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Highlights:

e A new photo-sonosensitizer was synthesized by coordinating Ti** with PplX.
e TiPPs exhibit high ROS generation ability.
e TiPPs achieved good PDT-SDT combination therapy for tumor model.

Abstract: Driven by advancements in nanotechnology and biomedicine, multifunctional nanomaterials
integrating photodynamic therapy (PDT) and sonodynamic therapy (SDT) are paving new avenues for
efficient tumor treatment. In this study, titanium-protoporphyrin coordinated nanoparticles (TiPPs) with
a uniform particle size (~70 nm) were successfully fabricated via coordination self-assembly, achieved
through the rational selection of a biocompatible metal and functionalized organic ligand. Experimental
results demonstrated that after 6 minutes of light or ultrasound irradiation, TiPPs exhibited high reactive
oxygen species (ROS) generation efficiency, with DPBF oxidation rates of 71.6% (light group) and
46.6% (ultrasound group), confirming their excellent photo- and sono-responsive ROS production
capabilities. Notably, in vitro cytotoxicity assays and in vivo tumor-bearing mouse model studies
revealed that the PDT-SDT combination therapy achieved significantly higher tumor inhibition rates
than single-mode treatments. This study not only establishes an efficient dual-modal synergistic
therapeutic platform but also introduces an innovative paradigm for the development of multifunctional
sensitizers through metal-organic coordination engineering, highlighting promising clinical applications.
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1. Introduction

In recent years, emerging nanotechnology-based therapeutic strategies have revolutionized the field of
precision oncology [1,2]. Among them, photodynamic therapy (PDT) and sonodynamic therapy (SDT)
have garnered significant attention due to their non-invasive nature [3,4]. PDT relies on photosensitizers
activated by light at specific wavelengths to generate cytotoxic reactive oxygen species (ROS) [5,6].
However, its therapeutic efficacy is limited by the shallow tissue penetration of light (< 1 cm), making
it less effective for treating deep-seated tumors [7,8]. In contrast, SDT employs ultrasound (US) to
activate sonosensitizers, generating ROS with a much deeper tissue penetration of over 10 cm while
avoiding ionizing radiation risks [9,10]. However, SDT generally exhibits a lower ROS yield compared
to PDT. To overcome these limitations, a PDT-SDT combination therapy has been proposed, leveraging
multimodal energy activation to enhance ROS production while addressing the depth limitations of
individual treatments [11,12]. The key to this approach lies in the development of novel nanomaterials
with dual photo-sonosensitizing capabilities.

Existing sensitizers suffer from significant limitations. Organic small-molecule sensitizers (e.g.,
hematoporphyrin and protoporphyrin) have poor hydrophilicity, rapid metabolism, and a tendency to
aggregate in vivo [13,14]. These properties hinder their tumor-targeting efficiency and lead to
fluorescence quenching, reducing their therapeutic effectiveness. Inorganic nanosensitizers (e.g., TiO>
and Cu-WOs.) often exhibit low ROS generation efficiency due to rapid electron-hole recombination,
and their poor biodegradability raises concerns about potential long-term toxicity [15,16]. Therefore, it
is imperative to develop new sensitizers with high ROS production efficiency, rapid biodegradability,
good hydrophilicity, and imaging capabilities [17-19].

Metal-organic coordinated nanomaterials have gained widespread attention in biomedical research
due to their tunable size, morphology, and ease of functionalization [20,21]. These materials can
integrate metal ions as coordination nodes with organic photo-/sonosensitizers [22,23] as bridging
ligands. Upon degradation, metal ions are rapidly excretion, while organic ligands contribute to
controlled photo-sonodynamic therapeutic effects [24]. Several metal-organic coordinated
nanomaterials with PDT potential have shown promising results in cancer treatment, including
zirconium-porphyrin [3], copper-porphyrin [25,26], and iron-porphyrin [13,27] complexes. However,
research on metal-organic coordinated nanomaterials as dual-mode PDT-SDT sensitizers remains scarce.

Titanium (Ti), known for its excellent biocompatibility, has been widely used in orthopedic implants
and dental materials [18,28,29]. Its low cytotoxicity, corrosion resistance, and excretion clearance make
it a promising candidate for in vivo applications. Meanwhile, protoporphyrin IX (PplX) [30-32], an
FDA-approved clinical photosensitizer, has demonstrated outstanding safety in both PDT and SDT
applications. In this study, we designed and synthesized titanium-protoporphyrin coordinated
nanoparticles [33] (TiPPs, Figure 1(a)) via coordination self-assembly, integrating the safety
features of both components while achieving spatiotemporally controlled ROS generation through a
photo-sonodynamic synergy. Experimental results demonstrated that under 660 nm light and ultrasound
irradiation, TiPPs achieved DPBF degradation rates of 71.6% and 46.6%, respectively, within six
minutes. Both in vitro and in vivo studies revealed that the combination therapy (660 nm Light + US)
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significantly outperformed single-mode PDT or SDT treatments. These findings confirm the potent
photo-sonodynamic therapeutic potential of TiPPs (Figure 1(b)).
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Figure 1. Schematic diagram of material preparation and tumor treatment mechanism. (a) Schematic
illustration of the synthesis of TiPPs and (b) the mechanism of tumor photodynamic-sonodynamic
(PDT-SDT) combination therapy.

2. Methods
2.1. Synthesis, characterization, and performance evaluation of TiPPs

Synthesis of TiPPs: To prepare TiPPs, 2 mg of protoporphyrin IX (PplX) and 5 mg of polyvinylpyrrolidone
(PVP) were dispersed in a mixed solvent containing triethylamine (0.5 mL) and N, N-dimethylformamide
(DMF, 15 mL). The solution was stirred under a nitrogen atmosphere for 10 min. Subsequently, the
mixture was transferred to a 25 mL reaction vessel, followed by the addition of 10 pL of titanium
tetrachloride (TiCls) solution. The reaction was carried out at 110 <C under nitrogen protection for 4 h.
After naturally cooling to room temperature, the resulting product was sequentially washed three times
with anhydrous ethanol and deionized water via centrifugation, yielding the TiPPs nanoparticles. Finally,
the TiPPs nanoparticles were dried, weighed, and then dispersed to the desired concentration for use.

2.2. Singlet oxygen (*O2) detection

To evaluate singlet oxygen (*O2) generation, a 2.0 mg/mL DPBF-DMEF solution and a 40 pg/mL TiPPs-DMF
solution were prepared. A total of 3 mL of the TiPPs-DMF solution was mixed with 20 uL of the
DPBF-DMF solution, followed by the following treatments: (a) 660 nm laser irradiation (100 mW/cm=,
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(b) Ultrasound irradiation (1.0 MHz, 1.5 W/cm=. During the experiment, air was intermittently bubbled
into the solution for 30 s every minute, for a total duration of 6 min. To compare the singlet oxygen
generation efficiency, control groups were tested under the same conditions: TiPPs + Light, DPBF + Light,
TiPPs + US, and DPBF + US. The efficiency of 'O, production was assessed by monitoring the
absorbance changes at 415 nm.

2.3. Cytotoxicity assessment

The cytotoxicity of TiPPs was evaluated using 4T1 murine breast cancer cells and L929 murine
fibroblast cells. Cells were seeded into 96-well plates (~1 > 10* cells per well) and incubated for 24 h,
after which fresh DMEM medium containing TiPPs (0~400 pg/mL) was added. After an additional
incubation period of 24 or 48 h, cells were washed with PBS, and viability was determined using the
MTT assay.

2.4. In vitro therapeutic evaluation

For in vitro therapy assessment, 4T1 cells were incubated with 100 pg/mL TiPPs for 5 h, followed by:
(a) photodynamic therapy (660 nm, 100 mW/cm=; (b) sonodynamic therapy (1.0 MHz, 1.5 W/cm=, (c)
combined PDT-SDT therapy. Each treatment was applied for 3, 5, or 10 min, and cell viability at
different time points was measured using the MTT assay.

2.5. In vivo antitumor study

To assess the therapeutic efficacy of TiPPs in vivo, 4T1 tumor-bearing mice were randomly divided into
five groups (n = 4): (a) PBS control group: 80 uL PBS; (b) TiPPs group: 80 uL TiPPs (1.0 mg/mL);
(c) TiPPs + PDT group: TiPPs with 10 min light irradiation; (d) TiPPs + SDT group: TiPPs with 10 min
ultrasound irradiation; (e) TiPPs + Combination therapy group: TiPPs with 10 min light and 10 min
ultrasound irradiation. Four hours after intratumoral injection, each group received its respective
treatment. Tumor volume was calculated using the formula V = L xW?/2 (where L is the tumor length
and W is the width). The therapeutic effect was evaluated by tracking the relative tumor volume (V/Vo,
where Vo is the initial tumor volume).

3. Results
3.1. Coordination structure characterization of TiPPs

Titanium-protoporphyrin 1X coordinated nanoparticles (TiPPs) were successfully synthesized via a
self-assembly approach. To characterize their morphology and physicochemical properties, scanning
electron microscopy (SEM), dynamic light scattering (DLS), and zeta potential analysis were conducted.
SEM images and particle size distribution analysis (Figure 2(a, b)) revealed that TiPPs exhibited a
near-spherical structure with a dry-state particle size of approximately 70 nm. However, the DLS
measurements (Figure 2(c)) indicate that the hydrated particle sizes are 180 nm in deionized water
(PDI = 0.10) and 220 nm in PBS solution (PDI = 0.11), which are significantly larger than the size of
the dry particles. This difference arises because DLS measures the size of the solvent layer surrounding
the nanoparticles, along with the movement of associated molecules (e.g., PVP), whereas SEM only
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measures the core size of the dried particles. The UV absorption of TiPPs in PBS solution remained
nearly unchanged after 3 days (Figure S1), indicating that the material exhibited good stability in
biological fluids. Furthermore, zeta potential analysis (Figure 2(d)) demonstrated a notable shift in
surface charge. The zeta potential of PpIX was measured at —20.9 mV, whereas TiPPs exhibited an
increased potential of —14.7 mV. This change suggests that Ti*" effectively modulated the surface
electrostatic potential of PplX through charge neutralization.
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Figure 2. Morphology and size analysis of TiPPs. (a, b) Scanning electron microscopy (SEM)

images and particle size distribution of TiPPs; (c) hydrodynamic diameter distribution of TiPPs;
(d) Zeta potential analysis.

The coordination structure of TiPPs was systematically characterized using X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FT-IR), ultraviolet-visible (UV-vis)
absorption spectroscopy, and fluorescence (FL) spectroscopy. The full XPS spectrum (Figure 3(a))
revealed a distinct Ti 2p characteristic peak in TiPPs, while the C 1s, N 1s, and O 1s peaks remained
consistent with those of PplX, confirming that the titanium component originated from the TiCl,
precursor and the organic moiety was inherited from PplX. High-resolution XPS spectra provided further
insights: the Ti 2p orbital exhibited a characteristic doublet at 458.4 eV and 464 eV (Figure 3(b)),
corresponding to the Ti* 2ps2 and 2p1s, states, respectively. Additionally, a new binding energy peak
appeared at 530.1 eV in the O 1s spectrum (Figure 3(c)), confirming the formation of Ti-O coordination
bonds. Notably, the N 1s and C 1s spectra (Figure S2(a, b)) showed no significant shifts, indicating that
the porphyrin core was not directly involved in coordination. FT-IR spectroscopy further validated the
coordination mechanism. Compared to PplX, the characteristic carboxyl peak at 1705 cm™ disappeared
in TiPPs, while two new peaks emerged at 1643 cm™ (asymmetric stretching vibration) and 1417 cm™
(symmetric stretching vibration) (Figure 3(d)), confirming the deprotonation and coordination of
carboxyl groups with Ti**. The UV-vis spectrum (Figure 3(e)) demonstrated that TiPPs retained the
characteristic Soret band of PpIX at 410 nm, along with four Q-bands at 505, 539, 575, and 627 nm. The
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presence of four distinct Q-bands ruled out the possibility of metal coordination at the porphyrin core.
FL spectroscopy further supported this conclusion, showing that under 560 nm excitation, the
fluorescence emission intensity of TiPPs at 632 nm was significantly quenched compared to PpIX
(Figure 3(f)). This fluorescence quenching effect was attributed to energy transfer induced by the
coordination of Ti**. Collectively, these results confirm that Ti** selectively coordinates with the
carboxyl groups of PplX, driving the self-assembly of nanoparticles via metal-organic coordination
(Figure S3) while effectively preserving the intrinsic photophysical properties of the porphyrin ring.

(a) 01s —PpIx (b) ' Ti 2p (C)
—— TiPPs Ti2p;,
4584

~ _ Ti2p,s =

3 = 4642 =

&) & =

= Nis 2 | TiPPs /\\ @

RZ] g7 =

= z 2]

3} 5 =

2 8 =

- =

l \ PpIX
= 00 200 200 463 265 262 459 456 540 537 534 531 528 525
Binding energy (¢V) Binding energy (eV) Binding energy (eV)
; 2.0 400

(d) e (e) —ppx | (f) —rpix
- —Pp TiPPs —TiPPs
3 ! 1.5 300

: | \ A L

g P 417 2 .

2 1643 = z

8 | £ 10 2 200

= | < ]

E | e} E

7z | = =

= ! <

s 0.5F

= 100

1705 505 o
2055 63 /\
. v v 0.0 L 1
4000 3000 2000 1000 300 400 500 600 700 800 Eh— 030 200 750 800

Wavenumber (cm™") Wavelength (nm) Wavelength (nm)

Figure 3. The structural analysis of TiPPs. (a) XPS spectrum of TiPPs; (b) high-resolution Ti 2p
spectrum; (c) O 1s spectrum; (d) FTIR spectra of PplX and TiPPs; (e) UV-vis absorption spectra;
(F) fluorescence spectra of TiPPs.

3.2. Investigation of ROS generation by light/ultrasound-responsive TiPPs

TiPPs incorporate the photo-/sonosensitizer PplX, which can convert oxygen into cytotoxic singlet
oxygen (*O2) upon activation by light or US (Figure 4(a)). To quantitatively assess 'O, generation
efficiency, we employed the selective probe DPBF, which undergoes a specific reaction with 1Oy,
leading to a decrease in its characteristic absorption peak at 410 nm. Experimental results demonstrated
that after 6 min of 660 nm laser irradiation (100 mW/cm=, DPBF absorbance decreased by 71.6%
(Figure 4(b)). Under ultrasound irradiation at 1.0 MHz (1.5 W/cm3for the same duration, the absorbance
reduction reached 46.6% (Figure 4(c)). To systematically verify the ROS generation capability of TiPPs
(Figure 4(d)), additional control groups were included: a TiPPs dispersion without DPBF and a pure
DPBF solution without TiPPs. As shown in Supporting Information (Figure S4, S5 and S6), neither
control group exhibited significant absorbance changes under identical light/US irradiation conditions.
These findings suggest that TiPPs can effectively generate 1O, under light or US activation, and under
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the same conditions, they show better O, generation performance than the previously reported Mn-PpIX
nanocomposites [12], making them a promising candidate for ROS-based therapeutic applications.
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Figure 4. Investigation of ROS generation by light/US-responsive TiPPs. (a) Schematic
illustration of 'O, generation by TiPPs upon light/US activation; (b) time-dependent absorption
spectra of DPBF solution during TiPPs reaction under light irradiation and (c) US exposure; (d)
oxidation performance of DPBF under different conditions.

3.3. In vitro cell experiments

Biocompatibility is a fundamental prerequisite for the biomedical application of nanomaterials. In this
study, murine breast cancer cells (4T1) were selected as the tumor model, while murine fibroblast cells
(L929) were used as the normal cell model to systematically evaluate the cytocompatibility of TiPPs. Cell
viability was assessed using the standard MTT colorimetric assay. Results showed a clear time-dependent
effect within the tested TiPPs concentration range (0~400 pg/mL). In the normal cell model, 1929 cells
exhibited viability rates of 91.3% and 80.4% after 24 and 48 h of treatment with 400 pg/mL TiPPs,
respectively (Figure 5(a, b)). Similarly, for the tumor cell model, 4T1 cells treated with the same
concentration of TiPPs maintained viability rates of 93.2% (24 h) and 81.3% (48 h) (Figure 5(c, d)).
Notably, cell viability in both models remained above 80% even at the highest tested concentration,
demonstrating the excellent biocompatibility of TiPPs within this concentration range (< 400 pg/mL).
Based on these findings, we conclude that TiPPs exhibit a favorable safety profile and are suitable for
further in vitro and in vivo therapeutic studies at concentrations up to 400 pg/mL.
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Figure 5. The biocompatibility of TiPPs. (a, b) Cytotoxicity of TiPPs on L929 cells after 24 and
48 h of treatment; (c, d) cytotoxicity of TiPPs on 4T1 cells after 24 and 48 h of treatment (n = 3).

3.4. Evaluation of in vitro photodynamic-sonodynamic combination therapy with TiPPs

The in vitro therapeutic efficacy of TiPPs in PDT-SDT combination therapy was systematically assessed.
The generation of ROS in 4T1 cells incubated with TiPPs (100 ug/mL) for 5 h was measured using the
DCFH-DA probe. As shown in (Figure 6(a)), both the control group and the TiPPs-only group exhibited
weak fluorescence signals, indicating minimal ROS production in the absence of external stimulation.
In contrast, the fluorescence intensity significantly increased in the PDT group (660 nm laser, 100 mW/cm=¢
and the SDT group (1.0 MHz ultrasound, 1.5 W/cm=, confirming that either physical stimulus alone
effectively activated TiPPs to generate ROS. Notably, the fluorescence signal in the combination therapy
group was even stronger than in the single-treatment groups, highlighting the enhanced ROS generation
efficiency due to the synergistic effect of PDT and SDT. MTT assay results further quantified the
cytotoxicity of different treatment conditions. In the PDT treatment group, the TiPPs-only group
maintained a high cell viability of over 98.5%, showing almost no difference from the Control group
and demonstrating excellent biocompatibility. As the irradiation time increased from 3 minutes to 10
minutes, the cell viability showed a time-dependent attitude, decreasing from 87.3% to 24.4% (Figure 6(b)).
In the SDT treatment group, the TiPPs-only group maintained 97.4% of the cell viability. Similarly, the
SDT group showed a time-dependent cytotoxic effect, reducing cell viability to 55.5% after 10 minutes
of ultrasound exposure (Figure 6(c)). Strikingly, the combination therapy group experienced a dramatic
drop in viability to 16.1% under the same treatment duration (10 min), significantly lower than either
single-treatment group, indicating a pronounced synergistic effect (Figure 6(d)). In addition, the 1C50
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values of TiPPs for PDT, SDT, and PDT-SDT in the treatment of 4T1 cells are 6.5, 10.6, and 4.8 minutes,
respectively, indicating that the PDT-SDT combination therapy achieves the same therapeutic effect in
the shortest time (Figure S7). Live/dead cell staining using Calcein-AM/PI further validated these
findings. In the combination therapy group, red fluorescence (indicative of dead cells) dominated the
entire field of view, whereas the single PDT or SDT groups still showed some residual green
fluorescence (indicative of live cells, Figure 6(e)). These results strongly demonstrate that TiPPs exhibit
excellent dual photo-sonodynamic responsiveness, and the combination therapy strategy significantly

enhances therapeutic efficacy.
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Figure 6. Evaluation of in vitro PDT and/or SDT with TiPPs. (a) Fluorescence images of ROS
staining in 4T1 cells after different treatments; cell viability at various treatment durations (n = 3)
for PDT (b), SDT (c), and PDT-SDT combination therapy (d); (e) live/dead fluorescence staining
images of 4T1 cells following different treatments.

3.5. In vivo antitumor study

In view of the favorable effect of TiPPs on PDT-SDT in vitro, we further evaluated the antitumor effect
of TIPPs in vivo in a 4T1 tumor-bearing mouse model (Figure 7(a)). In this study, 4T1 tumor-bearing
mice were randomly divided into five groups (n = 4): (1) Control group: Saline (80 uL); (2) TiPPs-only
group: TiPPs (80 uL, 1.0 mg/mL); (3) PDT group: TiPPs (80 uL, 1.0 mg/mL) + Light (660 nm, 10 min);
(4) SDT group: TiPPs (80 pL, 1.0 mg/mL) + US (1.5 W/cm?, 10 min); (5) PDT-SDT combination group:
TiPPs (80 pL, 1.0 mg/mL) + Light (660 nm, 10 min) + US (1.5 W/cm= 10 min). After 12 days of
treatment, no significant differences in body weight were observed among the groups, indicating that all
treatment methods exhibited low systemic toxicity (Figure 7(b)). As expected, due to the lack of
therapeutic effects in the saline and TiPPs-only groups, tumors in groups (1) and (2) grew rapidly,
reaching 4.2 and 3.4 times their initial volumes, respectively. Compared to these control groups, PDT
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(group 3) and SDT (group 4) treatments alone demonstrated limited tumor suppression, with tumor
volumes reaching 2.6 and 2.1 times the initial size, respectively. The slightly better therapeutic effect of
SDT over PDT may be attributed to the superior tissue penetration and utilization of US compared to
light. Notably, the PDT-SDT combination therapy group (group 5) exhibited the most significant tumor
inhibition, with tumor volume only increasing 1.4 times from the initial size, demonstrating the superior
therapeutic efficacy of the synergistic PDT-SDT effect (Figure 7(c)). Further validation came from
tumor mass measurements (Figure 7(d)) and tumor photographs (Figure 7(e)), both of which showed
that group 5 had the smallest tumor size and weight among all groups. Moreover, for TiPPs + Light
group, TiPPs + US group and TiPPs + Light + US group, tumor cells were found with the condensed
nuclei and the unclear cell morphology, whereas the structure of tumor cells were barely affected for
other groups, as proved by the typical images of hematoxylin and eosin (H&E)-stained tumor slices
(Figure 7(f)). Overall, these results confirm that TiPPs exhibit excellent in vivo PDT-SDT combined
antitumor efficacy, highlighting their potential for advanced cancer therapy.
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Figure 7. Evaluation of in vivo PDT and/or SDT with TiPPs. (a) Schematic illustration of the in vivo
treatment process; (b) body weight changes of mice during treatment; (c) relative tumor volume
in different treatment groups; (d) tumor mass measurements; (e) representative images of excised
tumors from each group; (f) the photograph and representative images of H&E-stained tumor slices.

4. Conclusion

In this study, a nanoscale TiPPs material was successfully synthesized via a solvothermal self-assembly
process involving Ti*" ions and protoporphyrin IX (PpIX). Compared with existing multifunctional
nanomaterials designed for synergistic photodynamic-sonodynamic therapy (PSDT), the “two-in-one”
TiPPs material developed in this study offers two significant advantages: (a) Excellent biocompatibility:
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The material is composed of biocompatible titanium ions and the clinically approved porphyrin-based drug
PplX, ensuring superior biosafety. (b) Dual light/ultrasound responsiveness: Through a simple one-step
self-assembly process, TiPPs exhibits simultaneous responsiveness to both light and ultrasound,
enabling efficient reactive oxygen species (ROS) generation under different external energy sources.
This dual activation capability facilitates enhanced synergistic photodynamic-sonodynamic tumor therapy.
This study provides a novel design strategy for developing multifunctional tumor therapeutics based on
PplX structural analogs, paving the way for safer and more effective cancer treatment approaches.

5. Supplementary data
The authors confirm that the supplementary data are available within this article.
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