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Introduction: The therapeutic efficacy of nanomedicine in oncology is predicated on its capacity to enhance drug uptake by cells and
control drug release. While targeted nanomedicines are highly regarded for their potential, they are not spared from issues of colloidal
instability and uncontrolled drug release.

Methods: The hybrid system (Au@SiO,-HA-DOX) was designed to enhance colloidal stability and facilitate controlled drug delivery
by coating gold nanorods with silica shells and hyaluronic acid (HA) for tumor targeting. The nanoparticles were characterized for
morphology, size, zeta potential, and photothermal properties. The loading efficiency of doxorubicin (DOX) and its release behavior in
response to pH, reactive oxygen species (ROS), and NIR stimulation were evaluated.

Results: Under NIR irradiation, the nanoparticles exhibited excellent photothermal stability and sustained temperature elevation. In
vitro studies demonstrated that the nanoparticles possessed good biocompatibility (cell viability exceeding 90%) and colloidal stability
(7 days). The loading efficiency of DOX was enhanced to 65.9%, with sustained release characteristics. Furthermore, Au@SiO,-HA-
DOX exhibited selective targeting and stronger cytotoxicity towards cancer cells. The cellular uptake efficiency was 1.7 times higher
than that of the Free DOX at 24 h, with an IC50 value of 1.36 uM, compared to 2.01 uM for Free DOX. In vivo experiments in
a mouse breast cancer model revealed significant tumor growth inhibited with NIR-assisted therapy, while maintaining stable body
weight and preserving good biocompatibility.

Conclusion: This nanohybrid system represents a promising strategy for improving the efficacy of chemotherapy and reducing
toxicity in cancer treatment. It enhances drug enrichment and release in tumor tissues while minimizing the impact on normal tissues.

Keywords: gold nanorods, high colloidal stability, pH/ROS-responsive, tumor microenvironment, tumor-targeted therapy

Introduction

Cancer is characterized by the uncontrolled proliferation of cells that evade immune surveillance and continues to poses
a significant challenge in clinical oncology.' Traditional therapies, including surgery,” radiotherapy,® and chemotherapy,*
are often limited by their systemic toxicity and associated adverse effects. The advancement of nanotechnology has
facilitated a paradigm shift in tumor treatment, with nanomaterials presenting significant potential for targeted drug
delivery.® These nanoscale carriers can preferentially accumulate in tumor tissues, thereby enhancing therapeutic
efficacy while minimizing off-target toxicity.” However, the clinical translation of nanomedicine remains limited due
to suboptimal tumor penetration and the relatively low proportion of nanoparticles (NPs) that reach the tumor site via the
enhanced permeability and retention (EPR) effect.®* Moreover, the elevated interstitial pressure in the tumor micro-
environment further restricts the diffusion and distribution of therapeutic agents, ultimately compromising the efficacy of

International Journal of Nanomedicine 2025:20 7153-7168 7153
Received: 27 January 2025 © 2025 Kong et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at https://www.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati /by-nc/4.0/). By accessing the work

Accepted: 15 May 2025
Published: 5 June 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6442-4388
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Kong et al

nanomedicines.'® Consequently, the design and development of nanomedicines with improved tumor targeting and
penetration capabilities is crucial for the continued advancement of cancer nanotherapeutics.''

Near-infrared (NIR) light-triggered systems systems have emerged as a promising strategy for enhancing the therapeutic
efficacy of nanomaterials in cancer treatment.'? These systems utilize NIR light as an external stimulus to achieve specific
functions through light absorption and conversion.'* The core of this approach lies in converting the energy of NIR light
into other forms of energy, such as heat, to facilitate drug release, photothermal therapy, and photodynamic therapy.'* The
integration of photothermal therapy with nanomaterials has emerged as a cutting-edge strategy in the management of solid
tumors.'> This approach leverages local near-infrared (NIR) light irradiation to transiently increase the permeability of
tumor cells,'® facilitating the penetration of nanomaterials and inducing localized hyperthermia.'” The latter can lead to
protein denaturation,'® cell membrane disruption, and eventually tumor cell death.'® However, a delicate balance must be
maintained excessive temperatures can result in collateral damage to healthy tissues and uncontrolled drug release.?’
Therefore, achieving controlled drug penetration within tumors through moderate NIR stimulation is a key factor of this
therapeutic modality.”’ A wide array of photothermal agents has been explored for tumor ablation,** including organic
small molecules and inorganic materials such as graphene oxide,?® black phosphorus nanosheets,?* sulfides,>> and metal
nanoparticles.”® Among these, gold nanorods (GNRs) are particularly notable due to their tunable aspect ratios and high
photothermal conversion efficiency,”” making them widely used choice in cancer therapy.”® GNRs possess a large specific
surface area, enabling functionalization with various moieties to create multifunctional nanomedicines. For instance,”® the
stability of GNRs can be enhanced by coating them with a silica shell, which also minimizes their cytotoxicity.”’ However,
the lack of tumor-specific targeting remains a critical challenge that needs to be addressed.

CD44 is a transmembrane protein overexpressed in cancer cells, and it is closely associated with tumorigenesis and
metastatic potential.*® Hyaluronic acid (HA), known for its high affinity to CD44 receptors on cancer cells, has emerged as
a promising ligand for targeted drug delivery to tumor tissues.”’ However, upon reaching the tumor microenvironment,
characterized by elevated reactive oxygen species (ROS)* and acidic pH, > conventional nanomedicines often face challenges
in achieving sustained and effective drug release.** This limitation has spurred the development of nanocarriers that are
responsive to the tumor-specific microenvironment, facilitating controlled and sustained drug release.®> Alternatively,
nanomedicines targeting tumor tissues, including GNRs modified with HA and folic acid, have been harnessed to address
the above mentioned limitation.*® Despite their potential, these nanomedicines often exhibit limited control over drug release
dynamics, resulting in suboptimal therapeutic outcomes. ROS plays a pertinent role in tumorigenesis, metastasis, and drug
resistance, presenting an opportunity for modulating the tumor microenvironment.>’ Strategies that target ROS to reverse the
tumor microenvironment and inhibit tumor recurrence and metastasis are of significant interest.*® Nanomedicines with unique
structures capable of responding to ROS stimuli for drug release have been developed via incorporating dynamic covalent
bonds such as disulfides, diselenides, and boronate esters.’® Notably, boronate esters are dynamic covalent bonds that can
scavenge ROS in a low ROS environment, facilitating drug release.*® Therefore, the development of targetable nanocarriers
with controllable drug release based on boronate esters represents a pivotal strategy in cancer therapy.

Herein, we introduce a novel GNRs-based hybrid system that is triggered by NIR light, designed to address the
challenges of colloidal stability and controlled drug delivery within the tumor microenvironment. This system is capable
of not only selectively targeting tumor tissues but also delivering therapeutic agents in a sustained and tumor-specific
manner. The GNRs are well-known for their excellent photothermal properties, which serve as the core of the hybrid
system. To enhance their stability, we have deposited silica shells on their surface, which also creates a porous structure
that significantly increases drug loading capacity. Subsequently, DOX is efficiently encapsulated within NPs, leveraging
the hydroxyl groups of boric acid and HA. This strategic design endows the NPs with the dual capability of tumor tissue
targeting and enhanced responsiveness. Our findings demonstrate that these NPs can respond to NIR, pH, and ROS
stimuli, thereby controlling and sustaining drug release. Moreover, they selectively target tumor cells and exhibit
enhanced cell uptake under NIR light stimulation conditions. The dynamic cross-linking within this nanohybrid system

positions it as a promising candidate for a new class of nanocarriers in targeted tumor therapy.
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Materials and Methods

Cetyltrimethylammonium bromide (CTAB), 1-(3-(dimethylamino)-propyl)-3-ethylcar-bodiimide hydrochloride (EDC-HCI),
N-hydroxysuccinimide (NHS) and sodium borohydride (NaBH,4) were procured from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Gold(III) chloride trihydrate (HAuCl,-3H,0), tetraethyl orthosilicate (TEOS), carboxyphenylboronic acid
(CPBA) and 3-aminopropyltriethoxysilane (APTES) were sourced from Aladdin Chemical Reagent Co., Ltd. (Shanghai,
China). Hyaluronic acid (HA) (MW = 50 kDa) was obtained from Freda Biochem Co. Ltd. (Shandong, China). Doxorubicin
(DOX) was purchased from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). L929 cells and MCF-7 cells were
purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China).

Synthesis of Gold Nanorods

GNRs were synthesized via the seed growth method following a previous report.*' Briefly, 0.25 mL of a 0.01 M HAuCl,-3H,
O solution was added into 9.75 mL of a 0.1 M CTAB solution and mixed thoroughly. Subsequently, 0.6 mL of an ice-cold 0.01
M NaBHy, solution was added, and the mixture was stirred vigorously for 10 min. The resulting solution was maintained at 27 °C
for 1.5 h to obtain the seed solution. For the growth solution, 0.5 mL ofa 0.01 M HAuCl, 3H,O solution was mixed with 8 mL of
a 0.1 M CTAB solution, followed by the sequential addition of 0.1 mL of a 0.01 M AgNOj solution, 0.2 mL of a 1.0 M HCl
solution, 80 puL of a 0.1 M ascorbic acid solution, and 2 mL of the seed solution. The resulting mixture was gently inverted and
allowed to stand at 27 °C for 20 h. The GNRs were collected by centrifugation at 10,000 x g for 20 min.

Synthesis of Gold Nanohybrid Composites

The GNRs were re-dispersed in a CTAB solution, and the pH was adjusted to 10.5 by adding a 0.1 M NaOH solution.
A mixture of TEOS/MeOH (20% v/v) was added in 300 pL aliquots, three times at 30-min intervals, with continuous
stirring for 6 h to obtain Au@SiO, nanoparticles. To remove CTAB, the nanoparticles were dispersed in a mixture of
10 mL of ethanol and HCI (1% v/v) and refluxed at 80 °C for 6 h. The resulting particles were washed three times.
Subsequently, the nanoparticles were re-dispersed in 100 mL of anhydrous ethanol, followed by the addition of 1 mL of
an APTES, and the mixture was stirred at 80 °C for 24 h to functionalize the surface with amino groups. The amino-
modified Au@SiO, nanoparticles were collected after 10,000 rpm and centrifugal washing with anhydrous ethanol and
purified water for three times, respectively.

To conjugate CPBA, a solution containing 0.3 g CPBA, 0.2 g NHS, and 0.4 g EDC in 10 mL of DMSO was stirred
for 30 min at room temperature. Then, 20 mL of a DMSO solution containing Au@SiO, nanoparticles was added and
stirred continuously for 24 h to obtain Au@SiO,-CPBA nanoparticles. The purified nanoparticles were subsequently
mixed with an aqueous HA solution and stirred for 3 h to obtain Au@SiO,-HA nanoparticles.

Characterization of Different Nanoparticles

The morphology of Au-NRs and Au@SiO,-HA was characterized using transmission electron microscopy (JEM-2100P,
Japan). The microstructure of Au-NRs and Au@SiO,-HA was examined using Fourier-transform infrared spectroscopy
(FTIR, Nicolet iS20, USA). The light absorption properties of nanoparticles were measured using ultraviolet-visible
spectrophotometry (UV-3600i Plus, Japan). The hydrodynamic diameter and surface charge of the different nanoparticles
were examined using dynamic light scattering (DLS, NanoBrook Omni, USA). Thermal properties were analyzed by
thermogravimetric analysis (TGA, TGA2, Switzerland).

Photothermal Properties of Gold Nanohybrid Composites

The photothermal properties of different nanoparticles were evaluated by exposing nanoparticle solutions to an 808 nm
laser while recording temperature changes. Briefly, 1 mL of 400 pg/mL Au-NRs and Au@SiO,-HA solutions were
irradiated with an 808 nm near-infrared (NIR) lasers at different power densities (1.0, 1.5, 2.0, and 2.5 W/cm?). Water
was used as the control. Real-time photothermal images of the samples were captured using an NIR thermographic
camera. Moreover, the photothermal stability of Au@SiO,-HA nanoparticles was assessed by repeatedly cycling the NIR
laser on and off.
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The experimental setup for the NIR photothermal evaluation is detailed as follows: 1 mL of the nanoparticles was
placed in a disposable cuvette, positioned 5 cm from the light source. The nanoparticles were irradiated with an 808 nm
NIR laser (LR-MFJ808, Changchun Laser Optoelectronics Technology; China) continuously for 10 min at different
power densities (1.0, 1.5, 2.0, and 2.5 W/cm?). Temperature changes were recorded in real-time using an infrared thermal
imaging camera (DS-2TP31B-3AUF, Hikvision; China), capturing one thermographic image per minute.

Loading of Doxorubicin

Au@SiO,-HA nanoparticles (5 mg/mL, 10 mL) were mixed with DOX solution (2 mg/mL, 1 mL) and stirred overnight.
The mixture was then dialyzed in a dialysis bag for three days, with the dialysate replaced three times daily to obtain
Au@SiO,-HA-DOX. The absorbance of the dialysate at 490 nm was measured using a UV-Vis spectrophotometer, and
the encapsulation efficiency (EE) of DOX was calculated using the following equation:

14
EEY% = <1 ——D> x 100%
Wr

where W is the total amount of DOX added and Wj, is the amount of DOX detected in the dialysate.

In vitro Drug Release Assay

Au@SiO,-HA-DOX nanoparticles (1 mg/mL) were placed in a dialysis bag and immersed in 30 mL of phosphate
buffered saline (PBS) solution at different pH values (5.0, 6.5, 7.4). At predetermined time intervals, 3 mL of the release
medium was withdrawn to measure the absorbance at 490 nm, and an equal volume of fresh PBS was added to maintain
a constant volume. To assess drug release under oxidative conditions, the nanoparticles were also tested in the presence
or absence of H,O,. Additionally, effect of NIR light on drug release was assessed by irradiating the nanoparticle
suspension with NIR light at various power densities.

In vitro Biocompatibility

Mouse fibroblasts (L929) and human breast cancer cells (MCF-7) were co-cultured with nanoparticles to evaluate
biocompatibility and selective targeting. Cells were seeded in 96-well plates at a density of 1x10° cells/well and
incubated for 24 h. Medium containing Au@SiO, and Au@SiO,-HA nanoparticles at varying concentrations (25, 50,
100, 200, and 400 pg/mL) was then added. For the NIR irradiation group, cells were exposed to an 808 nm laser for
5 min. After 24 h, cell viability was determined using the CCK-8 assay and calculated as follows:

ODsamples - ODblanks

Cell viability(%) = oD oD
Control — blanks

x 100%

where ODpiankss ODcontror and ODggppies represent the optical density values of the blank, control and experimental
groups, respectively.

For live/dead staining, L929 cells and MCF-7 cells were seeded in 48-well plates at a density of 1x10° cells/well and
cultured for 24 h. The medium was then replaced with medium containing 2 uM DOX and Au@SiO,-HA-DOX, with the
NIR irradiation group exposed to an 808 nm laser for 5 min. After 24 h of incubation, cells were stained with a live/dead
cell staining kit and observed under a fluorescence microscope.

In vitro Cellular Uptake

Cellular uptake of different nanoparticles was observed using fluorescence staining and laser confocal microscopy. MCF-
7 cells were seeded in 24-well plates at a density of 1x10° cells/well and cultured with 2 pM DOX and Au@SiO,-HA-
DOX for 4 and 24 h, respectively. The NIR irradiation group was exposed to an 808 nm laser for 5 min. Cells cultured
without nanoparticles served as the control group. Following incubation, cells were fixed with glutaraldehyde, washed
with PBS, and stained with DAPI for 5 min to visualize nuclei. Cellular uptake was then observed using a laser confocal
microscope. In addition, the uptake capacity of MCF-7 cells for nanomedicines was further observed by free HA (5 mg/
mL, 5 puL) pretreated with MCF-7 cells for 4 h and co-incubated with nanomedicines for another 24 h.
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In vivo Animal Experiments

This study was approved by Shanghai Fourth People’s Hospital, Tongji University School of Medicine, Shanghai, China.
All animal experiments were reviewed and approved by the Animal Ethics Committee of Shanghai Tongji Biomedical
Technology Co., Ltd (Approval No. TJIBH 11923102), in accordance with the Guidelines for the Ethical Review of
Laboratory Animal Welfare (GB/T 35892-2018) for the care and use of animals. Following a previously described
method,*? a mouse breast cancer model was established using C57BL/6J mice. Once tumor reached approximately
200 mm® in volume, the mice were randomly divided into four groups: Control group (PBS treatment group), DOX
treatment group, Au@SiO,-HA-DOX (L-) group (without photothermal treatment), and Au@SiO,-HA-DOX (L+) group
(with photothermal treatment). Mice in the DOX treatment group received an intravenous injection of DOX at a dose of
4 mg/kg, while those in the control group received an equivalent volume of PBS. Mice in the photothermal group were
irradiated with 808 nm NIR light for 5 min. Tumor volume (V) was calculated using the formula:

V = 1/2 x length x width?

The relative tumor volume (V/V,) and relative body weight (M/M,) changes of mice were recorded, where V and V,
refer to the real-time tumor volume at each time point and before treatment, respectively, and M and My represent the
corresponding body weights. After treatment, the major organs including the heart, liver, spleen, lung, kidney, and tumor
tissues were collected and fixed with 4% paraformaldehyde. The tissues were then stained with H&E and observed under

an inverted fluorescence microscope.

Statistical Analysis
Data are presented as the mean + standard deviation (SD). Unpaired Student’s ¢ test was used for direct comparisons
between two groups. Significance levels are denoted as *P < 0.05; **P < 0.01; ***P < 0.001.

Results and Discussion

Photothermal-assisted drug therapy has demonstrated significant efficacy in treating solid tumors.*® In this study, GNRs
were employed as photothermal agent; however, gold nanorods are known for their poor stability and cytotoxicity.** To
address these issues, silica shells were deposited on the surface of GNRs, and HA was grafted onto the hybrid NPs via
dynamic borate ester bonds. As depicted in Figure 1A and B, GNRs exhibited a uniformly dispersed rod-like structure.
The deposition of SiO, and HA on the surface of GNRs resulted in a distinct core-shell structure. The borate structure
grafted onto the silica surface can form dynamic covalent cross-linking bonds with the o-hydroxyl groups of HA. This
dynamic process gradually coats the GNRs with HA.

The hydrodynamic sizes of Au-NRs and Au@SiO, were 132.2 + 1.7 nm and 151.542.5 nm, respectively. Upon
grafting with HA, the size of Au@SiO,-HA increased to 202.6 + 2.1 nm (Figure 1C). This increase is attributed to the
hydrophilic interactions of the polymer, which expand the NPs size upon loading onto the surface. Additionally, the
surface potentials of Au-NRs and Au@SiO, were —15.8 = 1.1 mV and —17.2 £ 1.7 mV, respectively, while that of
Au@SiO,-HA was —25.3 £ 2.5 mV (Figure 1D). This indicates the successful grafting of negatively charged HA onto the
GNRs.

To further characterize the successful preparation of Au@SiO,-HA NPs, we employed TGA, FTIR, and UV-Vis
spectroscopy to analyze the structures of different NPs. Thermogravimetric analysis revealed that Au@SiO,-HA-DOX
exhibited a mass loss of 23.1% (Figure 2A and B). This significant mass loss can be attributed to the polymer shell
structure on the NPs surface and the supported drug molecules. Therefore, the reaction yield of HA conjugated with
GNRs was 20.4%. FTIR analysis showed Si-O-Si tensile vibration peaks of Au@SiO,-HA-DOX NPs at 800 cm™ ' and
1100 cm ™', confirming the successful deposition of the silica shell on the GNRs.*> Additionally, characteristic absorption
peaks of carboxyl groups appeared at 1750 cm ™', indicating successful grafting of HA onto the NPs surface (Figure 2C).
UV-Vis spectroscopy revealed two distinct longitudinal and transverse plasmon absorption peaks for GNRs. After
successful deposition of silica and HA shells on the GNRs, the characteristic absorption peak of GNRs was significantly
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Figure | TEM images of (A) Au-NRs and (B) Au@SiO,-HA (The inset of (B) is the TEM image of silica deposition process on the surface of Au-NRs). Hydrodynamic size
(C) and Zeta potential (D) of Au-NRs, Au@SiO, and Au@SiO,-HA. * indicates P < 0.05.

Abbreviations: TEM, Transmission electron microscopy; Au-NRs, gold nanorod; Au@SiO,, gold nanorod/ silicon dioxide, Au@SiO,-HA, gold nanorod/ silicon dioxide/
hyaluronic acid.

reduced. Upon loading DOX, the Au@SiO,-HA-DOX NPs exhibited a relatively strong characteristic absorption peak at
490 nm, demonstrating their enhanced loading capacity for DOX (Figure 2D).

GNRs, with tunable aspect ratio and strong surface plasmonic resonance under NIR light irradiation, exhibit significant
optical absorption and high photothermal conversion efficiency.*® In this study, different shell layers were deposited on the
surface of GNRs to further investigate their photothermal properties. When irradiated with 808 nm NIR light, the temperature
of Au@SiO,-HA NPs rapidly increased by 31 °C within 10 min, while the aqueous control solution exhibited no significant
temperature change (Figure 3A). Moreover, the optical density and irradiation time of NIR light significantly influenced the
temperature change of the Au@SiO,-HA NPs solution. At a concentration of 400 pg/mL, irradiation of Au@SiO,-HA NPs
with 1.0 W/cm? for 10 min resulted in a temperature increase of 30 °C (Figure 3B and C). Au@SiO,-HA also demonstrated
excellent photothermal stability during three cycles of laser on/off irradiation (Figure 3D).

Real-time near-infrared thermal imaging showed that the temperature of the aqueous solution remained virtually
unchanged when irradiated with an 808 nm laser at a power density of 2.0 W/cm? for 10 min. In contrast, both Au-NRs
and Au@SiO,-HA NPs exhibited rapid temperature increases. Notably, Au@SiO,-HA NPs displayed the most pro-
nounced thermal effect and the largest temperature change (Figure 4). These findings are consistent with the previously
observed temperature changes results. Therefore, Au@SiO,-HA NPs exhibit superior photothermal stability and imaging
performance.

Drug Loading and Responsive Drug Release Properties of the Nanoparticles

The effective loading and slow controlled release of drugs by nanocarriers are key to enhancing the utilization and
therapeutic efficiency of cancer drugs.*” The loading efficiency of DOX by Au@SiO,-HA NPs was significantly
enhanced compared to unmodified Au@SiO,. Specifically, the loading efficiency of unmodified Au@SiO, for DOX
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Figure 2 Microstructure characterization of different nanoparticles. (A) Thermogravimetric analysis of Au-NRs and Au@SiO,-HA-DOX. (B) Corresponding quantitative
data for thermogravimetric analysis. (C) FTIR spectra and (D) UV-Vis spectra of Au-NRs and Au@SiO,-HA-DOX, respectively.

Abbreviations: Au-NRs, gold nanorod, Au@SiO,-HA-DOX, gold nanorod’silicon dioxide/hyaluronic acid/doxorubicin, FTIR, Fourier Transform infrared spectroscopy, UV-
Vis, Ultraviolet-visible spectroscopy.

was 52.3% + 3.5%, while that of Au@SiO,-HA increased to 65.9% + 2.7% (Figure 5A). This improvement is likely due
to the negatively charged HA encapsulating the positively charged DOX molecules within the NPs. Additionally, the
colloidal stability of the nanomedicine was evaluated by monitoring the surface potential of the NPs in PBS solutions at
different pH values. The surface potential remained relatively stable across various pH conditions, indicating that the
nanomedicine exhibited good colloidal stability (Figure 5B).

One of the critical aspects of nanomedicine in tumor therapy is the long-acting and controlled release of anticancer
drugs in tumor tissues.*® Tumor cells exhibit specific changes that create physiological conditions distinct from those of
normal tissues, such as low pH, oxidative stress, and elevated enzyme expression.*’ In this study, Free DOX released
over 80% of the drug within 4 h when placed in a solution with a pH of 7.4. However, Au@SiO,-HA-DOX demonstrated
a sustainable drug release behavior up to 48 h (Figure 5C). Notably, the release behavior of Au@SiO,-HA-DOX varied
with different pH values. At pH 5.0, the cumulative release rate reached 72 + 2.9% within 48 h (Figure 5D), attributable
to the responsive cleavage of HA -borate complex. Additionally, in the elevated H,O, levels within tumors, the dynamic
boronate cross-links are efficiently hydrolyzed to boric acid and diol. Our results showed that Au@SiO,-HA-DOX
exhibited a dose-dependent drug release behavior in response to H,O, with a cumulative DOX release reaching 87.3 +
3.9% at a 1.0 mm H,0, concentration (Figure 5E).

In addition to responding to the internal stimulation from the tumor environment, the effective release of drugs can be
achieved using external stimulation. GNRs possess excellent plasmon resonance properties, enabling them to generate
heat in response to NIR light stimulation.® When NIR light was applied at intervals in a PBS solution at pH 5.0, the
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Figure 3 Photothermal properties of different materials. (A) Temperature change curves of different materials. (B) Temperature change curves of Au@SiO,-HA with
different laser power densities (0.5, 1.0, 1.5 and 2.0 W/cm?). (C) Temperature change curves of Au@SiO,-HA with different concentration (100, 200, 400 ug/mL). (D) Cyclic
heating profile of Au@SiO,-HA for three on/off cycles. * indicates P thermal image of H,O, Au-NRs, and Au@SiO,-HA.

Notes:. < 0.05, whereas ** indicates P < 0.01.

Abbreviations: H,O, water, Au-NRs, gold nanorod, Au@SiO,-HA, gold nanorod’silicon dioxide/hyaluronic.

Au@SiO,-HA-DOX NPs exhibited a responsive increase in drug release, resulting in a cumulative drug release increase
0f 9.0 + 1.4% (Figure 5F). The dynamic and responsive borate structure design, combined with the unique properties of
gold nanorods, ensures the responsive and sustained release of anti-tumor drugs in tumor tissues.

The cytotoxicity of nanocarriers is crucial for their in vivo application. After 24 h of co-culture with Au@SiO,-HA
and AuNRs, the survival rate of L929 cells remained above 80%, even at a concentration of 300 pg/mL (Figure 6A).
Compared to AuNRs, Au@SiO,-HA exhibited a greater ability to promote cell growth, indicating that polymer surface
modifications can enhance the biocompatibility of NPs. Additionally, the effect of NIR irradiation on L929 cells was
evaluated. After 24 h of co-culture with Au@SiO,-HA NPs, green fluorescence was evident, while red fluorescence was
virtually absent. Following irradiation with 808 nm NIR light, no red fluorescence was observed, and cell morphology
remained normal, confirming that NIR irradiation does not affect the basic physiological functions of cells (Figure 6B).

The cytotoxicity of Au@SiO,-HA NPs was evaluated to determine their potential for in vivo applications. MCF-7
cells were co-cultured with free DOX and Au@SiO,-HA-DOX for 24 h. Both free DOX and Au@SiO,-HA-DOX
exhibited concentration-dependent cytotoxicity. At a DOX concentration of 2 uM, the viability of cancer cells treated
with free DOX exceeded 70%, whereas treatment with Au@Si0O,-HA-DOX resulted in a significantly reduced viability
of 33.5 £ 1.9% (Figure 7A). This indicates that Au@SiO,-HA-DOX has a lower effective tumor inhibitory concentration
compared to free DOX. The IC50 values for DOX and Au@SiO,-HA-DOX were 2.91 uM and 1.36 pM, respectively,
further confirming the enhanced efficacy of the nanocarrier in killing cancer cells at lower drug concentrations
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Figure 4 Real time NIR thermal image of H,O, Au-NRs, and Au@SiO,-HA.
Abbreviations: H,O, water; Au-NRs, gold nanorod; Au@SiO,-HA, gold nanorod/ silicon dioxide/hyaluronic acid.

(Figure 7B). Live/dead cell staining results showed that at a DOX concentration of 2.0 uM, the Au@SiO,-HA-DOX
group exhibited more red fluorescence (indicating dead cells) than the Free DOX group, demonstrating the superior
cytotoxicity of the nanocarrier. When exposed to NIR light irradiation, the number of dead cells remained unchanged in
the free DOX group, whereas the nanocarrier group showed a significant increase in the dead cell distribution, along with
irregular cell morphology and disrupted cell structure (Figure 7C). These results demonstrate that Au@SiO,-HA
nanocarriers exhibit enhanced cytotoxicity against cancer cells at lower drug concentrations compared to free DOX.
The cellular uptake of nanomedicines was analyzed using confocal laser scanning microscopy. After co-culture with
cancer cells for 4 h, cells treated with Au@SiO,-HA-DOX exhibited pronounced red fluorescence (indicative of DOX),
whereas the control group displayed negligible red fluorescence (Figure 8A), which indicates that Au@SiO,-HA-DOX
can rapidly enter cells within 4 h. Upon NIR light irradiation, the red fluorescence intensity increased slightly.
Quantitative analysis revealed that the intracellular DOX fluorescence intensity after NIR irradiation was 1.3 times
that of the control group (Figure 8B). This enhancement may be attributed to increased cell permeability induced by NIR
light, facilitating greater uptake of the nanomedicine by cancer cells. After 24 h of co-culture, weak red fluorescence was
observed in the DOX group, indicating that small-molecule drugs enter cells via passive diffusion, a time-dependent
process with low drug utilization efficiency (Figure 8C). In contrast, the red fluorescence in the Au@SiO,-HA-DOX
group was more intense after NIR irradiation, with a fluorescence intensity 1.7 times that of the DOX group. Moreover,
after pre-incubation of MCF-7 cells using free HA and then co-incubation with nanoparticles, the intracellular fluores-
cence intensity was significantly reduced (Figure 8D). These findings suggest that HA can target the CD44 receptor on
cancer cells, effectively promoting the enrichment of Au@SiO,-HA-DOX NPs around cancer cells, while NIR stimula-
tion enhances the uptake of NPs by cancer cells. These results demonstrate that Au@SiO,-HA-DOX is an effective

carrier for anticancer drug delivery, significantly improving the uptake and utilization efficiency of drugs by cancer cells.
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Figure 5 Study of drug loading and drug release behavior of different materials. (A) Drug encapsulation efficiency of Au@SiO, and Au@SiO,-HA. (B) The surface charge of
Au@SiO,-HA-DOX nanoparticles in PBS (5.0, 6.5, 7.4) solution for different days (The inset of (B) is an image of Au-NRs and Au@SiO,-HA-DOX dispersed in PBS for 7
days). (C) DOX release curve of Free DOX and Au@SiO,-HA-DOX. DOX release curve from Au@SiO,-HA-DOX (D) at pH 5.0, 6.5, and 7.4; (E) in different
concentration of H,O; (0, 0.5 mm, 1.0 mm). (F) DOX release curves of Au@SiO,-HA-DOX with or without near-infrared light. * indicates P < 0.05.

Abbreviations: Au-NRs, gold nanorod; Au@SiO,, gold nanorod/ silicon dioxide; Au@SiO,-HA, gold nanorod! silicon dioxide/hyaluronic acid; Au@SiO,-HA-DOX, gold
nanorod/silicon dioxide/hyaluronic acid/doxorubicin; PBS, phosphate-buffered sodium; DOX, doxorubicin; H,O,, Hydrogen peroxide.
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Figure 7 Drug loading and drug release behavior of different materials. (A) Cell viability of MCF-7 cells incubated with DOX and Au@SiO,-HA-DOX at different
concentration. (B) IC50 value of DOX and Au@SiO,-HA-DOX. (C) Live/dead staining image of MCF-7 cells treated with DOX and Au@SiO,-HA-DOX with or without
NIR irradiation.** indicates P < 0.01.

Abbreviations: MCF-7, Michigan Cancer Foundation-7; DOX, doxorubicin; Au@SiO,-HA-DOX, gold nanorod/silicon dioxide/hyaluronic acid/doxorubicin; 1C50, Half
maximal inhibitory concentration; NIR, near-infrared; L-, without laser; L+, with laser.

The in vivo anti-tumor potential of nanomedicine was assessed by tumor growth analysis. Tumors volume in the control
group exhibited significant and continuous growth, whereas those in the DOX-treated group showed moderate inhibition,
likely due to the partial passive diffusion of DOX into tumor tissues, where it disrupts the DNA double helix structure of
cancer cells. In contrast, the Au@SiO,-HA-DOX group demonstrated considerable tumor growth suppression, with the most
pronounced effect observed under NIR light irradiation. This enhancement is ascribed to the active targeting ability of HA,
which facilitates selective accumulation and high intracellular uptake of the drug in cancer cells, thereby improving
anticancer activity (Figure 9A). In addition, mice in the free DOX group exhibited slow weight gain, likely due to systemic
toxicity, while those in the nanomedicine group maintained stable weight gain, indicating reduced toxicity (Figure 9B).

After 12 days of treatment, tumor tissues were collected. The results indicated that the photothermal treatment group
had the smallest tumor size and weight, consistent with experimental measurements, thus confirming the efficacy of
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Figure 8 Fluorescence microscopy images of MCF-7 cells after treated with DOX or Au@SiO,-HA-DOX for (A) 4 h and (B) 24 h. The relative fluorescence intensity of

MCF-7 cells after (C) 4 h and (D) 24 h.
Abbreviations: MCF-7, Michigan Cancer Foundation-7; DOX, doxorubicin; Au@SiO,-HA-DOX, gold nanorod/silicon dioxide/hyaluronic acid/doxorubicin; L-, without

laser; L+, with laser.

nanomaterial-assisted photothermal therapy in inhibiting tumor growth (Figure 9C and D). Histological analysis of tumor
tissues showed closely packed and regular tumor cells in the control group, with only a few dead cells in the DOX-treated
group. In contrast, the photothermal treatment group exhibited ruptured tumor cells with evident apoptosis, demonstrat-
ing that nanomedicine can effectively enter tumor tissues via NIR stimulation and induce cell death (Figure 9E).

The in vivo biosafety of the nanomedicine was evaluated through histological analysis of major organs from mice. No
significant infiltration of inflammatory cells was observed in the major metabolic organs (heart, liver, spleen, and lung),
and the cellular structures remained intact (Figure 10). These findings indicate that the cytotoxicity of the nanomaterials

in non-tumor tissues is minimal, demonstrating the excellent biocompatibility of the nanomedicine.
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Figure 10 H&E staining of vital organs after treated with PBS, DOX; Au@SiO2-HA-DOX (L-) and Au@SiO2-HA-DOX (L+).
Abbreviations: PBS, phosphate-buffered sodium; DOX, doxorubicin; Au@SiO,-HA-DOX, gold nanorod/silicon dioxide/hyaluronic acid/doxorubicin; H&E, hematoxylin-
eosin staining; L-, without laser; L+, with laser.

Conclusion

In this study, we successfully developed a multifunctional responsive gold nanorod-based hybrid nanoplatform capable of
efficiently loading anticancer drugs and supporting controlled release within the tumor microenvironment. The dynamic
borate design, responsive to both exogenous near-infrared light stimulation and endogenous reactive oxygen species,
facilitates the precise and stimuli-triggered release of doxorubicin from the nanocarriers. This innovative approach not
only improves the specificity of anticancer treatment but also offers a promising strategy for designing materials tailored to
the tumor microenvironment. Our findings indicate that this nanoplatform holds significant potential for enhancing the
clinical efficacy of antitumor drugs. However, the optimization of nanodrug design for targeted delivery and precise control of
drug release remains a critical area that requires further investigation. Future research should focus on improving the targeting
efficiency through the incorporation of tumor-specific ligands and the exploration of nanoplatform in diverse tumor models.
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