targeted
delivery of Sor, increasing its absorption and utilization effi-
ciency, rather than resensitizing aPD-1-resistant HCC cells to
aPD-1 drugs. Alternatively, ATP,, could also contribute to
overcoming drug resistance, as the high level of ATP/ADO trig-
gers the development of drug resistance.**** Further investiga-
tion is warranted to determine the precise mechanism by which
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Fig. 5 Anti-cancer effect of Au-SS-PEG/Sor/ATP,,yLM in HCC xenograft mice. (a) Fluorescence distribution of the indicated nanoclusters in
HCC xenograft mice (36 h after injection); (b and c) fluorescence distribution of the indicated FITC-labeled nanoclusters in xenograft tumors; (d)
in vivo thermal imaging of mice; (e) temperature elevation curves in mice; (f) the morphology of xenograft tumors dissected from mice injected
with PBS (1), Sor (1), Au-SS-PEG/Sor (Ill), Au-SS-PEG/Sor/ATPp (IV), and Au-SS-PEG/Sor/ATP,p/LM (V); (g) curves showing the volume change of
tumors from mice assayed in (f); (h) body weight changes of mice during the treatment period; (i) H&E results of the xenograft tumors from mice

assayed in (f).
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Fig. 6 Anti-cancer effect of Au-SS-PEG/Sor/ATP,,/LM in aPD-1-resistant mice. (a) The morphology of tumors from mice treated with PBS (1),
aPD-1(Il), Au-SS-PEG/Sor/ATP,/LM (Il), and Au-SS-PEG/Sor/ATP,,/LM+aPD-1 (IV) at the indicated time points; (b) ATP concentration in tumor
tissues from mice with the indicated treatments in (a); (c) IHC data showing the expression of TGF- and IL-10 in tumor tissues from mice with
the indicated treatments in (a); (d) flow cytometry analysis of CD3* CD69" T cell infiltration in mouse tumor tissues.

our nanoclusters repress the growth of aPD-1-resistant HCC Ethical statement
tumors.

In conclusion, the novel nanodrug delivery system developed ~ All animal protocols were approved by the Animal Ethics
in this project manifested promise for enhancing the efficiency Committee of Sir Run Run Shaw Hospital, Zhejiang University
of targeted Sor delivery in HCC and exhibits excellent biocom-  School of Medicine. Every procedure was carried out in strict
patibility and anti-cancer effects. This system holds great accordance with relevant guidelines and regulations, including
potential for HCC treatments, particularly for aPD-1-resistant the principles for animal research outlined in the Guide for the
patients. Care and Use of Laboratory Animals (8th edition) published by

the National Academies Press, USA.
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