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Background: The co-loading of zinc phthalocyanine (ZnPc) and doxorubicin (DOX) on a nanocarrier for tumor photodynamic
therapy (PDT)-chemotherapy (CT) synergistic therapy is an effective approach. However, significant differences in water solubility
between DOX and ZnPc hinder their high drug-loading content within a unified carrier. Additionally, DOX’s systemic toxicity limits
its therapeutic dosage, while low ZnPc loading shortens PDT duration, collectively restricting the efficacy of PDT and related
synergistic therapy. This study aims to design a long-term PDT and CT synergistic therapy strategy to significantly improve the
therapeutic effect and reduce the toxic side effects.

Methods: We encapsulated ZnPc within biodegradable mesoporous silica nanoparticles (blMSN NPs) as the core, followed by
electrostatic coating with tumor-targeting, DOX-loaded hyaluronic acid nanoparticles (DOX-HA NPs) to fabricate blackberry-like
nanocomposites (DOX-HA/ZnPc-bMSN). In vitro and in vivo experiments determined tumor long-term PDT and CT synergistic
therapy efficacy with DOX-HA/ZnPc-bMSN.

Results: These nanocomposites achieved high ZnPc loading (DLC: 10.2% + 1.6%) and efficient tumor accumulation, enabling
prolonged systemic circulation (> 96 h) and sustained dual-drug release in vivo, realizing long-term photodynamic and CT synergistic
therapy. In vitro studies showed a low combination index (CI = 0.26), with reactive oxygen species (ROS) production enhanced by
1.6-fold and 1.9-fold for ZnPc and DOX. The median lethal dose (LD50) of DOX-HA/ZnPc-bMSN nanocomposites (138.95 mg/kg)
was 15.12 times higher than that of free DOX. Notably, in vivo studies demonstrated a 96.0% tumor inhibition rate has been achieved
using ultralow doses of drugs (DOX: 0.2 mg/kg; ZnPc: 2 mg/kg). This long-term PDT and CT synergistic therapy elevated intracellular
ROS levels, which not only induced apoptosis in tumor cells but also activated caspase-1, leading to direct GSDMD cleavage,
GSDMD-N release, and pyroptotic tumor cell death.

Conclusion: These nanocomposites dually trigger tumor cell apoptosis/pyroptosis, demonstrating potent therapeutic efficacy and
safety for clinical translation.
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Introduction

Malignant tumors pose a significant threat to human health and survival." Chemotherapy (CT) remains a cornerstone of
treatment, characterized by its sustained efficacy (> 48 h) and broad-spectrum activity. This therapeutic approach
effectively targets tumor cells at both primary and metastatic sites, thereby suppressing tumor progression and
dissemination.>® However, the non-specific chemotherapeutic agents lead to several limitations, including suboptimal
short-term efficacy, development of drug resistance, and substantial systemic toxicity.* Doxorubicin (DOX), a widely
utilized broad-spectrum antineoplastic agent, demonstrates therapeutic efficacy against a diverse range of malignancies,
including breast carcinoma, prostate tumor, lymphomas, sarcomas, and specific leukemia subtypes.” Despite its clinical
utility, DOX and related anthracycline compounds are associated with dose-dependent cardiotoxicity, potentially result-
ing in irreversible myocardial injury.® Furthermore, prolonged monotherapy with chemotherapeutic agents may induce
drug resistance in neoplastic cells, thereby compromising therapeutic efficacy. Consequently, there exists an imperative
clinical need to optimize DOX therapy by minimizing dosage requirements while maximizing therapeutic outcomes.
Current strategies for therapeutic enhancement include the utilization of nanocarriers for DOX delivery, which may
mitigate adverse effects and prolong therapeutic activity, and the implementation of combination therapies to reduce
DOX dosage while achieving synergistic therapeutic effects. Numerous studies have reported the synergistic application
of DOX-loaded nanocarriers with other therapies such as hyperthermia, dynamics and immunotherapy.”® Notably, the
integration of DOX-loaded nanocarriers with photodynamic therapy (PDT) has emerged as a particularly promising area
of investigation, attracting considerable research interest.
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PDT represents a useful tumor therapeutic approach, featuring tumor specific targeting, minimal damage to normal
tissues, no dark toxicity and repeatability.'®'! PDT primarily functions through the generation of reactive oxygen species
(ROS) by photosensitizers (PS) upon exposure to light of specific wavelengths.'> However, due to the short half-life of
ROS (2-6 hours), the long-term efficacy of PDT alone is suboptimal, necessitating its combination with other therapeutic
approaches to enhance treatment outcomes.'> The synergistic potential of PDT and CT is manifested through their
complementary mechanisms: PDT facilitates the rapid generation of substantial ROS within a 2—6 hour window,
inducing direct tumor cell cytotoxicity and vascular disruption, while CT provides sustained eradication of residual
tumor cells over a 2448 hour period, thereby mitigating the risks of tumor recurrence and metastatic dissemination. The
integration of PDT with CT thus combines the advantages of immediate tumor kill with prolonged tumor suppression, as
well as precise local intervention with systemic therapeutic effects, culminating in enhanced therapeutic efficacy and
diminished adverse effects."*'> Zinc phthalocyanine (ZnPc), a photosensitizer that has progressed to Phase I/IT clinical
trials in Switzerland for PDT applications, exhibits superior photophysical properties, including pronounced absorption in
the near-infrared spectrum (650-800 nm) and exceptional ROS quantum yield. These characteristics render ZnPc
particularly suitable for not only superficial tumor treatment, but also for addressing deeper-seated malignancies.'®
However, the clinical utility of ZnPc is constrained by its pronounced hydrophobicity and propensity for crystallization.'”
The co-encapsulation of DOX and ZnPc within a unified nanocarrier system presents a promising approach to achieving
PDT-CT synergistic therapy.

Huang et al pioneered a thermosensitive nanoparticle hydrogel (TNPGEL) that successfully co-loaded DOX and
ZnPc. The synthesized TNP/DOX/ZnPc demonstrated a marked enhancement in ROS generation and a potent inhibition
of tumor cell proliferation, reducing cell viability to a mere 18.5%. Nonetheless, in vivo assessments revealed that while
the TNP/DOX/ZnPc cohort exhibited a significantly reduced tumor volume compared to the TNP/DOX and TNP/ZnPc
groups, the post-intervention tumor size remained 12.5-fold larger than the pre-treatment volume. This outcome is likely
attributable to the suboptimal drug loading content (DLC) of both DOX (0.84%) and ZnPc (0.94%), which may have
undermined the therapeutic potential.'® Wang et al engineered a pH-sensitive nanomicellar platform utilizing folic acid-
bile salt-stearic acid (FA-BSP-SA) and tocopheryl polyethylene glycol succinate (TPGS) for the dual loading of DOX
and ZnPc. The emulsion-solvent evaporation technique yielded Dox+ZnPc@FA-BSP-SA/TPGS micelles, which boasted
a DLC exceeding 6% for DOX but fell short with a ZnPc DLC below 0.5%. This discrepancy was primarily due to the
strong hydrophobicity of ZnPc, which caused it to aggregate and precipitate in solution, thereby reducing encapsulation
efficiency.'” Ma et al constructed a drug delivery system based on a ZnPc-soybean phosphatidylcholine (ZnPc-SPC)
complex, loaded with DOX (DLC of 9.78%) and modified with methotrexate (MTX) to target folate receptor a (FRa),
forming MTX-decorated self-assembled ZnPc-SPC complex NPs (DZSM). In vivo antitumor results indicated that the
DZSM group without laser intervention experienced a relative tumor volume exceeding 3.0, whereas the DZSM+laser
group saw a modest reduction to just below 1.0.%° These results imply a less therapeutic contribution from the DOX
within DZSM due to DOX’s systemic toxicity for normal tissues limiting its therapeutic dosage. Moreover, the limited
efficacy observed in the DZSM-+laser group may be ascribed to the low loading capacity of ZnPc, which failed to achieve
long-term PDT (with a PDT duration of only 15 min) and thus curtailed the full synergistic efficacy between ZnPc and
DOX. Therefore, it can be seen that the difference in water solubility between DOX and ZnPc significantly affects the
preparation design, and it is difficult to have a carrier material that can meet the high loading capacities of DOX and
ZnPc at the same time. The notably low DLC of ZnPc, in particular, precipitates an abbreviated PDT therapeutic window
and insufficient chemotherapeutic synergy, significantly detracting from the overall therapeutic efficacy.

In order to overcome the low loading of DOX and ZnPc in the same carrier, we employed biodegradable mesoporous
silica nanoparticles (bMSN NPs) for ZnPc encapsulation (bMSN@ZnPc NPs) to obtain bMSN@ZnPc NPs, whereas
DOX was loaded into tumor-targeting hyaluronic acid (HA) nanoparticles (DOX-HA NPs). Then DOX-HA NPs were
subsequently adsorbed onto the surface of bMSN@ZnPc NPs, resulting in the formation of blackberry-like structured
DOX-HA/ZnPc-bMSN nanocomposites (Scheme 1). These bilayer-structured nanocomposites effectively address the
limitations arising from the disparate properties of DOX and ZnPc, facilitating high loading of both therapeutic agents
within a single system. The modular design allows for precise adjustment of drug concentrations and ratios, making it
adaptable to various dual-drug synergistic treatment regimens and therapeutic times. Furthermore, the therapeutic
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performance can be optimized by systematically refining the structural parameters of the nanocomposites. These
nanocomposites not only achieve a high ZnPc loading capacity (DLC of 10.2% + 1.6%), enabling long-term PDT, but
also exhibit exceptional stability and biocompatibility in both in vitro and in vivo.

Benefiting from the tumor-targeting properties of HA and the enhanced permeability and retention (EPR) effects, the
nanocomposites demonstrate efficient accumulation at the tumor site, facilitating prolonged systemic circulation (> 96
hours) and sustained release of both DOX and ZnPc in vivo. Following cellular uptake, DOX, positioned on the surface
of the nanocomposites, is preferentially released, delivering long-term antitumor activity. Subsequently, ZnPc, encapsu-
lated within the pores of the bMSN NPs, is gradually released, enabling a highly effective and long-lasting PDT effect
upon 660 nm laser irradiation. In vitro studies revealed that the nanocomposites exhibit remarkable synergistic efficacy
between PDT and related CT, as evidenced by a combination index (CI) of 0.26. The production of ROS in the DOX
+ZnPctlaser combination treatment group was enhanced by 1.6-fold and 1.9-fold at the cellular and tissue levels,
respectively. In vivo toxicity assessments demonstrated that the nanocomposites possess an exceptionally favorable
safety profile, with a median lethal dose (LD50) of 138.95 mg/kg, representing a 15.12-fold increase compared to free
DOX (9.19 mg/kg). In vivo antitumor evaluations further highlighted the exceptional therapeutic potential of this
approach, achieving a remarkable tumor inhibition rate of 96.0% with ultralow doses of DOX (0.2 mg/kg) and ZnPc
(2 mg/kg) combined with prolonged PDT therapy (2 hours). Conventional PDT and CT predominantly exert their
antitumor effects by inducing apoptosis in tumor cells.?'*? Nevertheless, the efficacy of apoptosis induction is frequently
constrained by the intrinsic or acquired resistance of tumor cells to apoptotic pathways.*>** In contrast to apoptosis,
pyroptosis is a form of inflammatory programmed cell death (PCD).*> Research has demonstrated that inducing
pyroptosis in as few as 15% of cells can effectively suppress tumor progression, with ROS recognized as one of the
key pathways triggering pyroptosis.”*” In this study, the combination of long-term PDT and related synergistic CT via
DOX-HA/ZnPc-bMSN nanocomposites significantly augmented the ROS generation capacity of both DOX and ZnPc.
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The elevated ROS levels not only promoted apoptosis in PC-3 cells but also triggered pyroptosis through the ROS/
caspase-1/GSDMD signaling pathway, substantially enhancing overall PCD efficiency. In summary, the DOX-HA/ZnPc-
bMSN nanocomposites along with the long-term PDT and CT synergistic treatment strategy, offer an innovative
paradigm for tumor treatment and hold significant potential for clinical development.

Materials and Methods

Materials

Fetal bovine serum (FBS) was purchased from Sigma (Shanghai, China). Trypsin and Dulbecco’s modified eagle medium
(DMEM) high-glucose culture medium were obtained from Hyclone (Beijing, China). Hexadecyltrimethylammonium
chloride (CTAC, 97%), tetraethyl orthosilicate (TEOS), triethylamine (TEA, 99.5%), 3-aminopropyl-trimethoxysilane
(APS), DOX (98%), ZnPc, coumarin 6, hyaluronic acid (the average molecular weight: 6.2 kDa), hyaluronidase (HAase),
IR-780, and Tween 80 were purchased from Aladdin (Shanghai, China). The Cell Counting Kit-8 (CCK-8), ROS
detection kits, lactate dehydrogenase (LDH) cytotoxicity assay kits (WST-8 method), and Calcein/PI cell viability and
cytotoxicity assay kits were all purchased from Beyotime Ltd (Shanghai, China). Cleaved caspase-1 antibody (#4199)
was obtained from Cell Signaling Technology (CST, Danvers, MA, USA). Cleaved N-terminal GSDMD antibody
(ab215203) was acquired from Abcam (Cambridge, MA, USA). The cell lines used included HUVEC, HT-22, and
PC-3, which were sourced from Shanghai Coweldgen Scientific Ltd (Shanghai, China) and originated from the American
Type Culture Collection (ATCC, Manassas, VA, USA). All experimental animals were obtained from Beijing HFKBio
PLC (Beijing, China).

Preparation of bMSN NPs and DOX-HA/ZnPc-bMSN Nanocomposites

The bMSN NPs were prepared via a water-oil two-phase reaction. Briefly, 24 mL of CTAC (25 wt%), 137 uL of TEA,
and 34 mL of deionized water were mixed and stirred at 60°C for 1 hour. A mixture of 1 mL TEOS and 19 mL
cyclohexane was then added, and the reaction was continued under stirring for 20 hours. The upper cyclohexane layer
was carefully removed, and CTAC was eliminated via centrifugation and washing with a NaCl-methanol solution (1 wt
%), yielding bMSN NPs. To functionalize the nanoparticles, BLMSN NPs were dispersed in 20 mL of anhydrous ethanol,
followed by the addition of 1 mL APS. The reaction proceeded at 90°C for 48 hours, after which the precipitate was
collected via centrifugation and washed with anhydrous ethanol, forming bMSN-NH, NPs. Next, 9 mg of bMSN-NH,
NPs were dispersed in 5 mL of deionized water, and 1 mg of ZnPc was slowly added under continuous stirring, allowing
encapsulation within the nanopores overnight. This process generated positively charged bMSN@ZnPc NPs. For the
preparation of DOX-HA NPs, 0.1 mg of DOX was added to 1 mL of HA solution (1 mg/mL in deionized water) and
stirred for 10 minutes under neutral conditions, forming negatively charged DOX-HA NPs. Subsequently, the negatively
charged DOX-HA NPs were slowly added to the positively charged bMSN@ZnPc NPs under stirring, followed by
ultrasonic treatment at 150 W for 10 min with ultrasonic vibrator (Five Phase Instrument & Meter Co Ltd, Shanghai,
China). Under the combined action of stirring and ultrasonication, DOX-HA NPs were adsorbed onto the surface of
bMSN@ZnPc NPs via electrostatic interaction, resulting in the final blackberry-like nanocomposites: DOX-HA/ZnPc-
bMSN nanocomposites.

Due to ZnPc’s excellent photochemical properties but poor fluorescence,?** we utilized bMSN NPs loaded with IR-
780-a representative hydrophobic near-infrared (NIR) fluorescent dye with a high luminescence quantum yield*’-to
evaluate the in vivo targeting performance of the nanocomposites. The fluorescent nanocomposites were prepared
following the same procedure as the DOX-HA/ZnPc-bMSN nanocomposites. Briefly, 9 mg of bMSN-NH, NPs were
dispersed in 5 mL of deionized water, and 1 mg of IR-780 was slowly added under continuous stirring, allowing
adsorption overnight. The negatively charged IR-780 molecules were incorporated into the pores of the positively
charged bMSN-NH, NPs, forming bMSN@IR780 NPs. These were subsequently combined with DOX-HA NPs via
electrostatic interactions, yielding the final negatively charged DOX-HA/IR780-bMSN nanocomposites.
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Characteristics of bMSN NPs and DOX-HA/ZnPc-bMSN Nanocomposites

Transmission electron microscopy (TEM, Thermo Fisher Scientific, Waltham, MA, USA) was used to observe the
morphology of DOX-HA NPs, bMSN NPs, and DOX-HA/ZnPc-bMSN nanocomposites. The particle size and zeta
potential of DOX-HA NPs, bMSN NPs, and DOX-HA/ZnPc-bMSN nanocomposites were measured using a Malvern
particle size analyzer (Malvern Instruments Ltd, Worcestershire, UK). The absorption spectra of DOX, ZnPc, and DOX-
HA/ZnPc-bMSN nanocomposites were determined using a UV-Vis spectrophotometer (Shanghai Mapada Instruments Co
Ltd, Shanghai, China). The chemical structure of DOX, DOX-HA NPs, ZnPc, bMSN NPs, bMSN@ZnPc NPs, and
DOX-HA/ZnPc-bMSN nanocomposites was further determined with Fourier transform infrared spectroscopy (FTIR,
Bruker Corporation, Billerica, MA, USA). Additionally, the fluorescence spectra of ZnPc and DOX-HA/ZnPc-bMSN
nanocomposites at different concentrations were detected using a fluorescence spectrophotometer (B&W TEK Opto-
electronics, Shanghai, China). To evaluate the stability of the nanocomposites, bMSN NPs and DOX-HA/ZnPc-bMSN
nanocomposites were dispersed in PBS at 4°C, PBS at 37°C, DMEM at 37°C, and FBS at 37°C, and their particle size
variations over time were monitored using a Malvern particle size analyzer. High-performance liquid chromatography
(HPLC) was used to determine the concentration of the drug, and the encapsulation efficiency (EE) and DLC were
calculated according to the following formulas:

M rug input — M rug remain
EE (100%) = —¢ ]'\’/[; : dtg x 100%
rug inpu

DLC (100%) = e impue ~ Mamg emain 1100,
DOX-HA/ZnPc-bMSN nanocomposites input

The release profile of DOX from DOX-HA/ZnPc-bMSN nanocomposites was investigated using a dialysis membrane
(3500 Da MWCO) in phosphate-buffered saline (PBS, pH = 7.4) under continuous stirring at 100 rpm and 37°C for 72 h.
The experimental group consisted of DOX-HA/ZnPc-bMSN nanocomposites, while the control groups included DOX-
HA/ZnPc-bMSN nanocomposites treated with 10 U/mL HAase, as well as free DOX, all subjected to the same dialysis
conditions. The release profile of ZnPc from the DOX-HA/ZnPc-bMSN nanocomposites was studied under the same
experimental conditions and methods, except that the dialysis external solution was supplemented with 1% Tween 80 to
enhance its release. Dialysate samples were collected at predetermined time intervals, and the UV-vis absorption was
measured at A = 480 nm and A = 660 nm using a UV-Vis spectrophotometer to determine the release of DOX and ZnPc,
respectively. After each sampling, the dialysate was replaced with an equal volume of fresh PBS buffer solution.

Cell Internalization Evaluation of DOX-HA/ZnPc-bMSN Nanocomposites

To effectively observe the internalization of nanocomposites, DOX-HA/ZnPc-bMSN nanocomposites were fluorescently
labeled using coumarin 6 (green) and DOX (red). PC-3 cells were seeded into confocal cell dishes and incubated at 37°C
in 5% CO,. After cell adhesion, the fluorescently labeled DOX-HA/ZnPc-bMSN nanocomposites were added and
incubated. At 1 h, 2 h, and 4 h, the dishes were treated with 4% paraformaldehyde solution, and the cell nuclei were
stained using the DAPI kit. Observations were conducted using a laser confocal microscope (Leica, Wetzlar, Germany).
HA could competitively inhibit the internalization of DOX-HA/ZnPc-bMSN nanocomposites. The blocking group of
cells was pretreated with HA (5 mg/mL), while the control group received no treatment. Subsequently, DOX-HA/ZnPc-
bMSN nanocomposites were added to the confocal cell dishes for incubation. The optimal incubation time was
determined based on internalization results. After incubation, the fluorescence was observed with a laser confocal
microscope and the fluorescence intensities were measured and quantified using Image J software.

In vitro Toxicity of DOX-HA/ZnPc-bMSN Nanocomposites
Firstly, the cytotoxicity of DOX-HA/ZnPc-bMSN nanocomposites was tested using the CCK-8 assay, including two

normal cell lines (HUVEC, HT-22) and the PC-3 cell line. Cells were spread evenly in a 96-well plate at a density of
8000-12,000 cells per well. After adherence, samples were added to each well in a concentration gradient. When the cell
density in the control group reached over 80% growth, the medium was replaced with colorless medium containing
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CCK-8, and the incubation continued for 1 to 1.5 hours. Absorbance was measured at 450 nm using a microplate reader
(Tecan Group Ltd, Ménnedorf, Switzerland) to calculate cell viability.

The in vitro suppression effect of the DOX-HA/ZnPc-bMSN nanocomposites was evaluated by CCK-8, clone
formation, and live/dead cell staining assays. PC-3 cells were seeded into a 24-well plate at 20,000 cells per well.
Once the cells reached 50% confluence, different concentrations of DOX-HA/ZnPc-bMSN nanocomposites, ranging
from 6.2 pg/mL to 83.3 pg/mL, were added to the dishes, with two experimental groups set at a final concentration of
83.3 pg/mL. Post a 2-hour incubation, each concentration underwent a 2-hour exposure to 660 nm laser light (0.05 W/
cm?), except for one group at 83.3 pg/mL without laser treatment. After an additional 24-hour incubation, cell viability
was measured and calculated using the same method.

The proliferation ability of PC-3 cells under different drug treatments was assessed using the colony formation assay.
PC-3 cells were seeded into 6 cm culture dishes and incubated overnight at 37°C in 5% CO,. ZnPc, DOX, ZnPc+DOX,
and DOX-HA/ZnPc-bMSN nanocomposites were separately added to the dishes, with concentrations of 40 pug/mL for
ZnPc and 4 pg/mL for DOX in each group. The control group remained untreated. After a 2-hour co-incubation of the
cells with the drugs, the ZnPc, ZnPc+DOX, and DOX-HA/ZnPc-bMSN nanocomposites’ groups were exposed to 660
nm laser light (0.05 W/cm?) for 2 hours. Fresh culture medium was then replaced after a 12-hour incubation. When the
control group displayed at least 50 cloned cells, the cells were fixed and stained, and the number of cloned cells was
quantified using Image J software. In the live/dead cell staining test, 60,000 cells were seeded into each well of a 6-well
plate. Once the cells reached 90% confluence, they were subjected to various treatments and incubated for an additional
12 hours. Following this, the live/dead cell staining kit was utilized for staining, and the results were observed using an
inverted fluorescence microscope. The half-maximal inhibitory concentration (IC50) of ZnPc, DOX, and DOX-HA/
ZnPc-bMSN nanocomposites was then calculated using dose-response curves, and the CI of DOX-HA/ZnPc-bMSN
nanocomposites was determined using the Chou-Talalay method (Supplementary Material 1)

Inhibiting Efficacy of DOX-HA/ZnPc-bMSN Nanocomposites on the Proliferation of

PC-3 Cells

The photodynamic effect of DOX-HA/ZnPc-bMSN nanocomposites in vitro was evaluated through ROS production
experiments. PC-3 cells were seeded in a 6-well plate at a density of 40,000 cells per well. After the cells grew to 80%
confluence, they were grouped and treated with the corresponding samples and interventions. After a 6-hour incubation,
the cells were stained with the ROS probe DCFH-DA, and the fluorescence signals were observed and captured using an
inverted fluorescence microscope. Subsequently, flow cytometry was employed to detect apoptosis in PC-3 cells under
different treatments. The cultured PC-3 cells were digested, centrifuged, and resuspended, then seeded in a 24-well plate.
DOX, ZnPc, DOX+ZnPc, and DOX-HA/ZnPc-bMSN nanocomposites were added, with ZnPc and DOX concentrations
set at 20 pg/mL and 2 pg/mL, respectively, and co-incubated for 48 hours. The cells in the treatment groups with ZnPc,
DOX+ZnPc, and DOX-HA/ZnPc-bMSN nanocomposites were irradiated with a 660 nm laser (0.05 W/cm?) for 1 hour,
then collected and washed three times with PBS. The cells were then stained with Annexin-V FITC for 1 hour, followed
by PI staining for 30 minutes, and finally analyzed using flow cytometer (BD Biosciences, San Jose, CA, USA).

To validate the induction of pyroptosis in PC-3 cells by DOX-HA/ZnPc-bMSN nanocomposites, the morphological
changes of PC-3 cells following various treatments were first observed and photographed using an optical microscope
(Olympus, Tokyo, Japan). A suitable quantity of PC-3 cells was seeded into a 24-well plate and incubated for 48 hours
until reaching approximately 90% confluence. Following this, the cells were subjected to different interventions. After 12
hours, they were observed and photographed under an optical microscope. The expression of pyroptosis-related proteins,
including cleaved caspase-1 and cleaved N-terminal GSDMD, was detected in each group of PC-3 cells using Western
blotting. After various treatments, proteins from each group of PC-3 cells were extracted. Protein quantification was
performed using the Bicinchoninic Acid (BCA) assay, with a loading amount of 30 pg per well. The samples were
electrophoresed until the bromophenol blue reached the bottom of the gel, then subjected to wet transfer for membrane
transfer, followed by blocking with 5% fat-free milk. The antibodies, including cleaved caspase-1 (CST, #4199) and
cleaved N-terminal GSDMD (Abcam, ab215203), were incubated overnight at 4°C. The protein bands were observed
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using a protein detection system (Bio-Rad, Hercules, CA, USA). The exposure results were analyzed using Image J
software, and all experiments were repeated three times. Further detection of pyroptosis-related inflammatory markers
LDH, IL-1pB, and IL-18 was performed. The LDH cytotoxicity detection kit (WST-8 method) was used to measure the
changes in LDH levels in the cell culture supernatant of PC-3 cells after different treatments. The expression levels of IL-
1B and IL-18 in the cell culture supernatants of PC-3 cells after group treatments were assessed using the ELISA method.
Each group was repeated three times.

In vivo Cytotoxicity of DOX-HA/ZnPc-bMSN Nanocomposites

To evaluate in vivo toxicity of different drugs through hemolysis assay. The 4% red blood cell suspension was extracted
from the blood of BALB/c mice. Five test tubes were taken, each containing Triton X-100 (1%), bMSN NPs, DOX-HA/
ZnPc-bMSN nanocomposites, DOX+ZnPc, and DMSO, respectively. Blood samples were then added to each test tube,
mixed gently, and incubated at 37°C for 2 hours. After incubation, the liquids from each test tube were centrifuged at
13,000 rpm for 15 minutes. The supernatant was discarded, and an equal volume of distilled water was added to each
tube, followed by incubation at 37°C for 4 hours. The absorbance of each sample was measured at 540 nm using the
microplate reader, and the hemolysis rate was calculated.

For the acute toxicity assay, since ZnPc exhibits no dark toxicity,”> BALB/c mice were randomly divided into two
groups: the DOX-HA/ZnPc-bMSN nanocomposites group and the DOX group. The day before treatment, the mice were
fasted and water-deprived overnight. On the following day, different doses of DOX-HA/ZnPc-bMSN nanocomposites
and DOX were administered via tail vein injection. The mortality of the mice was recorded over 14 days post-
administration, and the LD50 of DOX-HA/ZnPc-bMSN nanocomposites and DOX was calculated using Probit regres-
sion analysis with SPSS software. Subsequently, the effects of DOX-HA/ZnPc-bMSN nanocomposites and their
components (DOX and ZnPc) on damage to major organs and blood biochemical indicators in mice were further
investigated. 200 pL of DOX-HA/ZnPc-bMSN nanocomposites and a solution of DOX+ZnPc at the same drug
concentration were injected into the tail vein. ZnPc at a dose of 50 mg/kg and DOX at 5 mg/kg. The mortality within
2 weeks was recorded. For pathology, blood biochemistry, and inflammation tests, 12 female BALB/c mice were used.
After being fed for 3 days, the mice were randomly divided into 4 groups. The injection method was consistent with the
aforementioned acute toxicity dosing procedure. 14 days after injection, blood samples from 3 BALB/c mice in each
group were collected to measure their major blood biochemistry indices and inflammation marker concentrations like
TNF-a and IL-6. The BALB/c mice were then euthanized, and their hearts, livers, lungs, and kidneys were collected for
histopathological analysis. All animal experiments in this work were authorized by the Laboratory Animal
Administration Committee of Xi’an Medical University. The protocols for animal experiments followed the
Guidelines for the Use and Care of Experimental Animals at Xi’an Medical University. The Animal Ethics Approved
Document Number was XYLS2022188.

In vivo Distribution and Target Delivery of Nanocomposites

Male BALB/c-nu/nu mice (4 weeks of age) were fed for one week, each mouse was subcutaneously injected with 100 uL
of PC-3 cells (5x10°/mL). After 1 week, the tumors were measured, and when the tumors reached an adequate size, the
model animals were used for further in vivo investigations. When the tumors reached an appropriate size, two tumor-
bearing mice with the same tumor size were selected for the in vivo distribution experiment of nanocomposites. One
mouse received an intravenous injection of 200 pL of DOX-HA/IR-780-bMSN nanocomposites, while the other mouse
was intravenously injected with free IR-780. After injection, the mice were observed by the in vivo imaging system
(IVIS, Perkin-Elmer, Waltham, MA, USA) with the excitation wavelength set at 660 nm. During imaging, the mice were
anesthetized with isoflurane. Fluorescent images of the mice were captured at 0 h, 6 h, 12 h, 36 h, 48 h, and 96 h post-
injection. When the observations were finished, the mice were euthanized, and their hearts, livers, spleens, lungs,
kidneys, and tumor tissues were collected. The fluorescence signals in each organ were detected using the IVIS imaging
system under the same parameters, and the biological distribution of DOX-HA/IR-780-bMSN nanocomposites in the
mouse organs was analyzed.
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In vivo Tumor Suppression of DOX-HA/ZnPc-bMSN Nanocomposites

Thirty tumor-bearing mice were randomly divided into 5 groups for the evaluation of the in vivo antitumor effects. Each
group was injected with 200 pL of ZnPc, DOX, ZnPc+DOX, and DOX-HA/ZnPc-bMSN nanocomposites, while the
control group was injected with the same volume of saline. The ZnPc at a dosage of 2 mg/kg and DOX at a dosage of 0.2
mg/kg. Injections were administered 3 times per week, and on the day after injection, the mice were exposed to 660 nm
laser (0.05 W/cm?) for 2 hours while anesthetized with isoflurane. The tumor volumes and body weights were recorded
continuously. After 30 days, the mice were euthanized, and tumor tissues were collected to measure their size and weight.
Subsequently, tumor tissues from each group were embedded in paraffin for H&E staining and TUNEL staining.
Additionally, another five PCa xenograft mice were subjected to the same treatment intervention. Tumor tissues were
collected 6 hours post-treatment to prepare fresh frozen sections. The levels of ROS in the tumor tissue were assessed
using the ROS detection kit according to the instructions, where blue fluorescence indicates the cell nucleus and red
fluorescence indicates ROS-positive expression.

Statistical Analysis

Statistical analysis was conducted using GraphPad Prism software. Data are presented as mean + SD and were obtained
from at least 3 independent experiments. Analysis of variance was used to assess the significance of differences between
means. A p-value < 0.05 indicated a statistically significant difference between the compared data.

Results and Discussion
Preparation and Characteristics of DOX-HA/ZnPc-bMSN Nanocomposites

As illustrated in Scheme 1, ZnPc is encapsulated within the pores of bMSN NPs to form a positively charged PDT
module bMSN@ZnPc NPs. Meanwhile, HA loaded with DOX forms a negatively charged CT module DOX-HA NPs.
Subsequently, DOX-HA NPs are adsorbed onto the surface of bMSN@ZnPc NPs via electrostatic interactions, ultimately
resulting in the formation of blackberry-like DOX-HA/ZnPc-bMSN nanocomposites. The double-layered nanocompo-
sites effectively address the challenge of achieving high co-loading efficiency for both DOX and ZnPc, despite their
distinct water solubility. These nanocomposites allow for precise tuning of drug concentrations and ratios, enabling their
adaptation to diverse dual-drug synergistic therapy regimens. Through structural optimization of the nanocomposites,
maximal therapeutic efficacy can be attained.**-* The encapsulation efficiency of ZnPc¢ and DOX in DOX-HA/ZnPc-
bMSN nanocomposites was 95.2 + 2.6% and 85.8 + 4.7%, respectively, with a drug loading content of 10.2 + 1.6% and
1.4 £ 0.5%, representing a 10.9-fold and 1.7-fold increase, respectively, compared to the TNP/DOX/ZnPc¢ system
developed by Huang et al.'"® HA, a ligand for the cluster determinant 44 (CD44) receptor highly expressed in various
tumors, endows DOX-HA/ZnPc-bMSN nanocomposites with tumor-targeting properties.’> After HA-mediated targeting
and entry into tumor cells, the DOX located on the surface of the nanocomposites is released first, followed by the release
of ZnPc located within the pores. DOX can not only interfere with DNA replication and transcription to inhibit the
proliferation of tumor cells, but also trigger tumor cell apoptosis and pyroptosis through oxidative stress.*®*” Under 660
nm laser irradiation, ZnPc can generate ROS, which can induce tumor cell apoptosis and pyroptosis, exerting therapeutic
effects. Thus, the DOX-HA/ZnPc-bMSN nanocomposites are able to precisely target tumor cells, combining DOX and
ZnPc to exert antitumor effects through different mechanisms, resulting in highly efficient synergistic antitumor activity,
while significantly reducing drug dosage and its associated toxicity.

Figure 1A shows the TEM images of DOX-HA NPs, bMSN NPs, and DOX-HA/ZnPc-bMSN nanocomposites. DOX-
HA NPs showed analogous spherical shapes and approximately uniform sizes (14.9 £ 6.5 nm). bMSN NPs were
mesoporous, exhibited good dispersibility, and possessed a uniform particle size, with an average diameter of 63.9 +
8.6 nm. Furthermore, Malvern particle size analyzer measurements showed that the average hydrodynamic diameter of
DOX-HA NPs was 25.37 nm (Supplementary Figure 1) and that of bMSN NPs was 72.03 nm (Figure 1B), while the zeta
potential of DOX-HA NPs and bMSN NPs was —21.4 mV (Supplementary Figure 2) and +29.7 mV (Figure 1C),
respectively. DOX-HA/ZnPc-bMSN nanocomposites exhibit a regular blackberry-like structure (Figure 1A), with an

average hydrodynamic diameter of 107.8 nm (Figure 1B), which is slightly larger than the particle size shown in the
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Figure | Characterization of DOX-HA NPs, bMSN NPs, and DOX-HA/ZnPc-bMSN nanocomposites. (A) TEM image of DOX-HA NPs (scale bar, 100 nm), bMSN NPs (scale
bar, 100 nm), and DOX-HA/ZnPc-bMSN nanocomposites (scale bar, 200 nm). (B) Particle size distribution of bMSN NPs and DOX-HA/ZnPc-bMSN nanocomposites. (C) Zeta
potential of bMSN NPs. (D) Zeta potential of DOX-HA/ZnPc-bMSN nanocomposites. (E) Absorbance spectrum of DOX-HA/ZnPc-bMSN nanocomposites. (F) The IR spectra
analysis of DOX, DOX-HA NPs, ZnPc, bMSN NPs, bMSN@ZnPc NPs, and DOX-HA/ZnPc-bMSN nanocomposites. (G) Particle size changes of DOX-HA/ZnPc-bMSN
nanocomposites at different temperatures and in different solvents. (H) In vitro release of free DOX, DOX-HA/ZnPc-bMSN nanocomposites, and HAase-containing DOX-HA/
ZnPc-bMSN nanocomposites. Data presented as mean * standard deviation (n = 3).

TEM image (80.3 £ 5.7 nm). This discrepancy was attributed to the hydration layer thickness added by the HA layer,
causing the hydrodynamic diameter of the nanodrug carrier complex to be larger than that detected by transmission
electron microscopy. Furthermore, the nanoparticle composite exhibited a uniform particle size distribution, with sizes
around 100 nm, which allowed for effective accumulation at the tumor region through the EPR effects.*® Notably, the
zeta potential of DOX-HA/ZnPc-bMSN nanocomposites was —16.7 mV (Figure 1D), and this change in zeta potential
confirms that the construction of the nanocomposites was an encapsulation process.

The FTIR was used to characterize DOX-HA/ZnPc-bMSN nanocomposites by identifying functional groups.
Figure 1F displays the obtained spectra. For pure DOX, the absorption peaks observed at 3527 cm™! and 3325 cm™!,
located in the higher wavenumber region, are assigned to N-H and O-H stretching vibrations, respectively. The
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absorption at 2894 cm™! arises from C-H stretching vibrations, specifically involving aromatic or alkyl hydrogen atoms.
A distinct peak at 1730 cm™! is indicative of C=O0 stretching vibrations, serving as a characteristic marker for the ketone
functional group within the DOX. Additionally, the peaks at 1620 cm™' and 1580 cm™' are assigned to the stretching
vibrations of the benzene ring C=C bonds and N-H bending vibrations, respectively. Furthermore, the C-O-C stretching
vibration is identified by the band at 1285 cm™'.*° In the infrared spectrum of DOX-HA NPs, only the characteristic
absorption peaks of HA are clearly observed. The broad absorption band at 3444 cm™' corresponds to the O-H stretching
vibration in HA, while the weaker absorption band at 2936 cm™! is attributed to C-H stretching vibrations, primarily from
the CH, and CHj3 groups in HA. The broad absorption peak appearing near 1620 cm™ is characteristic of C=O stretching
vibrations, which may be related to either the carboxyl groups of HA or the ketone groups of DOX. The peak at
1030 cm™! arises from the C-O bond vibrations in the glucosamine and glucuronic acid backbone of HA. Notably, the
characteristic absorption peaks of DOX are not distinctly observed. This phenomenon could be attributed to the fact that
HA and DOX are primarily bound through electrostatic interactions, with HA encapsulating the DOX molecules, thereby
masking the infrared signals of DOX. These results collectively indicate that DOX is effectively encapsulated within
HA.*® ZnPc contains multiple aromatic ring structures, with the 1604 cm™! peak corresponding to the C=C stretching
vibration of the aromatic rings. The 1332 cm™! peak is attributed to the C-N stretching vibration, while the 1059 cm™!
peak arises from either C-N bending vibration or C-H bending vibration. Additionally, the vibrational peak at 727 cm™!
represents the characteristic frequency of the Zn-N bond.*' In the infrared spectrum of bMSN NPs, the broad and strong
absorption peak at 3432 cm™! can be attributed to the stretching vibration of Si-OH. The peak at 1627 cm™! corresponds
to the C=0 stretching vibration in COOH groups. The absorption peak at 1172 cm™ corresponds to the stretching
vibration of the Si-O-Si bond, while the peaks at 947 cm™!, 801 cm™', and 465 cm™! are all attributed to the bending
vibrations of the Si-O-Si bond. These peaks collectively reflect the characteristic features of the bMSN NPs.*> Compared
to pure ZnPc, the bBMSN@ZnPc NPs demonstrate a distinct Si-O vibrational peak at 1097 cm™!, which originates from
the silica framework of bMSN NPs. The absorption peak at 1621 cm™' is attributed to the C=C stretching vibration,
highlighting the aromatic ring structure within the ZnPc molecule. Furthermore, the broad absorption band observed at
3382 cm™! suggests the formation of hydrogen bonding interactions between ZnPc and bMSN NPs. These infrared
spectral features collectively provide strong evidence for the successful preparation of the bMSN@ZnPc NPs. It is
noteworthy that the characteristic peaks of the raw materials are all visible in the infrared spectrum of the DOX-HA/
ZnPc-bMSN nanocomposites, while the intensity and position of some peaks have changed. For instance, the O-H
stretching vibration peak originally located at 3444 cm ™! has shifted to 3349 cm™!, accompanied by peak broadening and
enhanced intensity. This shift is primarily attributed to the intermolecular interactions between DOX-HA NPs, ZnPc, and
bMSN NPs. These spectral changes, along with the presence of all relevant characteristic peaks, collectively provide
strong evidence for the successful preparation of the DOX-HA/ZnPc-bMSN nanocomposites.

Absorbance spectrum analysis (Figure 1E) revealed that DOX-HA/ZnPc-bMSN nanocomposites exhibited significant
absorption peaks at 490 nm and 620-680 nm, indicating that the loading of ZnPc onto bMSN NPs did not alter its
properties, thereby preserving the PDT efficacy of nanocomposites. Additionally, as shown in Supplementary Figure 3,

the absorbance increased proportionally with the concentration of DOX-HA/ZnPc-bMSN nanocomposites. To evaluate
the stability of the nanocomposites, the particle sizes of DOX-HA/ZnPc-bMSN nanocomposites were measured under
different temperatures and media conditions. As illustrated in Figure 1G, both bMSN NPs and DOX-HA/ZnPc-bMSN
nanocomposites demonstrated excellent stability in PBS at 4°C, PBS at 37°C, DMEM at 37°C, and FBS at 37°C, with no
particle size change exceeding 10%. Additionally, the DOX-HA/ZnPc-bMSN nanocomposites were stored in the dark at
4°C for 12 weeks, their particle size remained almost unchanged (Supplementary Figure 4). These findings indicate that

DOX-HA/ZnPc-bMSN nanocomposites exhibit excellent stability, making them suitable for further research. Figure 1H
depicts the DOX release profile from DOX-HA/ZnPc-bMSN nanocomposites. In the free DOX group, DOX exhibited
rapid and continuous release, reaching 95.8% within 12 hours, after which the release plateaued, which is consistent with
the findings reported by Ma et al.** In contrast, the DOX-HA/ZnPc-bMSN nanocomposites demonstrated a sustained
release profile, with only 11.7% released at 12 hours and 24.5% at 72 hours. The presence of HAase significantly
modulated DOX release. Prior to HAase addition, DOX release remained steady. However, upon HAase addition after 8
hours, DOX was rapidly released, achieving 94.5% at 24 hours and 99.5% at 72 hours. The release trend of ZnPc was
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generally similar to that of DOX (Supplementary Figure 5), but its release curve was more gradual, with a release rate of

67.5% at 12 hours and a maximum release rate of 69.9% at 72 hours, which was significantly lower than that of DOX.
This is consistent with the findings reported by Wang et al.'® The release rate of ZnPc from the DOX-HA/ZnPc-bMSN
nanocomposites was also lower than that of DOX, with 4.7% released at 12 hours and 8.2% at 72 hours. Following the
addition of HAase (at 8 hours), DOX in the DOX-HA/ZnPc-bMSN nanocomposites was released first, followed by a
rapid release of ZnPc at around 10 hours, reaching a release rate of 61.7% at 24 hours and 69.7% at 72 hours. This
phenomenon may be attributed to the hydrophobic nature of ZnPc, which results in both a slower release rate and a lower
cumulative release amount compared to DOX. These results demonstrate that free DOX and ZnPc achieve rapid release,
while the nanocomposites enable controlled and sustained release. The accelerated release in the presence of HAase
suggests that the nanocomposites can achieve on-demand drug release in vivo, making it a promising candidate for
antitumor research.

Cell Internalization Evaluation of DOX-HA/ZnPc-bMSN Nanocomposites

To evaluate the cellular uptake behavior of PC-3 cells toward nanocomposites, coumarin 6 was loaded into the pores of
bMSN NPs as a substitute for ZnPc. As shown in Figure 2A, the fluorescence signals of coumarin 6 (green) and DOX
(red) were primarily localized in the cytoplasm after 1 hour. Over time, the fluorescence intensity of coumarin 6 in the
cytoplasm gradually increased, while the red fluorescence signal of DOX shifted from the cytoplasm to the nucleus, with
its intensity continuously rising. Figure 2B and C illustrate that the ratio of DOX fluorescence intensity in the nucleus to
that in the cytoplasm progressively increased, whereas the ratio of coumarin 6 fluorescence intensity in the nucleus to the
cytoplasm gradually decreased. These results indicate that DOX was gradually translocated into the nucleus, while
coumarin 6 remained predominantly enriched in the cytoplasm. This demonstrates that DOX-HA/ZnPc-bMSN nano-
composites can be effectively internalized by PC-3 cells, enabling efficient drug and photosensitizer delivery, achieving
stepwise release, and laying the groundwork for in vivo tumor synergistic therapy.

To further assess the targeting capability of DOX-HA/ZnPc-bMSN nanocomposites, in vitro targeting experiments
were conducted in PC-3 cells. As shown in Figure 2D, the fluorescence intensity in the HA-blocking group was
significantly lower than that in the control group. Figure 2E and F further reveal that the ratios of DOX and coumarin
6 fluorescence intensity in the nucleus to the cytoplasm were lower in the HA-blocking group compared to the control
group, suggesting that HA competitively inhibits the cellular internalization of HA-coated DOX-HA/ZnPc-bMSN
nanocomposites. Therefore, the targeting capability of DOX-HA/ZnPc-bMSN nanocomposites primarily relies on HA,
and their effective targeting ensures efficient drug delivery in vivo.

In vitro Cytotoxicity of DOX-HA/ZnPc-bMSN Nanocomposites
The low cytotoxicity and effective in vitro antitumor activity of DOX-HA/ZnPc-bMSN nanocomposites are essential
prerequisites for their in vivo application. In this study, the in vitro cytotoxicity of DOX-HA/ZnPc-bMSN nanocomposites
was evaluated using two normal cell lines (HT-22, HUVEC) and one PCa cell line (PC-3). As shown in Figure 3A—C, ZnPc
exhibited no significant cytotoxicity without laser irradiation, while the toxicity of DOX and DOX-HA/ZnPc-bMSN
nanocomposites increased with concentration augment. Notably, DOX-HA/ZnPc-bMSN nanocomposites demonstrated a
cell inhibition effect comparable to that of DOX alone, indicating that they retained DOX’s cytotoxicity and effectively
inhibited cell proliferation. Next, the viability of PC-3 cells treated with DOX-HA/ZnPc-bMSN nanocomposites under laser
irradiation was assessed. As shown in Figure 3E, in all laser-irradiated groups, the cytotoxicity of DOX-HA/ZnPc-bMSN
nanocomposites was concentration-dependent, with cell viability decreasing as the nanocomposites concentration increased.
At the highest concentration (83.3 ng/mL), PC-3 cell viability dropped to approximately 10%. In contrast, without laser
irradiation, even at the highest concentration of DOX-HA/ZnPc-bMSN nanocomposites (83.3 pg/mL), PC-3 cell viability
remained around 40%. These results demonstrate that the combination of DOX-HA/ZnPc-bMSN nanocomposites and laser
irradiation significantly enhances tumor cell inhibition.

The colony formation assay was used to evaluate the proliferative capacity of PC-3 cells under different treatments.
As shown in Figure 3F, the control group exhibited the highest colony density, while the ZnPc+laser and DOX groups
showed significantly fewer colonies. The DOX+ZnPc+laser group had even fewer colonies, and the DOX-HA/ZnPc-
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Figure 2 Cell internalization evaluation of DOX-HA/ZnPc-bMSN nanocomposites. (A) Fluorescence microscopic images of PC-3 cells incubated with fluorescently labeled
DOX-HA/ZnPc-bMSN nanocomposites for | h, 2 h, and 4 h. (B) Ratio of fluorescence intensity of DOX in the nucleus to the cytoplasm. (C) Ratio of fluorescence intensity
of coumarin 6 in the nucleus to the cytoplasm. (D) Fluorescence microscopic images of internalized DOX-HA/ZnPc-bMSN nanocomposites with or without HA blocking.
(E) Ratio of fluorescence intensity of DOX in the nucleus to the cytoplasm after internalization of DOX-HA/ZnPc-bMSN nanocomposites with or without HA blocking. (F)
Ratio of fluorescence intensity of coumarin 6 in the nucleus to the cytoplasm after internalization of DOX-HA/ZnPc-bMSN nanocomposites with or without HA blocking.
Scale bar, 25 pm. Error bars represent the standard deviation of the mean. *p < 0.05, **p < 0.01, ***p < 0.001.

bMSN nanocomposites+laser group displayed the fewest colonies, highlighting the potent anti-proliferative effect of the
nanocomposites combined with laser irradiation. Figure 3G presents the quantitative analysis of colony counts using
Image J software, which aligns with the visual results. Additionally, live-dead cell staining (Figure 3H) revealed that the
DOX-HA/ZnPc-bMSN nanocomposites+laser group had the lowest cell survival rate. In vitro experiments, including
CCK-8 assays, colony formation assays, and live/dead cell staining, consistently revealed that DOX-HA/ZnPc-bMSN
nanocomposites+laser exhibited a dose-dependent and significantly enhanced inhibitory effect on the growth of PC-3
cells, surpassing all other treatment groups.

Dose-response curves (Figure 3D) were plotted to determine the IC50 values of ZnPc+laser, DOX, and DOX-HA/
ZnPc-bMSN nanocomposites+laser (Supplementary Table 1), the CI for DOX-HA/ZnPc-bMSN nanocomposites+laser
was calculated to be as low as 0.26 (range: 0.26-0.52). A CI value below 1.0 typically indicates a synergistic effect, with

values under 0.8 reflecting a highly pronounced synergy.** These results underscore the exceptional synergistic antitumor
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Figure 3 In vitro toxicity of DOX-HA/ZnPc-bMSN nanocomposites. (A—C) Cytotoxicity test results of DOX-HA/ZnPc-bMSN nanocomposites on cell lines including HT-
22, HUVEC, and PC-3. (D) Dose-response curves of DOX, ZnPc+laser, and DOX-HA/ZnPc-bMSN nanocomposites+laser on the PC-3 cell line. (E) Cell survival rate of PC-
3 cells after laser treatment with DOX-HA/ZnPc-bMSN nanocomposites. (F) Results of the clone formation assay of PC-3 cells after treatments. (G) Quantitative data of
clone formation assay of PC-3 cells after treatments. (H) Fluorescence microscopic images of live-dead cell staining results of PC-3 cells after treatments. Scale bar, 100 pm.
Error bars represent the standard deviation of the mean. *p < 0.01, **p < 0.001.

Abbreviation: ns, not significant.
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efficacy of DOX-HA/ZnPc-bMSN nanocomposites. Furthermore, their performance markedly outperforms that of TPCI/
DOX@Lipo (CI > 0.45) synthesized by Wang et al*> and DOX-ZnPc-micelles (CI > 0.5) developed by Gao et al.*®

Inhibiting Efficacy of DOX-HA/ZnPc-bMSN Nanocomposites on the Proliferation of
PC-3 Cells

The ROS staining experiment was conducted to evaluate the in vitro photodynamic effect of DOX-HA/ZnPc-bMSN
nanocomposites. DCFH-DA, a widely used fluorescent probe for detecting singlet oxygen, exhibits fluorescence intensity
proportional to intracellular ROS levels. Previous studies have shown that both DOX and PDT can promote ROS
generation, leading to oxidative damage and apoptosis in tumor cells.?'*” After treating PC-3 cells with different
approaches, DCFH-DA staining revealed that the fluorescence signal intensity was weakest in the DOX group and
strongest in the DOX-HA/ZnPc-bMSN nanocomposites+laser group (Figure 4A). Quantitative analysis using Image J
software demonstrated that DOX-HA/ZnPc-bMSN nanocomposites increased ROS production by 2.2-fold and 4.1-fold
compared to free ZnPc and free DOX, respectively, while the DOX+ZnPctlaser group showed a 1.6-fold increase
(Figure 41). Flow cytometry was further employed to assess PC-3 cell apoptosis under different treatments. As shown in
Figure 4B, the apoptosis rates in the DOX, ZnPc+laser, DOX+ZnPc+laser, and DOX-HA/ZnPc-bMSN nanocomposites
+laser groups were 13.5%, 16.1%, 36.1%, and 44.1%, respectively. The apoptosis rate in the DOX-HA/ZnPc-bMSN
nanocomposites+laser group was 3.2-fold and 2.7-fold higher than in the DOX and ZnPc+laser groups, respectively, and
1.2-fold higher than in the DOX+ZnPc+laser group. Moreover, it was 1.3-fold higher than the apoptosis rate (32.8%)
achieved by the GNS@IR820/DTX-CD133 synergistic photothermal/photodynamic/chemotherapy nanoplatform devel-
oped by Tan et al.*® These results indicate that the combination of PDT and CT mediated by DOX-HA/ZnPc-bMSN
nanocomposites significantly enhances intracellular ROS levels, effectively inducing apoptosis and inhibiting the
proliferation of PC-3 cells.

Research by Wu et al demonstrated that increased ROS production during PDT can induce pyroptosis in tumor
cells.*” Given that DOX-HA/ZnPc-bMSN nanocomposites significantly enhance ROS production in PC-3 cells, it is
reasonable to speculate that they may induce pyroptosis in addition to apoptosis. Since both PI staining?® and TUNEL
assays " produce positive results during pyroptosis, additional experiments were undertaken to verify that DOX-HA/
ZnPc-bMSN nanocomposites+laser induce pyroptosis as an antitumor mechanism. Initially, morphological changes in
PC-3 cells after different treatments were observed using an optical microscope (Figure 4C). While the DOX and ZnPc
+laser groups showed no significant morphological changes, the DOX+ZnPc+laser group exhibited cell swelling without
clear pyroptosis characteristics. In contrast, cells in the DOX-HA/ZnPc-bMSN nanocomposites+laser group lost their
adherent morphology, becoming round and significantly swollen, with some cell membranes forming “balloon-like”
protrusions and partial detachment. These typical pyroptotic characteristic changes suggest that DOX-HA/ZnPc-bMSN
nanocomposites may induce pyroptosis in PC-3 cells.

Numerous studies have identified caspase-1 as a pivotal regulator of PDT-induced pyroptosis in tumor cells.’">* To
further validate the hypothesis, we employed Western blotting to detect the expression of cleaved caspase-1 and cleaved
N-terminal GSDMD in PC-3 cells under different treatments. As shown in Figure 4D, the expression of cleaved caspase-
1 and cleaved N-terminal GSDMD in PC-3 cells treated with DOX or ZnPc+laser was lower than in the control group. In
contrast, the DOX+ZnPc+laser group exhibited slightly higher expression levels of these proteins compared to the
control. Notably, the DOX-HA/ZnPc-bMSN nanocomposites+laser group showed a significant increase in the expression
of cleaved caspase-1 and cleaved N-terminal GSDMD, with statistically significant differences (Figure 4E). Furthermore,
a pivotal step in pyroptosis involves the formation of plasma membrane pores by pyroptosis execution proteins,
facilitating the release of LDH and inflammatory cytokines such as IL-1B and IL-18 into the extracellular space.”
Accordingly, we quantified LDH levels and the expression of inflammatory markers IL-1f and IL-18 in the supernatant
of PC-3 cells after various treatments. The results revealed that the DOX and ZnPc+laser groups showed only a slight
increase in LDH levels, with negligible concentrations of IL-1B and IL-18. In contrast, the DOX-HA/ZnPc-bMSN
nanocomposites+laser group exhibited the highest concentrations of LDH, IL-1B, and IL-18 in the supernatant
(Figure 4F-H), with levels 2.1-fold, 4.2-fold, and 7.8-fold higher, respectively, than those in the DOX+ZnPc+laser
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Figure 4 Inhibiting efficacy of DOX-HA/ZnPc-bMSN nanocomposites on the proliferation of PC-3 cells. (A) Fluorescence microscopic images of intracellular ROS
generation in PC-3 cells after treatments. Scale bar, 50 um. (B) Flow cytometry analysis of apoptosis in PC-3 cells after treatments. (C) Images of PC-3 cells after treatments.
Black allows indicated pyroptotic PC-3 cells with a damaged cell membrane or large bubbles. Scale bar, 50 pm. (D) Western blot experiment to detect the expression of
cleaved N-terminal GSDMD and cleaved caspase-| in PC-3 cells after treatments (n = 3). (E) Quantitative analysis of the expression of cleaved N-terminal GSDMD and
cleaved caspase-| in PC-3 cells after treatments (n = 3). (F) LDH release from PC-3 cells after treatments (n = 3). (G) IL-1 levels in the cell culture supernatant of PC-3
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group. These findings align with the Western blotting results, further supporting the induction of pyroptosis. In
conclusion, DOX-HA/ZnPc-bMSN nanocomposites demonstrated excellent tumor-targeting capabilities and significantly
enhanced ROS production by DOX and ZnPc. The elevated ROS levels not only induced apoptosis but also triggered
pyroptosis in PC-3 cells via the ROS/caspase-1/GSDMD classical activation pathway. These results are consistent with
the findings of Ma et al,>* who reported that TaPcZn-PDT induces both apoptosis and pyroptosis in breast cancer MCF-7
cells, although the tumor cell inhibitory effects observed in our study are even more robust. This dual mechanism
significantly improved PCD efficiency in PC-3 cells, highlighting DOX-HA/ZnPc-bMSN nanocomposites as a promising
candidate for further in vivo antitumor studies.

In vivo Toxicity of DOX-HA/ZnPc-bMSN Nanocomposites

First, a direct toxicity comparison between DOX-HA/ZnPc-bMSN nanocomposites and free DOX was conducted by
measuring the LD50 values. Supplementary Figure 6 shows the death rates of mice in the DOX-HA/ZnPc-bMSN
nanocomposites and free DOX groups at different concentrations. The LD50 of DOX-HA/ZnPc-bMSN nanocomposites
and DOX was calculated using Probit regression analysis with SPSS software. The LD50 of free DOX was 9.19 mg/kg
(95% confidence interval: 6.83—11.65 mg/kg), which is consistent with the results reported in the literature (15.2 mg/
kg).”®> The LD50 of DOX-HA/ZnPc-bMSN nanocomposites was 138.95 mg/kg (95% confidence interval: 115.64-165.37
mg/kg), which is 15.12 times higher than that of free DOX. The increase in LD50 indicates that DOX-HA/ZnPc-bMSN
nanocomposites significantly reduce the acute toxicity of DOX in mice. Second, to further assess the potential of DOX-

HA/ZnPc-bMSN nanocomposites for in vivo therapeutic applications, a comprehensive analysis of their in vivo toxicity
was conducted. As shown in Figure 5SA, DOX-HA/ZnPc-bMSN nanocomposites exhibited the lowest hemolysis rate at
1.9%, indicating minimal hemolytic toxicity and excellent biocompatibility. In contrast, the DOX+ZnPc group showed
the highest hemolysis rate of 22.1%. After drug loading, the hemolysis rate of DOX-HA/ZnPc-bMSN nanocomposites
remained low at 2.8%, confirming their safety for injection. Acute toxicity tests (Figure 5B) revealed that after 14 days,
only 50% of mice in the DOX+ZnPc group survived, whereas 90% of mice in the DOX-HA/ZnPc-bMSN nanocompo-
sites group remained alive. Additionally, mice treated with DOX-HA/ZnPc-bMSN nanocomposites exhibited steady
weight gain, while those in the DOX+ZnPc group showed significantly inhibited weight growth, with a gradual decline
starting from the 5th day post-intervention (Figure 5C).

To assess whether DOX-HA/ZnPc-bMSN nanocomposites induced pathological reactions in the immune system,
physiology, or major organs, mice were euthanized 14 days post-treatment. Major organs and serum samples were
subsequently collected for comprehensive histopathological analysis and biochemical marker assessment. Pathological
analysis (Figure SE) revealed that mice in the DOX+ZnPc group exhibited enlarged interstitial spaces and myocardial
cell atrophy, accompanied by significantly elevated serum creatine kinase (CK) levels compared to the DOX-HA/ZnPc-
bMSN nanocomposites group (Figure 5F), likely due to DOX-induced cardiotoxicity. In contrast, mice treated with
DOX-HA/ZnPc-bMSN nanocomposites showed normal myocardial morphology with no signs of damage. Furthermore,
serum levels of immune factors (TNF-a and IL-6) and liver/kidney function markers showed no significant abnormalities
(Figure 5D and F). These results demonstrate that DOX-HA/ZnPc-bMSN nanocomposites exhibit excellent biocompat-
ibility in vivo, effectively reducing DOX-induced cardiotoxicity and ensuring safety for subsequent in vivo imaging and
therapeutic studies.

In vivo Distribution and Target Delivery of Nanocomposites

To evaluate the in vivo distribution of nanocomposites, PC-3 xenograft mice were utilized. The experimental group
received intravenous injections of DOX-HA/IR-780-bMSN nanocomposites, while the control group was administered
an equivalent volume of free IR-780. Fluorescence imaging was performed using the IVIS imaging system over a 96-
hour period. As depicted in Figure 6A, fluorescence signals were observed in the tumors and other regions of the
experimental group, with continuous accumulation of signals in the tumor area. The fluorescence intensity reached its
peak at 36 hours and subsequently declined, with only a faint signal detectable at 96 hours. In contrast, Wang et al’®
reported that free DOX rapidly accumulates in major organs (such as the liver, spleen, lungs, and kidneys), peaking at 0.5

hours after tail vein injection, followed by a sharp decline within 24 hours. Figure 6B provides a quantitative analysis of
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Figure 5 In vivo toxicity of DOX-HA/ZnPc-bMSN nanocomposites. (A) The hemolysis test results of DOX-HA/ZnPc-bMSN nanocomposites and their main components.
(B) The in vivo acute toxicity test results of DOX+ZnPc and DOX-HA/ZnPc-bMSN nanocomposites on the BALB/c mice. (C) Average body weight changes of mice after
treatment with DOX+ZnPc and DOX-HA/ZnPc-bMSN nanocomposites. (D) IL-6 and TNF-a in the blood of mice after treatment with DOX+ZnPc and DOX-HA/ZnPc-
bMSN nanocomposites (n = 3). (E) The pathological analysis of mice after treatment with DOX+ZnPc and DOX-HA/ZnPc-bMSN nanocomposites. (F) Main blood
biochemical indicators of mice after treatment with DOX+ZnPc and DOX-HA/ZnPc-bMSN nanocomposites (n = 3). Error bars represent the standard deviation of the
mean. *p < 0.05, ¥p < 0.0, ¥**p < 0.001, **p < 0.0001.

Abbreviation: ns, not significant.

the fluorescence intensity during the in vivo distribution experiment, corroborating the imaging results. Following the
imaging process, the mice were euthanized, and tissues from the heart, liver, spleen, lung, kidney, and tumor were
harvested. The fluorescence signals in these organs were measured under consistent conditions using the IVIS imaging
system. As shown in Figure 6C, no fluorescence signals were detected in the organs of the control group, whereas the
experimental group exhibited fluorescence signals predominantly localized in the tumor region. Figure 6D presents the
quantitative analysis of fluorescence signals across the organs, revealing significantly higher fluorescence intensity in the
experimental group compared to the control group, particularly in the tumor area. These results highlight that DOX-HA/
ZnPc-bMSN nanocomposites significantly extend the circulation time of free DOX and ZnPc in vivo, enabling targeted
and controlled drug release within tumor tissues. This facilitates the prolonged accumulation and action of the two
therapeutic molecules in the tumor region, enhancing therapeutic efficacy and duration while reducing the required
dosage and administration frequency, thereby minimizing drug toxicity and the risk of drug resistance.
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In vivo Tumor Suppression of DOX-HA/ZnPc-bMSN Nanocomposites

To assess the in vivo antitumor efficacy of DOX-HA/ZnPc-bMSN nanocomposites, the body weight and tumor size of
mice in different treatment groups were monitored over a 30-day period. Figure 7A displays representative images of
excised tumors following treatment. Compared to the ZnPc+laser, DOX, and DOX+ZnPc+laser groups, the DOX-HA/
ZnPc-bMSN nanocompositestlaser group exhibited the smallest tumors and the most pronounced therapeutic effect.
Tumor volumes were measured at various time points, and the resulting growth curves are shown in Figure 7B and C.
The saline group demonstrated the most rapid tumor growth, followed by the ZnPc+laser group. Tumor growth in the
DOX and DOX+ZnPc+laser groups was relatively slower, while the DOX-HA/ZnPc-bMSN nanocomposites+laser group
showed the most significant tumor growth inhibition. The tumor inhibition rate in the DOX-HA/ZnPc-bMSN nanocom-
positestlaser group reached 96.0%, significantly higher than that in the ZnPc+laser (27.2%), DOX (57.0%), and DOX
+ZnPc+laser (62.6%) treatment groups. This outcome significantly outperforms the results obtained with TPE-APP
(84.5%) developed by Xiong et al®’ and DOX/TPOR4@CB (84.17%) synthesized by Lu et al’® Figure 7D illustrates the
body weight changes of the mice throughout the experiment. A notable decline in body weight was observed in the DOX
group, likely attributable to the drug’s toxicity. The DOX+ZnPc+laser group exhibited greater weight loss compared to
the ZnPc+laser group, further confirming the toxic effects of DOX. In contrast, the DOX-HA/ZnPc-bMSN nanocompo-
sites+laser group showed no significant weight loss, with body weight gradually recovering after 20 days of treatment.
Notably, the doses of DOX and ZnPc administered in this study were only 0.2 mg/kg and 2 mg/kg, respectively,
representing a 9.1-fold reduction compared to the dose (DOX and/or ZnPC was administered at a total dose of 20 mg/kg)

1.'® These results suggest that DOX-HA/ZnPc-bMSN nanocomposites effectively reduce the

reported by Huang et a
toxicity of DOX while enabling a synergistic combination of long-term PDT (2 hours) and CT, even at an exceptionally

low dose of DOX and ZnPC.
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Figure 7 In vivo tumor suppression of DOX-HA/ZnPc-bMSN nanocomposites. (A) All of the remaining tumors after the intervention. Yellow dotted circles indicate
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changing curve of the mice during the experiment (n = 6). (E) H&E images of tumor tissues after treatments. (F) TUNEL images of tumor tissues after treatments. (G) ROS
images of tumor tissues after treatments. Error bars represent the standard deviation of the mean. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

To further evaluate the therapeutic effects, tumor tissues from the different treatment groups were subjected to H&E
staining, TUNEL staining, and ROS level detection. The results revealed that tumor tissues from mice treated with DOX-
HA/ZnPc-bMSN nanocompositestlaser exhibited significantly greater inflammatory cell infiltration compared to the
other groups (Figure 7E). Additionally, the number of TUNEL-positive cells was markedly higher (Figure 7F), and ROS
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levels were significantly elevated (Figure 7G), consistent with the observations at the cellular level. Quantitative analysis
using Image J software was performed on the number of TUNEL-positive cells (Supplementary Figure 7) and the

fluorescence intensity of tissue ROS staining (Supplementary Figure 8). The apoptosis index in the DOX-HA/ZnPc-
bMSN nanocompositestlaser group (59.9%) was 2.1 times higher than that in the DOX group (29.2%), 3.9 times higher
than that in the ZnPc+laser group (15.3%), and 1.9 times higher than that in the DOX+ZnPc+laser group (32.1%).
Furthermore, it was 4-fold higher than the apoptotic index (15%) achieved by the self-assembled porphyrin nanofibers
1.°° The ROS production rate in the DOX-HA/ZnPc-bMSN nanocomposites+laser group was 5.3
times higher than that in the DOX group, 3.5 times higher than that in the ZnPc+laser group, and 1.9 times higher than

developed by Liu et a

that in the DOX+ZnPc+laser group. These findings align closely with the results obtained at the cellular level, further
validating that the PDT and chemotherapy mediated by DOX-HA/ZnPc-bMSN nanocomposites effectively induce PC-3
cell apoptosis and suppress tumor cell proliferation by promoting ROS generation. Interestingly, the ROS production and
apoptosis rates in the DOX group were lower than those in the ZnPc+laser group at the cellular level. However, in CCK-
8 assays, colony formation assays, live/dead cell staining, and in vivo antitumor experiments, the tumor cell killing rate
in the DOX group was slightly higher than that in the ZnPc+laser group. This observation may be explained by the
additional mechanism by which DOX kills PC-3 cells through the inhibition of DNA replication.

To sum up, the synergistic strategy of PDT and CT has emerged as a crucial research direction for enhancing anti-
tumor efficacy while reducing systemic toxicity. Recent studies on DOX/PS co-delivery systems have further validated
the potential of this combined treatment modality.®®' Among numerous nanoplatforms, bMSN NPs stand out due to
their tunable pore size, high specific surface area, easily modifiable surface, and excellent biocompatibility, making them
ideal materials for constructing various nanocomposites.®>®* Currently, multiple drug formulations based on bMSN NPs
have entered clinical trial stages and demonstrated promising clinical efficacy and safety.*®> This highlights the
significant safety, effectiveness, and clinical development prospects of bMSN NPs in biomedical applications.
Additionally, HA, a natural linear polysaccharide primarily present in the extracellular matrix of various human tissues,
can specifically bind to various tumor cells overexpressing CD44 and is degraded by HAase in vivo.°® Compared with
other CD44-targeting materials, HA offers advantages such as good biocompatibility, biodegradability, and low
immunogenicity.®” Given these merits, HA-based nanoparticles (HA NPs) have been widely used as carriers for
tumor-targeted therapy.

In this study, the above materials were used to design a blackberry-like nanocomposite with a double-layer structure,
successfully addressing the critical challenge of co-loading DOX and ZnPc with high efficiency. The nanocomposites
achieve precise tumor targeting and sequential drug release, enabling sustained synergistic PDT-CT effects while
simultaneously inducing both apoptosis and pyroptosis in tumor cells. These remarkable therapeutic outcomes, coupled
with minimal toxicity, demonstrate significant clinical potential. However, several limitations must be acknowledged
regarding clinical translation. Firstly, primary findings indicate that while CD44 shows significant overexpression in most
tumor types compared to normal tissues, current research reports marked downregulation in specific tumor subtypes.®®
Consequently, the targeting efficiency of DOX-HA/ZnPc-bMSN nanocomposites may be impaired in CD44-low tumor
subtypes. Furthermore, although HA-mediated CD44 targeting demonstrates promising therapeutic potential, its targeting
efficacy remains suboptimal. These limitations could potentially be addressed by developing dual-targeting systems or
incorporating high-affinity monoclonal antibodies to further enhance targeting specificity. Secondly, comprehensive long-
term biodistribution studies are required to fully evaluate the biodegradation profile and potential chronic toxicity of
DOX-HA/ZnPc-bMSN nanocomposites. Thirdly, while the adopted low-power-density (0.05 W/cm?) and prolonged
irradiation (2 hours) protocol effectively minimizes normal tissue damage, its clinical practicality may be constrained by
patient compliance and treatment duration considerations. Most notably, scalable manufacturing presents a formidable
challenge. The reproducible fabrication of the blackberry-like architecture demands precise control over electrostatic self-
assembly and layer-by-layer coating processes - parameters that may prove difficult to maintain during large-scale
production.
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Conclusion

We successfully developed tumor-targeting blackberry-like nanocomposites (DOX-HA/ZnPc-bMSN) through electro-
static adsorption of doxorubicin-loaded hyaluronic acid nanoparticles (DOX-HA NPs) onto biodegradable mesoporous
silica nanoparticles (b0MSN NPs) pre-encapsulated with ZnPc. The nanocomposites exhibited a high ZnPc drug loading
capacity (DLC: 10.2% =+ 1.6%) and efficient tumor accumulation. They enabled long-term PDT and CT synergistic
therapy with a remarkably low combination index (CI = 0.26). In vivo studies demonstrated 96.0% tumor inhibition
under an ultralow-dose regimen (DOX: 0.2 mg/kg; ZnPc: 2 mg/kg) that proves the advantage of 2-hour extended PDT
and related CT strategy. Notably, the LD50 of DOX-HA/ZnPc-bMSN nanocomposites (138.95 mg/kg) was 15.12-fold
higher than that of free DOX, indicating significantly reduced systemic toxicity. Therefore, long-term PDT and CT
synergistic therapy with nanocomposites demonstrates significant potential for future clinical applications. Future
research should focus on optimizing the preparation processes for nanocomposites, refining preclinical experiments—
such as extending biodistribution studies (beyond 96 hours) and chronic toxicity assessments—and exploring synergistic
combinations with immunotherapy to facilitate clinical translation and ultimately benefit cancer patients.
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