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Introduction: Tumor hypoxia and invasion present significant challenges for the efficacy of photodynamic therapy (PDT) in triple-
negative breast cancer (TNBC). This study developed a mitochondrial targeting strategy that combined PDT and gene therapy to
promote each other and address the challenges.

Methods: The positively charged amphiphilic material triphenylphosphine-tocopherol polyethylene glycol succinate (TPP-TPGS,
TPS) and the photosensitizer chloride e6 (Ce6) formed TPS@Ce6 nanoparticles (NPs) by hydrophobic interaction. They electro-
statically condensed microRNA-34a (miR-34a) to form stable TPS@Ce6/miRNA NPs.

Results: Firstly, Ce6 disrupted the lysosomal membrane, followed by successful delivery of miR-34a by TPS@Ce6/miRNA NPs.
Meanwhile, miR-34a reduced ROS depletion and further enhanced the effectiveness of PDT. Consequently, the mutual promotion
between PDT and gene therapy led to enhanced anti-tumor effects. Furthermore, the TPS@Ce6/miRNA NPs promoted apoptosis by
down-regulating Caspase-3 and inhibited tumor cell migration and invasion by down-regulating N-Cadherin. In addition, in vitro and
in vivo experiments demonstrated that the TPS@Ce6/miRNA NPs achieved excellent anti-tumor effects. These findings highlighted
the enhanced anticancer effects and reduced migration of tumor cells through the synergistic effects of PDT and gene therapy.
Conclusion: Taken together, the targeted co-delivery of Ce6 and miR-34a will facilitate the application of photodynamic and genic
nanomedicine in the treatment of aggressive tumors, particularly TNBC.
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Introduction

Breast cancer remains the most prevalent solid tumor among women and ranks as the second leading cause of cancer-
related death in women.' Triple-negative breast cancer (TNBC) is particularly heterogeneous, accounting for about 10%-
15% of diagnosed breast cancer cases, and is associated with a poor prognosis and aggressive behavior.? Notably, some
studies have indicated that breast cancer-related deaths often result from the metastasis of cancer cells to vital organs,
with TNBC showing a higher propensity for brain and lung metastases.>> Given the aggressive nature and high
incidence of TNBC, there arises an urgent need to develop novel therapeutic strategies specific to this subtype.®
Hence, the development of novel therapies for TNBC is of utmost importance.

Photodynamic therapy (PDT) is a promising treatment that utilizes non-toxic photosensitizers to transfer light energy to
oxygen, resulting in the generation of reactive oxygen species (ROS) that can interact with biomolecules and induce cancer cell
death.” PDT offers advantages such as minimal invasiveness, and broad applicability.*” Furthermore, it has been suggested that
PDT may inhibit the metastatic potential of cancer cells.'® Therefore, PDT holds the potential as a conservative treatment of early
or refractory breast cancer.'' However, the presence of hypoxia in the tumor microenvironment can diminish the effectiveness of
photodynamic therapy.'? Cancer cells surviving PDT under hypoxic conditions may exhibit increased malignancy and a higher
likelihood of local recurrence, metastasis, and regeneration of solid tumors.'*'* Additionally, PDT is not suitable for patients with
disseminated cancer, as current technology does not allow for proper whole-body irradiation.'* Given the limitations of

International Journal of Nanomedicine 2024:19 1809—1825 1809
Received: 9 November 2023 © 2024 Hu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 20 February 2024
Published: 23 February 2024

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


http://orcid.org/0000-0003-0854-7126
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Hu et al Dove

Graphical Abstract

TPGS TPP-TPGS Ceb
+ \—» \"' o

Breast cancer cell

TPS

Tail vein injection

conventional PDT modalities, ongoing efforts are focused on improving photodynamic therapy. Initial strategies involved the use
of hyperbaric oxygen therapy.'> However, side effects such as hyperoxic epilepsy and barotrauma have hindered its clinical
application.'® Subsequently, researchers explored the use of nanoplatforms to supply oxygen directly.!” Nevertheless, the high
interstitial pressure within deep tumor tissues may impede the diffusion of nanomaterials or oxygen molecules, limiting the
effectiveness of this approach.'® Other strategies aim to generate oxygen in situ.'” ' However, the above methods are highly
dependent on the availability of H,O, within the tumor, and the relatively low H,O, concentration (50 mM) within the cell limits
their ability to alleviate hypoxia in PDT.?!** Therefore, inhibiting cellular respiration to conserve oxygen may be a more effective
approach for enhancing PDT against hypoxic tumors compared to solely increasing oxygen supply.”®

Recent research has highlighted that mitochondrial targeting is an effective strategy for alleviating hypoxia in PDT.**
Studies have shown that mitochondria-targeted photosensitizers exhibit improved photodynamic therapy effects under
hypoxic conditions.?® Triphenylphosphine (TPP) has emerged as a common and extensively studied mitochondrial targeting
group.”®?” While single mitochondrial-targeted photodynamic therapy is insufficient to completely eradicate or prevent the
formation and recurrence of metastatic tumors.”® The concept of multifunctional nanomedicine has emerged as a way to
integrate various treatment approaches and develop PDT-based combination therapies to address the limitations of PDT
monotherapy.”’ MicroRNA-34a(miR-34a), as a p53-induced tumor suppressor, plays a crucial role in the treatment of
malignant tumors.*® Studies have demonstrated that miR-34a can inhibit the proliferation, invasion, and migration of tumor
cells, increase apoptosis rates, and arrest cell cycle progression at the G0/G1 phase.>'~** Consequently, miR-34a has become
a commonly used and effective method to inhibit tumor migration.*® For example, Xiongwei Deng utilized hyaluronic acid-
chitosan nanoparticles to co-deliver miR-34a and doxorubicin for the treatment of TNBC.** In addition to inhibiting tumor
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migration, microRNA-34a is also a potent glutathione scavenger. The 'O, produced by photosensitizers may be consumed by
the high concentration of GSH in cancer cells, which greatly reduces the effect of PDT and limits its clinical application.
MicroRNA-34a can translocate to mitochondria, mediate the downstream apoptotic effect of tumor suppressor P53, and
inhibit the antioxidant response element Nrf-2, leading to the consumption of glutathione level.>> However, the delivery of
small nucleotides to tumor tissues remains an important challenge in RNA interference (RNAi).*° Prolonging their circulation
time in the bloodstream to enhance tumor accumulation while protecting them from nuclease degradation is crucial for
successful delivery.®” Additionally, addressing the issue of low cellular uptake efficiency due to the negative charge of these
nucleotides is necessary.*®

Herein, a multifunctional nano-drug delivery system was developed to target mitochondria and co-deliver the photo-
sensitizer Ce6 and miR-34a for combating tumor hypoxia and migration. The delivery system utilized an amphiphilic
mitochondrial targeting material called triphenylphosphine-tocopherol polyethylene glycol succinate (TPP-TPGS, TPS).
Through hydrophobic interactions, the photosensitizer chloride €6 (Ce6) formed a complex with TPS, resulting in the
formation of TPS@Ce6 nanoparticles (NPs). Furthermore, TPP-TPGS, being biocompatible and positively charged, electro-
statically aggregated the negatively charged miR-34a to form TPS@Ce6/miRNA NPs. Subsequently, upon irradiation, ROS
generated by PDT rapidly disrupted the lysosomal membrane through the photochemical internalization (PCI) effect.>**° This
process led to the escape of TPS@Ce6/miRNA NPs from the lysosome and their localization within the mitochondria. It can
effectively inhibit mitochondrial respiration, improve tumor hypoxia, and enhance the efficacy of PDT. MicroRNA-34a, as
a glutathione scavenger, reduced ROS depletion and further enhanced the effect of PDT, while helping to immobilize the
tumor at the primary site, enabling favorable therapeutic effects of local phototherapy. As a result, the synergistic anti-tumor
effects of miRNA treatment and PDT were achieved. This targeted approach, with its inhibitory effect on tumor migration, has
the potential to advance the development and clinical application of photodynamic therapy cooperated with gene therapy for
the treatment of hypoxic and migratory cancers.

Materials and Methods

5-carboxymethyl triphenylphosphine (TPP-COOH) and Tocopheryl polyethylene glycol succinate (TPGS) were pur-
chased from Enocai Technology Co., Ltd (Beijing, China). Fetal bovine serum (FBS), Trypsin and Roswell Park
Memorial Institute (RPMI)-1640 medium were obtained from SenBeilia Biological Technology Co., Ltd (Nanjing,
China). CCK-8 kit, antibodies, Reactive Oxygen Species Assay Kit, DAPI, DCFH-DA, Mito-Tracker Green and
Lysosome-Tracker Green were purchased from Beyotime Biotechnology Co. Ltd (Shanghai, China). MiR-34a (sense
strand:5’-UGG CAG UGU CUU AGC UGG UUG U- 3’) and other oligonucleotides were obtained from Shanghai
GenePharma Co., Ltd (Shanghai, China). All chemicals and reagents were of analytical purity grade.

The Synthesis of Nanoparticles Using TPP-TPGS

The synthetic route of Triphenylphosphonium-tocopherol polyethylene glycol succinate (TPP-TPGS, TPS) was depicted in
Figure S1. TPP-COOH was dissolved in sulfone chloride and refluxed at 80 °C for 3 h. The solvent was removed by using
dichloromethane (DCM) rotary distillation and oil pump. The resulting product was dissolved in DCM, and the TPGS
mixture was dropwise to it slowly. After the reaction was stirred at room temperature for 5 h, the DCM was removed by
rotary evaporation to obtain the product. TPGS dissolved in DCM was added to the TPGS solution (TPP: TPGS =1:1), and
a suitable amount of triethylamine (TEA) was injected. The final product was dissolved in distilled water and dialyzed
(MWCO:1000 Da) for 3 days to remove the uncoupled reactants. Finally, the product was freeze-dried.

TPS@Ce6 NPs were prepared by oil-in-water (O/W) emulsified solvent evaporation method. Equal volumes of TPP-TPGS
(6.4 mg/mL) aqueous solution and TPGS (2 mg/mL) aqueous solution were mixed to form the water phase (W). The oil phase (O)
was Ce6 acetone solution (8 mg/mL). Subsequently, the oil phase was added dropwise to the aqueous phase according to different
water-oil volume ratios and stirred for 2 h at room temperature. Finally, the acetone was removed by rotary evaporation, and the
mixture was centrifuged at low temperature. The liquid supernatant was then lyophilized to obtain TPS@Ce6 NPs.

The miRNA solution (0.264 mg/mL) was prepared by dissolving miRNA in RNase-free water. The miRNA and
TPS@Ce6 NPs solutions were preheated to 50 °C and mixed at different N/P ratios. The mixture was vortexed for 30s to
obtain TPS@Ce6/miRNA NPs.
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Characterization of Polymers and Nanoparticles

The 'H-NMR spectra of the polymer were obtained at room temperature using an NMR spectrometer (AVANCE 400,
Germany) with DMSO as solvent. The concentration of Ce6 in TPS@Ce6 NPs was determined by visible ultraviolet
spectrophotometer (UV-2450, Shimadzu Co., Japan), and the encapsulation efficiency (EE) and drug loading (DL) were
calculated according to Eq. 1 and Eq. 2. To investigate the interaction forces acting on TPS@Ce6 NPs, UV-vis spectra were
recorded with a UV-vis spectrophotometer. The morphology of TPS@Ce6 NPs and TPS@Ce6/miRNA NPs was observed
by transmission electron microscopy (H7650, Hitachi, Japan). The particle size distribution and Zeta potential of TPS@Ce6
NPs and TPS@Ce6/miRNA NPs were determined by Zeta PALS high-resolution potential and particle size analyzer
(Brookhaven, USA). To assess the miRNA condensation ability of TPS@Ce6 NPs and determine the optimal N:P,
electrophoresis of TPS@Ce6/miRNA NPs on a 15% agarose gel was performed.

Weight of Ce6 in NPs
EE(%) = 100% 1
(%) Weight of Ce6 in feed X ° M

Weight of Ce6 in NPs

DL(%) =
(%) Weight of Ce6 — loaded in NPs

x 100% )

The Stability Analysis of TPS@Ce6/miRNA Nanoparticles

Naked miRNA and TPS@Ce6/ miRNA NPs incubated with no RNase were used as controls. Naked miRNA or
TPS@Ce6/miRNA NPs were incubated with RNase (50 U/mL) at 37 °C for different times (0, 0.5, and 1 h). After
the specified incubation time, 2% sodium dodecyl sulfate (SDS) was added to the samples. SDS was used to dissociate
the nanoparticles and release the miRNA. The stability of TPS@Ce6/miRNA NPs was evaluated by performing agarose
gel electrophoresis.

pH Sensitivity and pH-Triggered Drug Release in vitro

To check whether pH change affects the morphology of TPS@Ce6/miRNA NPs, changes in particle size at different pH
values (5.5, 7.4, and 8.0) were measured. The effect of different pH values on Ce6 release from TPS@Ce6/miRNA NPs
was investigated by in vitro drug release test. Phosphate buffers with pH values of 5.5, 7.4, and 8.0 were prepared, and
then 0.1% (w/v) of Tween 80 was added. 30 mL of buffer solution was taken from each and placed in a 50 mL centrifuge
tube. The above centrifuge tubes were placed in a constant temperature oscillating incubator at 37 °C and 100rpm. After
stabilizing the buffer temperature, the dialysis tube (MWCO = 2000Da) containing 5.0 mL TPS@Ce6/miRNA NPs was
placed into a 50 mL centrifuge tube. At the set time point, the release medium in the 1.0 mL centrifuge tube was
respectively taken, while the buffer of the same volume, temperature, and pH was added. Repeat three times for each
sample. After sampling, the concentration was determined using an ultraviolet spectrophotometer. Then, the release
degree of each time point was calculated according to the release degree formula. Finally, the cumulative release curve
was plotted by drawing software.

Cell Culture and Animals

Human breast cancer cell line MDA-MB-231 and human normal breast cell line MCF-10A were obtained from the
National Centre for Cell Science. MDA-MB-231 cells were cultured in RPMI-1640 medium 10% fetal bovine serum
(FBS) and maintained in a 5% CO, humidified incubator at 37 °C. MCF-10A cells were cultured in GibcoDulbecco’s
Modified Eagle Medium: F-12 (DMEM/F-12) 10% fetal bovine serum (FBS) and maintained in a 5% CO, humidified
incubator at 37 °C.

Female nude mice (Balb/c) were purchased from Shanghai Sipu-BiKAI Laboratory Animal Co., Ltd (Shanghai,
China). The mice were housed in a controlled environment with a constant temperature of 26-28 °C and humidity
ranging from 40% —60%. Sterile double distilled water and sterile chow were provided as food and water sources for the
mice. The experiments were carried out in strict accordance with the regulations for the Management of experimental
animals of Nanjing Normal University and with the Guide for the Care and Use of Laboratory Animals.
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Cellular Uptake

Approximately 1x10° MDA-MB-231 cells were seeded in each confocal dish (NEST Biotechnology Co., China). After
24 h of culture, cells were treated with Ce6, miRNA, or TPS@Ce6/miRNA NPs. The miRNA was labeled with a green
fluorescent probe, enabling its visualization. The treatment duration was set at 2, 4, 6, and 12 h. After the specified
treatment period, the cells were washed three times with phosphate-buffered saline (PBS). This step helps to remove any
unbound or extracellularly located probes or NPs. Next, paraformaldehyde was added and fixed for 30 min, followed by
washing three times with PBS. Finally, DAPI was added to the stain for 30 min and then washed thrice with PBS. To
visualize and analyze the cellular uptake, intracellular fluorescence was detected using a laser confocal microscope
(CLSM, Nikon, Japan). Fluorescence intensity was quantified using Imagel software for Ce6 and TPS@Ce6/miRNA
uptake fluorograms taken at different times in MDA-MB-231 cells.

Cytotoxicity in vitro

MDA-MB-231 cells were seeded in 96-well plates (NEST Biotechnology Co., China) at a volume of 100 pL containing
5x10° cells per well. The cells were then cultured for 24 h. To assess the safety of TPS, different concentration gradients
of TPS solutions were prepared. To evaluate the lethality of miR-34a on MDA-MB-231 cells, different concentrations of
miR-34a solutions were prepared. To assess the cytotoxic effects of Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs on
MDA-MB-231 cells, different concentration gradients of Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs solutions
were prepared. Different nanoparticles were dissolved in DMSO, and Ce6 was fully released after the 10-minute
ultrasound. The concentration of Ce6 in various dosage forms of nanoparticles was then detected by ultraviolet spectro-
photometry. The wells of the 96-well plates were divided into two conditions: light and no light. Multiple Wells of each
concentration were added to 96-well plates and incubated at 37 °C for 24 h. After the incubation period, CCK-8 (10 pL)
solution was added to each well and incubated for 1 h. The absorbance of the wells was measured at 450 nm using
a microplate reader (Bio-Rad model 680, Eppendorf Inc). The results obtained from the absorbance measurements were
analyzed using GraphPad Prism software, for data processing, statistical analysis, and visualization. In addition, the
cytotoxicity of free Ce6 and TPS@Ce6/miRNA nanoparticles on human breast epithelial cells (MCF-10A) was
investigated by the same method.

Lysosomal Escape

Cells were cultured in confocal laser plates using the same procedure as described in the cell uptake experiments. In one group,
MDA-MB-231 cells were cultured with Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs for 6 h and then exposed to
infrared light for 10 min. While in the other group, cells were cultured with Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs
for 6 h and then not exposed to light. This group serves as a control to compare the effect of light exposure on lysosomal
escape. The cells were stained with Lyso-Tracker@Green for 30 min and washed again with PBS. After fixation with
paraformaldehyde and DAPI staining, the fluorescence of MDA-MB-231 cells was observed by CLSM.

Mitochondria Target

MDA-MB-231 cells were cultured in laser confocal dishes. To assess mitochondrial targeting, MDA-MB-231 cells were
incubated with Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs at 37 °C for 6 h. After the incubation period, the cells were
irradiated with infrared light for 10 min. This light exposure may trigger the release or activation of the targeting moiety for
mitochondria. The cells were washed with PBS to remove any unbound or extracellularly located probes or nanoparticles.
Then the cells were stained with Mito-Tracker Green for 30 min and washed again with PBS. The subsequent steps, such as
fixation with paraformaldehyde and DAPI staining, were performed as described in the lysosomal escape assay. The
fluorescence of the cells, including the Mito-Tracker Green staining, was observed using a CLSM.

ROS Detection
MDA-MB-231 cells were incubated with Ce6 or TPS@Ce6/miRNA NPs at 37 °C. After 6 h, the cells were washed with
PBS and then incubated with medium containing DCFH-DA for 1 h. DCFH-DA itself has no fluorescence, can freely
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cross the cell membrane, and after entering the cell, it can be hydrolyzed by intracellular esterase to produce 2°,7’-
dichlorodihydrofluorescein (DCFH). Intracellular reactive oxygen species can oxidize non-fluorescent DCFH to produce
fluorescent 2°,7’-dichlorofluorescein (DCF). Detection of DCF fluorescence can be used to know the level of ROS. After
the incubation with DCFH-DA, the cells were irradiated with near-infrared (NIR) light for 10 min. After washing with
PBS, ROS production was observed by CLSM.

Suppression of Invasion and Migration in vitro

For invasion assay, the mixture of Matrigel gel diluted in serum-free RPMI-1640 medium (serum-free medium:
Matrigel=10:1, 100 uL) was prepared. The Matrigel mixture was added to the upper surface of the filter membrane of the
upper chamber. Ensured that the entire surface was coated evenly. Incubated the chamber in a 37 °C incubator for 1 h and
allowed the gel to solidify. Any uncoagulated liquid was carefully aspirated from the upper chamber using a pipetting gun.
MDA-MB-231 cells were collected and counted from different groups: control group, miRNA group, Ce6 group, TPS@Ce6
NPs group, and TPS@Ce6/miRNA NPs group. Cell counting could be performed using trypan blue staining. MDA-MB-231
cells (2x10°/well) were seeded in the upper chamber. Medium containing 20% serum (500 pL) was added to the lower
chamber. Gently placed the upper chamber into the lower chamber, ensuring that the cells in the upper chamber were not in
direct contact with the medium in the lower chamber. After 48 h, carefully removed the upper chamber from the lower
chamber. Gently wiped off the cells on the upper surface of the filter membrane that did not pass through the Matrigel layer
using a cotton swab. The cells that have invaded through the Matrigel layer were fixed with paraformaldehyde for 20 min,
washed once with PBS, stained with 0.1% crystal violet for 30 min, and washed three times with PBS. After air drying, 68
randomly selected fields were photographed under a fluorescence microscope. The number of cells was counted and averaged
in the fields of view. This result provided an estimate of the invasion ability of the cells. The procedures for the migration assay
were the same as those for the invasion assay, except that Matrigel was not added to the upper chamber. This experiment
allowed for the assessment of cell migration without the barrier of the gel.

Analysis of Protein Level by Western Blotting

Radio Immunoprecipitation Assay (RIPA) lysis buffer was used to extract the total proteins of control group, miRNA group,
Ce6 group, TPS@Ce6 NPs group, and TPS@Ce6/miRNA NPs group, respectively. The concentration of the extracted
proteins was determined using the bicinchoninic acid (BCA) assay. Total proteins were then separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein bands from SDS-PAGE gel were transferred to
a polyvinylidene difluoride membrane (PVDFM). The resulting PVDFM was incubated with 10% nonfat milk at room
temperature for 2 h. After blocking, the PVDFM was washed with Tris-buffered saline Tween 20 (TBST) solution to remove
excess blocking solution and any unbound proteins. The PVDFM was then incubated with primary antibodies overnight at
4°C. After that, the PVDFM was washed with TBST solution to remove unbound antibodies. The PVDFM was then incubated
with secondary antibodies conjugated with an enzyme, such as horseradish peroxidase (HRP), for an additional hour. The last
step was that protein bands were visualized using chemiluminescence imaging instruments (Tanon-4600SF). The gray value
of the protein bands in the images was analyzed using Excel and Graphpad Prism.

Analysis of MiR-34a Level by RT-qPCR

Total RNA was extracted from the cells of control group, miRNA group, Ce6 group, TPS@Ce6 NPs group, and TPS@Ce6/
miRNA NPs group by TRIzolTM reagent. The concentration of the extracted RNA was detected by micro nucleic acid
analyzer. The extracted RNA was then reverse transcribed into complementary DNA (cDNA) using the PrimeScript™ RT
reagent Kit. Amplification of the cDNA was carried out using RT-qPCR (reverse transcription qPCR) with specific primers
for miR-34a and the reference gene p-actin. The primers for RT-qPCR analysis were as follows: miR-34a gene forward
primer 5’-GGTGTGGGCTGGCAGTGTCTT —3’°, miR-34a gene reverse primer 5’-CCAGTGCAGGGTCCGAGGTAT-3’,
The B-actin gene forward primer was 5’-TGCGTGACATCAAAGAGAAG-3’, and the B-actin gene reverse primer was 5’-
TCCATACCCAAGAAGGAAGG-3’. The amplification was monitored in real-time using a fluorescent dye, which emits
a signal in proportion to the amount of amplified DNA. The relative quantitative values of miR-34a are calculated using the
comparative AACt method.
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Antitumor Study in vivo

To establish the TNBC solid tumor model, Balb/c mice (female, 5 weeks old) were injected with 1x10° MDA-MB-231 cells
subcutaneously into the axilla. Once the tumor volume reached about 100 mm?, the mice were randomly divided into 5 groups
(n = 5): control group, miRNA group, Ce6 group, TPS@Ce6 NPs group, and TPS@Ce6/miRNA NPs group. Different
samples were injected intravenously into the mice on days 1, 3, 5, 7, 9, 10, 11, 13, 17 and 19. The equivalent RNA dose
administered was 1.65 mg/kg, and the equivalent Ce6 dose was 2.5 mg/kg. The day after the injections (on days 2, 4, 6, 8, 10,
12, 14, 16, and 18), the tumor sites were subjected to laser irradiation at a wavelength of 660 nm for a duration of 10 min.
Tumor volume was measured every other day. On day 21, the mice were dissected, and various tissues including the heart,
liver, spleen, lung, kidney, and tumor tissues were collected. The collected tissues were weighed and photographed for further
analysis. The tumor tissues were subjected to hematoxylin and eosin (H&E) staining, which provides information about the
tissue morphology and composition. Additionally, the tumor tissues were stained using the TUNEL assay (Terminal
deoxynucleotidyl transferase dUTP Nick-End Labeling) to detect apoptotic cells. Protein expression of apoptosis and
migration-related proteins in the tumor tissues was analyzed using Western blotting.

Fluorescence Imaging ex vivo

In vivo, MDA-MB-231 tumor models were constructed as described above. Tumor-bearing mice were injected intrave-
nously with Ce6 or TPS@Ce6/miRNA NPs. The mice were sacrificed after 6 h, and the tumors and major organs (such as
the heart, liver, spleen, lung, and kidney) were harvested for ex vivo imaging.

Biosafety Evaluation

On day 21 of the experiment, prior to dissection, blood samples were collected from the eyeballs of three mice. The
collected blood samples were subjected to routine blood and blood biochemical analysis. Major organs (heart, liver,
spleen, lung, and kidney) were collected for H&E staining analysis.

Statistical Analysis

All acquired data were shown as mean + SD (standard deviation). The statistical significance was analyzed using one-
way analysis of variance (ANOVA); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < (0.0001 were deemed statistically
significant in all analyses. GraphPad Software 8.Ink was used for data analysis and graph plotting.

Results and Discussion

A nanocarrier, TPP-TPGS (TPS), was synthesized. Figure S1 illustrated the primary components and preparation process.
The structure of TPP-TPGS was verified using "H NMR spectroscopy. As depicted in Figure S2, the primary peak
observed at 0.83 ppm represents the characteristic peak of the TPGS, signifying the methyl chain structure that we label
as A. On the other hand, the primary peak observed at 7.74 ppm corresponds to the characteristic peak of the TPP-
COOH, denoting the benzene ring structure that we label as B. From the figure, it is evident that the product of synthesis
also exhibits primary peaks at 0.83 ppm and 7.74 ppm, representing characteristic peaks A and B. The "H NMR results of
the TPP-TPGS revealed the characteristic chemical shifts of the two raw compounds, confirming the successful synthesis
of the TPS functional material. In addition, we quantified the integral areas of peaks A and B of the TPP-TPGS, revealing
a grafting rate of about 26.7% for TPP in the TPP-TPGS. TPS@Ce6 NPs were prepared using the oil-in-water (O/W)
emulsified solvent evaporation method. The particle sizes and zeta potentials of TPS@Ce6 NPs were measured by
dynamic light scattering at different water-oil ratios. Ce6 could be loaded into TPS micelles at a carrier/drug water-oil
ratio as low as 10/1, and when the ratio reached approximately 20/1, the cationic TPS@Ce6 NPs exhibited suitable size
and uniformity (Table S1). To investigate the molecular interactions, UV-visible spectroscopy was performed on Ce6 and
TPS@Ce6 NPs under various conditions. As displayed in Figure 1a, the characteristic peaks of TPS@Ce6 NPs in water
exhibited significant shifts compared to dispersed Ce6. However, the peak of positions of TPS@Ce6 NPs could be
restored upon dissolution in dimethyl sulfoxide, suggesting the disassembly of the nano-drug was due to the disruption of
intermolecular interactions. Furthermore, this peak of TPS@Ce6 NPs varied with the addition of hydrophobic sodium
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Figure | Preparation and characterization of the nanoparticles for co-delivery of miR-34a and Ceé. UV—vis absorbance spectrum of TPS@Ce6 NPs or Ce6 in the presence
or absence of (a) DMSO, (b) NaCl, and (c) SDS (0.2%, w/v). (d) Protection of miRNA in TPS@Ce6/miRNA NPs against the digestion by RNase. () TEM images of
TPS@Ceb NPs with and without co-loaded miRNA. Scale bar, 500 nm.

dodecyl sulfate, indicating the involvement of hydrophobic interactions in the self-assembly process (Figure 1c).
Additionally, the absorption slightly decreased with the increase of NaCl addition (Figure 1b). It showed that electrostatic
interactions and hydrogen bonding interaction were not the main forces for the assembly of TPS@Ce6 NPs. To
summarize, the self-assembly driving force of TPS@Ce6 NPs might be ascribed to the hydrophobic interactions.

The TPS@Ce6/miRNA NPs were prepared at different nitrogen/phosphate (N/P) ratios. Then the particle size and
zeta potential were measured (Figure S3). As the N/P ratio increased, the diameter of the nanoparticles showed
a decreasing trend, and the zeta potential changed from negative to positive, gradually increasing. These results indicated
that TPS@Ce6 NPs and miR-34a could electrostatically interact to form compact nanoparticles. The TPS@Ce6/miRNA
NPs obtained at an N/P ratio of 5/1 had a diameter of 168 nm, which was smaller than the micelles at other N/P ratios,
suggesting that N/P of 5/1 was close to the optimal condition, where miRNA wrapped around and stabilized the micelles.
Gel retardation assay (Figure S4) showed that the bright band of miRNA gradually weakened with the increase of N/P,
and the migration of miRNA in agarose gel was completely inhibited at N/P ratios of 5 or higher. Gel retardation assay
provided evidence that miRNA was effectively incorporated into micelles at N/P ratios of 5 or higher, thus forming
compact TPS@Ce6/miRNA NPs. Additionally, the stability of TPS@Ce6/miRNA NPs in the aqueous phase was
assessed, and no significant changes in mean size and polydispersity index (PDI) were observed over a period of one
week (Figure S5a). This result indicated that the TPS@Ce6/miRNA NPs exhibited considerable stability in the aqueous
phase, which was important for their biomedical applications. Meanwhile, miRNA loaded into TPS@Ce6 NPs was
protected from degradation by ribonuclease (RNase) (Figure 1d), which suggested miRNA was effectively protected and
had the potential to be used for injection therapy. The morphology of TPS@Ce6 NPs, with or without loaded miRNA at
an N/P ratio of 5/1, was examined by transmission electronic microscopy (TEM). The TEM images revealed that the

nanoparticles had a spherical shape and exhibited relatively uniform diameters in both cases (Figure le). It demonstrated
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the successful formation of spherical nanoparticles with consistent morphology, which was important for their stability
and function in biomedical applications.

To investigate whether the morphology of TPS@Ce6/miRNA NPs was affected by PH, we measured the changes in
particle size of TPS@Ce6/miRNA NPs by varying the pH value. The size of TPS@Ce6/miRNA NPs was 160nm at pH
7.4. When the pH value was adjusted from 7.4 to 5.0, the particle size decreased to 125nm, while when the pH value was
adjusted from 7.4 to 8, the particle size decreased by 70nm (Figure S5b). This is because RNA is more stable in acidic
environments, while it is easily degraded in alkaline environments. When pH changed to 8, the adsorbed miRNA in the
outer layer of TPS@Ce6/miRNA NPs was degraded, and the particle size of the nanoparticles was about 70nm, which
was exactly the same as that of TPS@Ce6, as shown in Table S1.

Next, we measured the Ce6 release rate of TPS@Ce6/miRNA NPs at a range of pH values in vitro. As shown in
Figure S5c, the TPS@Ce6/miRNA NPs exhibited rapid release behavior in buffer media that mimicked mitochondrial pH
of approximately 8.0, with 80% of Ce6 released within 24 hours. However, TPS@Ce6/miRNA NPs showed slow
sustained release at pH 5.0 and 7.4, with only 17% and 24% drug release rates at 24 hours, respectively. These results
suggest that TPS@Ce6/miRNA NPs can respond appropriately to the weakly alkaline environment of tumor cell
mitochondria, minimizing premature drug leakage into the cytoplasm and lysosomes, and promoting rapid drug release
into cellular mitochondria.

Cell viability of MDA-MB-231 cells was shown after incubation with different concentrations of TPS in Figure 2a. It was
observed that TPS had no significant cytotoxic effect on the cells at concentrations up to 100 pg/mL, indicating that TPS
was relatively safe as a nanomaterial. Figure 2b illustrated the effect of different concentrations of miR-34a on cell viability. It was
found that the cell survival rate gradually decreased with increasing miR-34a concentration, indicating that miR-34a had a certain
killing effect on MDA-MB-231 cells. These findings were consistent with well-designed cohort studies that identified miR-34a as
a promising non-invasive biomarker for the diagnosis of breast cancer, highlighting its valuable diagnostic value in clinical
practice.*' To assess the cytotoxicity of TPS@Ce6/miRNA NPs in combination with near-infrared (NIR) irradiation, MDA-MB
-231 cells were treated with drugs containing different Ce6 content with or without NIR irradiation (Figure 2c). Under NIR
irradiation, the viabilities of cells in Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs groups decreased with the increase of Ce6
concentration. It was worth noting that when Ce6 concentration is 5 pg/mL, cells treated with TPS@Ce6/miRNA NPs in the
absence of NIR irradiation still exhibited lower cytotoxicity, whereas the cell viability of cells treated with TPS@Ce6/miRNA
NPs in the presence of NIR irradiation was already below 50%. This result indicated that the antitumor activity of TPS@Ce6/
miRNA NPs alone was limited. Besides, the cell survival rate of TPS@Ce6/miRNA NPs + L (with NIR irradiation) treatment
group was lower than that of TPS@Ce6 NPs + L treatment group at 5 pg/mL Ce6. This observation suggested that the
combination of miR-34a and Ce6 synergistically enhanced the antitumor effect. Then, we chose human normal breast cell line
MCF-10A to check TPS@Ce6/miRNA NPs health risk (Figure S6). As shown in the figure, MDA-MB-231 cells were more
sensitive to the photosensitizer Ce6 than MCF-10A cells under light conditions. When the concentration of Ce6 was greater than
or equal to 5 pg/mL, TPS@Ce6/miRNA NPs had a significantly higher killing effect on MDA-MB-231 cells than MCF-10A
cells, indicating that TPS@Ce6/miRNAs had a strong killing effect on breast cancer cells, and had less toxic and side effects on
normal cells. Overall, these in vitro cytotoxicity results demonstrated the safety of TPS, the cytotoxic effect of miR-34a, and the
enhanced antitumor activity of TPS@Ce6/miRNA NPs in combination with NIR irradiation.

The uptake behavior of Ce6, miRNA, and TPS@Ce6/miRNA NPs was assessed using confocal laser scanning
microscopy (CLSM) based on the fluorescence intensity of Ce6 and miRNA. As shown in Figure 2d, the fluorescence of
the free Ce6 group and miRNA group disappeared at 12 h, while TPS@Ce6/miRNA NPs still showed fluorescence,
indicating that the nanoparticles protected miRNA and Ce6 during delivery and prolonged the time of drug metabolism in
cells and cellular internalization was improved after self-assembly of Ce6 and miRNA into TPS@Ce6/miRNA NPs.
More importantly, at 6 h, TPS@Ce6/miRNA clearly began to be taken up by cells, and TPS@Ce6/miRNA took up the
most and was higher than free drugs. This was consistent with the fluorescence intensity quantification of the Ce6 group
and TPS@Ce6/miRNA group at different times using ImageJ software (Figure S7). These results indicate that
TPS@Ce6/miRNA can be efficiently uptaken by cells.

The lysosomal escape of TPS@Ce6/miRNA NPs after cellular uptake was investigated. As displayed in Figure 2e, the
internalized Ce6, TPS@Ce6 NPs, TPS@Ce6/miRNA NPs without NIR illumination could well overlap with Lyso-Tracker
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Figure 2 Cytotoxicity, cellular uptake, and targeted drug delivery in vitro. Cell viability of MDA-MB-231 cells incubated with gradient concentrations of (a) TPS, (b) miRNA,
(c) Ceb, TPS@Ceb NPs, and TPS@Ce6/miRNA NPs with or without NIR irradiation. (mean * SD, n = 3). The red dashed lines represent a survival rate of MDA-MB-231
cells of 100%, below which the growth of MDA-MB-231 cells is inhibited, and above which the growth of MDA-MB-231 cells is promoted. (d) Confocal laser scanning
microscopy (CLSM) images analysis of MDA-MB-231 cellular uptake behaviors after incubation with Ce6, miRNA, and TPS@Ce6/miRNA for 2, 4, 6, or 12 h. Nuclei were
stained with DAPI, and miRNA was labeled with a green fluorescent probe. Scale bar: 10 pm. (e) CLSM analyses of MDA-MB-23| lysosomal escape behaviors after
incubation with Ce6, TPS@Ce6é NPs, and TPS@Ce6/miRNA with/without NIR irradiation. Lysosomes and nuclei were stained with Lyso-Tracker@ Green and DAPI,
respectively. Scale bar, 10 ym. (f) CLSM analyses of MDA-MB-23 | mitochondrial targeted behaviors after incubation with Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA with
NIR irradiation. Mitochondria and nuclei were stained with Mito-Tracker@ Green and DAPI, respectively. Scale bar; 10 pm.

@Green after 6 h, indicating their presence in lysosomes. However, Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs with
NIR irradiation obviously weakened the green fluorescence of lysosomes after 6 h. These results indicated that NIR light
irradiation played a key role in the efficient escape of Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs from lysosomes. The
escape of NPs from lysosomes may be because ROS produced by Ce6 after NIR irradiation rapidly broke through the
lysosomal membrane through the photochemical internalization (PCI) effect. Kessel found the targeting of lysosomes with
PDT may result in punching holes in the lysosomal membrane and eliminating the potentially protective cellular pathway,**
which was consistent with our results.

To investigate whether the nanoparticles could precisely target the oxygen-rich mitochondrial regions, CLSM
analyses were performed on MDA-MB-231 cells incubated with Ce6, TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs
under NIR illumination and labeled with Mito-Tracker Green. Figure 2f showed that the red fluorescence of Ce6 in
TPS@Ce6 NPs, and TPS@Ce6/miRNA NPs highly overlaps with the green fluorescence of mitochondria, and the
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fluorescence was strong, while the overlapping fluorescence intensity of Ce6 alone was weak, suggesting that TPS
facilitates the delivery of the drug to mitochondria.

In summary, the TPS@Ce6/miRNA NPs promoted cellular uptake, successfully escaped lysosomes and targeted
mitochondria, highlighting their potential for effective drug delivery and targeted therapy.

The apoptosis of MDA-MB-231 cells treated with different drugs was evaluated at the protein level. As shown in
Figure 3a, the expression of the anti-apoptotic protein Bcl-XL significantly reduced in MDA-MB-231 cells treated with
TPS@Ce6/miRNA NPs, while the expression of both the pro-apoptotic proteins P53 and Caspase-3CL significantly
increased. These results indicated that TPS@Ce6/miRNA NPs promoted the apoptosis of MDA-MB-231 cells by down-
regulating Bel-XL and up-regulating P53 and Caspase-3XL.

Next, the generation of reactive oxygen species (ROS) was investigated by CLSM with 2’, 7'-dichlorofluorescein
diacetate (DCFH-DA) as the probe (Figure 3b). In the presence of NIR irradiation, the TPS@Ce6/miRNA NPs group
showed a larger and stronger green fluorescence region than the free Ce6 group. This result indicated that the targeted
delivery of TPS@Ce6/miRNA NPs to the mitochondria enhanced ROS accumulation. This might be because, on the one
hand, Ce6 destroyed mitochondria and reduced oxygen consumption. On the other hand, microRNA-34a scavenged
glutathione to reduce ROS depletion. It showed the advantages of the synergistic effect of photodynamic therapy and
gene therapy.

Among all the groups, TPS@Ce6/miRNA NPs demonstrated the strongest ability to induce apoptotic protein
expression and had the highest ROS content. Both apoptotic protein expression and ROS accumulation could induce
apoptosis, highlighting the potent apoptotic effect of TPS@Ce6/miRNA NPs. These findings were consistent with the
results of the cell survival assay, indicating that TPS@Ce6/miRNA NPs, in combination with miR-34a and PDT,
synergistically promoted tumor cell apoptosis.

MiR-34a can inhibit the proliferation, invasion, and migration of tumor cells. The actual expression of miR-34a in
cells was detected. As shown in Figure 3c, the TPS@Ce6 group showed higher miR-34a expression than both Ce6 alone
and miR-34a alone. This result might be due to the destruction of the oxygen-consuming organelle mitochondria by
TPS@Ce6, which alleviated hypoxia and then upregulated miR-34a. It has been reported that miR-34a promotes
mitochondrial dysfunction to induce apoptosis by targeting Notch2.***** However, the upregulation of miRNA expression
by disrupting mitochondria has not yet been seen, and it is worth further research. Notably, the TPS@Ce6/miRNA NPs
group showed the highest expression of miR-34a among all groups and was much higher than that of free Ce6 and free
miR-34a alone superimposed. This result indicated that TPS@Ce6/miRNA NPs had a protective effect on miRNA, and
TPS@Ce6 has a synergistic effect with miRNA to further increase the actual expression of miR-34a in cells.

To explore whether miR-34a carried by TPS@Ce6/miRNA NPs could affect the migration and invasion of MDA-MB
-231 cells. Transwell assay was further performed. Figure 3d showed that the number of cells stained with crystal violet
in the visual field of TPS@Ce6/miRNA NPs group was less than that of other groups, which was consistent with the
counting results (Figure 3e¢). These results suggested that TPS@Ce6/miRNA NPs had a strong ability to inhibit the
migration and invasion of MDA-MB-231 cells. To further understand the potential mechanism of TPS@Ce6/miRNA
nanoparticles in inhibiting the migration and invasion ability of MDA-MB-231 cells, the migration and invasion related
protein was detected by Western blotting. As shown in Figure 3f, the expression of N-Cadherin protein in MDA-MB-231
cells incubated with TPS@Ce6/miRNA NPs was significantly reduced, indicating that TPS@Ce6/miRNA NPs may
inhibit MDA-MB-231 cell migration and invasion by down-regulating N-Cadherin expression. Notably, the expression
levels of N-Cadherin in the TPS@Ce6 NPs and miRNA groups were similar and both were higher than that in the
TPS@Ce6/miRNA NPs group, indicating that Ce6 and miRNA of TPS@Ce6/miRNA NPs may play a synergistic role in
inhibiting migration and invasion. Taken together, these findings indicated that miR-34a carried by TPS@Ce6/miRNA
NPs suppressed the aggressiveness and migration of MDA-MB-231 cells through the down-regulation of N-Cadherin
expression.

To evaluate the in vivo anticancer activity of TPS@Ce6/miRNA NPs, MDA-MB-231 tumor-bearing nude mice were
intravenously injected with free miR-34a, Ce6, TPS@Ce6 NPs or TPS@Ce6/miRNA NPs at equivalent RNA and Ce6
doses. The tumor site was then treated under 660 nm laser irradiation at the day after the injection (Figure 4a), and the
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Figure 3 Apoptosis, ROS production, and migration in vitro. (a) Western blotting analysis of Caspase-3CL, P53, and Bcl-XL exposure in MDA-MB-231 cells after various
treatments and relative levels of proteins evaluated by integrated optical density (IOD) from Western blotting. (means * SD, n = 3). *p < 0.05 and **p < 0.01. (b) Intracellular
ROS measurement of MDA-MB-231 cells by CLSM after treatment with different drugs in the light, and quantitative mean fluorescence intensity (MFl) analyses. Scale bar: 10
pum. (mean % SD, n = 3). *p < 0.05, **p < 0.01. (c) RT-qPCR analysis of miR-34a expression in MDA-MB-231 cells following various treatments. (means * SD, n = 3), ¥**p <
0.0001. (d) Transwell migration and invasion assay cell images, (e) corresponding average cell number for MDA-MB-231 cells. Scale bar;, 100 pm. The average cell number was
counted in 3 randomly selected different fields, (means + SD, n = 3). **p < 0.01. (f) Western blotting analyses of N-Cadherin protein in the MDA-MB-231 cells receiving
different treatments, corresponding average relative levels of proteins evaluated by IOD. (mean % SD, n = 3). ***p < 0.0001.

1820  "wes International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Hu et al

a b -e- Control c
= miRNA Control ‘ . ‘ ‘ .
1000 4+ Ceb
-\ _
% so] -+ TPS@Ces s @ 9 @ ® &
E + TPS@Ce6/miRNA t )
H
—e ° o> P - g @ ®
DAY $ a0 TPS@Ce6 ® e
DAY =14 1,3,5,7,9,11,13,15,17,19 DAY 21 5 < @ o @
b e Sacrifice and g 200 . -
implantation DAY‘ ysi = . a < TPS@Ce6/miRNA @ o Y
231cells 2,4,6,8,10,12,14,16,18,20 —r T T 11T 1
Laser treatment 0 3 6 9 12 15 18 20
(660nm,10min) Time ( Day)
= Ceb L)
c : Control
44 * m TPS@Ce6/miRNA miRNA
*
3 Ce6
TPS@Ce6
TPS@Ce6/miRNA

x 107

Avg Radiant Efficiency

Tumor Heart Liver Spleen Lung Kidney

© N
f @ £
Q?v g 8.5 *kkk
& g 3
o S S 3
N e O @) 5 5
& & g & O £ g™
L & & K& K 3 3
: ] g
Caspase-3 e [35kDa g s g°~5
%o
, 2 2
N-Cadherin ’ 130kDa § diod I g 0.0 T
4 IS S
B-actin 42kDa SE CFE SE LS
N «‘Zzé’\ 5
@ )
& N
. Control miRNA Ceb TPS@Ce6 TPS@Ce6/miRNA
H&E
TUNEL
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and tumors excised after injection of Ce6 and TPS@Ce6/miRNA NPs. (means + SD, n = 3), *p < 0.05. (e) Tumor weight on day 2| (means + SD, n = 5), ****p < 0.0001. (f)
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mice untreated with the injection were used as control. The tumor volume and body weight of mice were measured at
every injection to monitor the treatment response.

To compare the distribution of Ce6 and TPS@Ce6/miRNA NPs in vivo, near-infrared fluorescence (NIRF) imaging
technology was used. Ex vivo NIRF imaging of organs and tumors (Figure 4d) showed that fluorescence at tumor sites
caused by the injection of TPS@Ce6/miRNA NPs was significantly higher than that caused by the injection of Ce6,
whereas fluorescence at liver and kidney sites caused by the injection of TPS@Ce6/miRNA NPs was significantly lower
than that at liver and kidney sites caused by the injection of Ce6. These findings implied that TPS@Ce6/miRNA NPs
accumulated more efficiently in tumors.

As shown in Figure 4b and c, the tumor volume of mice treated with different drugs was smaller than that of the
control group. The tumor growth of the TPS@Ce6/miRNA group was significantly inhibited, and the average tumor
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volume was only 154 mm® on day 21, which increased by 1.95 times. In the control group, the tumor grew faster, and the
tumor volume reached 945 mm? (an increase of 11.98 times). In addition, the miRNA group showed a weaker anti-tumor
effect, with a 5.79-fold increase in tumor volume, probably due to the easy degradation of free miRNA by enzymes. The
free Ce6 and TPS@Ce6 groups increased 4.27-fold and 2.50-fold, respectively. The ability of mild tumor inhibition was
demonstrated. At the end of the experiment, the anatomical tumors were weighted, showing a similar trend with the
results of tumor volume (Figure 4¢). Mice injected with TPS@Ce6/miRNA NPs had the smallest tumor volume and the
lightest average tumor weight. These results indicated TPS@Ce6/miRNA NPs had the best anti-tumor effect. The reason
may be that TPS targets Ce6 to mitochondria, which can effectively inhibit respiration and enhance the efficacy of PDT.
At the same time, the successful delivery of miR-34a, and the upregulation of miR-34a help to immobilize the tumor in
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Figure 5 Biosafety analysis of TPS@Ce6/miRNA in vivo. (a) Body weight fluctuations of the mice after treatment with injection of different drugs in the presence of light in
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the primary site, resulting in a good therapeutic effect of local phototherapy. Therefore, miRNA therapy and PDT have
synergistic anti-tumor effects.

As presented in Figure 4g, the tumor tissues were stained for histological examination. Hematoxylin-eosin (H&E)
staining showed that the cell density of tumor tissues in the TPS@Ce6/miRNA NPs group was the lowest, with a large
number of cells with loose cytoplasm and incomplete nuclei, indicating significant damage to the tumor tissue.
Furthermore, TUNEL staining showed that the TPS@Ce6/miRNA NPs group had the highest number of cells labeled
with a green fluorescent probe, indicating increased apoptosis in tumor cells.

At the protein level, the expression of apoptosis-related protein Caspase-3 and migration-related protein N-Cadherin
was significantly decreased in tumor tissues injected with TPS@Ce6/miRNA NPs (Figure 4f). These findings confirmed
that TPS@Ce6/miRNA NPs promoted apoptosis by down-regulating Caspase-3 and inhibited tumor cell migration and
invasion by down-regulating N-Cadherin, consistent with the in vitro results. In conclusion, the combination of
photodynamic therapy and gene therapy using TPS@Ce6/miRNA NPs exerted a maximum antitumor effect in the
experimental model.

The biosafety of TPS@Ce6/miRNA NPs was evaluated in vivo. Mice were weighed after each drug injection, and
their body weights remained stable throughout the treatment period (Figure 5a). This result indicated that the side effects
of the drug were relatively small and did not significantly affect the overall health of the mice. In addition, blood
biochemical analysis of blood samples was performed at the end of treatment. Mice injected with TPS@Ce6/miRNA
NPs showed no significant abnormalities in biochemical indicators: aspartate aminotransferase (AST), blood urea
nitrogen (BUN), alanine aminotransferase (ALT) and uric acid (UA) (Figure 5b). These results indicated that
TPS@Ce6/miRNA NPs did not cause liver and kidney dysfunction in mice. In contrast, the blood biochemical results
of the mice injected with Ce6 were higher levels of these biochemical indicators, indicating that the liver and kidney
functions of the mice were impaired by free Ce6. This observation was consistent with the results of ex vivo fluorescence
imaging (Figure 4d). In addition, the blood routine analysis in Figure S8 showed that the main hematological parameters
of the mice treated with TPS@Ce6/miRNA NPs were not significantly different from those of the control group, which
verified good blood compatibility. In addition, H&E staining of major organs was performed (Figure 5c), and no
abnormal histology was observed in the heart, liver, spleen, lung, and kidney of mice in the TPS@Ce6/miRNA NPs
group, confirming minimal systemic toxicity of the therapeutic agent to normal tissues. Overall, TPS@Ce6/miRNA NPs
effectively inhibited tumor growth with fewer side effects. These findings suggested that TPS@Ce6/miRNA NPs had
favorable biosafety profiles, making them a promising candidate for further development as a therapeutic agent.

Conclusion

In conclusion, our study successfully developed TPS@Ce6/miRNA NPs, a multifunctional nanoparticle system capable
of delivering both Ce6 photosensitizer and miR-34a tumor-inhibiting gene. These nanoparticles exhibited excellent
stability and dispersibility through hydrophobic and electrostatic interactions. Furthermore, characterization revealed that
TPS@Ce6/miRNA NPs had globular particles with smooth surfaces.

TPS@Ce6/miRNA NPs were found to promote cellular uptake, successfully escape lysosomes, and target mitochon-
dria, demonstrating their potential as an efficient drug delivery system. Moreover, these nanoparticles facilitated the
delivery of miR-34a, enhancing the effect of photodynamic therapy and successfully inhibiting tumor metastasis. The
combination of PDT and miR-34a delivery resulted in significant inhibition of tumor growth while minimizing side
effects on normal tissues.

Our findings highlight the mutual promotion effect between PDT and gene therapy, which greatly enhances the ability
to address hypoxia and migration in TNBC. This study contributes to the synergistic effects of photodynamic and gene
therapy in the treatment of aggressive tumors. In addition, it provides a promising approach to the treatment of TNBC.

Moving forward, future research should focus on optimizing nanoparticle design and exploring the potential of
incorporating other therapeutic agents to further enhance therapeutic efficacy. In addition, preclinical and clinical studies
are warranted to evaluate the translational potential of this nanoparticle system for TNBC treatment.
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