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Abstract

The high heterogeneity of malignant tumors, their intricate microenvironments (e.g., hypoxia and
elevated glutathione levels), and the inherent limitations of traditional therapeutic modalities have spurred
researchers to pursue more precise and low-toxicity nanotherapeutic strategies. Conventional cancer
treatments such as chemotherapy and radiotherapy often induce systemic toxicity, irreversible tissue injury,
and the development of tumor drug resistance. Meanwhile, monotherapeutic nanomedicines struggle to
achieve satisfactory therapeutic efficacy due to the complexities of the tumor microenvironment, including
hypoxia, structural heterogeneity, and abnormal metabolite accumulation. To address these critical
bottlenecks, this study employs upconversion nanoparticles (UCNPs) as the near-infrared (NIR)
light-responsive core and mesoporous silica (mSiO:) or dendritic mesoporous silica (IMSNs) as the carrier
framework. By integrating photosensitizers, photothermal agents, and hypoxia-alleviating agents, three
types of multifunctional synergistic therapeutic nanosystems were constructed. Leveraging the synergistic
effects of photodynamic therapy (PDT), photothermal therapy (PTT), and tumor microenvironment
modulation, these systems enable precise tumor ablation while minimizing adverse effects on normal
tissues. The main research contents are outlined as follows:

(1) Construction of the UCNPs@mSiO2@ZnPc-CDs-PEG photodynamic therapy system

B-NaYF4:Yb, Er, Tm@B-NaYF4:YDb core-shell UCNPs served as the "internal light source"—capable
of converting low-energy NIR photons into high-energy visible light upon 980 nm NIR excitation, thereby
overcoming the limited tissue penetration of conventional visible light. Mesoporous silica (mSiO.), with its
ultra-large specific surface are and well-ordered mesoporous structure, was used as the carrier to efficiently
load the photosensitizer zinc phthalocyanine (ZnPc). Nitrogen-doped carbon dots (CDs) were incorporated
to endow the system with fluorescence imaging capabilities (facilitating real-time tracking of carrier
distribution) and enhance colloidal dispersibility. Surface modification with polyethylene glycol (PEG)
significantly reduced hemotoxicity and non-specific adsorption of the carrier. Performance tests showed
that under 980 nm NIR irradiation, UCNPs efficiently activated ZnPc via fluorescence resonance energy
transfer, generating abundant singlet oxygen ('O,). At a concentration of 200 pug/mL, the system exhibited a
hemolysis rate of only 0.4% (well below the 5% safety threshold) and maintained over 95% viability of
1929 normal cells, demonstrating excellent biocompatibility. In cytotoxicity assays against 4T1 breast
cancer cells, the survival rate of cells treated with the irradiated system dropped to 22%, significantly lower
than that of the non-irradiated group, confirming its ability to achieve precise PDT for tumors.

(2) Development of the UCNPs@mSiO2/Ce6/RB-CND-PEG photodynamic/photothermal synergistic

system



To further enhance therapeutic efficacy, this system innovatively co-loaded dual photosensitizers
(chlorin e6/Ce6 and Rose Bengal/RB) and carbon nanodots (CNDs). The absorption spectra of Ce6 and RB
were matched to the 654 nm and 520 nm upconversion emission peaks of UCNPs, enabling simultaneous
activation of both photosensitizers and a substantial increase in reactive oxygen species (ROS) production.
CNDs, on the other hand, exhibited excellent NIR photothermal conversion properties, converting light
energy into thermal energy via non-radiative transitions. Under 2 W/cm? NIR irradiation, the system
rapidly reached 55 °C at a concentration of 500 pg/mL—within the optimal temperature range (41-48 °C)
for PTT. After four heating-cooling cycles, the temperature variation was less than 2 °C, indicating
outstanding photothermal stability. DPBF (extracellular) and DCFH-DA (intracellular) probe assays
confirmed that ROS production increased with irradiation time, verifying the synergistic effect of the dual
photosensitizers. For 4T1 cells, the phototherapy group (PDT+PTT) showed significantly higher killing
efficiency compared to single PDT or PTT groups. At a concentration of 200 pug/mL, the cell survival rate
decreased to less than 20%, with a hemolysis rate of only 1.79%, highlighting both excellent biosafety and
robust synergistic therapeutic effects.

(3) Establishment of the hypoxia-alleviating synergistic system UCNPs@dMSNs@C3N4/CuO2-PEG

To address the key issue of reduced PDT efficacy caused by tumor hypoxia, dendritic mesoporous
silica (AMSNs) was adopted as the carrier. Its open radial pore structure not only improved the loading
efficiency of functional components (graphitic carbon nitride/ C3N4 and copper peroxide/ CuQ;) but also
accelerated mass transport in the tumor microenvironment. C3;Ny4 integrated both photosensitive and
photothermal properties: it could be activated by UCNPs to generate 'O, for PDT while absorbing NIR
light to achieve photothermal conversion for PTT. CuO, as a hypoxia-alleviating agent, decomposed to
release oxygen (Oz) in the H»O»-rich tumor microenvironment, effectively mitigating hypoxia. At a
concentration of 400 ug/mL, the system reached 55 °C after 15 min of 2 W/cm? NIR irradiation, and
maintained stable photothermal conversion efficiency even after four cycles. The CuOz-containing group
showed an 18-22% increase in ROS production and significantly enhanced cytotoxicity against 4T1 cells
compared to the CuO»-free group. After irradiation at 400 pg/mL, the cell survival rate decreased to 18%,
successfully resolving the inefficiency of PDT in hypoxic tumor environments..

Key words: Upconversion nanoparticles; Mesoporous silica; Photodynamic therapy; Photothermal therapy;

Synergistic therapy
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Figure 1-2 Photosensitization Processes Illustrated by a Modified Jablonski Diagram. Light exposure takes
a photosensitizer molecule from the ground singlet state (So) to an excited singlet state (S1). The molecule
in S1 may undergo intersystem crossing to an excited triplet state (T1) and then either form radicals via a
Type I reaction or, more likely, transfer its energy to molecular oxygen (*02) and form singlet oxygen ('0y),
which is the major cytotoxic agent involved in photodynamic therapy. ns indicates nanoseconds; Is,
microseconds; nm,nanometers; eV, electron volts(!®]
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Figure 1-4. Advantages and challenges of organic PSs and PDT!3]
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