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A B S T R A C T

Blockade of heat shock protein 90 (HSP90) expression in multimodal synergistic therapy has a great prospect for 
cancer treatment. Nanomaterials combined with bioinformatic analysis provides accurate guidance for the 
design of anti-HSP90 nanomedicines. Herein, a NIR-II-responsive nanoplatform was developed under bioinfor
matics guided to effectly inhibit HSP90 for enhanced synergistic mild-photothermal chemotherapy without any 
notable tissue damage. The nanoplatforms were assembled from NIR-II-responsive gold nanobipyramids (GNBs) 
combined with curcumin (Cur) via hydrophobic-hydrophobic interactions and hydrogen bonds. On the basis of 
drug discovery and network pharmacology, we found that Cur has impressive anti-HSP90 capability and 
analyzed its therapeutic mechanism against NSCLC. Under the irradiation of NIR-II light, the obtained GNBs-Cur 
blocked the expression of HPS90 and inhibited related antiapoptotic pathways, thus enhancing the mild PTT of 
GNBs under 1064 nm laser irradiation. Meanwhile, Cur served as chemotherapeutic agents to induce apoptosis in 
tumor cells. In vivo photoacoustic imaging-guided, GNBs-Cur achieved effective tumor elimination through mild- 
photothermal chemotherapy without systemic toxicity. Overall, this work provides a new therapeutic modality 
paradigm for potential NSCLC treatment on the basis of synergistic therapies.

1. Introduction

Photothermal therapy (PTT) has emerged as an efficient cancer 
treatment strategy because of its spatiotemporal controllability, non- 
invasiveness, and low side effects [1–3]. In the PTT process, photo
thermal agents (PTAs) can “burn” tumor cells by generating localized 
heat therapy under near-infrared (NIR) light irradiation [4–6]. Owing to 
their excellent photothermal conversion properties and Raman 

scattering imaging capabilities, gold nanobipyramids (GNBs) have been 
used as PTAs for visualized PTT [7,8]. Li et al. developed GNB-based 
nanotheranostic agents for dual-modality imaging (fluo
rescence/photoacoustic (PA) imaging) and PTT in melanoma cancer [9]. 
Zhang et al. reported that GNB-based nanoprobes could trigger signifi
cant thermotherapeutic disruption with remarkable PTT efficiency 
(71.8 %) [10]. However, there are many hurdles that hinder the clinical 
application of GNBs. For example, most reported GNBs are excited by 
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the first NIR light window (NIR-I: 700–900 nm). Additionally, poor 
tissue penetration (<1 cm) of NIR-I is an important limitation of PTT 
[11]. In contrast to NIR-I light, the NIR-II window (NIR-II: 1000–1700 
nm) exhibited diminished tissue absorption and increased tissue pene
tration capabilities, which has attracted extensive attention [12–14]. 
Furthermore, tumor cells can trigger activation of heat shock proteins 
(HSPs) under hyperthermia, resulting in severe thermotolerance 
[15–17]. HSP90, a key factor in thermotolerance, can activate many 
cancer-related pathways, leading to potent anti-apoptotic effects [18,
19]. Therefore, it is commonly necessary to maintain the temperature 
above 50 ◦C for several minutes to achieve complete tumor cell death; 
however, such high temperatures may damage the surrounding normal 
tissues. Mild PTT (<45 ◦C) is key in achieving effective treatment while 
preventing damage to normal tissues caused by hyperthermia. Recently, 
mild PTT has been achieved by combining this type of therapy with 
other treatment modalities or by weakening the heat resistance of tumor 
cells [20,21]. The development of NIR-II GNB-based strategies that 
effectively destroy tumors under mild-temperature heating is important 
for the clinical translation of future therapeutic approaches for NSCLC.

Bioinformatics is a powerful tool for screening and designing nano
medicines with potential therapeutic effects. In particular, network 
pharmacology serves as an emerging bioinformatics analysis tool that 
can reveal the therapeutic application and mechanism of traditional 
Chinese medicine (TCM) by constructing drug-target-pathway network 
models [22]. Recently, many researchers have utilized network phar
macology to design nano-TCMs and predict their therapeutic effects and 
mechanisms of action in vivo. For example, Qin et al. employed network 
pharmacology analysis to reveal that inhibition of the inflammatory 
response is the mechanism of action of berberin for treating myocardial 
infarction. On the basis of these results, they prepared platelet 
membrane-coated berberin nanoparticles, which were used to decrease 

the amount of inflammation-related macrophages and apoptotic car
diomyocytes in the infarcted rat myocardium [23]. Moreover, Liu et al. 
employed network pharmacology to predict and investigate the mech
anism of action of arctiin in the treatment of osteoarthritis and devel
oped a long-acting hydrogel platform loaded with arctiin for the 
sustained treatment of osteoarthritis [24]. Therefore, it is possible to 
screen natural drugs that act on HSP90 and design nano-TCMs suitable 
for enhanced mild PTT via bioinformatic analysis.

In this study, we first screened natural drugs that act on HSP90 using 
bioinformatics and finally selected curcumin (Cur) to load in NIR-II- 
responsive GNBs to induce mild PTT based on molecular docking re
sults. Subsequently, we conducted an evaluation of the potential efficacy 
and underlying mechanisms of Cur in the treatment of NSCLC through 
application of network pharmacology. As shown in Scheme 1, NIR-II 
responsive GNBs loaded with Cur (GNBs-Cur) were strategically 
designed and prepared via hydrophobic-hydrophobic interactions and 
hydrogen bonds [25–29]. After tail vein administration, GNBs-Cur could 
enrich the tumor area through their long circulation time and EPR ef
fects. When the tumor was exposed to NIR-II laser, the temperature of 
the tumor increased rapidly to 43 ◦C, whereas Cur loaded on the GNBs 
was quickly released. Subsequently, the released Cur not only down
regulates the overexpressed HSP90 to decrease the thermoresistance of 
tumor cells but also blocks the PI3K/AKT pathway to suppress the 
anti-apoptotic signal caspase 3. Ultimately, enhanced mild PTT com
bined with low-dose Cur-mediated chemotherapy demonstrated excel
lent antitumor effects both in vitro and in vivo. In conclusion, the 
as-prepared NIR-II responsive GNBs-Cur nanoplatforms provide new 
insights into achieving synergistic mild PTT and chemotherapy, which 
demonstrates tremendous potential for effective treatment of NSCLC.

Scheme 1. Schematic showing the preparation and mechanism of GNBs-Cur. Illustration of the fabrication process of GNBs-Cur and the inhibitory effect of Cur on 
heat shock protein 90 (HSP90) to enhance synergistic NIR-II-guided mild PTT and chemotherapy for NSCLC.
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2. Materials and methods

2.1. Materials

Curcumin (Cur) was obtained from Macklin Biochemical Co., Ltd., 
China; gold (III) chloride hydrate (HAuCl4⋅3H2O), cetyl
trimethylammonium bromide (CTAB), cetyltrimethylammonium chlo
ride (CTAC), silver nitrate (AgNO3), L-ascorbic acid (AA), and 4′,6- 
Diamidino-2-phenylindole (DAPI) were obtained from Aladdin Reagent 
Co., Ltd., China; hydrochloric acid (HCl), nitric acid (HNO3), sodium 
borohydride (NaBH4), and sodium hydroxide (NaOH) were purchased 
from Sinopharm Chemical Reagent Co. Ltd., China; fetal bovine serum 
(FBS) was purchased from Gibco Life Technologies, USA; Ham’s F-12K 
culture medium was obtained from Wuhan Servicebio Technology Co., 
Ltd, China; phosphate buffer saline (PBS) powder, dimethylsulfoxide 
(DMSO), and a Calcein-AM/PI Double Stain Kit were purchased from 
Beijing Solarbio Science & Technology Co., Ltd., China; Cy5.5 was 
provided by Xi’an ruixi Biological Technology Co., Ltd., China; cell 
counting kit-8 (CCK-8) was purchased from ZETA life, USA; an Annexin 
V-FITC/PI Apoptosis Detection Kit was purchased from Jiangsu Keygen 
Biotexh Corp., Ltd, China; antibodies against HSP90 and anti-AKT were 
obtained from Wuhan Servicebio Technology Co., Ltd, China; anti-p-Akt 
antibody was sourced from Cell Signaling Technology, USA; and anti
bodies against p-PI3K and PI3K were purchased from Abcam, UK.

2.2. Drug discovery for targeting HSP90

Potential molecular compounds targeting HSP90 were identified 
using the HIT2.0 database and the Therapeutic Target Database (TTD). 
HIT2.0 (http://hit2.badd-cao.net) was designed to provide information 
about herbal ingredients and target foods [30]. The TTD (https://idrb 
lab.org/ttd/) is a database that offers information about therapeutic 
proteins and their corresponding drugs/ligands [31]. We evaluated the 
drug-likeness and biological activities of the compounds using Swiss 
ADME (http://www.swissadme.ch/) [32], and compounds with a 
bioavailability score greater than 0.65 and passing drug similarity filters 
(Lipinski, Ghose, Veber, Egan and Muegge) were further screened.

Molecular docking is a simulation method that predicts the confor
mation of drug molecules in the appropriate target binding site and 
evaluates their binding affinity. The structures of the compounds were 
obtained from the PubChem database, and the structure of HSP90 was 
determined through the protein database (PDB, http://www.rcsb.org/). 
We processed the ligands and receptors using AutoDock Tools with 
default options and performed docking calculations using AutoDock 
Vina with default parameters [33]. In molecular docking, more negative 
affinity scores for the docking pose indicate stronger binding affinity. 
The docking results were visualized using Discovery Studio.

2.3. Bioinformatic analysis of the effect of Cur on NSCLC

The targets of Cur were obtained from the symMap (http://www.sy 
mmap.org/), TCMSP (https://old.tcmsp-e.com/tcmsp.php), and Swiss 
Target Prediction (http://www.swisstargetprediction.ch/) databases 
[34–36]. Based on the genetic information from the Uniport database, 
all curcumin target proteins were uniformly mapped to gene names for 
subsequent analyses. In addition, the DisGeNet and GeneCards data
bases were used to identify disease genes associated with lung cancer. 
After de-duplication of the genes obtained from these databases, a Venn 
diagram was utilized to visualize the intersection between Cur target 
genes and lung-related genes. Using the STRING (https://string-db.org) 
database [37], the interaction genes between Cur and NSCLC were 
considered as the core genes, and then were analyzed to generate a 
protein‒protein interaction (PPI) network, with the confidence score set 
to 0.4. The PPI data were submitted to Cytoscape, and the molecular 
complex detection algorithm (MCODE) plugin was utilized to identify 
the hub gene with the following parameters: K-Core = 2, degree cutoff =

2, and node score cutoff = 0.2 [38]. Based on the Metascape (https 
://metascape.org/) database, Gene Ontology (GO) annotation and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses was con
ducted to explore the biological functions and molecular mechanisms of 
target genes [39]. Min overlap = 2, Min Enrichment = 1.5, and P < 0.01 
were selected as advanced options. To preliminarily verify the key role 
of the screened hub target gene in lung cancer, we collected the 
GSE75037 expression profile data from the Gene Expression Omnibus 
(GEO) (https://www.ncbi.nlm.nih.gov/geo/) database for differential 
expression analysis. GSE75037 is an expression profile of 83 matched 
pairs of lung adenocarcinomas and non-malignant adjacent tissues. The 
“Limma” package was used to perform differential expression analysis of 
the target gene between the normal and tumor groups [40]. 
Kaplan–Meier curves, derived from the Gene Expression Profiling 
Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/) database, 
were employed to investigate the association between core gene 
expression levels and the overall survival rate of patients diagnosed with 
lung cancer [41].

Molecular docking is a simulation method that predicts the confor
mation of small drug molecules in the appropriate target binding site 
and evaluates their binding affinity. The structure of Cur was deter
mined through the PubChem database, and the structure of the hub 
target protein was acquired from the protein database (PDB, 
http://www.rcsb.org/). We processed the ligands and receptors using 
AutoDock Tools with default options and performed docking calcula
tions using AutoDock Vina with default parameters [33]. The docking 
results were visualized using Discovery Studio.

2.4. Synthesis of GNBs@PEG-COOH

To synthesize GNBs@PEG-COOH, 10 mL of HAuCl4 (0.25 mM) was 
added to CTAC solution (50 mM), and 0.25 mL of freshly prepared 
NaBH4 (25 mM) was mixed with the above mixture, before vigorous 
stirring at 37 ◦C. Gold seeds were formed when the color of the solution 
changed from pale yellow to brown. The mixture was subsequently 
reacted at 80 ◦C and stirred for 90 min in an oil bath until the color of the 
solution gradually changed from brown to red. Finally, the heat-treated 
seed solution was separated from the bath and kept at 37 ◦C. The final 
concentration of Au was 0.25 mM.

An aqueous solution containing 100 mL of CTAB (100 mM), 5 mL of 
HAuCl4 (10 mM), 1 mL of AgNO3 (10 mM), 2 mL of HCl (2 M), and 0.8 
mL of AA (100 mM) was added to 5 mL of seed solution (0.25 mM). This 
mixture was then stirred and subsequently reacted at 80 ◦C for 90 min. 
Finally, the ultimate GNB products were centrifuged and washed three 
times using deionized water. Subsequently, SH-PEG5K-COOH was 
employed to modify the surface of GNBs. The PEG-modified GNBs were 
prepared by introducing SH-PEG5K-COOH into the GNBs solution, fol
lowed by stirring with a magnetic stirrer for 24 h. The resulting solution 
was then subjected to ultrafiltration using a 100 kDa ultrafiltration tube 
at 4000 rpm for 15 min. The precipitate was collected and washed three 
times with purified water to ensure purity.

2.5. Synthesis of GNBs-Cur and GNBs-Cur-Cy5.5

Approximately 1 mM of Cur was dissolved in DMSO solution. Sub
sequently, 100 μL of Cur DMSO solution was added to 2 mL of 
GNBs@PEG-COOH (200 μg/mL) solution and stirred gently for 12 h. The 
precipitate was isolated by centrifuging at 3000 rpm for 10 min. The 
precipitate was washed several times using ultrapure water to obtain 
GNBs-Cur, which was dispersed in 2 mL of ultra-pure water under ul
trasound. Furthermore, GNBs-Cur and Cy5.5 were combined and gently 
agitated for 12 h at 37 ◦C. Subsequently, the resultant mixture was 
placed into a dialysis bag and subjected to dialysis for an additional 12 h 
to eliminate unbound Cy5.5. The precipitate was then isolated by 
centrifugation at 3000 rpm for 10 min, followed by multiple washes 
with ultrapure water to yield GNBs-Cur-Cy5.5.
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2.6. Characterization

TEM and SEM imaging was conducted using an HT7700 (Hitachi, 
Japan) and an S-4800 (Hitachi, Japan), respectively. Both the size pro
file and zeta potential were investigated via dynamic light scattering 
(DLS) using a nanoparticle analyzer (SZ-100V2, Horiba, Japan). The 
ultraviolet–visible (UV–vis) absorption and fluorescence (FL) spectra 
were recorded using a UV–vis spectrophotometer (UH5700, HITACHI, 
Japan) and an FL spectrophotometer (F-7000, Hitachi, Japan), respec
tively. For in vitro PA imaging, solutions containing different concen
trations of GNBs-Cur (12.5, 25, 50, 100 and 200 μg/mL) were placed in 
tubes, and the PA signal was detected.

The Cur release profile was examined in PBS at pH values of 7.4 and 
5.5. GNBs-Cur was encapsulated in a dialysis bag with a molecular 
weight cut-off (MWCO) of 3.0 kDa, which was subsequently immersed in 
30 mL PBS and subjected to gentle agitation at 37 ◦C. At designated 
intervals, 3 mL of the release medium was withdrawn and replaced with 
an equivalent volume of fresh medium. Additionally, at various time 
points, the dialysis bag in PBS (pH 5.5 and 7.4) was exposed to irradi
ation with a 1064 nm laser (1.0 W/cm2, 5 min) [42]. The cumulative 
release of Cur was quantitatively assessed using UV–visible absorption 
spectroscopy.

2.7. Photothermal performance

To investigate the photothermal capability, the GNB stock solution 
was diluted into a series of solutions of 50, 100 and 200 μg/mL. Next, 
100 μL of the GNB solution at distinct concentrations was exposed to a 
1064 nm laser (1.0 W/cm2, 5 min), and the temperature variations were 
monitored using a handheld thermal imaging camera at intervals of 30 s. 
Alternatively, by varying the power density (0.5, 1.0, and 2.0 W/cm2), 
the temperature of the GNBs (100 μg/mL) was monitored for 5 min of 
light irradiation. Furthermore, the photothermal stability of GNBs was 
investigated through laser on/off cycle experiments. Next, 100 μL of 
GNBs (100 μg/mL) was irradiated for 5 min and then naturally cooled 
for 4 min, and the procedure was performed for four cycles. The tem
perature profile of the GNBs was also recorded utilizing a handheld 
thermal imaging camera (HM-TPK20-3AQF/W, Hikmicro, China).

The photothermal conversion efficiency (η) was calculated using the 
following equation: 

η=
hS

(
Tmax − Tmax,H2O

)

I
(
1 − 10− Aλ

) (1) 

hS=
mCp

τs
(2) 

τ = −
t

Ln
(

T− Tsurr
T− Tmax

) (3) 

In Equation (1), h is the heat transfer, S is the container’s surface area, 
Tmax and Tmax,H2O are the maximum equilibrium temperatures of the 
sample (GNBs-Cur) and water, respectively, I is the incident laser pow
der, and Aλ is the absorbance of GNBs-Cur at 1064 nm. In Equation (2), 
m and Cp represent the mass of the sample and heat capacity of water (J/ 
g⋅◦C), respectively, and τs is the time constant for heat transfer calcu
lated using Equation (3). In Equation (3), t and Tsurr denote the time 
and ambient temperature of the surroundings, respectively. According 
to the above equation, the photothermal conversion rate of GNBs-Cur 
was approximately 37.7 % under irradiation by a 1064 nm laser.

2.8. Cell culture

The A549 lung cancer cells were acquired from the BeNa Culture 
Collection (China). A549 lung cancer cells were cultured in F-12K 

culture medium containing 10 % FBS, 1 % penicillin, and 1 % 
streptomycin.

2.9. Cellular uptake

A549 cells were inoculated in a well of chambered coverglass (5 ×
104 cells per well) and cultured for 12 h. Then, solutions of free Cur or 
GNBs-Cur were replaced with the cell growth media, and cells were 
incubated for the designed time (1, 2, and 4 h). Subsequently, A549 cells 
were washed using PBS and then fixed with 4 % paraformaldehyde so
lution. The nuclei of cells were stained with DAPI and then observed 
through a confocal laser scanning microscope (CLSM, TCS SP8, Leica, 
Germany).

For flow cytometry (FC) analysis, A549 cells were inoculated in 24- 
well plates (2 × 105 per well) and cultivated for 12 h. Subsequently, cells 
were treated with free Cur or GNBs-Cur for the designed time (1, 2, and 
4 h). Finally, the cells were collected to analyze the cellular endocytosis 
of GNBs-Cur using FC (FACSCanto II, BD Biosciences, USA).

2.10. In vitro therapeutic efficacy

Cytotoxicity was determined using CCK-8 assays. A549 cells were 
cultured in 96-well plates (1 × 105 per well) and incubated for 12 h. 
Subsequently, 100 μL fresh medium containing GNBs, Cur, or GNBs-Cur 
was replaced with the original culture medium (GNB dose: 0–200 μg/ 
mL, Cur dose: 0–20 μM). After 4 h of incubation, cells were washed 
several times using PBS and subsequently treated with or without light 
irradiation for 5 min (1064 nm, 1 W/cm2). After 16 h of further incu
bation, cell viability was analyzed using a Multiskan FC microplate 
reader (BioTek, USA). Moreover, living and dead cells were stained 
using a Calcein-AM/PI double staining kit after different treatments. The 
results of cell imaging were obtained using a FL microscope (EVOS, 
Thermo Scientific, USA).

A549 cells were placed in 24-well plates (1 × 106 per well) and 
incubated for 12 h. Then, original F12-K was replaced with the same 
amount of fresh medium containing Cur, GNBs, or GNBs-Cur with an 
equal Cur concentration (20 μM) and GNB concentration (100 μg/mL). 
After incubation for 4 h, the NIR, GNBs + NIR, and GNBs-Cur + NIR 
groups were irradiated with laser (1 W/cm2, 5 min). After an extra 20 h 
of incubation, cells were washed with PBS and digested with EDTA-free 
trypsin. Cells were collected and stained using the Apoptosis Detection 
Kit, and the apoptosis rate of cells was detected using the FC.

2.11. Western blotting

The method of cell treatments was similar to that used for apoptotic 
analysis. Subsequently, cells were collected and lysed using a RIPA lysis 
buffer, and the supernatant containing cell total proteins was obtained 
via centrifugation (12000 rpm). Cell proteins were separated by SDS- 
PAGE and transferred to PVDF membranes. Subsequently, the mem
branes were submerged in 5 % nonfat milk for 1 h to facilitate blocking, 
followed by incubation with primary antibody overnight and further 
incubation with secondary antibody for 0.5 h at 37 ◦C. A chem
iluminescence system (ChemiScope 6000, Clinx, China) was utilized to 
visualize the target protein bands.

2.12. Establishment of the tumor model

BALB/c female nude mice were obtained from Zhuhai BesTest Bio- 
Tech Co., Ltd. (China). A549 tumor-bearing mice were established via 
subcutaneous injection of A549 cells (5 × 106) into the right flank of 
each mouse. Mice were treated for subsequent in vivo experiments until 
the average tumor volume reached about 80 mm3. All experiments were 
carried out at the Experimental Animal Center of Guangdong Medical 
University and were approved by the Animal Welfare and Ethical 
Committee of Guangdong Medical University (Permit No. SYXK 2019- 

Z. Diao et al.                                                                                                                                                                                                                                     Materials Today Bio 31 (2025) 101541 

4 



Fig. 1. Landscape of the HSP90 target compound screening. (A) Network of compounds targeting HSP90. Different colored nodes represent the research status of the 
drug. (B) Drug screening patterns based on drug-likeness and bioavailability. (C) Molecular docking simulations of three target compounds (curcumin, amlexanox, 
and rhein) with HSP90.
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Fig. 2. Bioinformatics analysis of Cur in NSCLC. (A) Venn diagram of common genes between Cur and NSCLC. (B) Nodes represent proteins, and red nodes represent 
hub targets. The connection lines between nodes represent interactions between proteins. (C) Cur–target–GO network. The blue box is the Gene Ontology (GO) term 
of cell component; the green box is the GO term of biological processes; and the yellow box is the GO term of molecular function. (D) Gene-pathway network. The 
genes in the same color palette demonstrate that they are enriched in the same pathway. (E) Transcriptome expression levels of the key target HSP90 in normal and 
NSCLC samples. (F) Correlation between HSP90 expression and NSCLC prognosis. (G) Molecular docking simulation of Cur binding to HSP90 protein. The circular 
nodes represent the amino acid residues that interact with Cur. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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0213).

2.13. In vivo photoacoustic/fluorescence imaging

Mice were intravenously injected with GNBs-Cur (2 mg/kg GNBs) for 
PA imaging. The PA signal at the tumor region was captured at desig
nated time points (2, 4, 8, 12, and 24 h) via the Vevo LAZR-X imaging 
system (λex = 740 nm and λex = 945 nm). For FL imaging, Cy5.5 was 
selected as the fluorescent probe, and GNBs-Cur loaded with Cy5.5 
(GNBs-Cur-Cy5.5) was developed. After intravenous injection of GNBs- 
Cur-Cy5.5, FL images of mice were obtained at distinct time points (2, 
4, 8, 12, and 24 h) through an IVIV Lumina II optical imaging system 
(Caliper, USA). FL signals from major organs and tumors were moni
tored for ex vivo imaging.

2.14. Mild photothermal-chemo synergistic therapy

A549 tumor-bearing nude mice were randomly separated into five 
groups (n = 5 per group): PBS, GNBs + NIR, Cur, GNBs-Cur, and GNBs- 
Cur + NIR. Mice were intravenously injected with PBS, Cur, GNBs, or 
GNBs-Cur (GNBs: 2 mg/kg, Cur: 50 mg/kg). For the GNBs + NIR and 
GNBs-Cur + NIR tumors, the tumors were exposed to a laser (1064 nm, 

1 W/cm− 2, 6 min) 4 h post-injection. A thermal imaging camera was 
employed to continuously monitor the temperature changes at the 
tumor sites in real time. During the 16 days, tumor sizes and body 
weights of mice were recorded every 2 days. Mice were sacrificed, and 
their tumors were anatomized at the last moment. The isolated tumors 
were stained with hematoxylin and eosin (H&E) to assess the antitumor 
effect. Immunofluorescent staining with TUNEL, Ki-67, HSP90, and 
caspase 3 in tumors was further performed to evaluate the therapeutic 
efficacy in vivo.

2.15. In vivo safety evaluation

After 16 days of treatment, the mice were euthanized and their blood 
was collected to determine the clinical biochemical indices. Major or
gans were harvested for histological analysis via H&E staining.

A549 tumor-bearing nude mice were randomly selected and intra
venously injected with GNBs-Cur. After post-injection for 4 h, mice were 
irradiated with laser at an intensity of either 1 W/cm2 (43 ◦C) or 1.5 W/ 
cm2 for 6 min (58 ◦C). Histological analysis was conducted using H&E 
staining of tumors and the surrounding skin tissue.

Fig. 3. Characterization and photothermal study of GNBs-Cur. (A) TEM image of GNBs-Cur (scale bar = 50 nm). (B) Size distribution curves of GNBs and GNBs-Cur. 
(C) UV–vis spectra of Cur, GNBs, and GNBs-Cur. (D) Zeta potential analysis of Cur, GNBs, and GNBs-Cur. (E) Fluorescence spectra of Cur and GNBs-Cur. (F) PA 
intensity of GNBs-Cur at distinct concentrations under 740 nm and 945 nm laser excitation. (G) Thermal images of GNBs-Cur at various concentrations under NIR-II 
laser irradiation (1 W cm− 2) and (H) corresponding photothermal curves. (I) Temperature changes of GNBs-Cur upon laser irradiation at different intensities. (J) 
Temperature evolution of GNBs-Cur after four heating− cooling cycles. (K) Temperature profiles of GNBs-Cur upon laser irradiation and upon no laser irradiation.
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2.16. Statistical analysis

The significance of differences between two comparative groups was 
assessed through one-way analysis of variance, and the distinctions 
between multiple groups were evaluated by the Student’s t-test 
(ANOVA).

3. Results and discussion

3.1. Drug discovery for targeting HSP90

In this study, 57 potential molecular compounds targeting HSP90 
were identified from the HIT2.0 and TTD databases (Fig. 1A). Based on 
the drug-likeness parameters and bioavailability score of each com
pound provided by the Swiss ADME database (Table S1), we finally 
screened three small-molecule compounds, namely Cur, amlexanox, and 
rhein (Fig. 1B). To further evaluate the targeting ability of these com
pounds to HSP90, molecular docking was used to analyze their docking 
pose and binding strength. Among the three compounds, Cur exhibited 
the strongest binding pose (affinity score = − 7.2) to HSP90 and was 
identified as a promising compound targeting HSP90 (Fig. 1C).

3.2. Prediction of the molecular mechanism of Cur in NSCLC

After gene name standardization, 48 Cur-targeted genes were pre
dicted from the symMap, TCMSP, and Swiss Target Prediction data
bases, whereas 684 genes were retrieved from a combination of the 
DisGeNET and GeneCards databases for NSCLC. Venn diagrams showed 
that 18 genes were associated with both Cur and NSCLC (Fig. 2A). To 
explore the potential inter-protein interactions among these 18 genes, a 
PPI network was developed via the STRING database. Analysis of the 
complex regulatory network revealed that these genes cross-talk with 
each other, and 11 hub genes were crucial nodes of the whole network 
(Fig. 2B). GO enrichment was conducted to better elucidate the bio
logical characteristics of the 11 hub genes of Cur in NSCLC at a sys
tematic level. Fig. 2C shows the Cur–target–GO terms network, in which 
the hub genes were mapped to the vesicle lumen (ALB/EGFR/HSP90/ 
MPO), membrane microdomain (CASP3/CASP8/EGFR/TNF), execution 
phase of apoptosis (CASP3/CASP8/IL6), regulation of protein serine/ 
threonine kinase activity (EGFR/HSP90/IL6/TNF), cysteine-type endo
peptidase activity involved in the apoptotic process (CASP3/CASP8), 
and ubiquitin-like protein ligase binding (CASP8/EGFR/HSP90). KEGG 
enrichment analysis indicated that the effects of Cur on the inhibition of 
NSCLC were related to the pathways, including pathways in cancer, 
apoptosis, IL-17 signaling, and PI3K-Akt signaling (Fig. 2D). It is 
generally recognized that PI3K-Akt signaling is correlated with the 
proliferation, migration, and anti-apoptosis of tumor cells involving 
HSP90 [43]. Therefore, these data provide preliminary theoretical evi
dence for HSP90 as a key target of Cur for treating NSCLC. Further 
differential expression analysis suggested that HSP90 expression was 
significantly higher in the tumor group than in the normal group 
(Fig. 2E). Additionally, patients in the low-HSP90 group had better 
overall survival (OS) than those in the high-HSP90 group (Fig. 2F). 
Molecular docking revealed that the Cur and surface deep cavity of 
HSP90 exhibited good shape complementarity and a superior binding 
mode (Fig. 2G). The residues that interacted with the ligand included 
Ala 45, Asn 41, Leu 79, and Met 88. In addition, individual amino acid 
residues, such as Asn41, Lys48, and Ser42, can form hydrogen bonds 
with the oxygen atoms of the ligand, which contributes to their inter
action and close bonding.

3.3. Preparation and characterization of GNBs-Cur

The primary synthesis procedure for GNBs-Cur nanoparticles is 
depicted in Scheme 1. GNBs were prepared using the seeded growth 
method [44]. Morphological characterization results obtained using 

TEM and SEM indicated that PEG modified GNBs and GNBs-Cur both 
exhibited biconical structures and were evenly dispersed (Fig. 3A–S1
and S2). The transverse and longitudinal sizes of the GNBs were 
approximately 38 and 136 nm, respectively. The optimized loading rate 
of Cur was approximately 42.2 % ± 3.5 %, indicating the high loading 
efficiency of GNBs (Fig. S3). Due to the efficient attachment of Cur to the 
surface of GNBs, the hydrodynamic size of GNBs-Cur (218.6 ± 14 nm) 
was fractionally larger than that of GNBs (151.57 ± 10 nm), as indicated 
by DLS measurements (Fig. 3B). As illustrated in Fig. 3C, GNBs exhibit 
characteristic absorption peaks at wavelengths of 1020 nm, 760 nm, and 
530 nm, while Cur displayed a distinct absorption peak at 425 nm. The 
secondary peak at 1020 nm likely results from metal atom substitution 
during synthesis, altering the surface atomic arrangement and creating a 
new plasmon resonance peak. The composite GNBs-Cur demonstrated 
absorption peaks at 1040 nm, 780 nm, and 425 nm, indicating a red shift 
of approximately 20 nm attributable to the incorporation of Cur. Addi
tionally, Cy5.5 was characterized by an absorption peak at 680 nm, and 
the GNBs-Cur-Cy5.5 complex exhibited a peak at 690 nm, reflecting the 
influence of Cy5.5 loading (Fig. S4). Fig. 3D shows that the zeta po
tentials of Cur, GNBs, and GNBs-Cur were − 5.79 ± 0.43 mV, − 8.17 ±
1.06 mV, and − 28.33 ± 0.81 mV, respectively. The zeta potential of the 
nanoparticles significantly changed from − 8.17 ± 1.06 mV (GNBs) to 
− 23.80 ± 0.62 mV (GNBs-Cur) when negatively charged Cur joined the 
GNBs. These results imply that the Cur was successfully loaded on the 
GNBs. The release profile of Cur from GNBs-Cur was evaluated utilizing 
the dialysis bag diffusion method. Under acidic conditions combined 
with laser irradiation, the release of Cur from GNBs-Cur achieved 
approximately 60 % within a 24 h period (Fig. S6). Additionally, the 
FL/PA performances of GNBs-Cur were investigated by spectral analysis. 
The FL spectra of Cur and GNBs-Cur exhibited similar FL curves, sug
gesting that the fluorescent performance of Cur remained unchanged 
after loading of Cur (Fig. 3E). The fluorescence emission spectra of both 
free Cy5.5 and GNBs-Cur-Cy5.5 demonstrated a peak emission at 
approximately 690 nm, thereby confirming the successful incorporation 
of Cy5.5 (Fig. S5). In addition, the PA intensities of GNBs-Cur at 740 and 
945 nm gradually increased with increasing concentration of GNBs-Cur 
(Fig. 3F). When the concentration was increased from 12.5 μg/mL to 
200 μg/mL, the PA signal of GNBs-Cur improved and resulted in brighter 
images. The PA signal exhibited a linear correlation with the concen
tration of GNBs-Cur, demonstrating the robust in vitro PA imaging 
capability of GNBs-Cur. These findings suggest that GNBs-Cur can be 
successfully created with excellent biocompatibility and excellent 
FL/PA imaging performance for biological applications.

3.4. PTT analysis of GNBs-Cur in vitro

GNBs exhibit high photothermal conversion efficiency in PTT 
because of their relatively bright surface plasmon resonance (SPR) ab
sorption bands in the NIR region [45]. In this experiment, the photo
thermal conversion properties of GNBs under NIR-II irradiation were 
investigated. The impact of the photothermal effect of GNBs-Cur solu
tions at various concentrations was first explored. As illustrated in 
Fig. 3G and H, the temperature of GNBs-Cur solutions increased pro
gressively upon irradiation with a 1064 nm laser for 5 min as the con
centration of GNBs increased from 0 to 200 μg/mL. At a GNB 
concentration of 100 μg/mL, the temperature changed from 25.7 ◦C to 
43.1 ◦C and stabilized after 5 min of irradiation, indicating mild PTT. 
The correlation between laser power densities and temperature varia
tions was further investigated. The temperature of GNBs-Cur solutions 
reached 38.0 ◦C, 43.6 ◦C, and 52.0 ◦C when irradiated at power densities 
of 0.5, 1.0, and 2.0 W/cm2, respectively (Fig. 3I). The photothermal 
stability of GNBs-Cur was then confirmed by the negligible attenuation 
of the recorded temperatures from four times “on/off” cycles of laser 
irradiation (Fig. 3J). By measuring the temperature changes during the 
heating and cooling phases, the time constants (τs) of the thermal 
cooling process were calculated to be 269.13 s, and the corresponding 
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Fig. 4. In vitro evaluation of the therapeutic effect of GNBs-Cur. (A) Representative confocal laser scanning microscope (CLSM) images of A549 cells treated with 
free Cur and GNBs-Cur at different time points (scale bar = 5 μm). (B) Flow cytometry analysis of A549 cells interacted with free Cur and GNBs-Cur at various time 
points. (C) Semiquantitative fluorescence intensity of A549 cells incubated with free Cur and GNBs-Cur at different time points. (D) CCK-8 method for the survival 
rate of A549 cells treated by GNBs-Cur with and without laser irradiation. (E) Quantification of the percentage of viable and dead cells in (F). (F) Live/dead staining 
study of A549 cells after distinct treatments (scale bar = 50 μm). (G) Apoptosis analysis of A549 cell after different treatments. I) PBS, II) NIR, III) GNBs + NIR, IV) 
Cur, V) GNBs-Cur, and VI) GNBs-Cur + NIR. Data are presented as the mean ± S.D (n = 3). *p < 0.05, **p < 0.01.
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photothermal conversion efficiency was 37.7 % (Fig. 3K). Finally, we 
confirm that Cur loading does not affect the photothermal properties of 
GNBs, with no remarkable change in the temperature of the PBS and Cur 
solutions (Fig. S7). However, discernible heat elevation was observed in 
the GNBs and GNBs-Cur solutions, which exhibited similar photo
thermal effects (≈43 ◦C). These results indicate that GNBs-Cur exhibits 
favorable heat generation under laser irradiation and has great potential 
as a photothermal agent for mild PTT.

3.5. Cellular uptake and proapoptotic effects in vitro

The internalization process of GNBs-Cur was investigated using a 
CLSM and a flow cytometer. As illustrated in Fig. 4A, cells were incu
bated with free Cur or GNBs-Cur, and the FL signal was observed at 
different times (1, 2, and 4 h). After the first 1 h, both groups showed dot 
FL with weak green signals, implying that Cur and GNBs-Cur nano
particles were initially ingested by A549 cells. The intensity of the 
intracellular green FL signal gradually increased over time, indicating 
that tumor cells took up more drugs. After 4 h of endocytosis, the FL 
intensity was significantly increased compared to that after 1 h. Notably, 
the green signal of the GNBs-Cur group was brighter than that of the free 
Cur group, suggesting that the GNBs play a role in facilitating Cur entry 
into the cells because of their good biocompatibility and delivery ca
pacity. Next, quantitative analysis of cellular uptake was performed by 
flow cytometry (Fig. 4B). The result also showed that cellular uptake 
behavior was time-dependent, and after 4 h of endocytosis, the FL in
tensities of free Cur and GNBs-Cur were estimated to be 31874 and 
35332, respectively. The semiquantitative analysis of CLSM images also 
indicated the highest FL intensity after 4 h of endocytosis, which was 
similar to the flow cytometry (FC) results (Fig. 4C). These findings 
suggest that GNBs can serve as effective carriers for the delivery of Cur. 
As concluded from the data, the final performance of GNBs-Cur 

exhibited effective cellular uptake efficiency, which facilitated the 
therapeutic effect of the in vivo treatment.

Before evaluating the in vitro mild PTT/chemotherapy performance, 
the cytotoxicity of GNBs was evaluated. To demonstrate the synergistic 
effect of chemotherapy and mild PTT, cell viability after distinct treat
ments was investigated using the CCK-8 assay. For in vitro mild PTT, the 
survival rate of cells decreased with improved concentrations of GNBs, 
similar to the therapeutic effect in a dose-dependent manner when the 
laser was turned on or off (Fig. S8). For in vitro chemotherapy, cell 
viability was reduced as the concentration of Cur was increased from 
0 to 20 μM (Fig. S9). In addition, cells treated with GNBs-Cur in the 
absence of laser irradiation demonstrated a moderate cell killing effect 
with 51 % viability under a Cur concentration of 20 μM. Mild PTT or 
chemotherapy alone did not lead to sufficient A549 cell killing ability. In 
contrast, a markedly augmented cell killing effect was observed for 
A549 cells treated with GNBs-Cur upon laser irradiation, leading to a 
survival rate of only 25 %, indicating a synergistic effect between 
chemotherapy and mild PTT. Furthermore, to further assess the syner
gistic antitumor efficacy of chemotherapy and mild PTT, A549 cells in 
various treatments were stained using the Calcein-AM/PI staining kit 
(Fig. 4E and F). Only green spots were observed in the PBS and NIR 
groups, while the GNBs + NIR showed a small number of red spots, 
implying that mild PPT alone did not have a desired antitumor effect. 
However, more red spots were observed in the GNBs-Cur group treated 
with laser radiation (GNBs-Cur + NIR), demonstrating the effective 
antitumor effect of chemotherapy and mild PTT synergistic therapy.

Additionally, FC was performed to investigate the death pattern of 
A549 cells after distinct treatments. The FC results indicated that the 
survival rates of A549 cells treated with NIR or GNBs + NIR were 88.4 % 
and 86.4 % (Fig. 4G). The apoptosis rates of the Cur and GNBs-Cur 
groups were 16 % and 23 %, respectively. After exposure to 1064 nm 
laser irradiation, the apoptosis rate induced by GNBs-Cur reached 30 %, 

Fig. 5. In vitro mechanisms of enhanced mild PTT and chemotherapy. (A) Western blot analysis of HSP90, PI3K, AKT, and caspase 3 expression in A549 cells after 
various treatments. (B–E) Quantification of HSP90, PI3K, AKT, and caspase 3 levels. Data are shown as the mean ± S.D (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. 
(F) Schematic illustration of GNBs-Cur optimized synergistic mild PTT and chemotherapy.
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which was significantly higher than that triggered by other treatments. 
The highest apoptosis rate of GNBs-Cur nanoparticles under laser irra
diation further demonstrated the effectiveness of chemotherapy and 
NIR-II-responsive mild PTT combination at the cellular level in vitro.

3.6. Mechanism of GNBs-Cur remodeling of the thermoresistant 
microenvironment

The therapeutic efficacy of mild PTT is limited by HSP90 expression 
and related anti-apoptotic pathways in A549 cells [46,47]. Based on the 
results of bioinformatic analysis, we hypothesized that GNBs-Cur could 
inhibit the high expression of HSP90 to remodel the thermoresistant 
microenvironment; thus, western blot was performed to investigate the 
mechanism of GNBs-Cur treatment. As shown in Fig. 5A–E and S10A–C, 
HSP90 expression was significantly downregulated in the presence of 
Cur compared to the PBS and mild PTT groups (GNBs + NIR). The 
GNBs-Cur + NIR group exhibited HSP90 expression that was approxi
mately 2.2-fold lower than that of the cells in the PBS and GNBs + NIR 
groups. Correspondingly, the related client proteins (AKT, p-AKT, PI3K, 
and p-PI3K) were effectively blocked by the inhibition of HSP90 
expression. The relative expression values of p-AKT and p-PI3K in A549 
cells incubated with GNBs-Cur under laser irradiation were 0.51 and 
0.49, respectively, which were much lower than those of the PBS groups 
(1.03 and 1.01, respectively). We also examined the levels of 
apoptosis-related proteins downstream (caspase 3) of the PI3K/AKT 
pathway. It is well known that caspase 3 is the major end-shedding 
enzyme in apoptosis and that it is autoclaved when the apoptosis is 

initiated [18]. Fig. 5A and D shows that caspase 3 expression was 
significantly reduced by 7.14-fold in the GNBs-Cur + NIR group 
compared to the PBS group. Thus, according to previous studies 
[48–51], we speculated that Cur could bind to HSP90, resulting in a 
decrease in HSP90 stability and its degradation via the proteasome 
pathway. Meanwhile, downregulation of HSP90 leads to impeded 
folding of client proteins such as AKT and PI3K (Fig. 5F). Collectively, 
these results indicated that GNBs-Cur with irradiation effectively 
inhibited the upregulation of HSP90 and its client proteins, while 
apoptosis of tumor cells was triggered by the synergistic effects of 
GNB-induced mild PTT and Cur-generated chemical damage and cell 
thermotolerance decrease.

3.7. Real-time PA/FL imaging

Before evaluating the therapeutic efficacy of GNBs-Cur in vivo, in 
vivo FL/PA imaging was performed in A549 tumor-bearing mice. 
Considering the robust and extensive near-infrared (NIR) absorption 
characteristics of GNBs-Cur, employing wavelengths of 740 nm and 945 
nm can effectively leverage the optical properties of GNBs (Fig. S11). 
This approach enhances the informational content of photoacoustic 
signals, thereby improving the sensitivity and accuracy of imaging. 
Photoacoustic imaging were employed to elucidate the in vivo distri
bution of GNBs-Cur and to ascertain the optimal time window for 
administering mild PTT. After injecting GNBs-Cur, PA images were 
taken with 740 and 945 nm laser illumination at designated time in
tervals (2, 4, 8, 12, and 24 h), and PA images were also taken before 

Fig. 6. In vivo FL and PA images of GNBs-Cur in A549-bearing mice. (A) In vivo PA images (λex = 740 nm and 945 nm) of mice before and after injection with GNBs- 
Cur. (B) FL images of the GNBs-Cur accumulation in tumors. (C) Quantitative PA intensity of tumors at distinct time points (n = 3). (D) Semiquantitative FL intensity 
of tumor site at different time points (n = 3). (E) FL intensity of major organs from GNBs-Cur-treated mice.
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injection. As shown in Fig. 6A, the PA signal intensity of tumors was 
gradually enhanced over time and reached a maximum at 4 h, which was 
attributed to the accumulation of GNBs-Cur through the EPR effect. The 
semi-quantitative analysis showed that the average PA intensities under 
740 nm and 945 nm laser illumination were approximately 0.514 and 
0.448 a.u. at 4 h, respectively, which were 1.93 times and 1.67 times 
higher than those before injection (Fig. 6B). Meanwhile, we also per
formed whole-body FL imaging to investigate the in vivo biodistribution 
of GNBs-Cur. FL imaging was implemented at 2, 4, 8, 12, and 24 h post- 
injection. As illustrated in Fig. 6C and D, a duration of 4 h was identified 
as the optimal laser irradiation time for mild PTT to minimize potential 
side effects. At 24 h post injection, mice were sacrificed, and major or
gans were collected for biodistribution analysis. The FL images indicated 

that GNBs-Cur accumulated in the tumor (Fig. 6E and S12). Meanwhile, 
high FL intensities were observed in the liver and kidney, indicating that 
GNBs-Cur could be metabolized in vivo. The FL/PA imaging results 
revealed that laser irradiation of the tumor region was conducted at 4 h, 
which may achieve optimal mild PTT/chemotherapy efficacy.

3.8. In vivo mild photothermal chemotherapy of GNBs-Cur

Given the favorable efficacy of GNBs-Cur-mediated mild PTT com
bined with chemotherapy in inducing cell apoptosis, we further inves
tigated whether a similar effect occurred in A549 tumor-bearing nude 
mice following the protocol shown in Fig. 7A. Initially, we examined the 
extent of damage inflicted on adjacent normal tissues by hyperthermia 

Fig. 7. In vivo synergistic mild PTT and chemotherapy of GNBs-Cur for NSCLC. (A) Schematic illustration of the GNBs-Cur therapy procedure in vivo. (B, C) H&E 
staining of skin (scale bar = 200 μm) and photographs of mice treated with GNBs-Cur with 1064 nm laser at 1 W cm− 2 (mild PTT) and at 1.5 W cm− 2 (hyperthermia). 
(D) Tumor growth curves of mice in various groups. (E) Tumor weights in various groups. Data are shown as the mean ± S.D (n = 5). **p < 0.01, ***p < 0.001. (F) 
Photographs of ex vivo tumors in different groups. (G) Representative photographs of mice and corresponding excised tumors on day 16 after different treatments. 
(H) H&E staining (scale bar = 50 μm), IF TUNEL, Ki67, HSP90, and caspase 3 staining of tumor sections in various groups (scale bar = 20 μm).

Fig. 8. Biosafety evaluation in vivo. (A) H&E levels of major organs (heart, liver, spleen, lung, and kidney) excised from mice treated with PBS, Cur, GNBs + NIR, 
GNBs-Cur, and GNBs-Cur + NIR (scale bar = 100 μm). (B, C) Serum levels of AST and ALT (liver function markers) in nude mice in different groups (n = 5). (D) 
Serum levels of BUN and CRE (kidney function markers) in nude mice in various groups (n = 5).
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therapy and mild PTT. The maximum temperatures achieved in the tu
mors during mild PTT and hyperthermia therapy were 43 ◦C (1 W/cm− 2) 
and 58 ◦C (1.5 W/cm− 2), respectively (Fig. S13). Following intravenous 
injection of GNBs-Cur, H&E staining of the skin was performed on mice 
after irradiation using lasers. The results showed no significant inflam
mation or thermal damage in the tumor skin and surrounding normal 
tissues with mild PTT compared to conventional PTT, implying that mild 
PTT has better biocompatibility (Fig. 7B and C). The in vivo mild PTT/ 
chemotherapy performance was subsequently evaluated, in which mice 
were randomly divided into five groups: PBS, GNBs + NIR, Cur, GNBs- 
Cur, and GNBs-Cur + NIR. We validated the antitumor performance 
by analyzing the volume, weight, and photograph of the extracted tu
mors (Fig. 7D–G). As shown in Fig. 7D and E, the volume and weight of 
tumors in the GNB + NIR group were consistent with those of the PBS 
group, indicating that the cytotoxicity of single mild PTT was slight. The 
tumor growth of the Cur and GNBs-Cur groups exhibited moderate in
hibition, while the GNBs-Cur + NIR group achieved better tumor sup
pression owing to the excellent synergetic lung cancer mild PTT/ 
chemotherapeutic regimen. Digital photographs of mice and ex vivo 
tumors revealed that the GNBs-Cur + NIR group had the smallest tumors 
compared to those in the other groups, further proving the therapeutic 
effect of GNBs-Cur + NIR (Fig. 7F and G). Throughout the treatment 
period, no significant difference in body weight was observed among the 
groups (Fig. S14).

To investigate the tumor inhibition mechanisms of GNBs-Cur, his
tological analysis of tumor slices was first performed at the end of 
treatment to observe pathological changes at the histological level 
(Fig. 7H). There was no significant organ damage in the PBS and GNBs 
+ NIR groups through H&E staining, whereas the GNBs-Cur + NIR group 
exhibited severe tissue damage after treatment. TUNEL staining 
revealed that the number of red fluorescent dots increased remarkably in 
tumors of the GNBs-Cur + NIR group, indicating the presence of many 
apoptotic cells at the tumor site after GNBs-Cur + NIR treatment. Ki67 
staining exhibited a weak green signal, indicating the potential of GNBs- 
Cur + NIR treatment to suppress tumor cell proliferation. To determine 
the mechanism of GNBs-Cur, immunofluorescence (IF) staining was 
used to evaluate the expression of HSP90 and caspase 3. The IF showed 
that HSP90 and caspase 3 were significantly downregulated in tumors of 
the GNBs-Cur + NIR group, thus inducing apoptosis of tumor cells by 
remolding the thermoresistant microenvironment and enhancing their 
sensitivity to chemotherapy. These results elucidate the excellent anti
tumor efficiency of GNBs-Cur-mediated synergistic mild PTT and 
chemotherapy.

3.9. Biosafety evaluation of GNBs-Cur

After subjecting mice to different treatments (including PBS, Cur, 
GNBs + NIR, GNBs-Cur, and GNBs-Cur + NIR), a comprehensive bio
toxicity analysis was conducted to assess the biosafety of GNBs-Cur. The 
heart, liver, spleen, lung, and kidneys were stained with H&E dye for 
histopathological examination. As shown in Fig. 8A, compared to the 
PBS group, no significant pathological damage was observed in the 
major organs of the GNBs-Cur and GNBs-Cur + NIR groups, demon
strating the high biocompatibility of NIR-II responsive GNBs-Cur. 
Furthermore, the biochemical indices of blood indicated that, upon 
GNBs-Cur + NIR treatment, either the hepatic function indices (AST and 
ALT) or the renal function indices (CREA and UREA) remained within 
the normal range and exhibited no obvious difference compared to those 
of the PBS group (Fig. 8B–D). These findings confirmed the excellent 
biological safety and biocompatibility of NIR-II-responsive GNBs-Cur.

4. Conclusion

Overexpression of HSP90 in tumor cells can shape the thermor
esistant microenvironment and activate the antiapoptotic pathway 
during treatment, thereby reducing the therapeutic efficacy. 

Nanomaterials combined with bioinformatics enable the design of 
nanomedicines that effectively block the HSP90 pathway and related 
molecular chaperone expression. In summary, we successfully devel
oped an NIR-II responsive nanoplatform (GNBs-Cur) to enhance mild 
PTT and chemotherapy for NSCLC. Based on computational simulations 
and protein structure prediction, the strength of drug-HSP90 in
teractions was investigated, and strong binding was observed between 
Cur and HSP90. We predicted that GNBs-Cur could effectively inhibit 
the upregulation of HSP90 and block the intracellular anti-apoptotic 
pathway to enhance apoptosis in tumor cells via network pharma
cology. We further demonstrated that GNBs-Cur downregulate HSP90 in 
tumor cells under laser exposure, resulting in increased sensitivity of 
tumor cells to heat stress and drugs. After intravenous injection into the 
body, PA-imaging-guided GNBs-Cur exhibited good tumor accumulation 
behavior and significant tumor suppression on the basis of a combina
tion of mild PTT and chemotherapy. Overall, our findings not only 
emphasize the importance of bioinformatics in guiding nanomedicine 
design but also provide new directions for developing multimodal syn
ergistic therapies against NSCLC.
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