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Introduction: Photodynamic therapy (PDT) is a promising approach for tumor treatment. PDT for treating lung squamous cell
carcinoma (LSCC) under the guidance of bronchoscopy has great potential for development. However, the use of high-intensity lasers
in treatment may pose a risk of tissue damage. To address this issue, enhancing the sensitivity of tumor tissue to phototherapy is highly
valuable.

Methods: In this study, a simple method was employed to prepare porphyrin-metal framework nanoparticles (NPs), referred to as HA-
PTS@PCN. The design of these NPs is based on the concept of tumor sensitization, constructed with the porphyrin-based metal-
organic framework compound PCN-224 to load the drug para-toluenesulfonamide (PTS).

Results: Multiple experiments have demonstrated that these NPs can be effectively absorbed and selectively release PTS within the
acidic tumor microenvironment. Under 660 nm laser irradiation, the material releases reactive oxygen species, demonstrating effective
photodynamic therapeutic effects. Additionally, due to the tumor-sensitizing properties of PTS, the treatment efficacy of these NPs on
LSCC is significantly greater than that of PCN-224 alone. Both in vitro and in vivo studies confirmed that combining tumor
sensitization strategies with PDT therapy for LSCC significantly enhances anticancer effects.

Discussion: This study provides a universal strategy for preparing drug-loaded PDT nanoplatforms and offers a new approach for
developing nanomedicine with tumor-sensitizing effects.
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Introduction
Lung cancer is the leading cause of cancer-related deaths, representing 20.4% of all cancer fatalities. The National
Cancer Institute (https://seer.cancer.gov) estimates that there will be 125,000 lung cancer deaths in the United States in

2024." Lung cancer is mainly classified into two types: small cell lung cancer and non-small cell lung cancer (NSCLC),
with NSCLC making up about 85% of cases. The most common subtypes of NSCLC are lung adenocarcinoma and
LSCC, with LSCC comprising around 30% of NSCLC cases.® Approximately one-third of patients with LSCC are
already in the advanced stage at the time of diagnosis, making surgery no longer feasible.>* Over the past two decades,
treatment has shifted from traditional cytotoxic therapy to more targeted and better-tolerated options.

PDT is an emerging cancer treatment that utilizes lasers of specific frequencies to activate photosensitizing agents, which
release reactive oxygen species (ROS) such as singlet oxygen, hydroxyl radicals, superoxide, and hydrogen peroxide ('O.,
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Graphical Abstract

OH, 0%, and H,0,) to inhibit cancer cell growth. PDT is characterized by its minimal invasiveness, low toxicity, and high
selectivity. Numerous clinical trials have been reported, demonstrating the efficacy of PDT in the treatment of various
diseases, including actinic keratosis, esophageal cancer, and skin cancer.”’ '® However, it has been primarily effective for
superficial tumors and considerably less so for deeper-seated tumors.''™'* Common methods to boost PDT efficacy, such as
increasing laser power and exposure time, pose risks of laser burns to the skin. How to obtain a safer and more effective PDT
is the focus of current research. Various sensitization strategies are available for other antitumor therapeutic strategies,
including antitumor drug therapy, radiation therapy, and interventional therapy, but no PDT sensitization has been reported.
In this study, we aim to use PTS as a sensitizer to enhance tumor sensitivity and improve PDT efficacy.'*"’

PTS is a lipophilic drug that inhibits the Akt/mTOR/p70S6K pathway.'®* Multiple studies have shown that PTS can
enhance the sensitivity of chemotherapy and radiotherapy, making it a viable option for use as an adjuvant in local and
intratumoral injections alongside chemotherapy and radiotherapy.®* Li et al reported a Phase III clinical trial, which
confirmed that PTS shows certain efficacy and tolerability in the treatment of NSCLC with severe airway obstruction. It
can significantly relieve airway obstruction, improve pulmonary function and quality of life, and prolong patient
survival.>>%® However, there are still some pressing issues that need to be addressed in the clinical application of
PTS. For instance, the tumor-suppressing ability of PTS is limited, and it can only demonstrate its efficacy against tumors
when administered at higher doses. This is primarily due to the rapid metabolic rate of PTS, which prevents it from
maintaining high concentrations within the tumor for an extended period.

To address the aforementioned issue, this research project combines PTS and PDT for the first time, aiming to achieve
sustained release of PTS and enhance the therapeutic efficacy of PDT. We synthesized a metal-organic framework (MOF)
material based on a porphyrin structure (PCN-224) (Figure 1). Subsequently, the PTS was loaded into PCN-224 and
coated with hyaluronic acid (HA). This material exhibits photodynamic properties, capable of releasing reactive oxygen
species (ROS) upon irradiation with a laser of a specific wavelength. Additionally, it can slowly release PTS in the acidic
tumor microenvironment, sensitizing the tumor tissue and enhancing the efficacy of PDT.

Materials and Methods

Materials and Reagents

Zirconyl chloride octahydrate (ZrOCl,-8H,0, 98%), benzoic acid (99.5%), hyaluronic acid (HA), tetrakis (4-carbox-
yphenyl) porphyrin (TCPP, 97%), 1,3-diphenylisobenzofuran (DPBF, 97%), and 2.7-dichlorodihydrofluorescein diacetate
(DCFH-DA, 97%) were purchased from Bidepharm Co., Ltd (Shanghai, China). The ROS detection kit and Annexin
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TCPP PCN224 PTS@PCN

Figure | Schematic diagram of the preparation of HA-PTS@PCN NPs and the mechanism of using these NPs for synergistic PDT. The preparation of HA-PTS@PCN NPs
involves three steps: the synthesis of PCN-224, the loading of PTS, and coating with HA. After an intravenous injection into tumor-bearing mice, HA-PTS@PCN NPs can
slowly release PTS in the mildly acidic environment of the tumor region. PTS activates the AKT signaling pathway, enhancing the sensitivity of tumor cells to PDT treatment,
thereby further improving the therapeutic efficacy of PDT. Therefore, HA-PTS@PCN NPs, as an effective PDT sensitizer, synergistically enhance the tumor inhibition effect
in tumor PDT treatment.

V-FITC/PI apoptosis detection kit were also obtained from Bidepharm Co., Ltd (Shanghai, China). The Calcein-AM/PI
Double Stain Kit was purchased from Solarbio Biotechnology Co., Ltd (Beijing, China). All chemical reagents were used
as received without further purification. Human lung squamous carcinoma cells (NCI-H520) were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China). These cells were cultured in RPMI-1640 medium
(Invitrogen, USA), supplemented with 10% (V/V) fetal bovine serum (FBS, Invitrogen, USA), at 37°C in a 5% CO,
atmosphere.

Synthesis of PCN-224 NPs

20 mg of TCPP, 60 mg of ZrOCl,-8H,0, and 800 mg of benzoic acid were added into a reaction vessel. The mixture was
dissolved in 4 mL of DMF with ultrasonic treatment until fully dissolved. The reaction was carried out at 90°C for
24 hours. After cooling to room temperature, the mixture was centrifuged, and the precipitate was washed three times

with ethanol and vacuum-dried to obtain nanoscale PCN-224.27%°
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Preparation of PTS@PCN NPs

The synthesized PCN-224 NPs (5 mg/mL, 10 mL) were added to a DMSO solution of PTS (30 mg/mL, 10 mL). The
mixture was stirred at room temperature for 48 hours. It was then centrifuged for 20 minutes, washed three times with
methanol, and dried to obtain PTS-loaded PCN-224 NPs, designated as PTS@PCN. The amount of free PTS in the
supernatant was determined using high-performance liquid chromatography (HPLC), and the drug loading capacity
(DLC) was calculated according to the following formula: DLC (%) = [(Weight of loaded PTS)/(Weight of PCN224)] x
100%.%%!

Preparation of HA-PTS@PCN NPs

Disperse 20 mg of PTS@PCN in 10 mL of an ethanol solution of HA (20 mg/mL) and stir rapidly for 40 minutes. Then,
obtain HA-PTS@PCN by centrifugation and drying at room temperature, as described in reference. HA@PCN nano-
particles were prepared using a similar method.

Drug Release Process Test

10 mg of HA-PTS@PCN NPs were dispersed in 40 mL of PBS (10 mm), and 0.04 mL of Tween 80 was added. The pH
of the solution was adjusted to 5.5 or 7.4, and then irradiated with a 660 nm laser (100 mW-cm 2, 5 minutes). The control
group was kept in the dark. The temperature of the solution was maintained at 37°C and stirred at a constant speed of 75
revolutions per minute. Subsequently, within 72 hours, 0.1 mL of the medium was taken every 12 hours as a detection
sample. The samples were centrifuged at 10,000 revolutions per minute for 10 minutes. The supernatant was then
analyzed by HPLC to plot the PTS release curve.

In vitro Detection of ROS
Using DPBF as a chemical probe to detect the production of 'O,. In brief, various prepared NPs were mixed with
a DMSO solution containing 10 pg/mL DPBE. The mixture was then irradiated under a 660 nm laser (100 mW/cm?) for
5 minutes, and the absorbance of the DPBF solution at 415 nm was measured every 2 minutes. A DPBF solution served
as the control. The testing method for HA-PTS@PCN was the same as for PCN-224 NPs, except that the reaction
medium was changed from DMSO to methanol.

To detect ROS production using DCFH-DA, add DCFH-DA (10 pmol/L) to the different NPs solution. Expose the
mixture to a 660 nm laser for 5 minutes, then measure the absorbance of the DCFH-DA solution at 525 nm every
2 minutes. Use a pure DCFH-DA solution as the control sample.*?

Production and Measurement of Intracellular ROS

H520 cells were incubated with PBS and various NP solutions for 24 hours. After the incubation, the cell culture medium
was removed.>* ¢ The cells were then incubated with DCFH-DA (10 pmol/L) for 2 hours, washed, and irradiated with
a 660 nm (100 mW/cm?) laser for 5 minutes. Ten minutes later, the fluorescence intensity of DCF was observed using
a confocal laser scanning microscope (CLSM, Olympus IX71, excitation/emission: 488/525 nm).>*>” For the control
group, cells were treated with PBS solution and irradiated with a 660 nm (100 mW/cm?) laser for 5 minutes.

Colony Formation Assay

H520 cells are cultured in a complete medium composed of 90% DMEM and 10% fetal bovine serum. After seeding the
cells in a 6-well cell culture plate and allowing them to reach 80%-90% confluence, PTS, PCN-224, PTS@PCN, and
HA-PTS@PCN were added at concentrations of 20 pg/mL, 14.5 pg/mL, 34.5 pg/mL, and 34.5 pg/mL, respectively, to
each well under dark conditions. Incubate in a 37°C incubator for 24 hours, then irradiation was performed with a laser
(660 nm, 100 mW/cm?) for 5 minutes. After laser treatment, the cells were incubated for approximately 12 hours.
Subsequently, the cells were gently digested with trypsin, and they were reseeded in a 6-well plate at a seeding density of
800 cells per well. After seeding, the plate was placed back in the incubator. The cell status was observed daily, and the
medium was changed every 3—5 days. After 2—4 weeks of growth, once colonies formed, the cell colonies were stained
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with a solution containing 0.5% crystal violet and 25% methanol. For the control group, the cells were treated with PBS
solution, and irradiated was performed with a 660 nm (100 mW/cm?) laser for 5 minutes.

Flow Cytometry Analysis

The medium containing PBS, PTS, PCN-224, PTS@PCN, and HA-PTS@PCN was incubated for 24 hours. Following
laser irradiation (660 nm, 100 mW/cm?) for 5 minutes, the cells were incubated for an additional 24 hours, and then they
were collected by centrifugation. They were incubated in a binding buffer containing 5 uL of Annexin-V FITC and
10 pL of propidium iodide (PI) for 10 minutes. The signals were collected using a BD FACS Calibur flow cytometer
(Beckman/Gallios). Annexin V-FITC was detected through the FITC Detection Channel (excitation: 488 nm; emission:
530 nm) and PI was detected by PI Detection Channel (excitation: 535 nm; emission: 615 nm).

Cell Staining Experiment

The cells were incubated in media containing PBS, PTS, PCN-224, PTS@PCN, and HA-PTS@PCN for 24 hours. After
laser irradiation (660 nm, 100 mW/cm?) for 5 minutes, they were incubated for another 24 hours, and then the cells were
collected by centrifugation. Using the Calcein-AM/PI assay kit, 1-2 pL of Calcein-AM stock solution was added to each
1 mL of cell suspension (1 x 10° cells/mL), after which the solution was mixed well and incubated at 37°C in the dark for
20 minutes. Subsequently, 4 uL of the PI stock solution was added to the stained cells and incubated at room temperature
in the dark for 5 minutes. The fluorescence of the cells was observed under a fluorescence microscope (Olympus, IX71),
and photographs were captured.’’

Western Blot Experiment

After pretreating H520 cells with PTS, PCN-224, PTS@PCN, and HA-PTS@PCN for 24 hours, the cells were exposed
to laser irradiation and then incubated for an additional 24 hours. Following this exposure, the cells from each group were
collected and lysed in RIPA buffer (Cell Signaling Technology, Danvers, MA, USA) to extract total protein. Protein
concentration was determined using the Pierce bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc). The
protein samples were then separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Millipore,
Billerica, USA). Subsequent steps included membrane transfer, blocking, and antibody incubation. -Actin served as
the internal control, and primary antibodies used were phospho-P70S6K (Thr389), P70S6K, phospho-AKT (Ser473),
AKT, phospho-mTOR (Ser2448), mTOR, and B-actin, with horseradish peroxidase-conjugated IgG as the secondary
antibody. All antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA).***" In the control group,
cells were treated with PBS solution and irradiated with a 660 nm laser (100 mW/cm?) for 5 minutes.

Animal Experiments

The biological activity of the candidate compounds was assessed in vivo using a nude mouse model. The experimental
design and the protocol for animal-related experiments, which were conducted in accordance with the UK Animals Act,
1986 (Scientific Procedures) guidelines, were reviewed and approved by the Institutional Animal Care and Usage
Committee of the fifth medical center of Chinese people’s liberation army general hospital (Approval ID: IACUC-
2021-0026).

In vivo Pharmacodynamic Evaluation

H520 cells (5 x 10° cells) were subcutaneously injected into the nude mice. Treatment began when the tumors grew to
approximately 700—1000 mm? (around the 4th week). The drug was injected into the tumor tissue, and after avoiding
light for 4 hours, laser irradiation was performed. Tumor volume was measured using a Vernier caliper at 0, 2, 4, 6, 8 and
9 week post-inoculation. Tumor volume was estimated using the formula: Tumor volume V = (1)x(w)x(w)/2, where | is
the tumor length and w is the tumor width. The control group received an injection of only PBS solution. The dosage of
NPs (HA-PTS@PCN and PTS@PCN) is 10 mg/kg, and the dosage of PTS is 5.8 mg/kg. After treatment, the mice were
euthanized, and tumor tissues from each group were collected. The tissues were quickly frozen in liquid nitrogen after
segmentation for subsequent biochemical analysis.
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In vivo Distribution of NPs and Stimuli-Responsive Release Profile Within Tumors

In this study, we determined the metabolic rate of PTS in tumor tissues and blood for several types of NPs. The
metabolism or clearance of PTS in tumor tissues formed by H520 cells was measured using LC-MS. Following the
injection of HA-PTS@PCN and PTS@PCN NPs into the subcutaneous tumor tissues of nude mice, intravenous whole
blood and tumor tissues were collected from each group at different time points. Liquid nitrogen was then added to the
tumor tissues for grinding. Subsequently, the tissue samples were resuspended in sterile PBS, and an equal volume of the
organic solvent acetonitrile was added. After vortexing to homogenize the tissue samples, the drug PTS was extracted
into the acetonitrile. The content of PTS in the cell samples at different time points was detected by LC-MS.***! Once
the intravenous whole blood had settled adequately, plasma was collected to determine the blood drug concentration-time
curve.

Research on Biochemical and Metabolic Characteristics

This study utilized quantitative polymerase chain reaction (QPCR) to assess metabolism-related factors in tumor tissues
treated with NPs. The drug was administered either alone or combined with laser treatment to subcutaneous tumors.
Subcutaneous tumor tissues were then harvested, total RNA was extracted, reverse transcribed, and analyzed using one-
step qPCR, as outlined in the literature.* For qPCR data analysis, the relative expression level of the control group was
set as the baseline “1”. The fold changes between each group and the control group were calculated, and heat maps were
generated following established methods.*® The color scale of the heat map indicates variations relative to the control
group.

The tested gene panel included factors related to cell cycle regulation, such as Cyclin B, Cyclin D1, Cyclin E, cyclin-
dependent kinases (CDK1, CDK2, CDK4), and Ki67 protein—a marker of cell proliferation. Genes associated with
cholesterol metabolism included sterol regulatory element-binding protein 2 (SREBP-2), acetyl-CoA cholesterol acyl-
transferase (ACAT), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), mevalonate kinase (MVK), and mevalonate
diphosphate decarboxylase (MVD). For lipid metabolism, genes such as acetyl-CoA carboxylase (ACC), ATP citrate
lyase (ACLY), fatty acid synthase (FASN), acyl-CoA synthetase (ACS), and sterol regulatory element-binding protein 1
(SREBP-1) were included. Additionally, genes linked to glucose metabolism, such as glucose transporter 1 (GLUT1);
genes related to hypoxia response factors, such as hypoxia-inducible factor lo (HIF-1a); genes related to cell survival
and anti-apoptosis, such as Survivin, cellular inhibitor of apoptosis protein 1 (cIAP1), and cIAP2; and genes related to
epithelial-mesenchymal transition, such as N-Cadherin, Vimentin, Snail, and Twist were analyzed.

Biochemical assays were conducted on H520 tumor cells to study their metabolic characteristics, aiming to determine
the drug’s impact on cellular metabolism. Assessments included measuring lactate levels, lactate dehydrogenase (LDH)
activation, ATP concentrations, and glucose uptake to evaluate glycolytic activity and overall energy metabolism. The
inhibition rate was calculated using the formula: (Biochemical value of the control group - Biochemical value of the
experimental group) / Biochemical value of the control group x 100%.**** The findings were presented using a heatmap.

The influence of HA-PTS@PCN on lipid metabolism in tumor tissues was further analyzed by***’

measuring the
malondialdehyde (MDA) levels in subcutaneous tumor tissue lysates, following manufacturer’s instructions and literature

methods.

Statistical Analysis

The data are presented as mean =+ standard error. Statistical significance for in vitro experiments was assessed using the
t-test, while for in vivo experiments, one-way analysis of variance (ANOVA) was employed, followed by t-tests for
multiple comparisons. A p-value of less than 0.05 was considered statistically significant.

Results

Synthesis and Characterization
In this study, we constructed a nanomaterial suitable for cellular uptake, PCN-224, based on TCPP using an in situ
growth method. We subsequently loaded PTS molecules into PCN-224 to obtain PTS@PCN, which was then
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encapsulated with HA to produce HA-PTS@PCN. The infrared (IR) spectra of the samples are shown in Figure 2A.
Compared to PCN-224, PTS@PCN retained the characteristic peaks of PCN-224 at 1404 cm™' and 1599 cm™! after PTS
loading; however, a distinct double peak appeared around 1000 cm™!, attributed to the amino groups in PTS. Minimal
changes in the IR spectra were observed before and after HA introduction, consistent with findings in other studies. The
UV-vis absorption spectra of HA-PTS@PCN (Figure 2B) displayed the characteristic absorption peaks of TCPP, PCN-
224, and HA-PTS@PCN. PCN-224 exhibited a strong absorption peak around 425 nm (Soret band) and four weaker
peaks at 523 nm, 558 nm, 580 nm, and 640 nm, corresponding to the characteristic peaks of porphyrin materials. In the
wavelength range of 300-800 nm, the UV absorption peaks of HA-PTS@PCN were significantly lower than those of
TCPP and PCN-224, likely due to HA encapsulation, and the absorption peaks of PTS and HA did not appear within this
range.

We conducted structural characterization of PCN-224, PTS@PCN, and HA-PTS@PCN using powder X-ray diffrac-
tion (PXRD) (Figure 2C). The diffraction peaks of the three samples were very similar, with distinct characteristic peaks
at 4.49°, 6.44°, 7.86°, and 9.13°. These results indicate that both PTS@PCN and HA-PTS@PCN maintain the same
framework structure as PCN-224, consistent with the literature values for PPCN-224. Additionally, the peaks of the NPs
became less sharp after HA encapsulation. Scanning electron microscopy (SEM) was employed to observe the
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Figure 2 Structural characterization. (A) Infrared absorption spectrum; (B) UV-vis absorption spectrum; (C) PXRD spectrum; (D) Scanning electron microscopy images of
HA-PTS@PCN, with a scale bar of 100 nm; (E) Particle size distribution; (F) Zeta potential; (G) N, adsorption-desorption isotherms of PCN-224; (H) Pore size distribution
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morphology of HA-PTS@PCN NPs (Figure 2D), revealing an irregular spherical structure with a uniform size of
approximately 100 nm and excellent monodispersity. Dynamic light scattering (DLS) measurements (Figure 2E)
indicated that the hydrated particle size of PCN-224 is 120.35 nm, which is larger than the size measured by SEM.
DLS measures the particle size in solution, specifically the hydrated size, which includes both the nanoparticle core and
the expanded micelle. Particles tend to swell in aqueous solutions, resulting in a hydrated size larger than that of dry
particles. Zeta potential analysis (Figure 2F) revealed a significant change in surface charge from the positive potential of
PCN-224 (+12.13 mV) to the negative potentials of PTS@PCN (—8.34 mV) and HA-PTS@PCN (—18.18 mV). PXRD
and zeta potential data confirm the successful encapsulation of HA on the surface of the NPs. Nitrogen adsorption and
desorption tests on PTS@PCN (Figure 2G) indicated a surface area of 683.25 m?/g, which is smaller than that of PCN-
224 (1852.82 m?/g). This suggests that the incorporation of PTS into PCN-224 significantly affects the material’s
porosity. The pore structure characteristics of PCNs were analyzed using the Density Functional Theory model based
on nitrogen adsorption isotherms. These materials exhibit highly uniform pores with pore sizes ranging from 1 nm to 2
nm (Figure 2H). Overall, these data confirm the successful preparation of HA-PTS@PCN.

In vitro ROS Generation

This study investigated the release of singlet oxygen (*O,) from various NPs under different in vitro conditions. Under
conditions with only DPBF and normal light exposure, no 'O, was detected in the solvent, regardless of whether normal
light or laser irradiation was used (Figure 3A). However, upon the addition of HA-PTS@PCN, significant 'O, release
was observed under 660 nm laser irradiation, with the amount of release increasing over time. No significant 'O, release
was observed in the HA-PTS@PCN group under normal light exposure. This indicates that HA-PTS@PCN significantly
releases 'O, only under specific wavelength laser irradiation. Comparing the release capabilities of PCN-224,
PTS@PCN, and HA-PTS@PCN, it was found that their 'O, release capabilities were similar (Figure 3B). Among
them, PCN-224 exhibited the strongest release capability, closely followed by PTS@PCN, while the release capability of
HA-PTS@PCN was slightly lower. However, as irradiation time increased, the differences between the two groups
gradually diminished, possibly due to HA encapsulation delaying the release rate of 'O,.

Subsequently, we examined the ROS generation capability of PCN-224, PTS@PCN, and HA-PTS@PCN in a cell-
free environment using DCFH as a probe. Under 660 nm laser irradiation, the fluorescence intensity of DCFH increased
over time (Figure 3C). In contrast, the ROS release rate from the HA-PTS@PCN group was significantly lower than that
of the other two groups, likely due to HA encapsulation slowing ROS generation within the NPs. As irradiation time
increased, the ROS release amounts from the three groups gradually converged, reaching similar levels at 10 minutes
(Figure 3D). This experiment indicates that HA-PTS@PCN exhibits excellent ROS release capability in a cell-free

environment,*® 4%

Acid-Responsive Degradation and Drug Release Process

PCN-224, as a drug loading platform, possesses characteristics of porosity and acid-responsive degradation. The
coordination bonds between Zr and TCPP enable acid-responsive degradation in acidic environments. When preparing
drug-loaded NPs, different concentrations of PTS and PCN-224 were mixed. The results showed that when the
concentration ratio exceeded six times, the drug-loading capacity of PTS@PCN stabilized at approximately 138%
(Figure 3E).

Due to the acidic microenvironment surrounding tumors, we investigated the drug release properties of HA-PTS
@PCN in vitro under acidic conditions. HPLC was employed to determine the release of free PTS from the drug-loaded
NPs. The experimental results (Figure 3F) indicated that, regardless of laser irradiation, the degradation rate of the NPs in
phosphate-buffered saline (PBS) at pH 7.4 was relatively slow. During the first 6 hours, the release rate of HA-PTS
@PCN was faster, but it gradually slowed thereafter. Under pH 5.5 conditions, the drug release from HA-PTS@PCN
significantly increased, particularly with laser irradiation, where the release was notably faster than under the other three
conditions. In the pH 5.5 + L group, drug release reached its maximum, approximately 82%, at 72 hours. Given the
acidic tumor microenvironment, this material can selectively release a large amount of PTS within tumor cells.
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Figure 3 (A) 'O, release of NPs under 660 nm laser and ambient light irradiation, evaluated by DPBF consumption to assess 'O, generation; (B) 'O, release of different
NPs under 660 nm laser irradiation; (C) Fluorescence absorption curves of NPs treated with DCFH-DA at 500-560 nm; (D) Fluorescence absorption values of different
NPs at 525 nm; (E) Drug-loading capacity of HA-PTS@PCN at different PTS concentrations; (F) Drug release profile of HA-PTS@PCN under different pH conditions and
laser irradiation; (G) Release profile of NPs in the tumor tissues of nude mice; (H) Blood concentration-time curve of NPs in nude mice.

Additionally, the thermal effect generated by laser irradiation can enhance this release. These experiments demonstrate
that HA-PTS@PCN NPs exhibit acid-responsive drug release.

Changes in intratumoral PTS concentration at different time points after NP injection were detected using the LC-MS
method. The results (Figure 3G) showed that when a PTS solution was directly injected into the tumor tissue, PTS was
metabolized and cleared within 12 hours. However, when PTS@PCN was injected, the retention curve of PTS@PCN in
the tumor tissue did not significantly differ from that of PTS. In comparison to direct PTS injection, HA-PTS@PCN
achieved sustained release of PTS within the tumor tissue. After 48 hours, PTS content in the tumor tissue maintained
approximately 40% of its peak value, indicating that only HA-PTS@PCN could achieve sustained release of PTS within
the tumor.

Further examination of PTS concentration in the blood of tumor-bearing nude mice was conducted. The results
(Figure 3H) showed that after injecting the PTS solution into the tumor tissue, the plasma concentration of PTS in the
blood reached a peak of over 3000 pg/mL around 12 hours post-injection. Following this peak, the blood concentration of
PTS declined rapidly, and by approximately 96 hours, PTS was almost completely metabolized and cleared from the

mice, with levels dropping to near zero. The blood concentration curve for the PTS solution was essentially identical to
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that of PTS@PCN. In contrast, after injecting HA-PTS@PCN into the tumor, the PTS concentration in the blood of nude
mice remained very low, returning to baseline by the 24-hour mark. These results indicated that HA-PTS@PCN had
a prolonged retention time within the tumor and released minimal amounts into the bloodstream, suggesting excellent
long-term sustained and controlled release properties.

Intracellular ROS Release

After treating H520 cells with different NPs (including the Control group, PCN-224+L group, PTS@PCN+L group, and
HA-PTS@PCN+L group) for various durations (0, 4, 8, 12, and 24 hours) followed by laser irradiation, the ROS content
in the cells was measured. The results (Figure 4A and B) showed that at around 4 hours, ROS levels were similar across
all groups and remained low, primarily because the NPs had not yet significantly entered the cells at this stage. From the
8-hour mark onward, ROS release levels increased substantially, indicating that cellular uptake of NPs peaked before and
after this time. At approximately 12 hours, the ROS release levels in the PCN-224+L and PTS@PCN+L groups were
similar, but the PTS@PCN+L group gradually surpassed the PCN-224+L group. At the 24-hour time point, the order of
ROS release strength from the NPs was HA-PTS@PCN > PTS@PCN > PCN-224. This result was consistent with the
24-hour cellular uptake findings, suggesting that HA-PTS@PCN exhibited high efficiency in ROS generation, prolonged
retention time, and sustained ROS production, making it less likely to be cleared by tumor cells. This may be attributed to
PTS inhibiting the expression of certain proteins in the cells (such as GPX4), thereby reducing the rate of ROS clearance.
The HA-PTS@PCN+L group exhibited the strongest ROS release capability, primarily due to the HA coating, which
enhanced nanoparticle uptake and delayed the structural breakdown of PCN-224, thus extending the duration of ROS

release. > 3¢

Cellular Uptake

The cellular uptake experiment investigated the content of NPs in cell lysates using the HPLC method. The results
(Figure 4C) demonstrated that within the first 6 hours of co-incubation with PTS or HA-PTS@PCN, the uptake of both
was approximately the same (calculated by PTS content). However, after 24 hours, the cellular uptake of HA-PTS@PCN
reached approximately 9%, significantly higher than that of the PTS group. Compared to direct PTS administration,
loading PTS and encapsulating it within HA in PCN-224 NPs enhanced the transport of PTS into the cells, thereby
increasing intracellular drug concentration and retention.

Cytotoxicity

The cytotoxicity of PTS, PCN-224, PTS@PCN, HA@PCN, and HA-PTS@PCN was assessed using the MTT assay. The
results (Figure 4D) showed that the 660 nm laser alone (Control group) had negligible effects on cell viability, indicating
minimal phototoxicity from light exposure in H520 cells. Both PTS and PCN-224 exhibited moderate inhibitory effects
under laser irradiation. The cytotoxicity was significantly enhanced when PTS was combined with PCN-224, and further
intensified with increasing concentrations of PTS@PCN. Notably, HA-PTS@PCN demonstrated significantly higher
cytotoxicity at all concentrations compared to the PTS@PCN group, suggesting a superior anti-tumor effect. This indicates
that HA encapsulation can enhance the inhibitory effect of NPs on tumor cells. Additionally, comparing the PCN-224 group
with the PTS@PCN group (Figure 4D), and the HA@PCN group with the HA-PTS@PCN group (Figure S1), it was found
that NPs containing PTS consistently exhibited significantly higher cytotoxicity. This underscores the indispensability of
PTS loading for enhancing the cytotoxicity of NPs.

To further assess the impact of HA-PTS@PCN NPs on cell viability, a plate cloning assay was used to examine the
cytotoxic effects on H520 cells (Figure 4E and F). The assay showed that 20 pg/mL of PTS minimally inhibited cell
growth. The PCN-224 group also showed limited inhibition, slightly better than the PTS group. However, the PTS@PCN
group demonstrated a more substantial inhibitory capacity, indicating that PTS enhances the phototherapy capabilities of
PCN-224. HA-PTS@PCN showed the most optimal inhibitory effect, consistent with predictions. The experiment
confirmed that laser irradiation significantly enhanced the inhibitory effect of HA-PTS@PCN NPs on H520 cells, and
irrespective of the presence or absence of laser irradiation, the inhibitory capacity of the NPs on cell growth was
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Figure 4 (A) Using DCFH as an intracellular ROS probe, the ROS release was detected after co-incubation of different NPs with H520 cells for 12 hours under 660 nm
laser irradiation, scale bar is 50 ym; (B) Quantitative analysis of ROS release after co-incubation of different NPs with H520 cells for different times; (C) Cellular uptake of
PTS or HA-PTS@PCN by H520 cells after different co-incubation times (measured as PTS); (D) Cytotoxicity of different concentrations of NPs (measured as PTS) on H520
cells after 660 nm laser irradiation (n = 8/group); (E) Plate cloning assay of different NPs; (F) Quantitative analysis of the plate cloning assay of different NPs (n = 6/group);
(G) Quantitative analysis of the cell cloning experiment with different concentrations of HA-PTS@PCN under laser irradiation and without laser irradiation (n = 6/group).
Data are expressed as the mean = SD (n = 6 or more independent biological replicates); *P<0.05.
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positively correlated with their administered concentration (Figure 4G). The plate cloning assay confirmed the significant
cytotoxic effects of HA-PTS@PCN on H520 cells.

To explore the antitumor mechanisms of the NPs, live/dead cell staining and flow cytometry assays were conducted
(Figure 5A and B, with green and red fluorescence indicating live and dead cells, respectively). Results indicated a low
number of dead cells in the Control group, PTS+L group, and PCN-224+L group. The number of dead cells significantly
increased in the PTS@PCN+L group and was highest in the HA-PTS@PCN+L group, approaching 100%. This
demonstrates the strong antitumor effects of the synergistic action between PTS and PDT.
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Figure 5 (A) Live/dead cell staining images of H520 cells treated with different NPs. Green fluorescence: live cells, red fluorescence: dead cells. Scale bar is 50 um; (B)
Quantitative statistics of dead cell staining in H520 cells treated with different NPs (n = 6/group); (C) Flow cytometry analysis of apoptosis in H520 cells treated with
different samples using Annexin V/PI staining; (D) Quantitative results of flow cytometry analysis, with cells in Q2 and Q3 considered as apoptotic cells (n = 6/group); (E)
Western blot analysis of protein expression levels after treatment with different NPs. Data are expressed as the mean + SD (n = 6 or more independent biological
replicates); *P<0.05.
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Flow cytometry was also used to quantify cell stages post-treatment (Figure 5C and D). Twenty-four hours after PTS
treatment, early apoptotic cells (Annexin V+/PI-) significantly increased. The proportions of late apoptotic/necrotic cells
(Annexin V+/PI+) were 0.19%, 7.76%, 13.9%, and 28.4% in the PTS, PCN-224+L, PTS@PCN+L, and HA-PTS@PCN
+L groups, respectively. These results indicate that HA-PTS@PCN induces apoptosis in tumor cells.

Expression of Related Factors After PTS Treatment

To elucidate the molecular mechanism by which HA-PTS@PCN promotes apoptosis, Western blot analysis was used to
detect changes in protein expression related to the AKT-mTOR pathway (Figure SE). PTS only slightly inhibited the
protein expression of the PI3K/AKT signaling pathway (p-AKT-Ser473, p-mTOR-Ser2448, and p-P70S6K-Thr389)
without affecting the levels of AKT, mTOR, and P70S6K proteins. The PCN-224+L group did not affect these protein’
expression. However, HA-PTS@PCN+L significantly inhibited the expression of proteins associated with the PI3K/AKT
signaling pathway (p-AKT-Ser473, p-mTOR-Ser2448, and p-P70S6K-Thr389) without affecting the expression levels of
AKT, mTOR, and P70S6K total protein, suggesting a more potent effect. Interestingly, the inhibitory capacity of
PTS@PCN+L was slightly lower than that of HA-PTS@PCN+L. These results demonstrated that loading PTS into
PCN-224 offers a sustained release effect, enhancing the drug’s retention time in cells and increasing the inhibition of
PTS. Additionally, HA encapsulation increases cellular uptake of the NPs, further enhancing their inhibitory effect.

In vivo Antitumor Activity
The experimental data were primarily obtained from in vitro tests. To further confirm the antitumor activity of HA-PTS
@PCN, this study constructed a subcutaneous tumor model in nude mice and conducted an in vivo pharmacodynamic
evaluation. PTS@PCN and HA-PTS@PCN were injected into the subcutaneous tumor tissues of nude mice, followed by
laser irradiation. The results (Figure 6A and B) showed that the injection of HA-PTS@PCN into the tumor tissues
exhibited significant antitumor activity. In contrast, the injection of PTS@PCN did not demonstrate substantial antitumor
effects. Following the injection of HA-PTS@PCN and subsequent laser irradiation, tumor growth was significantly
inhibited, and the rate of tumor volume increase slowed. Notably, the injection of PTS@PCN with laser irradiation also
displayed some antitumor activity, indicating that the photodynamic effect enhanced the antitumor capabilities of
PTS@PCN. The tumor weight and body weight data of the mice are presented in the supplementary file (Table S1).
To elucidate the mechanisms by which HA-PTS@PCN and PTS@PCN affect tumor growth, this study examined the
gene expression of various metabolism-related factors in the tumor tissues of nude mice before and after treatment. The
experimental results (Figure 6C) indicated that intratumoral injection of PTS@PCN only slightly reduced the expression
of cholesterol synthesis-related factors (SREBP-2, ACAT, HMGCR, MVK, and MVD), pro-survival factors, and
epithelial-mesenchymal transition (EMT) factors (Survivin, cIAP-1, cIAP-2, Vimentin, N-Cadherin, Twist, and Snail),
as well as some cell proliferation-related factors (Cyclin D1, Cyclin E, Cyclin B, CDK1, CDK2, CDK4, and Ki67).
Phototherapy further enhanced the effects of PTS@PCN. Regardless of phototherapy, intratumoral injection of HA-PTS
@PCN did not affect the expression of fatty acid anabolism-related factors (including SREBP-1, ACC, ACLY, FASN,
and ACS), but it significantly reduced the expression of cholesterol synthesis-related factors (SREBP-2, ACAT,
HMGCR, MVK, and MVD), pro-survival factors, EMT factors (Survivin, cIAP-1, cIAP-2, Vimentin, N-Cadherin,
Twist, and Snail), and cell proliferation-related factors (Cyclin D1, Cyclin E, Cyclin B, CDK1, CDK2, CDK4, and ki67).
Further examination of the metabolic characteristics in tumor tissues after different treatments revealed that, as shown in
Figure 6D, the levels of lactate, LDH activation, ATP, and glucose uptake in the tumor tissues were significantly inhibited
following HA-PTS@PCN photodynamic therapy. The MDA level associated with the induction of ferroptosis was upregulated.
Moreover, after photodynamic therapy, these effects were more pronounced, whereas PTS@PCN alone had only minimal
impact. These experiments demonstrated that HA-PTS@PCN photodynamic therapy inhibited tumor tissue growth through two
molecular mechanisms: by suppressing the gene expression of cell proliferation-related factors and by inhibiting the gene
expression of metabolism-related factors within the tumor tissue.
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Figure 6 In vivo antitumor activity of different NPs on H520 tumors. (A) Photographs of tumor tissues; (B) Tumor volume change curves (n = 10/group); (C) Expression
levels of various metabolism-related factors in tumor tissues after treatment; (D) Changes in metabolic characteristics in tumor tissues after treatment. Data are expressed
as the mean * SD (n = 6 or more independent biological replicates); *P<0.05.

Discussion
PDT has emerged as a promising modality for tumor treatment, characterized by its minimal invasiveness, low toxicity,

and high selectivity. These attributes have positioned PDT as a viable option for the clinical management of various
superficial tumors, demonstrating broad application prospects. However, in practical applications, the limited tissue
penetration of laser light has been identified as a significant constraint. This limitation restricts the efficacy of PDT in
treating deep-seated tumors, rendering it more effective only for superficial lesions. Moreover, while increasing laser
power and prolonging exposure time may enhance therapeutic outcomes to some extent, these approaches are associated
with the risk of adverse effects, such as skin burns, which in turn restrict the further clinical application of PDT.

In light of these challenges, the present study explores the introduction of PTS as a sensitizer to enhance the
sensitivity of tumors to PDT, thereby improving overall therapeutic efficacy. The strategy of employing sensitizers to
augment tumor sensitivity to therapeutic modalities has been widely applied in chemotherapy and radiotherapy, yielding
satisfactory results. However, to date, no reports have documented the application of sensitizers in PDT. Therefore, the
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initiation of this study is anticipated to not only break through the bottleneck of PDT in treating deep-seated tumors but
also provide new insights and directions for optimizing PDT, holding significant scientific and clinical value.

The HA-PTS@PCN NPs developed in this study have been thoroughly characterized using various structural char-
acterization techniques, confirming the accuracy and rationality of their design. These nanoparticles exhibit high drug
loading capacity for PTS and demonstrate excellent stability in both neutral and weakly acidic environments, enabling
efficient drug release. Notably, the drug release capacity of HA-PTS@PCN NPs is significantly enhanced in weakly acidic
conditions compared to neutral conditions, making them highly suitable for targeted drug release in the acidic micro-
environment of tumor tissues. In vivo and in vitro drug release experiments revealed that HA-PTS@PCN NPs can slowly
and sustainably release PTS into tumor tissues, effectively maintaining the drug concentration of PTS in the body. This
release rate is significantly lower than that of directly administered PTS. The sustained-release characteristic of HA-PTS
@PCN NPs allows them to achieve strong tumor-sensitizing effects even with a low dose of PTS, which is markedly
superior to the traditional administration of PTS alone. In the ROS release experiment, the HA-PTS@PCN group exhibited
the highest ROS release capacity. This result is primarily attributed to the HA coating, which significantly enhanced the
cellular uptake of NPs, thereby increasing the intracellular content of NPs. Additionally, the HA coating delayed the
structural degradation of PCN-224, thereby prolonging the release time of ROS. The combination of high activity and
sustained-release properties endows HA-PTS@PCN with greater potential for pharmaceutical applications compared to
PTS@PCN.Cell uptake experiments compared the differences between PTS administered alone and PTS formulated as
NPs. The results indicated that formulating PTS into NPs significantly enhanced cellular uptake of PTS, thereby greatly
improving the utilization efficiency of PTS by cells. This experiment further confirmed the importance of nanoencapsula-
tion for PTS, which is crucial for efficiently exerting the tumor-sensitizing function of PTS. Moreover, this study evaluated
the cytotoxicity of various samples using two different experimental methods: MTT assays and colony formation assays.
Both experiments showed that while the cytotoxicity of the HA@PCN group was higher than that of the PCN-224 group, it
was significantly lower than that of the HA-PTS@PCN group. This indicates that the loading of PTS is essential for
enhancing the cytotoxicity of NPs, further highlighting the critical role of PTS in the nanomedicine system.

The PI3K/AKT signaling pathway plays a crucial role in cell cycle regulation, and its inhibition can lead to cell cycle
arrest, rendering cells more susceptible to various external stimuli. Results from Western blot experiments demonstrated
that HA-PTS@PCN significantly suppressed the expression of key proteins in the PI3K/AKT signaling pathway, including
p-AKT-Serd73, p-mTOR-Ser2448, and p-P70S6K-Thr389. This inhibitory effect was more pronounced than that achieved
by direct administration of PTS. These mechanistic findings are highly consistent with the pharmacodynamic data obtained
from both in vitro and in vivo experiments, further confirming that HA-PTS@PCN exerts its PDT sensitization effect
through the inhibition of the PI3K/AKT signaling pathway. Comprehensive analysis of the gene expression of various
proliferation- and metabolism-related factors in tumor tissues from nude mice before and after treatment revealed that HA-
PTS@PCN significantly downregulated the expression of factors involved in cholesterol synthesis, pro-survival factors,
EMT-related factors, and cell proliferation-related factors. These results indicate that HA-PTS@PCN exerts its anti-tumor
effects through multi-target inhibition, providing strong evidence to elucidate its underlying mechanism of action.

In this study, the combination of PDT with a drug-sensitization strategy significantly enhanced the therapeutic
efficacy of PDT against lung cancer. This multi-target synergistic mechanism not only provides a novel approach for
the treatment of lung cancer but also paves the way for the treatment of other types of tumors. Compared with previously
reported MOFs - based PDT drugs, the drug developed in this study is capable of more effectively harnessing the
therapeutic potential of PDT. Its unique design and mechanism of action endow it with broader clinical application
prospects and can be promoted as an innovative therapeutic strategy for the development and application of other PDT
drugs, offering important reference value for improving the overall efficacy of PDT.

Conclusion

In summary, we have developed a PDT nanodrug delivery platform based on porphyrin MOFs. This platform loads PTS
into PCN-224 and is externally wrapped with HA to enhance cellular uptake. The material effectively leverages the
porous structure and photodynamic properties of PCN-224, as well as the tumor-sensitizing effects of PTS. By slowly
releasing PTS, the material increases the sensitivity of tumor tissues to phototherapy, thereby improving the therapeutic
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efficacy of PDT. Additionally, it selectively releases in the mildly acidic environment of tumors. Both in vitro and in vivo
experimental results indicate that the combined photothermal and sensitization therapy exhibits excellent therapeutic
effects on lung cancer. The properties of HA-PTS@PCN NPs enhance the sensitivity of tumor tissues to PDT, enabling
effective therapeutic outcomes with low-dose laser irradiation and thereby improving patient tolerability.

This study also elucidated the pharmacokinetic mechanisms of HA-PTS@PCN NPs and the antitumor molecular
mechanisms at the in vivo, cellular, and molecular levels. In conclusion, HA-PTS@PCN NPs possess high drug-loading
capacity, excellent phototherapeutic effects, and selective release capabilities, making them a promising platform for
synergistic cancer therapy.
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