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Background: Resistance to traditional treatments has spurred research into innovative therapeutic approaches for tumors. Among these 
innovative treatments, photothermal therapy (PTT) has gained increasing attention for its use of photothermal agents (PTAs) to convert light 
into heat for localized tumor ablation. However, PTT faces limitations due to heat shock protein 70 (HSP70)-mediated resistance in tumor 
cells. Combining PTT via indocyanine green (ICG) with siRNA HSP70 could reduce the thermal resistance of the tumor, thereby enhancing 
treatment efficacy. Albumin-based nanoparticles (NPs) can effectively deliver ICG and siRNA into tumor cells. When exposed to near- 
infrared (NIR) light, these nanoparticles trigger lysosomal escape and release, further enhancing gene silencing activity.
Methods: This study aimed to develop a biocompatible delivery system, HSA@ICG/siRNA NPs, for photothermal-enhanced tumor 
therapy. The nanoparticles were characterized for size, charge, surface functionalization, and photoconversion properties. In vitro 
antitumor efficacy was evaluated using MTT assay, calcein AM/PI staining, RT-PCR, and Western blot in 4T1 tumor cells. In vivo, we 
assessed photothermal effects, biodistribution, tumor inhibition, and biosafety following irradiation.
Results: Characterization confirmed the successful synthesis of uniform, stable HSA@ICG/siRNA NPs with effective photothermal 
conversion properties. Cellular uptake studies revealed high siRNA internalization, with laser-induced lysosomal escape enhancing 
cytoplasmic delivery. In vitro, gene silencing reduced mRNA and protein levels by 82.8% and 65%, respectively. In vivo, local tumor 
temperature increased to 42°C within 3 minutes, indicating a mild but effective photothermal effect. Tumor inhibition rates were 
50.00% ± 9.16% for HSA@ICG and 71.26% ± 7.92% for HSA@ICG/siRNA, demonstrating enhanced tumor suppression. The 
treatment achieved sustained tumor targeting with minimal off-target toxicity.
Conclusion: As a dual-function photothermal therapy agent, HSA@ICG/siRNA NPs combine targeted gene silencing with photo-
thermal effects, demonstrating significant therapeutic promise. This integrated approach addresses tumor resistance, offering 
a potential advancement in cancer treatment strategies.
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Introduction
Cancers are among the leading threats to human health due to their complex pathogenesis and rising incidence.1,2 Traditional 
treatments include surgery, chemotherapy, and radiation therapy.3 These treatments are mostly limited or accompanied by side 
effects, such as high toxicity, non-target distribution, short half-life, and multi-drug resistance.4,5 Given these limitations, 
several emerging therapies such as photothermal therapy (PTT), photodynamic therapy (PDT), chemodynamic therapy 
(CDT), and immunotherapy have gained attention as potential alternatives.6 Among these, PTT has garnered significant 
interest due to its minimally invasive nature, spatial precision, and ability to convert light into localized heat for tumor 
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ablation. This technique offers the advantage of precise, targeted treatment, addressing some limitations associated with 
traditional cancer therapies.5,7,8

A crucial element for effective PTT is a high-quality photothermal agent. ICG, a near-infrared fluorescent dye with better 
in vivo clearance and low toxicity, holds FDA approval for in vivo applications.9–11 ICG exhibits absorption and fluorescence 
maxima in the NIR region, specifically at approximately 780 nm and 820 nm, which are within the biological window for 
optimal tissue penetration.12,13 Under 808 nm laser irradiation, ICG can efficiently convert absorbed near-infrared (NIR) 
laser energy into heat for photothermal therapy.14 High-power lasers used in PTT can pose a risk by potentially damaging 
surrounding normal tissues if the local temperature exceeds 46°C to fully ablate tumors.15

Therefore, developing NIR-triggered mild PTT is essential for advancing optical cancer treatments, employing low 
operating temperatures. Mild photothermal heating has been shown to improve the cellular uptake of therapeutic agents 
and facilitate drug release from nanocarriers within cells, thereby enhancing the anticancer effects in a synergistic 
manner.16–18 Upon light irradiation, the activated photosensitizers generate reactive oxygen species (ROS), which disrupt 
liposomal and lysosomal membranes, thereby releasing the encapsulated drugs into the cytosol.19–21

However, using lower temperatures like 40–45°C in modern PTT approaches presents a new challenge: the production 
of heat shock proteins (HSPs) that could counteract the therapy’s damage by enhancing heat tolerance rapidly.22–25 Among 
the HSPs, Heat Shock Protein 70 (HSP70) contributes to several oncogenic processes, including anti-apoptotic responses, 
suppression of antitumor immune responses, promotion of tumor growth, and facilitation of cell migration.26–30 Previous 
studies have shown that the overexpression of HSP70 in tumor cells can lead to resistance against various cancer therapies, 
including PTT.24,31 Consequently, targeting and inhibiting HSP70 shows promise as a potential mild photothermal therapy, 
which can solve the problem of high temperature during PTT and achieve excellent therapeutic effect.32,33 By down-
regulation HSP70 expression, the heat resistance of tumor cells can be mitigated, potentially sensitizing them to PTT- 
induced thermal damage.34 The utilization of HSP70 siRNA in combination with PTT can be a promising approach to 
combat the overexpression of HSP70 and enhance the effectiveness of cancer treatment.34–38

However, effective delivery of siRNA to target cells is often hindered by challenges such as degradation and limited 
uptake.39 Nano-drug delivery carriers have become indispensable in overcoming these obstacles and enhancing the 
therapeutic efficacy of exogenous siRNA.40,41 Human Serum Albumin (HSA) is a promising candidate for drug delivery 
applications due to its inherent natural properties, including biocompatibility, biodegradability, low immunogenicity, and 
non-toxicity.42–44 Furthermore, the rapid multiplication of tumor cells requires a large amount of nutrients, and albumin 
can provide just the right amount of amino acids and energy, making it easy for tumor cells to take up albumin.45

The design of HSA@ICG/siRNA nanoparticles leverages the unique structural properties of HSA, enabling efficient 
loading of both ICG and siRNA through hydrophobic and electrostatic interactions. The structural domain of HSA is 
a hydrophobic positively charged pocket structure that can form complexes with insoluble or exogenous substances.46,47 

HSA can non-covalently bind ICG into the hydrophobic domain via hydrophobic binding, based on their structure 
comprising anionic, lipophilic, and aromatic characteristics12,18,48,49 siRNA can be encapsulated in HSA through 
desolvation-crosslinking method (Figure 1A).39,50,51 Our previous studies successfully encapsulated siRNA within 
BSA nanoparticles using the same method and subsequently optimized the preparation.39,50

Synergistic enhancement of PTT including ICG and siRNA targeting HSP70 with HSA, holds promise for developing 
an effective and targeted therapy for cancer treatment. The incorporation of ICG and siRNA into HSA NPs allows for the 
precise co-delivery of these therapeutic agents to the tumor site, exploiting the unique properties of each component to 
synergistically enhance the efficacy of PTT (Figure 1B).

Material and Methods
Materials
HSA lyophilized powder was purchased from Beijing Biorigin Inc. Sodium Hydroxide (NaOH) and Anhydrous Ethanol from the 
Beijing Chemical Factory. 50% Glutaraldehyde was provided by Shanghai Maiklin Biochemical Technology Co., Ltd. ICG and 
BCA Protein Assay Kit was obtained from Thermo Fisher Scientific (USA). Phosphate Buffered Saline (PBS) was purchased 
from Beijing Noble Ryder Technology Co., Ltd. GelRed Nucleic Acid Gel Stain was procured from Biotium.Inc (USA) for 
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visualizing nucleic acids. RNase was obtained from Sigma (USA). Ethylenediaminetetraacetic Acid (EDTA) was sourced from 
Solarbio (China). The Cell Counting Assay Kit (CCK-8) was acquired from Xinsaimi Biological Technology Co., Ltd. Thiazolyl 
Blue tetrazolium bromide (MTT, Aladdin, China). The sequences of HSP70 siRNA are 5ʹ-CGCAGAACACCGUGUUCGA-3ʹ 
(sense) and 5ʹ-UCGAACACGGUGUUCUGCG-3ʹ (anti-sense). Gene Pharmaceutical Technology Co., Ltd. (Shanghai, China) 
supplied the mouse-derived HSP70 siRNA-Cy5, the negative control HSP70 siRNA (NC), the probe HSP-70 customized gene 
qRT-PCR quantitative kit, and the GAPDH/β-actin calibration qRT-PCR quantitative kit.

The 4T1 cell line (mouse breast tumor cells) was obtained from the Cell Bank of the Chinese Academy of Sciences. 
Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin- 
streptomycin, and incubated at 37°C with 5% CO2.

Specific pathogen-free female BALB/c mice (weighing 16–18 g) were purchased from the Beijing Vital River 
Laboratory Animal Technology Co., Ltd. The trial was conducted in accordance with the guidelines of the Capital 
Medical University Animal Welfare Ethics Committee (approval ID: AEEI-2023-047).

Synthesis of HSA@ICG NPs
At room temperature, 4 mg HSA powder was weighed and placed into a vial. Next, 200 μL of purified water was added, and the 
solution pH was adjusted to 10.8 using 1 mol/L NaOH solution. The mixture was stirred uniformly at 700 rpm on a thermostatic 
magnetic stirrer until the HSA was completely dissolved. Using a syringe pump, 0.8 mL of anhydrous ethanol was gradually 
added to the solution at a rate of 1.0 mL/min, resulting in a visible Tyndall effect. The solution was continuously stirred at room 
temperature to allow for the formation of albumin nanoparticles. After 3 hours, 5 μL of a 50% glutaraldehyde solution was added 
to the nanoparticles to induce crosslinking, with stirring continued at 700 rpm on a thermostatic magnetic stirrer for an additional 
24 hours. The mixture was then centrifuged at 3000 rpm for 10 minutes at 4°C using a 100 kDa ultrafiltration tube, and the filtrate 

Figure 1 A schematic overview of HSA@ICG/siRNA NPs design and their anti-tumor efficacy. (A) The nanoparticles were synthesized via desolvation-crosslinking for 
siRNA encapsulation within HSA, followed by ICG loading through co-incubation and self-assembly. (B) Upon systemic administration, the nanoparticles accumulate at the 
tumor site. NIR irradiation induces photothermal heating, facilitating lysosomal escape of siRNA and downregulation of HSP70 expression, thereby enhancing the sensitivity 
of tumor cells to PTT and promoting cancer cell death.
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was discarded. The retentate was washed with 1 mL of purified water and centrifuged again for 10 minutes, after which the filtrate 
was discarded, leaving the purified albumin NPs.

To load ICG, 200 μL of a prepared 4 mg/mL ICG solution was added to the albumin nanoparticles with thorough mixing. 
The reaction mixture was covered with aluminum foil to prevent light exposure and incubated overnight in a 37°C water bath 
shaker. Following incubation, the mixture was centrifuged at 3000 rpm for 10 minutes at 4°C using a 100 kDa ultrafiltration 
tube, and the filtrate was discarded. The resulting HSA@ICG NPs were resuspended in 1 mL of distilled water, and the final 
concentration was determined according to ICG UV absorption standard curves.

Synthesis of HSA@ICG/siRNA NPs
Initially, 4 mg HSA powder was weighed and placed into a vial. Next, 200 μL of purified water was added, and the solution pH 
was adjusted to 10.8 using 1 mol/L NaOH solution. The mixture was stirred uniformly at 700 rpm on a thermostatic magnetic 
stirrer until the HSA was completely dissolved. 3 μL of a 100 μM siRNA (siRNA-Cy3 or siRNA-Cy5) solution was added to 
the HSA solution, and the mixture was stirred at 700 rpm on a thermostatic magnetic stirrer for 15 minutes. Using a syringe 
pump, 0.8 mL of anhydrous ethanol was gradually added to the solution at a rate of 1.0 mL/min, resulting in a visible Tyndall 
effect. After 3 hours, 5 μL of a 50% glutaraldehyde solution was added to crosslink. The synthesis process was subsequently 
completed according to the method detailed in the HSA@ICG NPs synthesis section.

Characterization of HSA@ICG and HSA@ICG/siRNA NPs
The particle size and surface charge of NPs were measured using a zeta potential analyzer (ZS90, Malvern, USA). The 
morphology of both HSA@ICG and HSA@ICG/siRNA NPs was observed with transmission electron microscopy 
(TEM) (JEM 1230, JEOL, Japan). The fluorescence emission spectra of siRNA Cy3 and Cy5 were measured using 
a fluorescence spectrometer (F2500, HITACHI, Japan). The ultraviolet-visible (UV-vis) absorption spectra of ICG were 
obtained using a UV-vis spectrophotometer (UV 2600, Shimadzu, Japan). The temperature rise of the nanoparticles under 
varying power intensities and exposure times was monitored using an 808 nm infrared laser (Changchun Leirui 
Optoelectronics Technology Co., Ltd.) along with a thermal imager (FOTRIC, USA).

Encapsulation Efficiency and Drug Loading Capacity of ICG
To determine the encapsulation efficiency (EE%) and drug loading capacity (DLC%) of ICG, standard solutions were 
prepared at concentrations of 1.5625, 3.125, 6.25, 12.5, and 25 μg/mL. The absorbance of each solution was measured at 
790 nm to generate a standard calibration curve. Subsequently, the absorbance of the prepared HSA@ICG/siRNA NPs 
solution was measured to determine the concentration of encapsulated ICG. The encapsulation efficiency and drug 
loading capacity were calculated using the following formulas:

Encapsulation Efficiency and Drug Loading Capacity of siRNA HSP70
For the determination of siRNA HSP70 encapsulation efficiency and drug loading, standard solutions were prepared 
at concentrations of 0.001, 0.006, 0.012, 0.025, 0.05, 0.22, and 0.67 μg/mL. To create a standard curve, fluorescence 
measurements were conducted using a fluorescence spectrophotometer with excitation at 650 nm and emission at 670 
nm. The fluorescence of the HSA @siRNA NP solution was then measured under the same excitation and emission 
conditions, allowing for calculating encapsulation efficiency and drug loading based on the established standard 
curve.
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Anti-RNase A Degradation in Vitro
For the nuclease stability assay, naked siRNA and HSA@ICG/siRNA NPs samples, each containing 5 μL of 0.15 μM 
siRNA, were incubated with 2 μL of 10 μg/mL RNase A solution at 37°C. The reaction was terminated by adding 2 μL 
of 10 mg/mL EDTA solution at 0 and 0.5 hours for naked siRNA samples, and at 0, 0.5, 1, 2, and 4 hours for HSA@ICG/ 
siRNA NPs. To release siRNA from NPs, 10 μL of 0.8 mg/mL heparin sodium was added 30 minutes before 
electrophoresis, followed by RNA loading buffer. 1% agarose gel prepared in TBE buffer and stained with GelRed 
was used for visualization. Gel electrophoresis was run at 100 V for 30 minutes, and siRNA bands were visualized using 
a ChemiDoc imaging system (Bio-Rad, USA).

HSP70 siRNA Release Experiment in vitro
To evaluate the siRNA release profile from HSA@ICG/siRNA NPs, dialysis bags with a 50 kDa molecular weight cutoff 
were filled with 200 μL of 0.15 μM HSA@ICG/siRNA NPs solution, either irradiated (1 W/cm² for 3 minutes) or non- 
irradiated, and sealed. The dialysis bags were rinsed with PBS and immersed in 5 mL of PBS within 10 mL centrifuge 
tubes, which were then placed in a 37°C light-protected water bath shaker. At predetermined intervals (1, 2, 3, 4, 6, 8, and 
24 hours), 1 mL of the external phase PBS was sampled and replaced with fresh PBS. After 24 hours, the internal phase 
from each dialysis bag was collected, and the fluorescence intensities of siRNA in both the external and internal PBS 
phases were quantified using a fluorescence spectrophotometer. The cumulative siRNA release was calculated to assess 
the release kinetics.

Cellular Uptake and Lysosomal Escape
To assess cellular uptake of Cy3-labeled siRNA, 4T1 cells were seeded in confocal culture dishes and incubated for 
48 hours at 37°C with 5% CO2 to facilitate cell attachment and growth. After confirming cell adherence, the medium was 
replaced with a fresh medium containing either Naked siRNA or HSA@ICG/siRNA NPs at a final Cy3-siRNA 
concentration of 10 nM. The cells were incubated for another 4 hours under the same conditions for cellular uptake. 
Following incubation, the medium was discarded, and the cells were rinsed with PBS. Hoechst 33342 staining solution 
(4 μL, 4 μg/mL) was then added to each dish for nuclear staining, and the cells were incubated for 15 minutes.

To assess lysosomal escape, 4T1 cells were treated with Cy3-labeled siRNA as a control or HSA@ICG/siRNA 
nanoparticles, with all groups containing a final concentration of 10 nM Cy3-siRNA. After 8-hour incubation, one group 
of the HSA@ICG/siRNA NPs was irradiated with an 808 nm NIR laser at a power density of 0.76 W/cm² for 3 minutes. 
Following an additional 4-hour incubation, the cells were rinsed with PBS and stained with Hoechst 33342 (4 μL, 4 μg/ 
mL) and Lysotracker Green (0.5 μL, 75 nM) to visualize lysosomes. Cellular localization and lysosomal escape were 
evaluated using confocal laser scanning microscopy (CLSM, TCSSP5, Germany).

Cell Viability and Cytotoxicity Assay
To assess cell safety evaluation, 4T1 cells were seeded in 96-well plates at a density of 8 × 10³ cells per well and 
incubated at 37°C with 5% CO2 for 24 hours to allow cell attachment. After confirming cell adherence, the test 
compounds HSA@ICG and HSA@ICG/siRNA NPs were added at concentrations of 5, 8, 10, 20, and 40 μg/mL. The 
cells were incubated with the test compounds for another 48 hours under the same conditions. Following this incubation, 
cell morphology was observed under a microscope. Then, CCK-8 solution was added to each well at a 1:10 dilution with 
the culture medium, and the plates were incubated for 1 hour. Finally, absorbance was measured at 450 nm using 
a microplate reader (Multiscan Spectrum 1500, Thermo, USA) to determine cell viability.
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To evaluate cytotoxicity, 4T1 cells were seeded at a density of 8 × 10³ cells per well in a 96-well plate and incubated 
at 37°C with 5% CO2 for 24 hours to allow for cell attachment. After confirming cell adherence, varying concentrations 
of HSA@ICG and HSA@ICG/siRNA NPs (2, 10, and 30 μg/mL) were added to each well, and the cells were incubated 
under standard conditions for 8 hours. Following this incubation, each treated well was irradiated at 808 nm with an 
intensity of 0.76 W/cm² for 3 minutes and then returned to the incubator for 24 hours. Subsequently, 25 μL of a 5 mg/mL 
MTT working solution was added to each well, and the plate was shaken gently to ensure mixing. The cells were 
incubated in a 37°C, 5% CO2 incubator for 4 hours. After this period, 150 μL of DMSO was added to dissolve the 
formazan crystals. Absorbance was measured at 570 nm using a microplate reader to determine the optical density (OD) 
in each well. Cell viability was calculated based on the OD values to assess cytotoxic effects.

Calcein AM/PI Staining for Apoptotic Cells
To evaluate the proportion of live and dead cells, 4T1 cells were seeded at a density of 1 × 104 cells per well in a 24-well 
plate and incubated at 37°C with 5% CO2 for 24 hours to allow for cell attachment. After confirming cell adherence, cells 
were treated with HSA@ICG or HSA@ICG/siRNA NPs at a concentration of 30 μg/mL and incubated for 8 hours under 
standard conditions. Each treated well was irradiated at 808 nm with an intensity of 0.76 W/cm² for 3 minutes, followed 
by an additional 24-hour incubation. Following treatment, cells were stained with a Calcein AM/PI detection working 
solution (1:500) and incubated at 37°C for 20 minutes in the dark. Live cells stained with Calcein-AM displayed green 
fluorescence (Ex/Em = 494/517 nm), while dead cells stained with PI showed red fluorescence (Ex/Em = 535/617 nm), and 
were visualized by fluorescence microscopy.

Real-Time PCR
Real-time reverse transcription PCR was performed using a PCR system (9700, 7500, Thermo, USA). 4T1 cells were 
transfected with blank medium, naked siRNA, Lipo2000/siRNA, HSA@ICG/siRNA, and HSA@ICG/siRNA NPs with 
NIR irradiation, with a final HSP70 siRNA concentration of 10 nM. After 8 hours of incubation, the HSA@ICG/siRNA 
NPs group was irradiated at 808 nm with an intensity of 0.76 W/cm² for 3 minutes. Following an additional 24 hours of 
incubation, total RNA was extracted from each sample using Trizol reagent. RNA concentration and purity were assessed 
with NanoDrop spectrophotometer (NanoDrop 1000, Thermo, USA). 2 μg of RNA were reverse-transcribed into 
complementary DNA (cDNA) using a reverse transcription kit. The cDNA was subjected to PCR amplification with 
specific primers for the target gene HSP70, with GAPDH serving as the internal control. Relative expression levels of 
HSP70 mRNA were quantified using the 2−ΔΔCt method.

Western Blot
4T1 cells were treated with either blank medium, naked siRNA, Lipo 2000/siRNA, or HSA@ICG/siRNA NPs with 
a final HSP70 siRNA concentration of 10 nM. After 8 hours of incubation, the HSA@ICG/siRNA NPs group was 
irradiated at 808 nm with an intensity of 0.76 W/cm² for 3 minutes. Following 48 hours of incubation, proteins were 
extracted from the cells using RIPA buffer on ice. Protein concentrations were measured using the BCA assay. Equal 
amounts of protein were denatured and loaded onto a 12% SDS-PAGE gel, followed by electrophoresis at 120 V for 
approximately 1 hour. Proteins were then transferred to a PVDF membrane pre-activated in methanol, using a transfer 
buffer and a current of 400 mA for 35 minutes on ice. The membrane was blocked with QuickBlock™ solution at room 
temperature for 2 hours, then incubated overnight at 4°C with primary antibodies specific to the target protein HSP70 and 
β-actin as a loading control. Following three washes with TBST, the membrane was incubated with HRP-conjugated 
secondary antibodies for 1 hour at room temperature. After additional TBST washes, protein bands were visualized using 
ECL reagent chemiluminescent reagent and imaged by imaging systems (ChemiDoc, Bio-Rad, USA).

Evaluation of the Photothermal Effect of HSA@ICG NPs in Vivo
Murine 4T1 breast tumor-bearing mice were randomly divided into two groups (n=3): PBS group and HSA@ICG NPs 
group. Each mouse in the PBS group received an intravenous injection of 50 μL PBS, while each mouse in the 
HSA@ICG NPs group received 200 μL of HSA@ICG NPs at a dose of 3 mg/kg. After 8 hours, tumors were irradiated 
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with an 808 nm laser at a power density of 1.91 W/cm² for 3 minutes. Temperature changes in both groups were 
monitored with an infrared thermal imager (FOTRIC, USA), capturing readings at 30-second intervals over the 3-minute 
irradiation period.

In Vivo Imaging
To evaluate the biodistribution and targeting ability of HSA@ICG/siRNA NPs, in vivo fluorescence imaging was conducted in 
4T1 tumor-bearing BALB/c mice. The mice were administered intravenous injections of either free ICG or HSA@ICG/siRNA 
NPs at a dose of 3 mg/kg ICG. Fluorescence imaging was performed at 1, 3, 8, 24, and 48 hours post-injection using an 
in vivo imaging system (IVIS Spectrum, PerkinElmer Inc., USA). Following the final imaging session, all mice were 
euthanized, and major organs (heart, liver, spleen, lungs, and kidneys) as well as the tumors were harvested.

Ex vivo fluorescence imaging of the dissected organs was conducted at 48 hours post-injection to quantify the organ- 
specific accumulation of each formulation. Fluorescence distribution in the organs was recorded using the in vivo 
fluorescence imaging system.

Tumor Inhibition of HSA@ICG/siRNA NPs in Vivo
To assess the therapeutic efficacy of HSA@ICG/siRNA NPs in vivo, 20 BALB/c SPF mice received injections of a 4T1 cell 
suspension (2×106 cells/mL) into the right hip. Once the tumors grew to around 200 mm3 (volume calculated as length × 
width2/2), the tumor-bearing mice were randomly divided into 4 groups (n=5): PBS, HSA@siRNA (13.3 μg/kg), 
HSA@ICG NPs (containing 3 mg/kg ICG), and HSA@ICG/siRNA NPs (containing 3 mg/kg ICG and 13.3 μg/kg siRNA).

The treatments followed an induction-maintenance strategy. Eight hours after injection, mice in the HSA@ICG and 
HSA@ICG/siRNA NPs groups received an initial laser irradiation at 808 nm with a power density of 1.91 W/cm² for 
3 minutes. Subsequent sessions retained the same drug dosage but reduced the laser power density to 0.76 W/cm² for 
3 minutes. Each treatment cycle included a one-day regimen of injection and irradiation, followed by two days of rest. 
This cycle was repeated for a total of three treatment sessions. Tumor measurements were taken every other day to 
monitor the response to the treatment.

After 12 days, organs (heart, liver, spleen, lungs, and kidneys) and tumor tissues were excised for further evaluation. 
The primary tumors and major organs were collected for H&E staining, TUNEL assay and Ki-67 staining.

Statistical Analysis
Group differences were assessed using a two-sided Student’s t-test or one-way ANOVA. Data are presented as means ± 
standard deviation (SD) from three independent experiments. Statistical significance was defined as *p < 0.05, **p < 0.01 
indicating higher significance.

Results
Synthesis and Characterization of HSA@ICG/siRNA NPs
HSA NPs were prepared using the desolvation method.52,53 The process involves mixing HSA with siRNA and ICG, and 
forming them into stable nanoparticles through cross-linking and co-incubation (Figure S1). As depicted in Figures 2A 
and 2C, the initial HSA NPs exhibited a mean nanoparticle size of 101.3 ± 0.55 nm and a zeta potential of −14.1 ± 1.26 
mV. Following the incorporation of siRNA, the nanoparticle size increased slightly to 111.1 ± 0.26 nm, accompanied by 
a change in surface charge to −20.7 ± 0.72 mV. This increase in particle size and negative zeta potential, and fluorescence 
spectrum of HSA@siRNA-Cy3 (Cy5) (Figure S2 and S3) all suggests the successful loading of siRNA into the 
nanoparticles. Upon conjugation with ICG, the nanoparticle size remained relatively stable at 109.5 ± 0.14 nm, while 
the zeta potential exhibited a significant increase in negativity, reaching −25.4 ± 1.51 mV. The observed increase in 
surface charge negativity indicates effective decoration of the NPs with ICG, which is likely due to the additional 
negative charge contributed by the ICG molecules. TEM images reveal that both HSA@ICG NPs and HSA@ICG/siRNA 
NPs exhibit a uniform size distribution and uniform spherical morphology. These results demonstrate the consistency of 
the spherical nanoparticles throughout the preparation process (Figure 2B).
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Figure 2 Characterization of physical and chemical properties of HSA@ICG/siRNA NPs. (A) DLS of HSA, HSA@ICG, HSA@ICG/siRNA NPs. (B) TEM images of the NPs and 
structure shape of HSA@ICG, HSA@ICG/siRNA NPS. (C) Zeta potential values of HSA, HSA@ICG, and HSA/ICG/siRNA NPs. The data were presented as the mean ± SD, n = 3. 
(D) Nuclease protection assay of HSA@ICG/siRNA NPs against RNase A. (E) Characterization of photothermal conversion of ICG, HSA@ICG, and HSA@ICG/siRNA NPs. The 
data were presented as the mean ± SD, n = 4. (F) Temperature variation curves of HSA@ICG/siRNA NPs under 808 nm laser irradiation at different power densities (0.013, 0.32, 
0.64, 0.76, 0.96, 1.3 W/cm2) for 1–6 min. The data were presented as the mean ± SD, n = 4. (G) UV-vis spectrum of HSA@ICG and HSA@ICG/siRNA NPs. (H) Cumulative release 
of HSA@ICG/siRNA NPs with irradiation and non-irradiation in a dialysis bag with a molecular weight of 50 k Da in PBS. The data were presented as the mean ± SD, n = 4.
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The UV-vis absorbance spectra in Figure 2G suggested that the prepared HSA@ICG and HSA@ICG/ siRNA HSP70 
are both complexes formed by conjugating ICG, respectively. ICG has a strong absorption peak of around 790 nm in the 
NIR region, making it suitable for photothermal therapy. According to the ICG UV absorption standard curve (Figure S4) 
and the absorbance of HSA@ICG/siRNA NPs, the encapsulation efficiency and drug loading capacity of ICG in 
HSA@ICG/siRNA NPs were determined to be 56.7% and 11.55%, respectively.

Based on the siRNA-Cy5 fluorescence standard curve (Figure S5) and the measured fluorescence intensities of 
HSA@ICG/siRNA NPs, the encapsulation efficiency of siRNA HSP70 was found to be 44.32%, with a drug loading 
capacity of 0.49 μg/mg, equivalent to 0.05%.

According to the BCA standard curve (Figure S6) and the absorbance of the supernatant from the HSA@ICG/siRNA 
NPs solution, the albumin NPs sphering rate was calculated to be 92.68%, indicating a high sphering efficiency.

Anti-RNase A Degradation in Vitro
The in vivo degradation of siRNA by RNase presents a significant challenge to the clinical application of siRNA 
therapies.39 As demonstrated in Figure 2D, bands corresponding to naked siRNA disappeared after 0.5 hours of 
interaction with RNase A, indicating that RNAase A completely degrades naked siRNA. In contrast, the HSA@ICG/ 
siRNA NPs retained distinct bands after 4 hours of exposure to RNase A, suggesting that HSA nanoparticles effectively 
protect siRNA from RNase A degradation.

Photothermal Conversion Ability in Vitro
The temperature variation curves demonstrated a significant increase in temperature with increasing power densities during 808 
nm laser irradiation. The comparative results showed that the photothermal conversion capacities of ICG, HSA@ICG, and 
HSA@ICG/siRNA NPs were basically consistent, with all formulations achieving temperatures of 46.5–50°C in 6 minutes 
(Figure 2E). Notably, at a power density of 0.76 W/cm² for 3 minutes, the temperature reached 46°C (Figure 2F). This indicates 
a strong photothermal effect at this power density. Further analysis was performed on temperature changes in samples with 
varying concentrations of ICG ranging from 0 to 30 μg/mL. At a consistent power density of 0.76 W/cm², higher concentrations 
resulted in higher temperatures, confirming that the photothermal conversion efficiency is concentration-dependent (Figure S7). 
The photothermal conversion efficiency of HSA@ICG/siRNA NPs was calculated to be 60.58% using an 808 nm near-infrared 
laser with a power density of 0.76 W/cm², demonstrating the efficacy of the nanoparticle system in converting light energy into 
heat for potential therapeutic applications. The intracellular photothermal conversion was assessed in 4T1 cells under similar 
laser irradiation conditions (808 nm, 0.76 W/cm² for 6 minutes). The results indicated that both HSA@ICG and HSA@ICG/ 
siRNA NPs achieved comparable temperatures of approximately 49°C within 3 minutes (Figure S8).

In vitro siRNA Release
As shown in Figure 2H, the release of siRNA was evaluated from HSA@ICG/siRNA NPs under both irradiated and non- 
irradiated conditions using fluorescence spectrophotometry. After 8 hours, the cumulative release percentages were 
87.75% ± 0.14% for the irradiated group and 46.01% ± 0.20% for the non-irradiated group. Notably, the release of 
HSA@ICG/siRNA NPs was significantly enhanced following irradiation with an 808 nm laser (1 W/cm² for 3 minutes) 
compared to the non-irradiated condition. These results suggest that NIR irradiation effectively induces siRNA release.

Cellular Uptake and Lysosomal Escape
The 4T1 cells were exposed to either naked siRNA-Cy3 or HSA@ICG/siRNA NPs for 4 hours at a concentration of 10 nM. 
Subsequent staining with Hoechst 33342 and confocal microscopy revealed a striking difference in cellular uptake (Figure 3A). 
As expected, the control group treated with naked siRNA-Cy3 exhibited minimal to no red fluorescence within the cytoplasm, 
indicating negligible cellular uptake. Conversely, cells treated with HSA@ICG/siRNA NPs displayed a pronounced red 
fluorescence signal in the cytoplasmic compartment, clearly demonstrating the successful cellular uptake of siRNA.

Figure 3B illustrates the lysosomal escape of Cy3-labeled siRNA delivered via HSA@ICG/siRNA NPs, comparing 
conditions with and without NIR irradiation. Previous studies have demonstrated that NIR light can enhance nanoparticle 
lysosomal escape.19,20 In confocal imaging, the non-irradiated HSA@ICG/siRNA NPs group exhibited weak and less 
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pronounced red fluorescence, indicating limited siRNA cytoplasmic release. Furthermore, the analysis revealed signifi-
cant colocalization between Cy3 fluorescence (representing siRNA) and lysotracker green fluorescence (indicating 
lysosomes), suggesting that the nanoparticles were predominantly trapped within the lysosomal compartments. This 
entrapment could hinder effective siRNA delivery, as localization within lysosomes prevents the molecules from 
reaching their intracellular targets.

In contrast, NIR-irradiated cells showed higher siRNA fluorescence in the cytoplasm and a significant reduction in 
lysotracker fluorescence, further supporting the conclusion that NIR irradiation disrupts lysosomal integrity. These results 
suggest a potential escape of nanoparticles from the endosomal compartments, indicating enhanced cytoplasmic delivery of 
siRNA.

Figure 3 Cellular uptake and lysosomal escape visualized by confocal microscopy. (A)The confocal microscopy images illustrate the cellular uptake of Naked siRNA-Cy3 and 
HSA@ICG/siRNA NPs at a concentration of 10 nM for siRNA in 4T1 cells. (B) Confocal microscopy images of Cy3-labeled siRNA uptake in 4T1 cells treated with naked 
siRNA, HSA@ICG/siRNA NPs without irradiation, and HSA@ICG/siRNA NPs with 808 nm irradiation (0.76 W/cm², 3 min). Cells were stained with Hoechst (blue) for 
nuclei, Lysotracker (green) for lysosomes, and siRNA-Cy3 (red) for siRNA.
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Cellular Viability and Cytotoxicity
The cell safety assay was conducted using CCK8 assay to evaluate the safety profile of HSA@ICG/siRNA NPs in 4T1 
cells at different concentrations at 5, 8, 10, 20, 40 μg/mL without irradiation. Figure 4A illustrates that even at an ICG 
concentration of 40 μg/mL without laser irradiation, the cell survival rate remained above 90%, indicating the favorable 
cell safety of HSA@ICG/siRNA NPs.

To assess cytotoxicity, MTT assays were conducted on 4T1 cells treated with HSA@ICG and HSA@ICG/siRNA NPs 
at concentrations of 2, 10, and 30 μg/mL (Figure 4B). Upon irradiation at 808 nm, 0.76 W/cm² for 3 minutes, the two 
groups exhibited a notable increase in cytotoxicity with escalating concentrations. Comparatively, the cytotoxicity of 
HSA@ICG/siRNA NPs was higher than that of HSA@ICG NPs. At 30 μg/mL concentration, the cell viability for 
HSA@ICG was 37.4%, whereas for HSA@ICG/siRNA, it was 19.1%. This suggests that the incorporation of siRNA 
HSP70 effectively enhances the PTT efficacy, highlighting the potential of HSA@ICG/siRNA NPs for therapeutic 
applications.

Subsequently, the apoptotic morphology was evaluated using Calcein AM/PI staining and analyzed with fluorescence 
microscope. Figure 4C demonstrates varying degrees of damage among the blank control, blank control cells with NIR, 
HSA@ICG+NIR, and HSA@ICG/siRNA+NIR NPs groups. Notably, both the control and laser-irradiated cells exhibited 
minimal cytotoxicity. As expected, the HSA@ICG/siRNA NPs group, at a concentration of 30 μg/mL, demonstrated 
enhanced tumor-killing effects compared to the HSA@ICG NPs group under 808 nm NIR light irradiation.

Gene and Protein Expression
RT-PCR analysis was conducted to assess the gene silencing efficiency of HSA@ICG/siRNA NPs in 4T1 cells, using 
GAPDH as an internal control. Cells were treated with 10 nM HSP70 siRNA delivered via naked siRNA, Lipo2000/ 
siRNA, and HSA@ICG/siRNA NPs with and without NIR irradiation. The 2−ΔΔCT method was employed to quantify 
relative mRNA levels of HSP70 across each treatment group. Results indicated that the gene silencing efficacy of 
HSA@ICG/siRNA NPs group with NIR irradiation was significantly higher than in the control groups, with a notable 
reduction in relative HSP70 mRNA expression to 17.17% ± 13.89% (Figure 4D). This demonstrates that NIR light 
synergistically enhances gene silencing. The Lipo2000 group showed a moderate reduction in HSP70 mRNA. Given the 
previously reported cytotoxic effects of Lipo2000 on cells, this potential toxicity might have influenced the experimental 
outcomes.54,55 Conversely, the HSA@ICG/siRNA NPs group without irradiation exhibited a minor reduction. HSP70 
expression is typically stress-induced.56 Without stressors like NIR or cytotoxicity, baseline HSP70 levels might remain 
low, resulting in minimal differences in mRNA levels compared to control groups.

Western blotting was performed to assess the protein expressions of cellular HSP70, utilizing β-actin as the control. 
4T1 cells underwent treatment with Naked siRNA, Lipo2000/siRNA, and HSA@ICG/siRNA NPs with NIR irradiation, 
each containing an equivalent concentration of 10 nM siRNA HSP70. The relative protein expression levels of HSP70 in 
response to Control, Naked siRNA, Lipo2000/siRNA, and HSA@ICG/siRNA+NIR NPs were determined to be 
2:1.5:1.2:0.7, indicating a 65% reduction in HSP70 protein expression in the HSA@ICG/siRNA NPs group 
(Figure 4E). Following treatment, the protein levels of HSP70 in the HSA@ICG/siRNA NPs with irradiation group 
were significantly decreased compared to the control group, indicating effective gene silencing and reduced target protein 
expression.

Photothermal Effect and Biodistribution in Vivo
The photothermal effect of HSA@ICG NPs on a 4T1 tumor-bearing model in BALB/c mice was investigated with an infrared 
thermal imager. Mice were intravenously injected with PBS or HSA@ICG nanoparticles, and after 8h, both groups were 
irradiated with an 808 nm infrared laser at a power density of 1.91 W/cm² for 3 minutes. The photo images are captured every 
30 seconds (Figure 5A). The temperature in the tumor region of HSA@ICG NPs treatment group reached 42.3°C within 
3 minutes of laser irradiation, indicating an effective response suitable for mild photothermal treatment. In contrast, the PBS 
group exhibited only a slight temperature increase to 35.0°C, which was insufficient to exert tumor inhibitory effects. 
Figure 5B presents the temperature variation curves of the HSA@ICG NPs and PBS groups in vivo. The observed temperature 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S511655                                                                                                                                                                                                                                                                                                                                                                                                   4873

Baldan et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 4 Effects of treatments on 4T1 cell cytotoxicity and HSP70 expression. (A) Cell viability of 4T1 cells treated with various concentrations of HSA@ICG, HSA@ICG/siRNA NPs 
without NIR exposure. The data are presented as means ± SD, n = 3. (B) Cell viability of 4T1 cells treated with various concentrations of HSA@ICG, HSA@ICG/siRNA NPs with laser 
irradiation (808 nm, 0.76 W /cm2, 3 min). Data are presented as means ± SD, n=4, ****p < 0.0001, **p < 0.01, *p < 0.05. The data are presented as means ± SD, n = 3. (C) Confocal 
fluorescence images of Calcein AM/PI staining to distinguish between dead (red) and living cells (green) with esterase activity in 4T1 tumor cells after various treatments. The equivalent 
concentration of ICG was 30 μg/mL combined with laser irradiation (808 nm, 0.76 W /cm2, 3 min). (D) Real-time qPCR method to amplify the cDNA of HSP70 siRNA formulations. At 
the same time, the GAPDH is used as the internal control. 4T1 cells were treated with Naked siRNA, Lipo2000/siRNA, and HSA@ICG/siRNA NPs+NIR irradiation (808 nm, 0.76 W / 
cm2, 3 min), each containing the same amount of 10 nM of siRNA HSP70. (The 2−ΔΔCT method) Data are presented as means ± SD, n=4, **p < 0.01, ***p < 0.001. (E) Protein expression 
levels were assessed using Western blot assay specific to the target proteins, demonstrating the modulation of HSP70 protein levels in response to the treatment groups.
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Figure 5 Thermal and fluorescence imaging of HSA@ICG/siRNA NPs for tumor targeting. (A) Thermal images of tumor-bearing mice treated with PBS or HSA@ICG NPs and 
irradiated with an 808 nm laser 3 min (1.91 W/cm²). (B) Temperature variation curves of tumor regions in mice treated with PBS or HSA@ICG NPs. The data were presented 
as the mean ± SD, n = 3. (C) Ex vivo fluorescence imaging of major organs and tumors was conducted 48 hours post-injection with free ICG or HSA@ICG/siRNA NPs. Organs 
were harvested from tumor-bearing BALB/c mice to evaluate biodistribution. (D) In vivo fluorescence imaging was performed on tumor-bearing BALB/c mice at 1, 3, 8, 24, and 
48 hours post-injection with free ICG or HSA@ICG/siRNA NPs to monitor time-dependent biodistribution (n=4). (E) Quantitative analysis of fluorescence intensity in tumor 
in vivo at 48 hours post-injection, comparing free ICG and HSA@ICG/siRNA NPs groups. Data are presented as means ± SD, n=4, **p < 0.01.
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increase in the HSA@ICG NPs group lies within a therapeutic range, suggesting its potential to induce tumor cell death while 
minimizing damage to surrounding healthy tissues.

To assess the biodistribution and clearance of HSA@ICG/siRNA NPs, we performed fluorescence imaging studies. 
The findings revealed that both free ICG and HSA@ICG/siRNA NPs accumulated in the tumor, with HSA@ICG/siRNA 
NPs showing significantly higher fluorescence intensity compared to free ICG (Figure 5D and E). Free ICG has a short 
circulation half-life and is rapidly cleared through the hepatobiliary excretion pathway, primarily via the liver.57,58 

However, it still demonstrates notable tumor accumulation, likely due to its affinity for serum albumin and high-density 
lipoproteins (HDLs) in the bloodstream.59 This affinity transiently enhances its stability and circulation time, enabling 
passive tumor accumulation.59,60

Figure 5C shows the fluorescence intensity of various organs 48 hours after administration of free ICG or HSA@ICG/ 
siRNA NPs. By 48 hours post-administration, as shown in ex vivo fluorescence imaging, most free ICG is likely 
metabolized and/or excreted, contributing to the lower fluorescence signal. The HSA@ICG/siRNA NPs exhibits 
markedly enhanced tumor accumulation compared to free ICG, suggesting improved tumor targeting.

Anti-Tumor Efficacy and Safety Evaluation in Vivo
In Figure 6A, a tumor-bearing mouse model was established through the subcutaneous inoculation of 4T1 cells at 
a concentration of 2×106 cells/mL. Mice were intravenously injected with PBS, HSA@siRNA, HSA@ICG, and 
HSA@ICG/siRNA NPs at a dosage of 3 mg/kg. At 8 hours post-injection, mice of the HSA@ICG and HSA@ICG/siRNA 
NPs groups received an initial laser irradiation at 808 nm with a power density of 1.91 W/cm² for 3 minutes, aiming to 
maximize the photothermal effect. Promising results were observed following the initial high-power treatment. After this 
adequate initial response, the treatment was transitioned to a maintenance phase involving low-power irradiation. This 
approach effectively sustained the therapeutic effects while minimizing potential side effects. Thus, subsequent treatments 
maintained the same drug dose but reduced the laser power density to 0.76 W/cm² for 3 minutes. Each treatment group 
consisted of 5 mice, and three treatment sessions were conducted.

Figure 6B shows images of excised tumors, illustrating a visible reduction in tumor size in the treatment groups compared 
to the control group. Tumor weights at the study endpoint indicated a significant reduction in tumor mass in the HSA@ICG 
(50.00% ± 9.16%) and HSA@ICG/siRNA NPs (71.26% ± 7.92%) groups compared to the control group (Figure 6C).

Tumor growth rates were notably slower in the HSA@ICG and HSA@ICG/siRNA NPs groups relative to the control 
and HSA@siRNA groups, as shown in the tumor volume growth curves (Figure 6D) and visible mice photos (Figure S9).

Figure 6E shows histological analysis using H&E staining and TUNEL assays, revealing decreased tumor cell density and 
increased apoptosis in the HSA@ICG and HSA@ICG/siRNA NPs groups. TUNEL assays demonstrated higher levels of 
apoptosis in these groups, with apoptotic-positive 4T1 cells marked by green staining. These findings confirm the efficacy of 
HSA@ICG/siRNA NPs treatment in promoting apoptosis in tumor cells. The marked decrease in Ki-67 expression following 
HSA@ICG/siRNA NPs treatment signifies a substantial inhibition of tumor cell proliferation, reaffirming the formulation’s anti- 
tumor efficacy.

Additionally, H&E staining of major organs (heart, liver, spleen, lungs, and kidneys) showed no significant 
pathological changes across the four experimental groups (Figure S10) and body weight data (Figure S11), indicating 
that the nano-drug delivery system and irradiation strategy did not produce notable toxicity in major organs in vivo. 
Overall, these results indicate a synergistic effect of PTT combined with siRNA delivery, leading to substantial tumor 
growth inhibition and increased apoptosis in tumor cells.

Discussion
The findings of this study demonstrate that HSA@ICG/siRNA NPs significantly enhance PTT efficacy in tumor cells by 
leveraging dual mechanisms: photothermal conversion and siRNA-mediated gene silencing. Characterization confirmed 
the successful synthesis of stable HSA@ICG/siRNA NPs with a negative charge, optimal size for efficient cellular 
uptake, and concentration-dependent photothermal conversion capability. The negative zeta potential of the nanoparticles 
is crucial for stability and biocompatibility, as it reduces particle aggregation and minimizes interactions with non- 
targeted cells.61
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Figure 6 Anti-tumor therapeutic efficacy of PTT in 4T1 tumor-bearing BALB/c mice following injections of PBS, HSA@siRNA, HSA@ICG, and HSA@ICG/siRNA NPs at 
doses 3 mg/kg. (A) Timeline of drug administration and NIR irradiation in the tumor-bearing mouse model. (B) The photos of tumors were harvested concurrently at the 
study endpoint on Day 14. (C) Tumor weight at endpoint, data presented as mean ± SD, n=5, *p < 0.05, **p < 0.01. (D) Tumor volume growth curves, changes recorded 
every 2 days, ± SD, n=5, **p < 0.01, ***p < 0.001. (E) Histological analysis of 4T1 tumor tissues from mice treated with HSA@ICG/siRNA NPs, showing H&E staining for 
morphology, TUNEL assay for apoptosis, and Ki-67 immunofluorescence for proliferation. Scale bar: 100 µm.
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The in vitro release study highlighted the potential of NIR-triggered release mechanisms for achieving efficient 
siRNA delivery. The mild hyperthermia destabilizes nanoparticle structures and may accelerate the release of encapsu-
lated ICG and siRNA at the tumor site. Further investigations revealed high cellular uptake of siRNA and effective 
cytoplasmic delivery, leading to significant reductions in HSP70 expression at both the gene and protein levels. Several 
factors may influence gene and protein expression in this multifunctional nanoparticle system, particularly under stress 
response conditions. HSP70, a stress-induced protein, is upregulated during stimuli like NIR exposure and cytotoxic 
stress. Studies have shown that irradiation increases HSP70 levels due to heightened cellular stress.17,24 Initial NIR 
exposure likely elevates HSP70 expression, followed by siRNA-mediated silencing. Furthermore, gene silencing results 
not only from siRNA specifically targeting HSP70 but also from cellular damage potentially induced by NIR exposure, 
highlighting the complex interplay of stress and therapeutic mechanisms.

Interestingly, despite our nanoparticles having a negative surface charge, we observed excellent cellular uptake, with 
a high internalization rate in 4T1 cells. This finding contradicts the common notion that positively charged nanoparticles 
exhibit better cellular uptake due to electrostatic interactions.62,63 The efficient uptake of our negatively charged 
nanoparticles suggests the involvement of alternative uptake mechanisms. Although gp60, SPARC receptor-mediated 
endocytosis and passive diffusion have been extensively studied,64–66 the nutrient-rich properties of albumin may further 
enhance nanoparticle internalization in tumor cells. A potential therapeutic strategy also has been proposed to improve 
the effectiveness of nanoparticulate HSA-bound drugs in cancer treatment by reprogramming nutrient signaling pathways 
and promoting macropinocytosis in cancer cells.67 These findings underscore the efficacy of HSA@ICG/siRNA NPs in 
facilitating siRNA internalization, suggesting their potential as promising carriers for therapeutic siRNA delivery.

Previous studies have demonstrated that mild photothermal heating can enhance nanoparticle uptake by increasing 
cell membrane permeability and promoting cellular internalization.18,68 In Figure 3B, a significant difference in total 
siRNA red fluorescence is observed between the laser and non-laser groups. This difference may be attributed to 
enhanced cellular uptake resulting from hyperthermia-induced changes in membrane permeability and improved lyso-
somal escape, leading to higher levels of detectable cytoplasmic siRNA.

The role of NIR-triggered lysosomal escape was particularly noteworthy, as the photothermal effect induced by NIR 
irradiation promoted lysosomal rupture, thus improving siRNA cytoplasmic release. ICG-mediated photothermal con-
version generates heat and reactive oxygen species (ROS), both of which contribute to lysosomal destabilization. ROS- 
induced hydroxyl radicals damage lysosomal membranes, leading to rupture and enhanced siRNA release.69–71

Additionally, HSP70 downregulation plays a key role in further sensitizing lysosomal membranes to hyperthermia- 
induced rupture. HSP70 is known to maintain lysosomal integrity through interactions with lysosome-associated 
membrane protein 1/2 (LAMP1/2), lysosomal integral membrane protein 2 (LIMP2), and cluster of differentiation 63 
(CD63), and its silencing weakens this protective function.72 This enhanced delivery mechanism is crucial for maximiz-
ing the bioavailability of siRNA for cytoplasm delivery to target mRNA HSP70.

The in vivo biodistribution and photothermal studies further validated the efficacy. HSA@ICG/siRNA NPs demonstrated 
superior tumor accumulation and retention compared to free ICG, attributed to both passive and active targeting facilitated by 
the enhanced permeability and retention (EPR) effect and albumin receptor-mediated uptake.64,73,74 Furthermore, mild 
hyperthermia can increase blood flow and vascular permeability, promoting nanoparticle accumulation and drug penetration.75

The significant reductions in tumor mass observed in the HSA@ICG/siRNA NPs group underscore the enhanced 
antitumor efficacy of the combined PTT and siRNA delivery system. The incorporation of siRNA appears to potentiate the 
therapeutic effects of PTT, likely through the silencing of the expression of HSP70, which is known to mitigate tumor cell 
resistance to thermal treatment.76,77 This treatment followed the induction-maintenance strategy commonly employed in 
cancer therapies.78 The initial high-dose laser irradiation phase achieved a robust therapeutic response via enhanced 
photothermal conversion. Subsequent adjustments in laser power density, the lower-power maintenance phase effectively 
sustained photothermal effects without compromising safety, illustrating the potential of dose-modified PTT protocols to 
balance therapeutic efficacy with minimized side effects.

In summary, this study presents HSA@ICG/siRNA NPs as a compelling strategy for integrating gene silencing and 
PTT, addressing the limitations of traditional PTT. These nanoparticles show promise as a multifunctional platform for 
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targeted, synergistic cancer therapy with potential clinical applicability. Future work could explore further optimization 
and evaluate the efficacy of HSA@ICG/ siRNA NPs across diverse tumor models to expand its therapeutic scope.

Conclusion
In summary, this study explored the role of siRNA in targeting HSP expression within the context of photothermal 
therapy. We developed HSA@ICG/siRNA nanoparticles to deliver siRNA specifically targeting HSP70 while incorpor-
ating the photothermal agent ICG. This study successfully demonstrates the synthesis and characterization of 
HSA@ICG/siRNA NPs, highlighting their promising applications in PTT for breast tumor treatment.

By leveraging the synergistic effects of siRNA-mediated HSP70 inhibition and ICG-based photothermal conversion, 
the HSA@ICG/siRNA nanoparticle system achieved significant cell cytotoxicity, effective gene silencing, and thermal 
ablation, while also promoting cellular uptake and lysosomal escape of siRNA. Furthermore, NIR light synergistically 
enhances siRNA functions by facilitating release and triggering lysosomal escape, thereby promoting effective gene 
silencing.

In vivo experiments confirmed improved tumor targeting, photothermal conversion, and prolonged retention of 
HSA@ICG/siRNA at the tumor site, resulting in effective tumor growth inhibition with minimal off-target toxicity.

Overall, the HSA@ICG/siRNA NP system represents a promising strategy for overcoming the limitations of 
traditional PTT by integrating gene silencing with targeted photothermal treatment.

Future research should focus on optimizing nanoparticle composition and investigating the broader applicability of 
this approach across various tumor types, thereby advancing its potential for clinical applications in cancer therapy.
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