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Abstract

Aim: Multifunctional nanomaterials with photodynamic-sonodynamic therapy (PSDT) potential offer
significant advantages in cancer treatment. However, designing and preparing single-component “two-in-
one” multifunctional nanomaterials remains challenging. Hematoporphyrin monomethyl ether (HMME), a
second-generation porphyrin-related sonosensitizer, is a porphyrin derivative with two asymmetric
carboxyl groups. Notably, the carboxyl groups in HMME can coordinate with metal ions to construct metal-
organic coordination nanomaterials (MCPs). Titanium (Ti), a biocompatible metal element, is commonly
used in medical devices such as implantable metal alloys. Therefore, this study reported the synthesis of
“two-in-one” type Ti-HMME coordination nanomaterials (TiCPs) as efficient nanoscale
photo/sonosensitizers.

Methods: Under a nitrogen atmosphere, TiCPs were synthesized via self-assembly between HMME and Ti*
ions.

Results: The average particle size of TiCPs was approximately 70 nm. Additionally, TiCPs contained the
photo/sonosensitizer HMME, which could convert O, into cytotoxic reactive oxygen species (ROS) under
light and ultrasound (US) excitation. The generation of ROS could be detected using 1,3-
diphenylisobenzofuran (DPBF). When the mixed solution (TiCPs + DPBF) was irradiated with light, the
DPBF peak rapidly decreased with increasing irradiation time, indicating the production of ROS by TiCPs
under light. Similarly, the absorbance of TiCPs + DPBF significantly decreased with increasing US time,
demonstrating the sonodynamic effect of TiCPs + US. After 10 min of light or US excitation, 49.4% (Light)
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and 38.1% (US) of DPBF were oxidized by ROS generated by TiCPs, showcasing excellent
photodynamic/sonodynamic effects. In vitro cell experiments further demonstrated that TiCPs had
excellent biocompatibility, could be effectively internalized by cells, and significantly reduced cell viability
under light and US excitation, effectively killing tumor cells.

Conclusions: This study not only demonstrated TiCPs as “two-in-one” type multifunctional nanomaterials
for PSDT but also provided insights into designing other photo/sonosensitizer molecules with similar
HMME structures for tumor theranostics.
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photodynamic therapy, sonodynamic therapy

Introduction

Malignant tumors present a significant threat to human health, and current cancer treatments continue to
face substantial challenges in terms of both effectiveness and limitations [1, 2]. In addition to conventional
methods like surgery, chemotherapy, and radiotherapy, there is a pressing need for the development of
innovative, minimally invasive therapies for more effective tumor treatment, such as photodynamic therapy
(PDT) [3, 4], photothermal therapy (PTT) [5, 6], and sonodynamic therapy (SDT) [7, 8]. Light-based
therapies like PDT and PTT typically use near-infrared light or lasers within a safe intensity range,
minimizing skin tissue damage and offering high safety [9, 10]. However, the treatment of deep-seated
tumors remains challenging due to the rapid attenuation of light as it passes through skin tissues. To
overcome the limitation of light penetration, SDT, which utilizes ultrasound (US) as an excitation source,
has gained considerable attention [11, 12]. As a mechanical wave, US is commonly used in clinical imaging,
offering well-established safety, low cost, and a penetration depth in soft tissues exceeding 10 cm [13]. This
makes US-triggered SDT therapy ideal for achieving both excellent biocompatibility and deeper tissue
penetration [14, 15]. However, the efficiency of reactive oxygen species (ROS) generation with SDT-excited
sonosensitizers is generally lower than that of PDT-excited photosensitizers. To enhance treatment
efficiency, combining PDT with SDT (PSDT) can leverage their complementary strengths and achieve
synergistic therapeutic effects [16, 17]. The success of PSDT synergistic therapy depends on the
development of multifunctional nanomaterials with effective photo/sonosensitizing capabilities.

So far, researchers have combined photo/sonosensitizers for PSDT through various methods, including
carrier encapsulation, chemical conjugation, and physical adsorption [18, 19]. For instance, by
encapsulating the photo/sonosensitizers hematoporphyrin monomethyl ether (HMME) and rose bengal
within a porous SiO, nanocarrier, effective PSDT treatment outcomes have been achieved [19]. However,
the loading efficiency of organic small molecule photo/sonosensitizers is often suboptimal, and their
release tends to be spontaneous. Moreover, most composite materials comprise multiple components,
making their synthesis process rather complex. Therefore, designing and synthesizing single-component,
“all-in-one” multifunctional nanomaterials holds significant research value [20-22].

Recently, metal-organic coordination nanomaterials (MCPs), composed of metal ions and organic
ligands, have received widespread attention across various fields [23, 24]. These MCPs offer advantages
such as high porosity, good hydrophilicity, biodegradability, and ease of functionalization. In biomedical
applications, photo/sonosensitizing small molecules can serve as organic ligands that coordinate with
metal ions to form functional MCPs, addressing challenges like poor water solubility, low chemical stability,
and suboptimal tumor targeting of organic photo/sonosensitizers [25, 26]. For example, MCPs containing
tetra (4-carboxyphenyl) porphyrin (TCPP), known for their PDT effects, have shown promising potential in
tumor treatments, including Zr-TCPP MCPs [27, 28], Cu-TCPP MCPs [29, 30], Mn-TCPP MCPs [31], and Gd-
TCPP MCPs [32]. However, in the context of tumor SDT, reports on MCP-based sonosensitizers remain
scarce, particularly those exhibiting combined PSDT therapeutic capabilities.
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As a novel second-generation porphyrin-based sonosensitizer, HMME is a derivative of
hematoporphyrin that contains two asymmetric carboxyl groups [33, 34]. Notably, the carboxyl groups in
HMME can coordinate with metal ions, serving as bridging groups to construct MCPs. Titanium (Ti), a
biocompatible metal element, is frequently used in medical devices, such as implantable metal alloys [35,
36]. In this study, we developed a Ti-HMME coordination nanomaterial (TiCPs) through the covalent
coordination self-assembly of titanium ions and HMME molecules. The synthesized TiCPs demonstrated
excellent biocompatibility in cytotoxicity experiments and exhibited efficient PDT and SDT effects under
light and US stimulation. Therefore, this study not only demonstrates the potential of TiCPs as a “two-in-
one” nanomedicine for PSDT therapy but also offers valuable insights for designing other molecules with
structures similar to HMME for biomedical applications.

Materials and methods
Materials

HMME (analytical grade, supplied by Shanghai Macklin Biochemical Co., Ltd.); titanium tetrachloride (TiCl,,
analytical grade, from Shanghai Macklin Biochemical Co., Ltd.); 1,3-Diphenylisobenzofuran (DPBF,
spectrally pure, obtained from Shanghai Aladdin Biochemical Technology Co., Ltd.), among others. Mice
colorectal cancer (CT26) cells and human umbilical vein endothelial cells (HUVEC) were purchased from
the Chinese Academy of Sciences. STR species contamination identification of CT26: (1) STR profiling of the
cell’s DNA confirmed that it belongs to mouse cells; (2) the STR data of this cell matches 100% with that of
CT26.WT cells in the EXPASy database; (3) no evidence of human cell contamination was detected in this
cell.

Synthesis procedure

Dissolve 2 mg of HMME in a mixture of triethylamine (0.5 mL) and DMF (8 mL), stirring under a nitrogen
atmosphere for 30 min. Transfer the resulting mixture into a 25 mL reaction vessel and add TiCl, solution
(20 pL) under nitrogen. Allow the reaction to proceed at 110°C for 4 h. Upon completion, cool the reaction
mixture to 25°C. The product is then collected by centrifugation and washed three times each with DMF and
anhydrous ethanol to yield the target compound.

Characterization

Morphology and composition of samples were characterized by using JSM-7500F Scanning Electron
Microscope (SEM, JEOL, Japan, operating at 10 kV) and AXIS Supra X-ray Photoelectron Spectrometer (XPS,
Shimadzu, Japan). Zeta potential was carried out on a nano particle size and ZETA potential analyzer
(NANOTRAC WAVE II, USA). The photo-absorption and fluorescence were recorded using a UV-2600
Spectrophotometer (Shimadzu, Japan) and a fluorescence spectrometer (F4600), respectively.

ROS generation assay

First, prepare the ROS probe by dissolving DPBF in DMF. Next, add the DPBF solution (20 pL), to a TiCPs
solution (4 mL, 50 pg-mL™! in DMF) to form a uniform mixture. [lluminate this mixture with a light source
(630 nm, 100 mW-cm™?) to assess the ROS generation efficiency of TiCPs under photodynamic conditions,
or expose it to US (2.0 W-cm™?) to evaluate sonodynamic ROS production. Bubble air through the mixture
for 30 s every 2 min, and monitor changes in the absorption spectrum using a UV-vis spectrophotometer.
To compare the ROS generation efficiency under different stimuli, record the absorption spectra for DPBF
alone and TiCPs with light/US exposure under identical conditions.

Cell cytotoxicity assay

Mice colorectal cancer (CT26) cells and human umbilical vein endothelial cells (HUVEC) were cultured in
RPMI-1640 medium with 10% FBS and 1% penicillin-streptomycin under standard conditions. The cell
lines were confirmed to be free from mycoplasma and other contaminants. CT26 cells were plated in 96-
well plates at a density of 1 x 10* cells per well and incubated for 24 and 48 h. TiCPs were then added at
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concentrations of 0-400 pug-mL™!. After incubation, cells were washed twice with PBS and treated with fresh
medium containing MTT for 2 h. The supernatant was discarded, and 100 pL of DMSO was added to
dissolve the formazan crystals. Absorbance was measured at 490 nm using a microplate reader, with five
independent replicates.

Endocytosis and ROS generation within cells

To examine the endocytosis of TiCPs, CT26 cells were plated in 12-well plates at a density of 2 x 10° cells
per well and cultured for 12 h. TiCPs at a concentration of 200 pg-mL! were then added to each well. After
incubation for 0.5, 1, 3, and 5 h, the cells were washed with PBS and imaged using a digital microscope. To
investigate the intracellular ROS generated by TiCPs, the cells were treated with TiCPs at 200 pg-mL™! for
4 h, then washed twice with PBS. A fresh medium containing 20 uM 2',7’-dichlorofluorescein diacetate
(DCFH-DA) was added for co-culture for an additional 30 min. The cells were then exposed to 630 nm light
at 100 mW-cm™ for 5 min (TiCPs + Light group), US at 2.0 W-cm™ for 5 min (TiCPs + US group), or both
(TiCPs + Light + US group). For comparison, cells without TiCPs were also subjected to light (Light group)
or US (US group) under identical conditions. After treatment, the cells were stained with DAPI for 20 min
before imaging.

Photodynamic/sonodynamic therapy in cells

Incubate CT26 cells with TiCPs (200 ug-mL™) for 5 h. Then, irradiate the cells using light (630 nm, 100
mW-cm™2) and/or US (2.0 W-cm™) for different durations. Evaluate cell viability using the MTT assay, or
perform co-staining with Calcein-AM/PI to capture fluorescence images, allowing assessment of the
therapeutic effects across different treatment groups.

Statistical analysis

The data are presented as the mean * standard deviation (SD), and statistical analysis was performed using
Student’s two-tailed t-test. *p < 0.05 (significant), **p < 0.01 (moderately significant), and ***p < 0.001
(highly significant).

Results
Morphology and element valence analysis of TiCPs

Under a nitrogen atmosphere, TiCPs were synthesized via self-assembly between HMME and Ti** ions
(Figure 1a). The morphology and size of TiCPs were subsequently investigated using SEM. The SEM images
revealed that TiCPs exhibited a quasi-spherical shape with an average size of approximately 70 nm
(Figure 1b). The surface elemental states of the sample were determined using XPS. The overall XPS
spectrum of TiCPs (Figure 1c) shows the corresponding signals of Ti, C, N, and O elements, where Ti signals
are from Ti*" ions [8, 35], while C, N, and O signals are from HMME ligands. A distinct Ti peak observed at
455 eV confirms the successful incorporation of Ti into HMME. The high-resolution Ti 2p spectrum
(Figure 1d) displays two peaks at binding energies of 464.5 eV and 458.6 eV, corresponding to the Ti 2p, ;
and Ti 2p3,, orbitals, respectively, indicating that Ti in the sample is in a +4 oxidation state. The peak at
approximately 460 eV suggests that Ti** is coordinated with the oxygen atoms on the carboxyl groups of
HMME. The C 1s spectrum (Figure S1) was deconvoluted into three peaks. The main peak at 284.7 eV
corresponds to C=C bonds in TiCPs. The additional peaks at 286.2 eV and 289.2 eV are attributed to C-0
(C-N) bonds and C=N bonds in TiCPs, respectively.

To gain further insight into the interaction between Ti** ions and HMME within TiCPs, UV-vis
spectroscopy, FTIR spectroscopy, and FL spectroscopy were conducted. The UV-vis spectrum of HMME
showed a major peak around 399 nm (Soret band) along with four smaller peaks in the 470-630 nm range
(Q-bands). In comparison, TiCPs retained distinct Soret and Q-bands (Figure 2a). Notably, the presence of
four peaks in the Q-band of TiCPs, instead of two or three, indicates that Ti** ions coordinate specifically
with the carboxyl groups of HMME rather than the central porphyrin ring [21, 25]. The FTIR spectrum of
TiCPs revealed the disappearance of the carboxyl stretching band at 1,700 cm™, while carboxylate bands
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Figure 1. Synthesis route, morphology and element valence analysis of TiCPs. (a) Schematic diagram of the preparation of
TiCPs; SEM image (b), XPS spectrum (c), and Ti 2p spectrum (d) of TiCPs. HMME: hematoporphyrin monomethyl ether; TiCPs:
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Figure 3. Evaluate the ability of TiCPs to generate ROS under US/light conditions. Schematic illustration of ROS
generation and DPBF oxidation by TiCPs under light/US excitation (a); absorption spectra of DPBF solution over time under
light (b) or US (c) excitation of TiCPs; (d) performance of DPBF under different conditions. TiCPs: Ti-HMME coordination
nanomaterial; US: ultrasound

appeared at 1,654 cm™ and 1,420 cm™, indicating successful coordination between Ti** ions and the
carboxyl groups of HMME (Figure 2b). Additionally, the emission properties of HMME and TiCPs were
examined. The free HMME molecule exhibited a strong fluorescence band at 630 nm, whereas the
fluorescence of TiCPs was significantly quenched. This quenching is due to Ti** ions with unsaturated 3d
orbitals, which facilitate energy transfer through low-energy d-d transitions (Figure 2c). Lastly, the Zeta
potential analysis indicated a shift from -13.9 mV for HMME to -11.8 mV for TiCPs, attributed to the
positive charge contribution from Ti** ions (Figure 2d). Collectively, these results confirm that TiCPs were
successfully synthesized through the self-assembly of Ti** ions with the carboxyl groups of HMME.

The ability of TiCPs to generate ROS under US/light conditions

The TiCPs contain the photo/sonosensitizer HMME, which can be activated by light or US to generate ROS
[16]. The ROS generation was evaluated using DPBF as the ROS probe (Figure 3a). Upon light irradiation
(630 nm, 100 mW-cm™2) of the TiCPs-DPBF mixture, the characteristic absorption peak of DPBF at 415 nm
decreased rapidly with increasing irradiation time, indicating effective ROS production by TiCPs under light
activation (Figure 3b). Similarly, when the mixture was exposed to US (2.0 W-cm™2, 10 min), the absorbance
of DPBF at 415 nm also declined, confirming ROS generation by TiCPs under US activation (Figure 3c).
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Figure 4. Evaluate the biocompatibility of TIiCPs and their endocytosis/uptake efficiency by CT26 cells. (a, b) Cell
viability of HUVEC and CT26 cells co-cultured with different concentrations of TiCPs for 48 h; Fluorescence images (c) and
fluorescence intensity (d) of CT26 cells incubated with TiCPs for different durations. ***p < 0.001; TiCPs: Ti-HMME coordination

nanomaterial

A summary of ROS generation under various conditions is shown in Figure 3d. After 10 min of light
irradiation, the DPBF absorption peak dropped from 0.83 to 0.42, while US exposure for 10 min reduced it
from 0.84 to 0.52. These results indicate that 49.4% (light) and 38.1% (US) of the DPBF were oxidized by
ROS generated by TiCPs. Control experiments showed minimal changes in absorbance for pure DPBF
solution and TiCPs dispersion under light/US treatment (Figures S2 and S3), confirming their stability
under these conditions. These findings demonstrate that TiCPs can effectively generate ROS under light and
US irradiation, making them promising candidates for subsequent PSDT experiments in tumor cells.

The biocompatibility of TiCPs and their internalization/uptake efficiency in CT26 cells

To assess the biocompatibility of TiCPs, HUVEC and CT26 were incubated with TiCPs for varying durations,
and cell viability was evaluated using the MTT assay. After 24 or 48 h of incubation, both cell lines
maintained high viability, with an average survival rate exceeding 85% (< 400 ug-mL™), indicating
excellent biocompatibility (Figures 4a and 4b, Figures S4 and S5). TiCPs (200 pg/mL) were cultured in a
fresh medium containing CT26 cells and incubated for different time intervals (0.5, 1, 3, and 5 h). After
washing with PBS, the cells were stained with DAPI for 30 min. The internalization of TiCPs in CT26 cells
was observed using fluorescence imaging under a digital microscope. As shown in Figure 4c, the red
fluorescence of TiCPs within the cells gradually increased over time, confirming the effective
internalization/uptake of TiCPs. Furthermore, the relative fluorescence intensity of the cells increased as
the incubation time extended from 0.5h to 5h (compared to 0.5h, ***p < 0.001), indicating a time-
dependent uptake of TiCPs by CT26 cells (Figure 4d). These results confirmed that TiCPs have good
biocompatibility and can be effectively internalized by CT26 cells.
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Figure 5. PSDT therapeutic effect of cells in vitro. (a) Schematic diagram of PSDT treatment in vitro. (b, ¢, d) Cell viability
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To investigate the intracellular ROS generation, we used the DCFH-DA staining assay after confirming
the internalization of TiCPs. The cells were incubated with a medium containing TiCPs at 200 pg-mL™! for
4 h, followed by washing with PBS. DCFH-DA (20 pM) in serum-free medium (100 pL) was then added to
the cells. After incubating for 30 min, the cells were exposed to US and/or light and stained with DAPI for
20 min. Finally, cells were washed with PBS and imaged by a digital microscope. For cells in the control
group or separately treated with TiCPs, there was no obvious green fluorescence, indicating the absence of
ROS within the cells. When cells were treated with TiCPs and 630 nm light (100 mW-cm™?, 5 min), green
fluorescence from the oxidized DCFH-DA appeared within cells, which verifies the photodynamic effect of
TiCPs. Similarly, green fluorescence was observed when the TiCPs-incubated cells were exposed to US (2.0
W-cm™2, 5 min), confirming the sonodynamic effect of TiCPs within the cells (Figure S6). These results
confirm that TiCPs within cells can generate ROS upon light or US exposure, resulting in photodynamic
and/or sonodynamic effects.

PSDT therapeutic effect of cells in vitro

The PDT and SDT effects of TiCPs (200 pg-mL™') on CT26 tumor cells were subsequently examined in vitro
(Figure 5a). For PDT, after co-incubating TiCPs with CT26 cells for 5 h and then exposing them to light
(630 nm, 100 mW-cm™2) for 4 or 8 min, cell viability significantly decreased to 51.6% and 28.1% (versus
control group, ***p < 0.001), respectively (Figure 5b). Similarly, in the SDT experiment, cell viability
decreased markedly following US (2.0 W-cm™2) exposure for 4 or 8 min, reaching 56.8% and 36.3% (versus
control group, ***p < 0.001), respectively (Figure 5c). Clearly, extending the duration of light or US
exposure enhanced the therapeutic efficacy. Furthermore, the synergistic effects of PSDT were evaluated at
different time points (Figure 5d). After co-incubating TiCPs with CT26 cells for 5 h, simultaneous light and
US treatment reduced cell viability to 35.6% after 4 min and almost completely eradicated cell viability
after 8 min (versus control group, ***p < 0.001). To visually assess the therapeutic efficacy under different
treatment conditions after 8 min, cells were stained with Calcein-AM/PI (Figure 5e). The live/dead cell
staining images revealed only partial red fluorescence (dead cells) in the PDT and SDT groups, while the
PSDT group exhibited almost exclusively red fluorescence across the field of view, indicating that the
combined PSDT treatment effectively killed CT26 cells within 8 min. In summary, these results demonstrate
that TiCPs exhibit a highly effective synergistic PSDT therapeutic effect.
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Discussion

In summary, nanoscale TiCPs were successfully synthesized through the self-assembly of Ti** ions and
HMME using a solvothermal method. Compared to previously utilized multifunctional nanomaterials for
PSDT combination therapy, the synthesized “two-in-one” TiCPs offer two distinct advantages: (1) TiCPs are
composed of the biocompatible metal element Ti and the clinically approved drug HMME, ensuring
excellent biocompatibility; (2) the straightforward self-assembly strategy imparts TiCPs with the ability to
generate ROS under light and US excitation conditions, making them suitable for synergistic PSDT in tumor
cells. Therefore, this work presents an effective strategy for exploring molecules with structural similarities
to HMME for applications in the “all-in-one” multifunctional tumor diagnosis and treatment field.
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