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Background: Although immune checkpoint blocking (ICB) therapeutic agents have significantly improved the survival for many
cancer patients, the efficacy of ICB therapy for non-small cell lung cancer (NSCLC) patients remains limited. Combining ICB therapy
with other strategies that is able to stimulate tumor immunogenicity or increase infiltration of T cells aroused great concern in cancer
therapy.

Results: Herein, we constructed a kind of AuNP@NH,-PEG-SH/PD-L1 siRNA nanoparticle complex which showed prominent
photothermal therapeutic (PTT) effects triggered by NIR laser and could efficiently deliver PD-L1 siRNA into NSCLC cells (knock-
down efficiency were 75.8% and 83% in HCC827 and A549 cells). During the process of photothermal stimulation, discrepancies in
heat shock protein expression were observed in NSCLC cells. Knocking down PD-L1 expression in NSCLC cells such as A549 and
HCCB827 cells activated the co-culturing Jurkat cells and enhanced their tumor-killing effect in vitro (cell inhibition rate was 62.65%
for HCC827 cells and 57.03% for A549 cells). The gold nanoparticle complexes exhibited remarkable PTT effect for the engrafted
NSCLC cells in zebrafish larvas. Furthermore, the nano complexes could promote the activation of the xenografted human peripheral
blood mononuclear cells (PBMCs) and enhance the killing of the NSCLC cells in the larvas.

Conclusion: It is well known that gold nanoparticle is one of the several metal nanoparticles approved for clinical trial by American
FDA. This work has demonstrated the outstanding PTT and immunotherapeutic effects of gold nanoparticle complexes on NSCLC,
indicating great potential in clinical regiment of lung cancers.
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Background

Immunotherapy has exerted a widespread impact on the survival of cancer patients over the past decade.' ICB drugs
functioned by blocking receptors and ligands involved in the impairment of T cell activation, such as programmed cell
death 1 (PD1), cytotoxic T lymphocyte antigen 4 (CTLA4) and its ligand PD-L1, and prevent or reverse the tolerance of
acquired peripheral tumor antigens.” ICB therapy targeting the PD-1/PD-L1 pathway has been established as the standard first-
line treatment for non-small cell lung cancer (NSCLC) patients in advanced stage.”* However, ICBs yielded limited effect
with a response rate of less than 20% in NSCLC patients with wild-type epidermal growth factor receptor (EGFR).>
Therefore, the combination of ICB method with other therapeutic methods that could stimulate tumor immunogenicity and
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increase the infiltration of T cells has become a hot spot in cancer treatment.” The use of ICB antibodies is confronted with
problems such as poor diffusion, low tumor penetration, and immune-related adverse effects.® Antibody therapy only blocks
immune checkpoints on the cell membrane, which are compensated by proteins in the cytoplasm.”'® To overcome these
problems, RNA interference-based PD-1/PD-L1 knockout offers an alternative way to enhance tumor killing mediated by
T-cells.'*2

As a widely used RNA interference technique, small interfering RNA (siRNA) has become a promising therapeutic
strategy in anticancer research. Double-stranded siRNA can significantly eliminate the expression of a specific gene by
specifically targeting the corresponding mRNA through an RNA-induced silencing complex (RISC) that occurs in the
cytoplasm.'>'* However, siRNA is usually degraded by relevant enzymes, which remains the biggest obstacle to current
siRNA technology. Literature studies have shown that siRNA coupling with gold nanoparticles (AuNP), polyethylenimine
(PEI), liposomes, mixed micelles, and other delivery systems can significantly increase its uptake in the cell, thereby
improving the efficiency of gene knockout in vitro or in vivo.'>'? So far, a variety of nanomaterials have been developed
for transfection of siRNAs into tumor cells, providing valuable experience for siRNA-based drug development.?*
A targeted exosomal delivery system (designated EGFRApt/Exo/siSurvivin) was engineered by Guo et al through incorpora-
tion of survivin-specific siRNA to suppress antiapoptotic pathways, which demonstrated synergistic therapeutic efficacy when
administered in combination with cisplatin.”> Through genetic modification of HEK293T cells using tLyp1-Lamp2b fusion
plasmids, researchers successfully generated tumor-penetrating exosomes capable of targeted siRNA delivery.®* Yang et al
developed a novel EGFRapt-siKRASG12C mutation-targeted three-way junction (3W1J)-based RNA nanocomplex, demon-
strating dual targeting specificity for both EGFR-overexpressing NSCLC cells and KRASG12C mutations.*

AuNP consists of gold-bearing inorganic nuclei, usually surrounded by organic monolayers.”® AuNPs are widely
regarded as relatively reliable siRNA delivery vectors due to its simplicity, controllable size and shape, surface plasmon
resonance (SPR), easy functionalization of the surface, and good biocompatibility.”*30 To prepare non-toxic, surfactant-
free and positively charged AuNPs, stabilizers such as L-cysteine, polyethylenimine (PEI) or polyethylene glycol (PEG)
was recommended for modification.*' > It was demonstrated that AuNPs modified with glucose-terminated PEG-block-
poly(L-lysine) could deliver PLK1 siRNA to breast cancer cells efficiently,* and AuNPs functionalized with PEI and
folic acid showed high transfection of siRNA into LNCaP prostate cancer cells.*® Multifunctional AuNPs platform could
be constructed by multi-modification strategy. For instance, AuNPs modified with both triple helix probe molecular
switches and MUC1 aptamer can be used for fluorescence imaging and PTT of tumor.*® However, treatment of NSCLC
by combining PTT and ICB with spherical AuNPs carrying PD-L1 siRNA has not been studied comprehensively.

In this study, AuNP@NH,-PEG-SH/PD-L1 siRNA nanoparticle complex was prepared by modifying spherical
AuNPs with the positive NH,-PEG-SH and the subsequent electrostatic attachment of negative PD-L1 siRNA. Herein,
the PEG coating serves a dual purpose of prolonging the circulation time of the nanoparticles in the bloodstream and
shielding the encapsulated siRNA from enzymatic attack.>” The nano complex showed prominent photothermal ther-
apeutic (PTT) effects triggered by 808 nm NIR laser and could efficiently deliver PD-L1 siRNA into the NSCLC cells.
Knocking down PD-L1 expression in NSCLC cells such as A549 and HCC827 cells activated the co-culturing Jurkat
cells and enhanced their tumor-killing effect in vitro. Besides, the gold nanoparticle complexes exhibited remarkable PTT
effect for the engrafted NSCLC cells in zebrafish larvas. Furthermore, the nano complexes could promote the activation
of the xenografted human peripheral blood mononuclear cells (PBMCs) and enhance the killing of the NSCLC cells
transplanted in the larvae. Although other materials have demonstrated dual-modal capabilities, this study represents the
first report of such a NH,-PEG-SH-modified spherical AuNP platform optimized for lung cancer treatment. A dense yet
orderly PEGylated monolayer ensured colloidal stability and tumor accumulation via enhanced permeability and
retention effect. Moreover, the radially oriented siRNA conjugation through Au-S bonds achieved both sufficient
siRNA payloads and preservation of the nanoparticle’s photothermal efficiency. This structural paradigm overcomes
the “carrier’s dilemma” observed in prior studies where rod-shaped or hollow gold variants suffered either siRNA
loading limitations or severe photothermal decay.*®>° Our approach establishes a streamlined yet effective strategy for
concurrent PD-L1 silencing and PTT, offering a more targeted and clinically translatable platform compared to earlier
designs that lacked the specific morphological and surface engineering for lung cancer-specific applications (Scheme 1).
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Scheme | The hypothetical scheme of the construction and application of AuNPs@NH2-PEG-SH/PD-LI siRNA nanoparticle complex in NSCLC.
Abbreviations: NIR, near infrared; PTT, photothermal therapy.

Methods

Preparation and Characterization of AuUNPs@NH,-PEG-SH/PD-L| siRNA

The Preparation of AuNP

AuNPs were prepared by seeded growth method as previous study.*® Firstly, deionized water of 100mL in a 250mL
three-neck flask was heated to 100°C. Chlorauric acid solution (Macklin, C805628-5g, 1%, 1mL) and 1% sodium citrate
solution (Aladdin, T433108-500g, 3mL) were then added to the boiled water and heated for obtaining gold seed solution.
Subsequently, AuNP solution were prepared in a conical bottle with 8mL gold seed solution, 39.5mL deionized water
and 2.5mL 1% chloroauric acid solution. The solution was stirred at a uniform speed. A total of 45mL 0.1% ascorbic acid
solution (Aladdin, S431925-250g) was added to the solution at a constant rate (1.5mL/min, 30min) with an infusion
pump at the flow rate of ImLmin-1 within 45min. The AuNP concentrate prepared by the above steps was centrifuged at
2500g for 30min and washed with 0.02% sodium citrate solution by centrifugation at 2500g for 30min. After washing
twice, the AuNPs was suspended in ImL deionized water and fully dispersed by water bath ultrasound.

Characterization of AuNP Solution

The Zeta potential and particle size of AuNP solution were measured by dynamic light scattering nanoparticle at 25°C,
and the results were repeated 3 times. The ultraviolet spectrum of AuNP solution was determined by UV-VIS spectro-
photometer. The test conditions were set as follows: the scanning range of 200—-800nm, the test temperature of 25°C, and
deionized water as the dilution solvent. The concentration of AuNP was calculated according to the formula: A = A*c *1,
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where A is the absorbance of the solution; A* is the molar extinction coefficient of the substance at the corresponding
absorption wavelength; c is the molar concentration of the solution and 1 is the absorption path in cm. The molar
extinction coefficient of AuNP is 2.33* 1088 'ecm 1.*!

The Preparation of AUNP@NH,-PEG-SH

The NH,-PEG-SH (Ponsure Biotechnology, PS2-SN-10K) (Img) is fully dissolved in 1mL 0.1mol/L sodium bicarbonate
solution (Aladdin, S112331-500g). Then NH,-PEG-SH solution was added into ImL AuNP concentrated solution and
thoroughly mixed, and the reaction was carried out at 60°C in a constant temperature mixer for 1h. After the reaction, the
mixture was centrifuged with deionized water 2500g for 30min and wash three times. The prepared AuNP@NH,-PEG-
SH was centrifuged at 2500g in 0.1M sodium bicarbonate solution for 30min and washed with deionized water. Then it
was centrifuged at 2500g in sterile 1xPBS containing 0.05% v/v Tween-20 for 30min and washed with deionized water.
Finally, it was centrifuged in sterile 1xPBS at 2500g for 30min and washed twice. The prepared AuUNP@NH,-PEG-SH
was filled to ImL with deionized water.

Characterization of AUNP@NH,-PEG-SH Solution

The Zeta potential and particle size of AuUNP@NH,-PEG-SH were assessed by dynamic light scattering nanoparticle at
25°C, and the results were repeated 3 times. The ultraviolet spectrum of AuNP@NH,-PEG-SH solution was determined
by UV-VIS spectrophotometer with the following conditions: the scanning range of 200-800nm, the test temperature of
25°C and deionized water as the dilution solvent. The infrared spectrum of AuNP@NH,-PEG-SH solid material derived
through freeze-drying was measured by Fourier infrared spectrometer.

The Serum Stability of AUNP and AUNP@NH,-PEG-SH

AuNP and AuNP@NH,-PEG-SH solution at a volume of 500uL were dissolved in 10mL of aqueous solution containing
10% serum and placed in a water bath at 37°C and 110 RPM. At intervals of 24h, 48h, 72h, 96h, 120h, 144h and 168h,
the particle size of each of the two samples was measured by dynamic light scattering at 25°C, and the stability of the two
nanoparticles in serum was observed and compared.

The Preparation and Characterization of AuNP@NH,-PEG-SH/siRNA
NC siRNA (GenePharma, sense: UUCUCCGAACGUGUCACGUTT; antisense: UUCUCCGAACGUGUCACGUTT)
(5noml) diluted in 250pL. DEPC water was added into 5.95mL AuNP@NH,-PEG-SH solution (including AuNP@NH,-
PEG-SH 2.5nmol). The solution was mixed uniformly and allowed for reaction under room temperature for precisely
30 minutes. Following the completion of the reaction protocol, the resultant suspension containing composite nanopar-
ticles was subjected to separation using centrifugal filtration technology. Specifically, the solution was transferred to
ultrafiltration devices (Millipore Amicon, 30 kDa) and centrifuged at 12,000xg relative centrifugal force for 10 minutes.
Subsequent purification involved three sequential washing cycles with PBS (0.01 M, pH 7.4). The residual compounds
were removed. Finally, AuNP@NH,-PEG-SH/siRNA was stored in the refrigerator at —20°C.

The morphology of AuNP@NH,-PEG-SH/siRNA was characterized by transmission electron microscopy (TEM) at an
accelerated voltage of 80kV. The Zeta potential and ultraviolet spectrum of AuNP@NH,-PEG-SH/siRNA was measured by
dynamic light scattering and UV-VIS spectrophotometer according to the methods described above.

The Loading Capacity of AUNP@NH,-PEG-SH for siRNA

A total of 2.5nmol siRNA was dissolved in 125uL DEPC water and the amount of siRNA was fixed at S5pm. The volume
of AuNP@NH,-PEG-SH solution required was calculated depending on the concentration ratio of AuNP@NH,-PEG-SH
/siRNA (1:6, 1:5, 1:4, 1:3, 1:2, 1:1). AuNP@NH,-PEG-SH/siRNA solution at different concentration ratios were filled to
the final volume of 20puL with DEPC water. The control group contained only 5pm of siRNA in 20uL DEPC water. The
above solution is mixed with 5xLoading Buffer, and 1% agar-gel electrophoresis is carried out at 100mV for about
20min. TAE solution (0.5X) is used as the electrophoretic buffer. After electrophoresis, the gel imaging system was used
for analyzing.

8836 https: International Journal of Nanomedicine 2025:20



Gao et al

Determination of the Encapsulation Rate of AUNP@NH,-PEG-SH/siRNA

A total of 2.5nmol NC siRNA was dissolved in 125uL. DEPC water, and the nucleic acid concentration of the dissolved
siRNA was measured by Nanodrop 2000 spectrophotometer. After the test, 1uL of dissolved siRNA sample was added
into 23.8uL. AuNP@NH,-PEG-SH solution (including 0.0 nmol AuNP@NH,-PEG-SH) for reaction at room temperature
for 30min. The prepared nanoparticle composite were centrifuged at 12000rpm for 10min by ultrafiltration tube (30kDa).
The nucleic acid concentration of the filtrate was measured again by Nanodrop 2000 spectrophotometer. The encapsula-
tion rate is calculated as follows: encapsulation rate = (total amount of siRNA - amount of siRNA in filtrate)/total amount
of siRNA *100%.*

The Effect of Transfection of AUNP@NH,-PEG-SH/PD-LI siRNA on PD-LI

Expression of NSCLC Cells

The Biocompatibility of AUNP@NH,-PEG-SH and AuNP@NH,-PEG-SH/NC siRNA

HCC827 and A549 cells were purchased from National Collection of Authenticated Cell Cultures (SCSP-538, SCSP-
503) and cultured according to the supplier’s manuals. HCC827 cells and A549 cells were seeded into 96-well cell
culture plates (1x10* cells/well) and incubated overnight. Different concentrations of AuNP@NH,-PEG-SH (5nM,
10nM, 15nM and 20nM) and AuNP@NH,-PEG-SH/NC siRNA (containing NC siRNA:5nM, 10nM, 15nM, 20nM,
25nM, 30nM and 35nM) diluted in complete medium were added to 96-well plates for co-culture with HCC827 cells or
A549 cells. The control group was added with complete culture medium. After incubation for 24h, the liquid in each hole
was replaced with 100pL 1640 or F-12K complete medium and 10pLCCKS reagent, and the plate was incubated away
from light. Two hours later, the absorbance of each hole was measured at 450nm. The cell viability was deduced based on
the following formula: Cell viability (%) =0D450 (sample)/OD450 (control) x100%. OD450 (control) was the OD value
of the negative control group. OD450 (sample) is the OD value of each experimental group.

The Effect of AUNP@NH,-PEG-SH/PD-L1 siRNA on Viability of NSCLC Cells

Different concentrations of AuNP@NH,-PEG-SH/PD-L1 siRNA (containing PD-L1 siRNA:5nM, 10nM, 15nM, 20nM,
25nM, 30nM and 35nM) diluted in complete medium were added to HCC827 cells and A549 cells in 96-well plates. The
following experimental steps were the same as described in the above section. PD-L1 siRNA used in the present study was
designed by GenePharma (sense: GCAGUGACCAUCAAGUCCUTT; antisense: AGGACUUGAUGGUCACUGCTT).

Uptake of AUNP@NH,-PEG-SH/FAM-NC siRNA by NSCLC Cells

HCC827 cells or A549 cells were inoculated into confocal laser culture dishes at a concentration of 5x10% dish and
cultured for 24h. After washing with PBS, AuNP@NH,-PEG-SH loaded with FAM labeled NC siRNA (Sangon Biotech,
sense: UUCUCCGAACGUGUCACGUTT; antisense: ACGUGACACGUUCGGAGAATT) (15nM) and free FAM NC
siRNA solution (15nM) diluted in 2mL base medium were added to the dishes, respectively. After 24 hours of incubation
away from light, the cells were washed twice with PBS and fixed with 4% paraformaldehyde at room temperature for
15min. Hoechst 33342 dye solution (Solarbio, C0031) (1mg/mL) was added to each dish and the cells were incubated for
10min at room temperature away from light. After incubation, the dishes were washed twice with PBS, and the uptake of
FAM NC siRNA by cells was observed by confocal laser microscope.

For detection of cell uptake with flow cytometry, HCC827 cells or A549 cells were cultured in six-well plates. When
the cell density reached about 70%, 2mL AuNP@NH,-PEG-SH/FAM NC siRNA (30nM), free FAM NC siRNA (30nM),
1lipo2000/FAM NC siRNA (30nM) and basal culture medium were added to cells in different groups. After 24 hours of
incubation, cells in each group were cultured with complete culture medium. The next day, the cells were collected in
1.5mL EP tube and washed with PBS for detection of fluorescence intensity by flow cytometry.

Evaluation of PD-L| Expression in NSCLC Cells Treated with AUNP@NH,-PEG-SH/PD-L| siRNA

HCCB827 cells were cultured in 10cm cell culture dishes. When the cell density reached about 70%, the medium in the dish was
discarded, and the cells were treated with AuNP@NH,-PEG-SH/PD-L1 siRNA (30nM), AuNP@NH,-PEG-SH/NC siRNA
(30nM), AuNP@NH,-PEG-SH (15nM), lipo2000/PD-L1 siRNA (30nM) and basal culture medium, respectively. For A549
cells cultured in 10cm cell culture dishes, when the cell density reached about 50%, 50ng/mL IFN-y (meilunbio, MB5954) was

International Journal of Nanomedicine 2025:20 hetps: 8837



Gao et al

added to A549 cells for secretion of PD-L1. After stimulation with I[FN-y for 24h, the cells were treated with AuNP@NH,-
PEG-SH/PD-L1 siRNA (30nM), AuNP@NH,-PEG-SH/NC siRNA (30nM), AuNP@NH,-PEG-SH (15nM), lipo2000/PD-
L1 siRNA (30nM) and basal culture medium, respectively. Total RNA of NSCLC cells in different treatment groups were
extracted using total RNA extraction kit (Servicebio, G3640-50T), and PCR reaction was performed on Bio-Rad system
according to the manufacturer’s instructions. The primer sequences used in the present study were:
GACCACCACCACCAATTCCAAGAG (forward primer of PD-L1) and TGGAGGATGTGCCAGAGGTAGTTC (reverse
primer of PD-L1). The expression data of PD-L1 in different groups were analyzed with 2 *2“.** The total protein of NSCLC
cells in different groups were extracted using RIPA reagent and detection of PD-L1 protein in different treatment groups was
performed through Western blot experiment (PD-L1 antibody: Abcam, ab213524; GAPDH antibody: Cell signaling technol-
ogy, 5174S). GAPDH was chosen as the internal reference and the protein bands were imaged under the dual color infrared
laser imaging system (LI-COR, ODYSSEY Clx). PD-L1 protein expression in different treatment groups was also measured
by flow cytometry assay with the use of PE labeled PD-L1 monoclonal antibody (ThermoFisher, 12-5983-41).

The Effect of AUNP@NH,-PEG-SH/PD-LI siRNA on Biological Function of NSCLC

Cells

CCKS8 Cell Proliferation Assay

HCC827 cells were cultured in six-well plates and treated with AuNP@NH,-PEG-SH/PD-L1 siRNA (30nM),
AuNP@NH,-PEG-SH/NC siRNA (30nM), AuNP@NH,-PEG-SH (15nM) and basal culture medium, respectively. For
A549 cells, 50ng/mL IFN-y was firstly added to A549 cells for secretion of PD-L1. After stimulation with IFN-y for 24h,
the cells were treated with AuNP@NH,-PEG-SH/PD-L1 siRNA (30nM), AuNP@NH,-PEG-SH/NC siRNA (30nM),
AuNP@NH,-PEG-SH (15nM) and basal culture medium, respectively. After 24 hours of incubation, the cells in each
group were cultured with complete culture medium. The next day, cells were collected and cell suspensions (3x10*/mL)
were inoculated into 96-well plates for culturing overnight. CCK8 reagent of 10 uLL was added to each hole at intervals of
24h, 48h, 72h and 96h. The absorbance of each hole at 450nm was detected.

Scratch Assay

Monolayer HCC827 or A549 cells in different treatment groups was wounded with 200 pL pipette tips. After removal of
floating cells by PBS washing, the cells were incubated with serum-free DMEM for 48 h. Cell migration was observed
with microscope and three fields were randomly selected and photographed for each well at 0 and 48 h. Percentages of
wound healing area was calculated through Image J software.**

The Effect of AUNP@NH,-PEG-SH/PD-LI siRNA on Cell Cycles of NSCLC Cells Detected by Flow
Cytometry

After HCC827 cells or A549 cells of different treatment groups overspread the six-well plate, the medium was discarded
and the plates were washed twice with PBS. The cells in each well were collected in a 15mL centrifuge tube and washed
with pre-cooled PBS buffer. A total of 500uL pre-cooled 70% ethanol was added to cells followed by gently blowing and
mixing. The cells were fixed at 4°C for more than 4 h and centrifuged at 1000g for 5 min. Then, the cells were
resuspended with 1 mL pre-cooled PBS buffer and centrifuged again. Propyl iodide staining solution at the volume of
500uL was added to each sample and the cells were gently re-suspended, thoroughly mixed, and incubated at room
temperature for 30 min away from light. The cell cycle was measured by flow cytometry and flowjo software was used
for analyzing cell cycles.

Transwell Invasion Assay

The Matrigel gel was mixed with serum-free 1640 or F-12K medium at the ratio of 1: 5, and 80uL diluted Matrigel was
added to the Transwell chamber. The 24-well Transwell plate was placed at 37°C for solidification. Then, 200 pL serum-
free suspension of HCC827 cells or A549 cells of different treatment groups (5 x 10°/mL) was added to the upper
chamber. Complete medium containing 10% FBS was added to the lower chamber of each well (600uL). The 24-well
plates were cultured for 48 h in a 37°C incubator. Subsequently, the Transwell chamber was washed twice with PBS, the
cells on the upper surface were wiped off. Then the cells were fixed with anhydrous methanol for 30 minutes, and stained
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with 0.1% crystal violet for 24 hours. After washing with PBS and air-drying, photos of invaded cells were captured
under a fluorescent inverted microscope at a magnification of x200.%’

The in vitro Therapeutic Effect of PTT Combined with PD-L1 siRNA Transfection by

AuNP@NH,-PEG-SH on NSCLC Cells

Measurement of the Photothermal Effect of AuNP@NH,-PEG-SH

AuNP@NH,-PEG-SH solution of 15nM was irradiated with a near-infrared laser of 808 nm at the power of 2, 1.5, 1.0
and 0.5W/cm? for 15min, respectively. Meanwhile, 1xPBS was used as the blank control group. The temperature was
recorded every 15s, and the photothermal curve was drawn.

The Effect of PD-LI siRNA Combined with PTT on Viability of NSCLC Cells

HCC827 cells and A549 cells treated with 50ng/mL IFN-y were seeded into 96-well cell culture plates (5x10° cells/well)
and incubated overnight. AuNP@NH,-PEG-SH (15nM) and AuNP@NH,-PEG-SH/PD-L1 siRNA (30nM) diluted in
basical culture medium were added to 96-well plates. After 24 hours of incubation, the cells in the group requiring light
treatment were irradiated with 808nm infrared laser for Smin (2W/cm?). After irradiation, the plates were washed twice
with PBS and continued for culturing with complete culture media. Cell viability was measured with CCK8 reagent
according to the methods described above.

The Effect of AUNP@NH,-PEG-SH/PD-LI siRNA Combined with PTT on Apoptosis of NSCLC Cells
HCC827 and A549 cells treated with 50ng/mL IFN-y were cultured in six-well plates and treated with AuUNP@NH,-PEG
-SH/PD-L1 siRNA (30nM), AuNP@NH,-PEG-SH (15nM) or basical culture medium, respectively. After 24 hours of
incubation, the cells requiring laser irradiation were irradiated with 808nm infrared laser for 5min (2W/cm?). After
irradiation, the liquid in all holes were replaced with complete medium and incubation of plates continued.

After the cells confluenced in the six-well plate, the cells were collected with trypsin digestion solution without EDTA and
centrifuged with pre-cooled PBS twice. The 5xbinding buffer was diluted to 1x working solution with double steaming water,
and the cells were resuspended with 500uL 1xbinding buffer. A total of SuL. Annexin V-APC and 10puL 7-AAD were added to
each tube for 5 minutes of incubation away from light. Then, all samples were ready for flow cytometry.

Expression of Hsp70 and Hsp90 in NSCLC Cells Treated with PTT

Total RNA and proteins were harvested from HCC827 or A549 cells treated with AuUNP@NH,-PEG-SH/PD-L1 siRNA
(30nM), AuNP@NH,-PEG-SH (15nM) and basical culture medium with or without laser irradiation. PCR and Western blot
experiments were conducted for comparing Hsp70 and Hsp90 expression in different treatment groups according to the
standard protocols (Hsp70 antibody: Abcam, EPR16892; Hsp90 antibody: Abcam, EPR16621-67). GAPDH served as the
internal reference for PCR and Western blot experiments. Primer sequences for genes coding Hsp70 and Hsp 90 were:
GTGCTGACCAAGATGAAGGAGATC (HSPA1A, forward), GCTGCGAGTCGTTGAAGTAGG (HSPAIA, reverse),
ATCCACCACTCTACTCTGTCTCTG (HSP90AAL, forward), CTCAACCTCCTCCTCCTCCATC (HSP90AAL, reverse).
GAPDH primers were purchased from Sangon Biotech (B661104-0001).

The Effect of Transfection of AUNP@NH,-PEG-SH/PD-LI siRNA Into NSCLC Cells

on Immune Activity of Jurkat T Cells

Jurkat cells were purchased from National Collection of Authenticated Cell Cultures (SCSP-513) and cultured according
to the supplier’s manuals. CD3/CD28 T cell activator (Immunocult, 10971) (25uL/mL) was used for inducing Jurkat cell
activation.*® HCC827 or A549 cells stimulated by IFN-y in six-well plates were treated with complete medium,
AuNP@NH,-PEG-SH (15nM), AuNP@NH,-PEG-SH/NC siRNA (30nM), AuNP@NH,-PEG-SH/PD-L1 siRNA
(30nM), respectively. The next day, the medium of each well of the six-well plate was discarded, and the plates were
washed twice with PBS. CD3/CD28 co-stimulated Jurkat cells were directly added into the six-well plate. NSCLC cells
and Jurkat cells were co-cultured in 2mL 1640 complete medium with the ratio of HCC827 (A549)/Jurkcat=1:10, and the
same number of activated Jurkat cells were cultured separately in the control group.
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The next day, Jurkat cells in all groups were collected by centrifugation. Flow cytometry was performed on Jurkat
cells of different co-culture groups or non-co-culture group for examination of cell proliferation (CellTrace™ CFSE Cell
Proliferation Detection Kit: ThermoFisher, C34554), CD69 expression (PE labeled human CD69 monoclonal antibody:
ThermoFisher, 12-0699-42) and apoptosis. Meanwhile, the supernatants of each group were collected and Elisa was used
for detecting the secretion of IL-2 and TNF-a by Jurkat cells according to the kit instructions (Human TNF - o Elisa Kit:
Servicebio, GEH0004-96T; Human IL-2 Elisa Kit: Servicebio, GEH0038-96T). The OD values of each hole were
acquired under the detection wavelength of 450 nm and the correction wavelength of 630 nm. The concentrations of

IL-2 and TNF-a in samples of each group were calculated according to the standard curve equation.

The Effect of Transfection with AUNP@NH,-PEG-SH/PD-LI siRNA Combined with
PTT on the Viability and Apoptosis of NSCLC Cells in Co-Culture System

HCC827 or A549 cells were inoculated in a 12-well plate at a density of 1x10° cells/well and cultured overnight. After
cell adhesion, 50ng/mL IFN-y was added to each group of cells for simulation of PD-L1. At the same time, CD3/CD28
T cell activator (25ul/mL) was used for inducing Jurkat cell activation. After 24 hours, the media of each hole of the six-
well plate was discarded, and the cells were treated with complete medium, AuNP@NH,-PEG-SH (15nM), AuNP@NH,
-PEG-SH/PD-L1 siRNA (30nM), respectively. The next day, the 808nm laser was used for irradiating all cells in the PTT
group with 2.0W/cm?® power for Smin. After irradiation, the plates were cleaned twice with PBS. CD3/CD28 co-
stimulated Jurkat cells were directly added into the six-well plate. NSCLC cells and Jurkat cells were co-cultured in
2mL 1640 complete medium with the ratio of HCC827 (A549)/Jurkcat=1:10.

After 24 hours of co-culture, NSCLC cells of each group were collected in a 15mL centrifuge tube and inoculated
into 96-well plates at a density of 1x10°/ well for culture in complete medium. The next day, 10pL CCK8 reagent was
added to each well and mixed with the medium. After two hours of incubation away from light, the absorbance of each
hole at 450nm was measured. For flow cytometry experiments of cell apoptosis, NSCLC cells were collected with trypsin
digestion solution without EDTA and centrifuged with pre-cooled PBS twice after 24 hours of co-culture. All samples
were prepared for detection of cell apoptosis by flow cytometry according to the methods described above.

The Therapeutic Effect of AUNP@NH,-PEG-SH/PD-LI siRNA in vivo

The Establishment of Zebrafish NSCLC Xenograft Model

Human HCCB827 cells were stained with Dil reagent and transplanted into the yolk sac of zebrafish larvas (Ezerinka
Biotechnology, 2dpf wild AB and Tg (flila: EGFP)) by microinjection (Nanoject III, Drummond, USA). Approximately
500-900 cells were injected into each yolk sac of the larvas for establishment of NSCLC xenograft model. After
microinjection, the zebrafish larvas were placed in a juvenile incubator at 28°C for 1h, and then placed in a three-gas
incubator for further culture. After 24h, the yolk sac of zebrafish was observed and photographed by stereo-fluorescence
microscope. Approval of all in vivo experiments was guaranteed by the Ethical Committee of First Affiliated Hospital of
Guangxi Medical University (2024-E788-01).

The Effect of AUNP@NH,-PEG-SH/PD-L| siRNA Combined with PTT on Tumor Growth of NSCLC Xenografts
Zebrafish larvas transplanted with HCC827 cells were divided into four groups for treatment of AuUNP@NH,-PEG-SH
/PD-L1 siRNA (10nL, 100nM) with or without PTT and 1xXPBS (10nL) with or without laser irradiation (808nm). After
the injection of AuNP@NH,-PEG-SH/PD-L1 siRNA or PBS, zebrafish larvas were placed in juvenile incubators at 28°C
for 1h and then placed in three-gas incubators for further culture. After 24 hours, all zebrafish larvas were transferred into
96-well plates, larvas requiring laser irradiation were irradiated with 808nm laser for 5min at the power of 1.5W/cm?.
After irradiation, the zebrafish larvas were placed in a juvenile incubator at 28°C for 1h, and then placed in a three-gas
incubator for further culture. Twenty-four hours later, the fluorescence of NSCLC xenografts in zebrafish yolk sacs were
observed and photographed by stereo-fluorescence microscopy. Image J software was used for analyzing and calculating

the fluorescence area and fluorescence intensity of NSCLC xenografts.
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The Effect of AUNP@NH,-PEG-SH/PD-L| siRNA Combined with PTT on Tumor Growth of NSCLC Xenografts
After Construction of Immune Microenvironment

Peripheral blood lymphocytes were extracted from healthy adult volunteers according to kit instructions. The next day
post establishment of NSCLC xenografts, the collected human peripheral blood lymphocytes were transplanted into the
yolk sac of zebrafish larvas by microinjection (500~900 cells each tail) for constructing the immune microenvironment of
zebrafish larvas. After injection, the zebrafish larvas was placed in a juvenile incubator at 28°C for 1 hour, and then
placed in a three-gas incubator for 12 hours.

Zebrafish larvas transplanted with HCC827 cells and human peripheral blood lymphocytes were divided into four
groups for treatment of AuNP@NH,-PEG-SH/PD-L1 siRNA (10nL, 100nM) with or without PTT and 1xPBS (10nL)
with or without laser irradiation (808nm). After the injection of AuNP@NH,-PEG-SH/PD-L1 siRNA or PBS, zebrafish
larvas were placed in juvenile incubators at 28°C for 1h and then placed in three-gas incubators for further culture. After
12 hours, all zebrafish larvas were transferred into 96-well plates, larvas requiring laser irradiation were irradiated with
808nm laser for Smin at the power of 1.5W/cm?. After irradiation, the zebrafish larvas were placed in a juvenile incubator
at 28°C for 1h, and then placed in a three-gas incubator for further culture. Twenty-four hours later, the fluorescence of
NSCLC xenografts in zebrafish yolk sacs were observed and photographed using the methods described above.

Evaluation of the Systemic Toxicity of AUNP@NH,-PEG-SH/PD-LI siRNA in Zebrafish

Zebrafish larvas (2dpf wild AB and Tg (flila: EGFP)) were injected with 10nL AuNP@NH,-PEG-SH/PD-L1 siRNA
(100nM) or 10nL 1xPBS. After injection, zebrafish larvas were placed in a juvenile incubator at 28°C for recovering and
then placed in a three-gas incubator for further culture. After 48h, the whole fish was fixed at room temperature in 4%
paraformaldehyde for 24h. HE stained tissue sections were made from whole fish according to standard protocols. The
morphological changes were observed under microscopy (200x).

Statistical Analysis

All statistical analyses were conducted using SPSS v.22.0 software. Shapiro—Wilk test was performed for evaluation of
normal distribution. Two way analysis of variance (ANOVA) was used for comparing the differences between groups in
CCKS8 cell proliferation assay. ANOVA method was used for analyzing the differences between groups in other
experiments, and LSD or Tamhane methods were used for pairwise comparisons. All experiments were repeated at
least three times. Two-tailed p values less than 0.05 indicated statistical significance.

Results
Preparation and Characterization of AUNPs@NH,-PEG-SH/PD-L| siRNA

The average particle size of the gold nanoparticles is 77.07nm (Figure 1A), and the average potential is —36.7mV
(Figure 1B). The ultraviolet spectrum results showed that the maximum absorption peak of the AuNP is 548nm
(Figure 1C), which explained the reddish-brown appearance. The concentration of AuNP Concentrated solution was
calculated to be 419.74nM.

The dynamic light scattering data showed that the mean particle size of AuNP@NH,-PEG-SH is 80.39nm
(Figure 1A) and the mean potential is 35.63mV (Figure 1B). It was speculated that NH,-PEG-SH binding with AuNP
through gold-sulfur bond increased the particle size of AuNP, and the amino group of NH,-PEG-SH increased the
electropositivity of AuNP. The ultraviolet spectrum results showed that AuUNP@NH,-PEG-SH displayed a maximum
absorption peak at 549nm (Figure 1C), which is consistent with the maximum ultraviolet absorption wavelength of
AuNP, indicating that the introduction of NH,-PEG-SH did not change the ultraviolet absorption characteristics of AuNP.
The characteristic peaks of AUNP@NH,-PEG-SH were observed at 3432.37, 2921.61, 1640.25, 1384.25 and 1080.18cm,
respectively (Figure 1G). Particularly, the hydroxyl peak at 3432.78 cm is considered to be the characteristic peak of gold
nanoparticles. The stretching vibration peak of C-H is at 2921.61 cm, and the vibration absorption peak of C-O-C in PEG
is at 1080.18cm (Figure 1G), indicating that NH,-PEG-SH is successfully coupled with AuNP.

The particle size of AuNP without surface modification changed little within 72h at 37°C, however; the particle size
of AuNP increased from 77.89 nm to 100.06nm after 72h (Figure 1F). On the fifth and sixth days, the size of AuNP
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Figure | Characteristics of the prepared nanoparticles. (A) Representative particle size distribution map of AuNPs and AUNP@NH,-PEG-SH. (B) Zeta potential of AuNPs,
AuNP@NH,-PEG-SH and AuNP@NH,-PEG-SH/siRNA respectively. (C) The UV-vis spectra of AuNP, AUNP@NH,-PEG-SH and AuNP@NH,-PEG-SH/siRNA solutions.
(D) TEM images of AUNP@NH,-PEG-SH/siRNA. (E) The histogram of particle size of AuUNP@NH,-PEG-SH/siRNA. (F) Change of particle size of AuNP and AUNP@NH,-
PEG-SH in one week. (G) The infrared spectrum of AuNP and AUNP@NH,-PEG-SH.

without surface modification further increased from 100.06nm to 103.83nm. In contrast, AuNP@NH,-PEG-SH particles
did not cluster in the first six days, and the particle size of AUNP@NH,-PEG-SH increased from 83.16nm to 105.63nm
on the seventh day (Figure 1F). The increased stability of AuNP might be attributed to the modification of NH,-PEG-SH.
Observation under transmission electron microscope showed that the AuNP@NH,-PEG-SH/siRNA nanoparticle
complex is spherical with uniform particle size and good dispersion in aqueous solution (Figure 1D). The average particle
size of AuUNP@NH,-PEG-SH/siRNA is 81.04nm (Figure 1E), and its particle size is normally distributed. The spherical
particles are coated with a thin shell, presumably formed by coupled NH,-PEG-SH and siRNA. Dynamic light scattering
data showed that the average potential of AUNP@NH,-PEG-SH/siRNA is —8.72mV (Figure 1B), the negative potential
indicated that siRNA has been attached to the surface of AuNP@NH,-PEG-SH by electrostatic adsorption. The UV
spectrum results showed that AuNP@NH,-PEG-SH/siRNA exhibited a maximum absorption peak at 543nm (Figure 1C),
which was basically consistent with the maximum UV absorption wavelength of AuNP@NH,-PEG-SH and AuNP,
indicating that the loading of siRNA had no effect on the UV absorption characteristics of AuNP@NH,-PEG-SH.
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As shown in Supplementary Figure 1, when the concentration ratio of AUNP@NH,-PEG-SH to NC siRNA was 1:2
and 1:1, no bright bands appeared on the gel, which confirmed the capacity of AuNP@NH,-PEG-SH for loading NC
siRNA. Before combining with AuUNP@NH,-PEG-SH, the total amount of siRNA used was 41.2ng. After mixed reaction
and ultrafiltration, the amount of free NC siRNA was 4ng. The encapsulation rate of AuNP@NH,-PEG-SH for NC
siRNA was 90.3%.

Uptake of AUNP@NH,-PEG-SH/FAM-NC siRNA by NSCLC Cells
As shown in Figure 2A-D, after incubation with AuUNP@NH,-PEG-SH solution and AuNP@NH,-PEG-SH/NC siRNA
solution at different concentrations, the viability of HCC827 cells and A549 cells was similar to that of the blank control
group, reaching more than 90%. The results showed that AuNP@NH,-PEG-SH solution in the range of 0—20 nM and
AuNP@NH,-PEG-SH/NC siRNA solution in the range of 0-35 nM had no toxicity on NSCLC cells. The AuUNP@NH,-
PEG-SH/PD-L1 siRNA exerted inhibiting effect on the viability of HCC827 and A549 cells in a concentration-dependent
manner. The maximum inhibitory effect of AuUNP@NH,-PEG-SH/PD-L1 siRNA on the viability of HCC827 and A549
cells was achieved at the concentration of 30nM. The maximum inhibition rates of cell viability by AuNP@NH,-PEG-
SH/PD-L1 siRNA (30nM) were 33.5% and 27.6% for HCC827 and A549 cells, respectively (p<0.05, Figure 2E and F).
To detect whether AuNP@NH,-PEG-SH/siRNA could be delivered into A549 and HCC827 cells, we loaded FAM
labeled NC siRNA onto the surface of AuNP@NH,-PEG-SH. HCCS827 cells and A549 cells were incubated with the
basal medium containing AuNP@NH,-PEG-SH/FAM-NC siRNA for 24h. The observation results under confocal laser
microscopy showed that compared with the free FAM-NC siRNA control group, cells transfected with AuUNP@NH,-PEG
-SH/FAM-NC siRNA showed obvious green fluorescence signals, and most of the green fluorescence signals were
distributed in the cytoplasm, which verified that HCC827 and A549 cells could effectively take up AuNP@NH,-PEG-SH
/FAM-NC siRNA (Figure 2G). Flow cytometry experiments further demonstrated the high uptake efficiency of
AuNP@NH,-PEG-SH/FAM-NC siRNA in HCC827 cells and A549 cells (Figure 2H-K). The green FAM fluorescence
signal in NSCLC cells transfected with AuNP@NH,-PEG-SH/FAM-NC siRNA was significantly higher than that in the
blank control group and the Free FAM-NC siRNA group (Figure 2H and I). The uptake efficiency of AuNP@NH,-PEG-
SH/FAM-NC siRNA in both HCC827 cells and A549 cells was more than 80%, near to that of the positive control
(Figure 2J and K).

Transfection with AUNP@NH,-PEG-SH/PD-LI siRNA Successfully Knocked Down

PD-LI Expression in NSCLC Cells
To verify whether AUNP@NH,-PEG-SH/PD-L1 siRNA could effectively knock down the expression of PD-L1 in HCC827 cells
and A549 cells, we performed RT-qPCR, Western blot and flow cytometry experiments. Because the background expression of
PD-L1 was low in A549 cells; A549 cells were stimulated with I[FN-y for inducing high expression of PD-L1 before transfection
with AUNP@NH,-PEG-SH/PD-L1 siRNA. PCR results showed that AuNP@NH,-PEG-SH/PD-L1 siRNA could significantly
down-regulate the expression of PD-L1 mRNA in HCC827 cells compared with the other control groups, and the knock-down
efficiency was 75.8%, near to the positive control lipo2000/PD-L siRNA (p<0.05, Figure 3A). Western blot assay and flow
cytometry experiments further verified the ability of AUNP@NH,-PEG-SH/PD-L1 siRNA to significantly reduce PD-L1 protein
in HCC827 cells (Figures 3A, 4A and C). The expression level of PD-L1 protein in HCC827 cells transfected with AuUNP@NH,-
PEG-SH/PD-L1 siRNA and lipo2000/PD-L1 siRNA was significantly lower than that of the other three groups (p<0.05,
Figures 3A, 4A and C). The mRNA and protein expressions of PD-L1 in A549 cells treated with IFN-y were significantly higher
than those in the blank control group (p<0.05, Figures 3B, 4B and D). Similar to the expression change of PD-L1 in HCC827 cells,
The mRNA and protein expression of PD-L1 in IFN-y-treated A549 cells transfected with AuNP@NH,-PEG-SH/PD-L1 siRNA
were remarkably reduced compared with IFN-y-treated A549 cells transfected with AuNP@NH,-PEG-SH/NC siRNA,
AuNP@NH,-PEG-SH or negative control (p<0.05, Figures 3B, 4B and D), and the knockdown efficiency for PD-L1 at
mRNA level was 83%, similar to the knock-down effect of positive control lipo2000/PD-L siRNA (Figure 3B).

After successful knocking down of PD-L1 expression, we further investigated the effect of transfection with AuUNP@NH,-
PEG-SH/PD-L1 siRNA on biological functions of NSCLC cells. Results from CCKS8 assay showed that the proliferation
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Figure 2 The effect of AUNP@NH,-PEG-SH/PD-LI siRNA on the viability of NSCLC cells and the uptake efficiency of AUNP@NH,-PEG-SH/siRNA by NSCLC cells. (A)
Viability of HCC827 cells treated by AuNP@NH,-PEG-SH/NC siRNA at 0-35 nM. (B) Viability of A549 cells treated by AuNP@NH,-PEG-SH/NC siRNA at 0-35 nM. (C)
Viability of HCC827 cells treated by AuNP@NH,-PEG-SH at 0-20 nM. (D) Viability of A549 cells treated by AuUNP@NH,-PEG-SH at 0-20 nM. (E) Viability of HCC827
cells treated by AUNP@NH,-PEG-SH/PD-LI siRNA at 0-35 nM. (F) Viability of A549 cells treated by AUNP@NH,-PEG-SH/PD-L| siRNA at 0-35 nM. (G) Images of cell
transfection by laser confocal microscope. The NC siRNA is labeled with the green fluorescent FAM and nuclei are stained blue with DAPI. (H) Peak plot of the fluorescence
of FAM in HCCB827 cells treated by PBS, free NC siRNA, AuUNP@NH,-PEG-SH/siRNA and lipo2000/siRNA. (I) Peak plot of the fluorescence of FAM in A549 cells treated
by PBS, free NC siRNA, AuNP@NH,-PEG-SH/siRNA and lipo2000/siRNA. (J) Uptake efficiency of siRNA labeled by FAM in HCC827 cells of different groups. (K) Uptake

efficiency of siRNA labeled by FAM in A549 cells of different groups. ***p<0.001. P values are determined by ANOVA test followed by LSD or Tamhane methods for multiple
comparisons, n24 (A-F), n23 (J and K).
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Figure 3 Quantitative analysis of PD-L | expression change and biological functions of NSCLC cells after transfection with AuNP@NH,-PEG-SH/PD-L| siRNA. (A) From left to right:
the mRNA expression of PD-L1 in HCC827 cells of different groups, relative expression levels of PD-L1 in various groups of HCC827 cells from WB experiments and the Expression
rate of PD-L| protein in HCC827 cells from flow cytometry experiments. The groups of (1), (2), (3), (4) and (5) corresponded to blank, transfection with AuNP, transfection with
AuNP@NH,-PEG-SH/NC siRNA, transfection with AUNP@NH,-PEG-SH/PD-L| siRNA and transfection with lipo2000/PD-L| siRNA. (B) From left to right: the mRNA expression
of PD-LI in A549 cells of different groups, relative expression levels of PD-L1I in various groups of A549 cells from WB experiments and the Expression rate of PD-L| protein in A549
cells from flow cytometry experiments. The groups of (1), (2), (3), (4), (5) and (6) corresponded to blank, treatment of IFN-y, treatment of IFN-y with AuNP, treatment of IFN-y with
AuNP@NH,-PEG-SH/NC siRNA, treatment of IFN-y with AuNP@NH,-PEG-SH/PD-LI siRNA and treatment of IFN-y with lipo2000/PD-LI siRNA. (C) The OD values
representative of proliferation ability of HCC827 cells from 24h to 96h post transfection. (D) The OD values representative of proliferation ability of A549 cells from 24h to 96h
post transfection. (E) Photos of scratch area of HCC827 cells at Oh and 48h. (F) Photos of scratch area of A549 cells at Oh and 48h. (G) The calculated healing percent of HCC827 cells
with different treatments. (H) The calculated healing percent of A549 cells with different treatments. *5<0.01. **p<0.001. P values are determined by ANOVA test (A, B, F and H) or
two-way ANOVA test followed by LSD or Tamhane methods (€ and D) for multiple comparisons, n23 (A and B), n24 (C, D, F and H).
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Figure 4 The effect of transfection with AUNP@NH,-PEG-SH/PD-LI siRNA on PD-LI expression of NSCLC cells. (A) Protein bands of PD-LI in various groups of
HCC827 cells. The groups of (1), (2), (3), (4) and (5) corresponded to blank, transfection with AuNP, transfection with AuUNP@NH,-PEG-SH/NC siRNA, transfection with
AuNP@NH,-PEG-SH/PD-LI siRNA and transfection with lipo2000/PD-L| siRNA. (B) Protein bands of PD-LI in various groups of A549 cells. The groups of (1), (2), (3), (4),
(5) and (6) corresponded to blank, treatment of IFN-y, treatment of IFN-y with AuNP, treatment of IFN-y with AUNP@NH,-PEG-SH/NC siRNA, treatment of IFN-y with
AuNP@NH,-PEG-SH/PD-LI siRNA and treatment of IFN-y with lipo2000/PD-L1 siRNA. (C) Peak plot of the fluorescence representative of PD-LI protein in HCC827 cells
of different groups. (D) Peak plot of the fluorescence representative of PD-LI protein in A549 cells of different groups.

capacity of HCC827 cells transfected with AUNP@NH,-PEG-SH/PD-L1 siRNA at 48h, 72h and 96h was significantly lower
than that of the other three control groups (p<0.05, Figure 3C). Results from scratch assay showed that the scratch healing
percentage of HCC827 cells transfected with AuNP@NH,-PEG-SH/PD-L1 siRNA was significantly lower than that of the blank
control group (p<0.05, Figure 3E and F). These results indicated that transfection of AuNP@NH,-PEG-SH/PD-L1 siRNA
inhibited the migration of HCC827 cells by knocking down PD-L1 expression. After transfection with AUNP@NH,-PEG-SH
/PD-L1 siRNA, the invasion ability of HCC827 cells was also significantly inhibited, and the number of cells invaded to the
lower chamber 48h later was significantly lower than that of the other three controls (p<0.05, Supplementary Figure 2A and C).
Analysis results from cell cycle flow cytometry showed that transfection with AuNP@NH,-PEG-SH/PD-L1 siRNA significantly
reduced the proportion of HCC827 cells at G2/M stage compared with the other three controls (p<0.05, Supplementary

Figure 3A and C). IFN-y treatment had no obvious effect on biological functions such as proliferation and invasion of A549
cells. The proliferation capacity of A549 cells transfected with AuUNP@NH,-PEG-SH/PD-L1 siRNA after [FN-y treatment was
significantly lower at 48h, 72h and 96h than that of the other groups (p < 0.05, Figure 3D). In the scratch assay, the healing
percentage of scratch area in A549 cells transfected with AuUNP@NH,-PEG-SH/PD-L1 siRNA after [FN-y treatment was
significantly lower than that in the blank control group and the AuNP@NH,-PEG-SH/NC siRNA control group
(Figure 3G and H). For transwell invasion assay, the number of A549 cells invaded to the lower compartment in group of
transfection with AuUNP@NH,-PEG-SH/PD-L1 siRNA after [FN-y treatment was also significantly lower than that in other
groups at 48h (p<0.05, Supplementary Figure 2B and D). Flow cytometry experiments of cell cycle showed that the proportion
of IFN-y-treated A549 cells transfected with AuNP@NH,-PEG-SH/PD-L1 siRNA in S phase significantly increased by 15.1%
compared with that in IFN-y control group (p<0.05, Supplementary Figure 3B and D), which indicated that transfection with
AuNP@NH,-PEG-SH/PD-L1 siRNA might arrest the cell cycle of A549 cells in S phase.

Combined Treatment of PTT and Transfection of AUNP@NH,-PEG-SH/PD-LI siRNA

Boosted Therapeutic Effect in vitro

As shown in Figure 5, under the irradiation of 808nm laser at the power of 2.0W/cm?, the temperature of 15nM AuNP@NH,-
PEG-SH solution increased from 22.7°C to 60°C within 12 minutes and remained at about 60°C (Figure 5A and B). The
temperature of PBS solution in the control group only increased by 3.4°C after 1 5min irradiation by 808nm laser (Figure 5B),
indicating that the significant increase in the temperature of AuNP@NH,-PEG-SH solution was contributed to the photo-
thermal conversion ability of AuUNP@NH,-PEG-SH. Further observation showed that the photothermal conversion capacity
of AuNP@NH,-PEG-SH was power-dependent. With the increase of the irradiation power, the rate of temperature increase of
AuNP@NH,-PEG-SH solution speed up (Figure 5C). The temperature rise of AuNP@NH2-PEG-SH solution is the fastest
under the irradiation of 808nm laser at the power of 2.0W/em? (Figure 5C).
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Figure 5 Photothermal effect of AUNP@NH,-PEG-SH. (A) From left to right: photo of the temperature of PBS after exposure to laser irradiation at 808 nm for 15 minutes
(2 W/em?); photo of the temperature of AUNP@NH,-PEG-SH solution (15nM) after exposure to laser irradiation at 808 nm for 15 minutes (0.5 W/cm?); photo of the
temperature of AuUNP@NH,-PEG-SH solution (15nM) after exposure to laser irradiation at 808 nm for 15 minutes (1.0 W/cmz); photo of the temperature of AUNP@NH,-
PEG-SH solution (15nM) after exposure to laser irradiation at 808 nm for 15 minutes (1.5 W/cm?); photo of the temperature of AuNP@NH,-PEG-SH solution (15nM) after
exposure to laser irradiation at 808 nm for 15 minutes (2.0 W/cm2). (B) Temperature change curves of PBS and AuNP@NH,-PEG-SH solution (15nM) after exposed to
laser irradiation during different time points at 808 nm (2.0 W/cm?). (C) Temperature change curves of AUNP@NH,-PEG-SH solution (15nM) after exposed to laser
irradiation during different time points at 808 nm (0.5-2.0 W/cmz).

Compared with blank control and AuNP@NH,-PEG-SH control group, the cell viability of HCC827 cells and A549
cells after AuUNP@NH,-PEG-SH/PD-L1 siRNA transfection with or without PTT was significantly decreased (p<0.05)
(Figure 6). The effect of AuNP@NH,-PEG-SH/PD-L1 siRNA transfection combined with PTT on the viability of
NSCLC cells was greater than that of AuNP@NH,-PEG-SH-PD-L1 siRNA or PTT treatment alone (p<0.001). Laser
irradiation had little effect on viability of HCC827 cells (Figure 6A). The viability of IFN-y-stimulated A549 cells treated
by laser irradiation decreased by 16.78% compared with the blank control group, which was lower than that of the other
experimental groups (Figure 6B).

With regard to cell apoptosis, the apoptosis and necrosis rates of HCC827 cells and A549 cells were significantly
increased after AuUNP@NH,-PEG-SH/PD-L1 siRNA transfection with or without PTT (p<0.05) (Figure 6C-F). The
apoptosis and necrosis rates of NSCLC cells treated by AUNP@NH,-PEG-SH/PD-L1 siRNA transfection combined with
PTT were higher than those treated by AuNP@NH,-PEG-SH-PD-L1 siRNA transfection or PTT alone (Figure 6C-F)
(»<0.01). After treatment of AUNP@NH,-PEG-SH/PD-L1 siRNA transfection or PTT, the necrosis rate of NSCLC cells
was higher than early or late apoptosis rates, and the apoptosis of HCC827 cells in all treatment groups was mainly late
apoptosis (Figure 6C and D). While the early apoptosis rate of A549 cells in combined treatment group was higher than
the late apoptosis rate (Figure 6E and F). Laser irradiation alone caused slight apoptosis and necrosis for HCC827 cells
and A549 cells (Figure 6C—F) (p<0.05).

We also investigated changes of Hsp70 and Hsp90 expression in NSCLC cells after PTT treatment. While the mRNA
expression of HSPA1A gene in HCC827 cells were significantly decreased in PTT group and the combined treatment
group compared with other groups, the mRNA expression of HSP90AA1 gene was significantly increased compared with
the blank control and AuNP@NH,-PEG-SH control group (p<0.05) (Supplementary Figure 4A and B). There were no
significant differences in the protein expression levels of Hsp70 and Hsp90 in HCCS827 cells among all groups
(Figure 6G, I and J). The expression of HSPA1A gene in IFN-y-stimulated A549 cells of PTT group or combined
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Figure 6 The effect of AUNP@NH,-PEG-SH/PD-LI| siRNA combined with PTT on the viability and apoptosis of NSCLC cells. (A) Viability of different groups of HCC827
cells treated with AUNP@NH,-PEG-SH or PTT. (B) Viability of different groups of IFN-y stimulated A549 cells treated with AUNP@NH,-PEG-SH or PTT. (C) The
distribution of live cells (Q4), cells with early apoptosis (Q3), cells with late apoptosis (Q2) and necrotic cells (QI) in HCC827 cells of different groups with or without laser
irradiation. (D) The percentages of apoptosis and necrosis in HCC827 cells with different treatment. The groups of (1) to (6) corresponded to the groups described in (A).
(E) The distribution of live cells (Q4), cells with early apoptosis (Q3), cells with late apoptosis (Q2) and necrotic cells (QI) in A549 cells of different groups with or without
laser irradiation. (F) The percentages of apoptosis and necrosis in A549 cells with different treatment. The groups of (1) to (6) corresponded to the groups described in (B).
(G) Protein bands of of Hsp70 and Hsp90 in different groups of HCC827 cells. (H) Protein bands of of Hsp70 and Hsp90 in IFN-y stimulated A549 cells with different
treatment. (I) The relative protein expression of Hsp70 in different groups of HCC827 cells. (J) The relative protein expression of Hsp90 in different groups of HCC827
cells. (K) The relative protein expression of Hsp70 in IFN-y stimulated A549 cells with different treatment. (L) The relative protein expression of Hsp90 in IFN-y stimulated
A549 cells with different treatment. *p<0.05. **p<0.01. **p<0.001. P values are determined by ANOVA test followed by LSD or Tamhane methods for multiple
comparisons, n23.

treatment group was significantly lower than that in blank control and AuNP@NH,-PEG-SH/PD-L1 siRNA treatment
group (Supplementary Figure 4C) (p<0.05). The expression of HSP90AA1 gene in IFN-y-stimulated A549 cells was
significantly higher in PTT group than in blank control group (p<0.05) (Supplementary Figure 4D). However, the
expression of Hsp70 protein in IFN-y-stimulated A549 cells of PTT group and combined treatment group was
significantly higher than that in other control groups. The expression of Hsp90 protein in IFN-y-stimulated A549 cells
of PTT group and combined treatment group was higher than that of blank control and AuNP@NH,-PEG-SH control
group (p<0.05) (Figure 6H, K and L).

Transfection of AUNP@NH,-PEG-SH/PD-LI siRNA Led to Immune Activation

The fluorescence intensity of the proliferation peak of Jurkat cells in the non-co-culture group was similar to that of co-culture
group without IFN-y stimulation, indicating that HCC827 or A549 cells without IFN-y stimulation did not affect the

8848 https: International Journal of Nanomedicine 2025:20


https://www.dovepress.com/article/supplementary_file/518427/Supplementary%20Figures%201-9.docx
https://www.dovepress.com/article/supplementary_file/518427/Supplementary%20Figures%201-9.docx

Gao et al

proliferation ability of Jurkat cells in co-culture system (Supplementary Figure 5A, B, G and H). The fluorescence intensity of
the proliferation peak of Jurkat cells co-cultured with IFN-y-stimulated HCC827 or A549 cells with or without the treatment of
AuNP@NH,-PEG-SH and AuNP@NH,-PEG-SH/NC siRNA was significantly up-regulated (p<0.05) (Supplementary
Figure 5C-E and I-K). When NSCLC cells stimulated by IFN-y were treated with AuNP@NH,-PEG-SH/PD-L1 siRNA,
the fluorescence intensity of the proliferation peak of co-cultured Jurkat cells significantly diminished compared with other

IFN-y stimulation control group (p<0.05) (Figure 7A and D, Supplementary Figure S5F and L).

Analysis results of flow cytometry experiments showed that the apoptosis rate of Jurkat cells significantly increased
after co-culture with IFN-y-stimulated HCC827 or A549 cells with or without the treatment of AuNP@NH,-PEG-SH
and AuNP@NH,-PEG-SH/NC siRNA (p<0.05), (Supplementary Figure 6A—E and G—K). The apoptosis of Jurkat cells
was mainly early apoptosis, and the apoptosis rate of Jurkat cells co-cultured with HCC827 cells was higher than that of
Jurkat cells co-cultured with A549 cells under the same conditions. When NSCLC cells stimulated with IFN-y were
treated with AuUNP@NH,-PEG-SH/PD-L1 siRNA, the apoptosis rate of Jurkat cells was significantly decreased com-
pared with other IFN-y stimulation control group (p<0.05) (Figure 7B and E, Supplementary Figure 6F and L).

Because CD69 is the earliest marker on the cell surface of activated T cells, we examined the expression rate of CD69
in Jurkat cells of co-culture systems. After co-culture with HCC827 cells or A549 cells without IFN-y stimulation, the
expression rate of CD69 on Jurkat cells decreased slightly (Supplementary Figure 7A—C and H-J). The expression rate of
CD69 on Jurkat cells co-cultured with IFN-y-stimulated HCC827 or A549 cells with or without the treatment of
AuNP@NH,-PEG-SH and AuNP@NH,-PEG-SH/NC siRNA significantly decreased compared with that in the non-co-
culture group and blank control co-culture group (p<0.05) (Supplementary Figure 7D-F and 7K-M). When NSCLC cells
stimulated by IFN-y were treated with AUNP@NH,-PEG-SH/PD-L1 siRNA, the expression rate of CD69 on Jurkat cells
significantly increased compared with other IFN-y stimulation control group (p<0.05) (Figure 7C and F, Supplementary
Figure 7G and N).

Results of ELISA experiments showed that the level of IL-2 secreted by Jurkat cells co-cultured with IFN-y-stimulated
HCCS827 or A549 cells with or without the treatment of AuNP@NH,-PEG-SH or AuNP@NH,-PEG-SH/NC siRNA was
significantly decreased compared with the blank control group (p<0.05) (Figure 7G and H). After co-culture with IFN-y-
stimulated HCC827 or A549 cells treated by AUNP@NH,-PEG-SH/PD-L1 siRNA, the level of IL-2 secreted by Jurkat cells
remarkably increased compared with other IFN-y stimulation control group (p<0.05) (Figure 7G and H). Similarly, when
NSCLC cells stimulated by IFN-y were treated with AUNP@NH,-PEG-SH/PD-L1 siRNA, the level of TNF-a secreted by
Jurkat cells increased significantly compared with other IFN-y stimulation control group (Figure 7I and J). These results
indicated that transfection of PD-L1 siRNA mediated by AuNP@NH,-PEG-SH reduced the binding of PD-L1 and PD-1 by
suppressing IFN-y-induced PD-L1 expression, thus boosting the immune activation of Jurkat cells.

We also evaluated the immunotoxic effects combined with PTT and transfection of PD-L1 siRNA on NSCLC cells.
The cell viability of NSCLC cells in the co-culture system was further significantly decreased after being transfected with
AuNP@NH,-PEG-SH/PD-L1 siRNA or PTT treatment (p<0.05) (Supplementary Figure 8). The viability of NSCLC
cells in the co-culture system treated by AuNP@NH,-PEG-SH/PD-L1 siRNA transfection combined with PTT was the
lowest, in which case the inhibition rate was 62.65% for HCC827 cells and 57.03% for A549 cells (Supplementary
Figure 8). These results indicated that the toxic effect of Jurkat cells induced by AuNP@NH,-PEG-SH/PD-L1 siRNA
transfection on NSCLC cells combined with PTT had enhanced anti-tumor effect on NSCLC cells.

When NSCLC cells in the co culture system were treated by AUNP@NH,-PEG-SH /PD-L1 siRNA transfection or PTT
treatment, the apoptosis and necrosis rates of NSCLC cells increased significantly than other control groups (p<0.05)

(Figure 8A—G and J-P). Particularly, the apoptosis and necrosis rates of co-cultured NSCLC cells in PTT group were higher
than that of co-cultured NSCLC cells transfected with AuNP@NH,-PEG-SH/PD-L1 siRNA (Figure 8F, G, O and P). The
apoptosis and necrosis rates of NSCLC cells in the co-culture system treated by AuNP@NH,-PEG-SH/PD-L1 siRNA
combined with PTT were the highest, in which case the apoptosis of NSCLC cells mainly belonged to late apoptosis
(Figure 8H, I, Q and R). These results indicated that the decrease of PD-L1 expression in NSCLC cells induced by
AuNP@NH,-PEG-SH/PD-L1 siRNA and the toxic effect of Jurkat cells on NSCLC cells combined with PTT could increase
the apoptosis and necrosis rate of NSCLC cells.
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Figure 7 The effect of transfection of AUNP@NH,-PEG-SH/PD-LI siRNA into NSCLC cells on immune activation of Jurkat cells in co-culture system. (A) The mean
fluorescence value of CFSE dye in Jurkat cells of different co-culture groups with HCC827 cells. (B) The percentages of apoptosis in Jurkat cells of different co-culture
groups with HCC827 cells. (C) The percentages of CD69+ Jurkat cells of different co-culture groups with HCC827 cells. (D) The mean fluorescence value of CFSE dye in
Jurkat cells of different co-culture groups with A549 cells. (E) The percentages of apoptosis in Jurkat cells of different co-culture groups with A549 cells. (F) The percentages
of CD69+ Jurkat cells of different co-culture groups with A549 cells. (G) The concentration of IL-2 secreted by Jurkat cells in different groups co-cultured with HCC827
cells. (H) The concentration of IL-2 secreted by Jurkat cells in different groups co-cultured with A549 cells. (I) The concentration of TNF-a secreted by Jurkat cells in
different groups co-cultured with HCC827 cells. (J) The concentration of TNF-a secreted by Jurkat cells in different groups co-cultured with A549 cells.*p<0.05. **p<0.01.
*#%p<0.001. P values are determined by ANOVA test followed by LSD or Tamhane methods for multiple comparisons, n=3.
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Therapeutic Effect of AUNP@NH,-PEG-SH/PD-LI siRNA Combined with PTT in vivo
The design of in vivo experiments on zebrafish larvas was shown in Figure 9A and E. The growth rate of fluorescence
intensity of NSCLC xenograft in zebrafish larvas treated with AUNP@NH,-PEG-SH/PD-L1 siRNA with or without PTT
was significantly lower than that in PBS control group and laser irradiation control group (Figure 9B and C) (p<0.05).
Specifically, the growth rate of fluorescence intensity of NSCLC xenograft in zebrafish treated with AuUNP@NH,-PEG-
SH/PD-L1 siRNA and PTT was further decreased compared with that in zebrafish treated with AuNP@NH,-PEG-SH
/PD-L1 siRNA alone (p<0.05) (Figure 9B and C). There was no significant difference in growth rates of fluorescence
area among all groups (Figure 9D). According to the analysis results of fluorescence intensity and fluorescence area, the
tumor growth of NSCLC xenograft in the combined treatment group was significantly inhibited.
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The representative photos of the fluorescence of NSCLC xenografts before and after treatment as well as the
fluorescence of transplanted human peripheral blood lymphocytes were shown in Figure 9F. The growth rate of
fluorescence intensity of NSCLC xenograft in zebrafish treated with AuNP@NH,-PEG-SH/PD-L1 siRNA and PTT
was significantly lower than that in PBS control group and laser irradiation control group (p<0.05) (Figure 9F and G).
There was no significant difference in growth rates of fluorescence area among all groups (Figure 9H). According to the
analysis results of fluorescence intensity and fluorescence area, transfection of AuNP@NH,-PEG-SH/PD-L1 siRNA
combined with PTT could significantly suppress the tumor growth of NSCLC xenografts in zebrafish after construction of
immune microenvironment.

As shown in Supplementary Figure 9, there was no morphological abnormality in organs at developmental stages of zebrafish
larvas injected with AUNP@NH,-PEG-SH/PD-L1 siRNA and PBS, which proved the biosafety of AuNP@NH,-PEG-SH/PD-
L1 siRNA.

Discussion

Multiple nanoparticles have been developed for delivery of PD-L1 siRNA into NSCLC to achieve therapeutic effect.*’*°
These breakthroughs in nanomedicine delivery systems demonstrate remarkable potential for creating lung cancer
interventions with enhanced therapeutic specificity. Our investigation of PD-L1 siRNA-encapsulated gold nanoparticles
aligns with this trend in targeted oncotherapy. Notably, previous researchers have successfully utilized AuNPs to deliver
PD-L1 siRNA, demonstrating its potential in lung cancer therapy. Liu et al developed a gold nanoprism (GNP)-based
nanoplatform with human PD-L1 siRNA loaded via sequential coating of poly(4-styrenesulfonate) (PSS) and poly
(diallyldimethylammonium chloride) (PDADMAC), which possesses properties of siRNA delivery for hPD-L1 gene
down-regulation, photoacoustic imaging, and photothermal therapy.’® In the present study, we explored for the first time
the ability of NH,-PEG-SH modified spherical gold nanoparticles to deliver PD-L1 siRNA into NSCLC cells and silence
PD-L1 expression levels, as well as their therapeutic potential.

In this study, the variation range of particle size of AuNP modified with NH,-PEG-SH within seven days was
significantly smaller than that of AuNP without modification, indicating that modification by NH,-PEG-SH could
increase its stability and reduce agglomeration between particles, which was consistent with literatures. After preparation
of AuNP@NH,-PEG-SH/siRNA, we verified that AuNP@NH,-PEG-SH/siRNA could be absorbed by NSCLC cells and
the silencing effect of AuNP@NH,-PEG-SH/siRNA for PD-L1 gene was as significant as 1ipo2000.

It was further noted in in vitro experiments that HCC827 and A549 cells transfected with AuNP@NH,-PEG-SH/PD-
L1 siRNA showed decreased proliferation, while AuNP@NH,-PEG-SH and IFN-y or NC siRNA alone had no effect on
the proliferation of NSCLC cells. These findings indicated that knockdown of PD-L1 expression by AuNP@NH,-PEG-
SH significantly inhibited the proliferation of NSCLC cells. Previous studies have shown that PD-L1 could regulate the
growth and proliferation of cancer cells and inhibit cell apoptosis without the involvement of PD-1.""">° Lotfinejad et al
demonstrated that knocking down the expression of PD-L1 could significantly reduce the proliferation rate of triple-
negative breast cancer cells and induce apoptosis through intrinsic and extrinsic apoptotic pathways.>® In mouse sarcoma
models, blocking PD-L1 expression of tumor cells significantly inhibited tumor progression and cellular glycolysis by
inhibiting mTOR signaling and reducing the expression of some glycolytic enzymes.’* During cell division, PD-L1 is
a subunit of the adhesion complex. PD-L1 could compensate for the loss of cell cycle related protein 5 and compete with
WAPL to bind to PDS5B, thus ensuring proper cohesion and separation of sisters chromatids; in immunodeficient NSG
mice, consumption of PD-L1 was reported to lead to the production of multinucleated cells and inhibit in vitro cell
proliferation and in vivo tumor growth.>” These studies provided possible molecular mechanism of the growth inhibition
in NSCLC cells with reduced PD-L1 expression. Further analysis of flow cytometry results indicated that decrease in PD-
L1 expression caused by transfection of AUNP@NH,-PEG-SH/siRNA in HCC827 and A549 cells might result in arrest
of the GO/G1 and S phase of cell cycle, respectively, thus leading to a decrease in cell proliferation ability.

We also observed the suppressing effect of knocking down PD-L1 expression by AuNP@NH,-PEG-SH/PD-L1
siRNA on the migration and invasion ability of NSCLC cells. Epithelial mesenchymal transformation (EMT) is
a phenomenon closely associated with tumor cell migration and invasion.®® Previous studies have shown that PD-L1I
plays a crucial role in promoting EMT and maintaining stem cell dryness in cancer stem cells. Chen et al observed that
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PD-1 fusion protein-mediated stimulation of the cytoplasmic domain of PD-L1 and PD-L1 played a key role in
promoting the EMT phenotype of esophageal cancer Eca-109 cells.®’ Tieche and Kim et al found that the overexpression
of PD-L1 was significantly correlated with EMT of NSCLC cells.®**> In NSCLC, TGF-Bl could up-regulate the
expression of PD-L1 through phosphorylation of Smad2, while the treatment of NSCLC with M7824, a bi-functional
drug that can target PD-L1 and TGF-1, can reduce TGF-B1-mediated EMT.** Based on the above results, it is assumed
that the attenuated migration and invasion ability of NSCLC cells transfected with AuUNP@NH,-PEG-SH/PD-L1 siRNA
in this study may be related to the involvement of PD-L1 in promoting the EMT phenotype of tumor cells.

Considering the photothermal effects of AuNP, we also investigated the PTT potential of AuNP@NH,-PEG-SH/PD-
L1 siRNA system in NSCLC. Multiple nanomaterials have been proven to be suitable for PTT,*> 7 among which AuNP
is the most studied platform for PTT, which has multiple advantages.®® Under the irradiation of 808nm NIR at the power
of 2W/em?, the AUNP@NH,-PEG-SH prepared in this study showed efficient photothermal conversion, which indicated
that it had the therapeutic potential of PTT.

During hyperthermia, when cells and tissues are exposed to elevated temperatures, the supply of oxygen and nutrients cannot
meet the needs of the growing tumor mass due to the disorder of blood vessel structure, leading to the development of a hypoxic,
acidic and malnourished microenvironment, and cancer cells are generally more sensitive to high temperatures than normal
cells.®”"! Literature studies have shown that protein denaturation is a key event in disruption of cell homeostasis.’* The starting
temperature of protein denaturation varies for different types of cells. When temperature increases above 41°C, protein
denaturation occurs in various organelles, including microsomal membranes, mitochondria, cytosol, nucleus, and nuclear
matrix.”>"* Protein denaturation directly leads to enzyme inactivation and reduced membrane receptor binding capacity.”
The above mechanisms may provide a possible explanation for the decreased cell viability and increased mortality of NSCLC
cells treated by PTT in the present study. Further in vitro experiments of the present study proved that the inhibition of the
intrinsic biological function of tumor cells by PD-L1 reduction combined with PTT could achieve better anti-tumor effects.

Although PTT has the advantages of low cost, minimal side effects, and non-invasive treatment, its efficacy is
sometimes compromised by non-lethal heat doses of tumor-area induced by heat shock proteins (HSPs).”®’” In this study,
WB results showed increased trend of Hsp70 or Hsp90 protein expression in A549 cells of PTT group and combination
treatment group, indicating that A549 cells may initiate self-defense mechanism to resist PTT by up-regulating Hsp70
and Hsp90 expression after heat stress. Hsps protein inhibitors can be introduced in future studies to increase the
sensitivity of NSCLC cells to PTT, and further increase the therapeutic effect of AuNP@NH,-PEG-SH-mediated PTT in
this study. We noted that Hsp70/Hsp90 protein levels differ between HCC827 and A549 cells post-PTT, which might
arise from intrinsic differences in stress response pathways and genetic backgrounds. The induction of HSPs is a complex
process regulated by multiple signaling pathways.”®”® In response to heat stress, the heat shock factor 1 (HSF1) is
activated, which then binds to the heat shock element (HSE) in the promoter region of HSP genes, leading to their
transcription.®® Differences in the activation of HSF1 or the integrity of the HSE in these two cell lines might explain the
differential expression of HSPs. We conjectured that KRAS-mutant A549 cells may have a more robust or sensitive
HSF1 - HSE axis, allowing for a greater upregulation of HSPs upon heat stress. In contrast, EGFR-mutant HCC827 cells
might have a compromised or less responsive HSF1 - HSE pathway, resulting in no observable change in HSP
expression. We will further validate these mechanisms using HSF1 or HSE inhibitors in follow-up experiments.

Due to the biological significance of PD-L1 as an immune checkpoint, we also investigated the effect of AuUNP@NH,
-PEG-SH-mediated transfection of PD-L1 siRNA on the immune activity of Jurkat T cells in co-culture system. ICB
therapy targeting PD-1 or PD-L1 has been reported to resulted in adaptive immune resistance in some NSCLC patients,®'
and the number of patients who can effectively respond to ICB therapy for a long time is still limited. It is also difficult to
find suitable biomarkers to predict the long-term treatment response of NSCLC patients to ICB therapy.®* Therefore, we
hypothesized that siRNA therapy targeting PD-L1 may be an effective strategy to assist in enhancing the anti-tumor
immune activities of ICB therapy. In this study, we found that Jurkat cells co-cultured with NSCLC cells treated with
AuNP@NH,-PEG-SH/PD-L1 siRNA exhibited increased cell proliferation, expression rate of CD69 and secretion of IL-
2 and TNF-alpha, which indicated that the blocking of the binding between PD-L1 and PD-1 mediated by transfection of
AuNP@NH,-PEG-SH/PD-L1 siRNA increased the immune activity of Jurkat cells.
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In addition to directly killing tumor cells through hyperthermia, PTT could also induce ICD in tumor cells, release
damage-associated molecular patterns (DAMP) and tumor-associated antigens to trigger adaptive immune responses and
activate tumor-specific immune responses.® PTT could also stimulate anti-cancer vaccine action and produce long-term
anti-tumor efficacy in vivo.** These properties of PTT make it an ideal adjunctive therapy for combined immunotherapy,
resulting in the new concept of photothermal immunotherapy.® PTT-induced ICDs have been combined with immu-
notherapies such as ICIs, immunoadjuvants, and CAR T-cell therapy for treating a variety of cancers and inducing
sustained anti-tumor immune effects.**® In the co-culture experiment of this study, we also observed that the
immunotoxic effect of Jurkat cells on NSCLC cells combined with PTT could produce increased anti-tumor effect
than other groups. Therefore, it was conjectured that the AuNP@NH,-PEG-SH/PD-L1 siRNA prepared in this study
beared potential for photothermal immunotherapy.

After in vitro validation, in vivo experiments of the present study further demonstrated the biosafety of AuUNP@NH,-PEG-
SH/PD-L1 siRNA. In the present work, we used the globally accepted zebrafish animal model. Zebrafish is one of the most
important vertebrate model organisms in biomedical research, and the rapid extrauterine development of their fertilized eggs
allows for direct visualization and manipulation during embryogenesis and larval development.*® Moreover, the optically
transparent tissue of zebrafish during these developmental stages facilitates cellular and subcellular imaging, allowing for real-
time monitoring of tumors and their microenvironment.®” Since the zebrafish larvas used in this study only have innate
immune system,*® we innovatively isolated the peripheral blood lymphocytes from healthy human volunteers and transplanted
them into zebrafish larvas to compensate for the missing adaptive immune system in zebrafish larvas and simulate the in vivo
tumor microenvironment of NSCLC patients. The fluorescence intensity of NSCLC xenografts in transparent zebrafish larvas
with or without reconstructed immune microenvironment intuitively reflected the therapeutic effects of different treatment
groups, which further proved the therapeutic effect of AuUNP@NH,-PEG-SH/PD-L1 siRNA for NSCLC in vivo. In the present
study, we observed dissociation between tumor cell fluorescence intensity and tumor mass area.

We conjectured that dead cell clearance by phagocytes might be slower due to limited immune cell infiltration in zebrafish
xenograft models compared to mammalian systems, which leaded to a lag between cell death and structural regression.

While we prepared AuUNP@NH,-PEG-SH/PD-L1 siRNA nanoparticle complex and used zebrafish xenograft models to
assess the therapeutic effect, certain limitations should be acknowledged. First, potential off-target effects of siRNA,
a common challenge in gene therapy, were not fully evaluated in this work; future studies should employ high-throughput
sequencing or functional assays to systematically assess siRNA specificity. Second, although the nanomaterial exhibited short-
term stability in vitro, long-term stability during storage and in vivo circulation remains uncharacterized, necessitating further
investigations into the durability of the nanoparticle coatings and siRNA payload under physiological conditions. Although
zebrafish models offer advantages in visualizing dynamic processes and high-throughput screening, they lack the physiolo-
gical complexity of mammalian tumor microenvironments, particularly in terms of immune interactions, stromal crosstalk,
and organ-specific metastatic niches. It is necessary to establish the mouse tumor-bearing model experiment to verify the
efficacy of AuNP@NH2-PEG-SH/PD-L1 siRNA. Future studies could incorporate syngeneic or patient-derived xenograft
(PDX) murine models to evaluate the stability, dose-dependent responses, systemic toxicity, and long-term therapeutic
outcomes of AUNP@NH2-PEG-SH/PD-L1 siRNA nanoparticle complex under conditions that better recapitulate human
pathophysiology. These efforts would strengthen the preclinical relevance of our findings and bridge the gap between
zebrafish-based discovery and mammalian translational research.

To propel the clinical translation of AuUNP@NH,-PEG-SH/PD-L1 siRNA photothermal immunotherapy, future research
should focus on overcoming existing technical barriers through interdisciplinary innovation. First, combination with emerging
therapeutic modalities such as gas therapy or catalytic nanomedicine could amplify immunogenic cell death while reducing
thermal resistance in tumors.®” Second, intelligent delivery systems refined with stimuli-responsive platforms such as AuNP
self-assembly or pH/H,O,-activated drug release may enhance tumor-specific accumulation and spatiotemporal control of
siRNA/PTT activation.”®®! Third, imaging-guided precision could be achieved by integrating multimodal imaging agents to
monitor HSP70/ROS dynamics and optimize hyperthermia dosing. Finally, addressing clinical challenges such as improving
laser penetration depth via NIR-II excitation and validating biocompatibility of nanoparticles in humanized PDX models is
critical for safe clinical application. Preclinical validation in PDX models with humanized immune systems will better predict
clinical outcomes.
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Conclusions

In conclusion, this study demonstrates the feasibility of AuNP@NH,-PEG-SH/PD-L1 siRNA nanocomplex for NSCLC
treatment. Our findings showed that transfection and knocking down efficiency of AuNP@NH,-PEG-SH-based delivery system
was comparable to that of Lipo2000. The nanoparticle complex also exhibited tumor-killing effect through dual functions of PTT
and immunostimulation. Although direct quantitative comparisons with other advanced nanomedicine platforms were not
conducted in this study, the properties of AuNP@NH,-PEG-SH/PD-L1 siRNA nanocomplex, such as favorable biocompat-
ibility, transfection efficiency, photothermal effect and immune-killing functions suggest potential advantages in clinical
application. Future research could further explore the comparative performance of AuNP@NH,-PEG-SH/PD-L1 siRNA
nanocomplex against other nanoplatforms and optimize the system for enhanced clinical translation.
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