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Purpose: The study was to develop a clinical-translational theranostic photosensitizer, Mn-THPPmPEG12, for multiparametric MRI- 
monitored photodynamic therapy (PDT) of triple-negative breast cancer (TNBC), and to evaluate its potential to elicit abscopal 
immunity and synergize with PD-1 blockade.
Methods: Mn-THPPmPEG12 was synthesized and characterized, and its MRI contrast capability was evaluated. A primary 
TNBC mouse model was established, and the PDT efficacy of Mn-THPPmPEG12 was evaluated using intravoxel incoherent 
motion-diffusion weighted imaging (IVIM-DWI) and blood oxygen level-dependent MRI (BOLD-MRI), with final pathological 
analyses performed for validation. Subsequently, a bilateral TNBC mouse model was established to investigate the abscopal 
immune response in distant tumors following PDT of primary tumors, as well as the synergistic efficacy of combining PDT with 
anti-PD-1 blockade. Throughout the treatment, MRI served as a non-invasive method for real-time monitoring of therapeutic 
response.
Results: Mn-THPPmPEG12 exhibited excellent water solubility and high T1 relaxivity (r1 = 4.47 mM−1·s−1). Mn-THPPmPEG12- 
mediated PDT significantly inhibited primary TNBC growth, with MRI parameters (D, D*, f, and R2*) correlating strongly with 
pathological findings. Notably, PDT triggered an abscopal effect in a bilateral TNBC mouse model, increasing CD8+ T cell infiltration 
and PD-1 expression in distant tumors. Combined with anti-PD-1 blockade, the therapy showed superior efficacy against both primary 
and distant tumors, with parameter D enabling early detection of treatment response.
Conclusion: Mn-THPPmPEG12 serves as a potent theranostic platform that enables precise MRI-monitored PDT. The PDT mediated 
by Mn-THPPmPEG12 elicits an abscopal immune effect and synergizes with PD-1 blockade to enhance TNBC treatment.
Keywords: Mn-THPPmPEG12, photodynamic therapy, immune checkpoint inhibitors, magnetic resonance imaging, triple-negative 
breast cancer

Introduction
Triple-negative breast cancer (TNBC) is a distinct subtype of breast cancer characterized by the absence of estrogen 
receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) expression. It accounts 
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for approximately 15–20% of all breast cancer cases.1,2 Due to its unique biological features, TNBC does not benefit 
from endocrine therapy or conventional targeted treatments such as trastuzumab.3 Therefore, patients with TNBC 
experience worse overall and cause-specific survival outcomes than those with non-triple-negative breast cancer. 
Notably, the median overall survival (OS) for patients with metastatic TNBC is about 12–18 months.4 Owing to its 
high aggressiveness, TNBC is more prone to brain and lung metastases and locoregional recurrence (with a higher risk 
within two years post-diagnosis), making it the breast cancer subtype with the poorest prognosis.5–7 Thus, there is an 
urgent need to develop novel therapeutic strategies for TNBC.

Photodynamic therapy (PDT) has emerged as a rapidly developing anticancer modality in recent years, offering 
advantages such as minimal invasiveness, rapid response, high selectivity, low systemic toxicity, and absence of cumulative 
side effects.8,9 As one of the essential components of PDT, photosensitizers play a critical role in determining its treatment 
efficacy. Porphyrin derivatives are among the most widely used clinical photosensitizers.10,11 Porphyrins exhibit inherent 
tumor-targeting properties, which are attributed to mechanisms such as the enhanced permeability and retention (EPR) 
effect.12,13 However, most existing photosensitizers tend to aggregate in aqueous environments and suffer from poor water 
solubility.14 Furthermore, the high selectivity of PDT and limited tissue penetration of light restrict its efficacy in treating 
multifocal and deep-seated metastatic lesions. Therefore, developing porphyrin-based photosensitizers that are hydrophilic 
and have minimal side effects holds significant importance for their clinical translation. Specifically, polyethylene glycol 
(PEG) conjugated porphyrin derivatives, such as the novel agent Mn-THPPmPEG12, exhibit enhanced water solubility and 
prolong blood circulation time, leading to superior tumor accumulation via the EPR effect. Additionally, the incorporation of 
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manganese (Mn) ions not only influences the photochemical properties of the porphyrin core but also provides T1 enhance
ment, allowing for the non-invasive monitoring of photosensitizer accumulation.15 Beyond monotherapy, combination 
strategies with non-overlapping toxicity profiles are being actively explored to enhance the therapeutic efficacy of PDT.

Studies have shown that local PDT for tumor treatment can elicit broad systemic immune responses, including the 
induction of acute-phase proteins, release of pro-inflammatory cytokines, and systemic neutrophilia, among other inflam
matory reactions.16–18 Under light irradiation, photosensitizers generate reactive oxygen species (ROS) that not only 
directly eradicate tumor cells but also trigger endoplasmic reticulum stress (ERS), promoting calreticulin (CRT) surface 
exposure to elicit immunogenic cell death (ICD).19 As one of the major mechanisms underlying PDT-induced antitumor 
immunity, ICD is characterized by the active release of damage-associated molecular patterns (DAMPs) (eg, CRT 
translocation and HMGB1 release) from dying cells.20,21 By being released into the extracellular space or exposed on 
the surface of dying cells, these DAMPs efficiently recruit and mature dendritic cells (DCs), thereby promoting subsequent 
tumor antigen presentation. DCs capture tumor-associated antigens, migrate to tumor-draining lymph nodes, and present 
tumor antigens to T cells. This process stimulates T cell proliferation and activation, triggering the secretion of a diverse 
array of cytokines that ultimately culminate in a tumor-specific immune response.22–24 Ultimately, the expanded tumor- 
specific CD8+ T cells circulate systemically and infiltrate non-irradiated sites, exerting an abscopal effect against distant 
metastases.25 This process reshapes the tumor microenvironment (TME) by activating DCs, expanding antitumor T cells, 
and elevating cytokine levels, thereby converting an immunologically “cold” and suppressive milieu into a “hot” and 
responsive one to potentially enhance immunotherapy efficacy.26,27 Therefore, the local and systemic immune activation 
induced by PDT provides a favorable foundation for combination with ICIs, which can further relieve T-cell inhibition and 
sustain antitumor immunity.28,29 This strategy is especially promising for immunologically “cold” TNBC, where PDT- 
induced immune activation creates a therapeutic window for ICIs to sustain and amplify anti-tumor immunity.Although 
morphological imaging remains the mainstay of tumor staging and treatment response assessment, morphological altera
tions typically lag behind functional changes. Biopsy remains the most accurate method for evaluating therapeutic 
response.30 However, its invasive nature precludes its use for real-time and longitudinal monitoring of therapeutic 
responses. Among non-invasive imaging modalities, computed tomography (CT) and positron emission tomography/ 
computed tomography (PET/CT) involve ionizing radiation, which limits their applicability for repeated and longitudinal 
assessments. Although ultrasonography is free of ionizing radiation, its limited sensitivity to alterations in the TME restricts 
its utility for the early and quantitative assessment of tumor treatment response. As a non-ionizing and non-invasive 
modality, magnetic resonance imaging (MRI) is instrumental in real-time tracking of TME dynamics, assessing therapeutic 
efficacy, and predicting prognosis.31,32 MRI-guided photothermal/photodynamic immunotherapy combined with PD-1 
blockade has been reported to enable real-time monitoring of treatment response and enhance therapeutic efficacy in 
melanoma and metastatic models.33 Among current MRI techniques, intravoxel incoherent motion diffusion-weighted 
imaging (IVIM-DWI) employs a bi-exponential model to decouple pure molecular diffusion from microvascular perfusion 
fraction, thereby enabling quantitative assessment of tumor cellularity and microvascular perfusion.34–36 Meanwhile, 
contrast agent-free blood oxygen level-dependent MRI (BOLD-MRI) reflects tissue deoxyhemoglobin content and serves 
as a valuable tool for detecting tumor hypoxia, a key factor influencing PDT efficiency and immune cell activity.37–39 

Herein, we utilized IVIM-DWI and BOLD-MRI to noninvasively monitor the therapeutic efficacy of PDT, either alone or in 
combination with anti-PD-1 blockade, as well as the dynamic changes in the TME in a TNBC mouse model, with the aim of 
providing noninvasive imaging tools for personalized treatment management.

Materials and Methods
Synthesis of Mn-THPPmPEG12
The synthetic route is illustrated in Figure S1. Compound 3-TosO (CH2CH2O)12CH3 was synthesized according to the 
method reported in literature.40 Compound 4 (0.47 g, 0.7 mmol) and anhydrous K2CO3 (0.77 g, 5.6 mmol) were added to 
a reaction flask, followed by DMF (30 mL), the a solution of compound 3 (3.0 g, 4.2 mmol) in DMF (10 mL) was added. 
The reaction mixture was heated at 60°C for 24 hours. After completion, 100 mL of deionized water was added, and the 
mixture was extracted with DCM (100 mL × 3). The combined organic layers were dried over anhydrous Na2SO4, 
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filtered, and purified by column chromatography (CH2Cl2/MeOH = 20:1) to afford compound 5 (1.43 g, yield:72%). 
Finally, compound 5 (711 mg, 0.25 mmol) and MnCl2·4H2O (490 mg, 5.0 mmol) were dissolved in a mixed solvent of 
CH3OH and water (40 mL). The mixture was heated to a gentle reflux, and the reaction progress was monitored by UV- 
Vis. Upon completion, the reaction was cooled to room temperature, extracted with DCM (100 mL × 3), and the 
combined organic layers were dried over anhydrous Na2SO4. After filtration and concentration under reduced pressure, 
the residue was dried in vacuo to yield the Mn-THPPmPEG12 as a brown viscous liquid (590 mg, 82% yield). 
Subsequently, the structure and composition of the synthesized compound were characterized.

The Tissue Culture Studies Using 4T1 Cells and Mouse
4T1 murine mammary carcinoma cells (Cat# CL-0007) were purchased from Procell Life Science & Technology Co., 
Ltd. (Wuhan, China). The cells were cultured in IMDM medium supplemented with 10% fetal bovine serum (FBS) at 
37°C in a 5% CO2 incubator and passaged using a trypsin-EDTA mixture.

All animal studies were conducted in accordance with the guidelines approved by the Animal Experimentation Ethics 
Committee of Jinan University (NO. IACUC-20220622-04). Female BALB/c mice and BALB/c nude mice (aged 4– 
5 weeks) were purchased from Vitalriver Inc. (Beijing, China) and maintained under specific pathogen-free conditions.

The in vitro Studies Using 4T1 Cells
4T1 cells in the logarithmic growth phase were seeded into 96-well plates at a density of 2×105 cells/mL (100 μL) and 
cultured for 24 h. Different concentrations of Mn-THPPmPEG12 solution (1000, 500, 250, 125, 62.5 and 31.25 μg/mL) 
were added to the 96-well plates as experimental groups (light group and dark group). And, a control group (cells 
cultured with only blank medium) was set up. The irradiated condition was 650 nm, 600 mW, 5 min. After 24 h, the 
medium was replaced with 100 μL of MTT, and the cells were incubated for another 4 h. Then, the MTT solution was 
removed and 200 μL of dimethyl sulfoxide (DMSO) was added. The absorbance at 570 nm (OD570) was measured using 
a microplate reader. Percent cell viability = (OD570 of experimental group / OD570 of control group) × 100%. For the 
subcellular localization assay, 4T1 cells were with stained DAPI (blue) and co-incubated for 30 min. Then, Mn- 
THPPmPEG12 solution (200 μg/mL) was added and co-incubated. The intracellular distribution of Mn-THPPmPEG12 
was captured using LSCM at 0, 2, and 4 h. For the intracellular reactive oxygen species (ROS) assay, 4T1 cells were 
seeded into confocal culture dishes at a density of 2×105 cells/mL and divided into light-only, Mn-THPPmPEG12, and 
Mn-THPPmPEG12 with light group. The latter two groups were incubated with Mn-THPPmPEG12 (200 μg/mL) at 37°C 
for 12 h. After washing three times with PBS, all groups was incubated with the ROS probe DCFH-DA (25 μM) for 
30 min. The light-treated groups were then irradiated at 650 nm (600 mW) for 5 min. The production of intracellular ROS 
was observed by LSCM.

The in vivo Studies Using Animal Model
The primary TNBC model was established by inoculating 100 μL of a 4T1 cell suspension (5 × 106 cells/mL) into the left 
third mammary fat pad of BALB/c nude mice. Tumor growth was monitored regularly, and subsequent experiments were 
initiated when the tumors reached an appropriate volume.

For the bilateral tumor model, 100 μL of 4T1 cell suspension (5 × 106 cells/mL) was inoculated into the left third 
mammary fat pad of BALB/c mice, while 100 μL of 4T1 cell suspension (1 × 106 cells/mL) was injected subcutaneously 
into the contralateral side. Tumor growth was monitored regularly, and further experiments were conducted when the 
primary tumor reached a longitudinal diameter of approximately 6–8 mm and the distant tumor measured 3–5 mm.

Mice that failed to develop tumors or died during the experiment were excluded from the final analysis.

In vivo PDT in Primary TNBC Mouse Model
In the primary TNBC model, when the tumor volume in 4T1 tumor-bearing BALB/c nude mice reached approximately 150– 
200 mm3, the mice were randomly divided into four groups (n = 5): PBS group, Laser group, Mn-THPPmPEG12 group, Mn- 
THPPmPEG12 + Laser group. For Mn-THPPmPEG12 group and Mn-THPPmPEG12 + Laser group, Mn-THPPmPEG12 
solution (5 mg/mL,100 μL) was administered via tail vein injection. Thirty minutes after injection, the tumor regions of the 
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Mn-THPPmPEG12 + Laser group were irradiated (650 nm, 500 mW, 8 min, distance 20 cm). At the same time point, the PBS 
group received saline injection, and the Laser group was irradiated under the same condition at the tumor area. MR scans were 
performed one day before the experiment and on days 1, 4, 7, 10, 14 during the experiment. Corresponding treatments were 
administered to each group on days 0, 2, 5, 8, and 11, one day after an MR scan (Figure S2). At the end of the study, blood 
samples were collected for liver and kidney function tests, and organs and tumors were harvested for pathological analysis. 
H&E staining was performed on various organs for histopathological analysis to evaluate the potential toxic side effects of 
PDT. Ki-67 and CD31 immunohistochemistry, as well as TUNEL immunofluorescence, were used to detect tumor cell 
proliferation, microvessel density, and apoptosis, respectively.

In vivo PDT Combined with anti-PD-1 in Bilateral Tumor Mouse Model
In the bilateral tumor mouse model, when the primary tumor reached a longitudinal diameter of approximately 6–8 mm 
and the distant tumor measured 3–5 mm in 4T1 tumor-bearing BALB/c mice, the mice were randomly divided into four 
groups (n = 5): PBS group, Mn-THPPmPEG12 + Laser group, anti-PD-1 group, Mn-THPPmPEG12 + Laser + anti-PD-1 
group. Mn-THPPmPEG12 solution (5 mg/mL, 100 μL) was administered via tail vein injection. Thirty minutes after 
injection, the primary tumor regions of the Mn-THPPmPEG12 + Laser group and combined group were irradiated (650 
nm, 500 mW, 8 min, distance 20 cm). At the same time point, the PBS group received a saline injection. In the combined 
group, anti-mouse PD-1 (BioXcell, USA) was administered via intraperitoneal injection at a dose of 5 mg/kg after each 
PDT session. The anti-PD-1 group received the same injection at the same time points. MR scans were performed 
one day before the experiment and on days 1, 4, 7, 10, 14 during the experiment. Corresponding treatments were 
administered to each group on days 0, 2, 5, 8, and 11, one day after MR scan (Figure S3). At the end of the study, primary 
and distant tumors were excised for further analysis. H&E staining, TUNEL assay, and CD8 and PD-1 immunofluor
escence were performed to evaluate necrosis, apoptosis, CD8+ T cells infiltration and, PD-1 expression in distant tumors.

Magnetic Resonance Scanning
MR scanning was performed on a 3.0T scanner (Signa Premier, GE Healthcare), using a dedicated 8-channel mouse coil. 
The main sequences included axial T2WI, coronal T2WI, IVIM-DWI, BOLD-MRI and MAGIC. Axial T2WI was 
scanned with TE 36.5 ms; TR 2000 ms; slice thickness/gap 2.0 mm/0.2 mm; FOV 4 cm × 4 cm; Matrix 200×160. 
Coronal T2WI was scanned with TE 59.8 ms; TR 2000 ms; slice thickness/gap 2.0 mm/0.2 mm; FOV6 cm × 6 cm; 
Matrix 128×128. IVIM-DWI was scanned with TI 148.0 ms; TE 59.7 ms; TR 3000 ms; slice thickness/gap 2.0 mm/ 
0.2 mm; FOV 9 cm × 9 cm; Matrix 64 × 64; b values10, 30, 50, 80, 100, 120, 160, 200, 400, 600, 800, 1000 s/mm2. 
BOLD-MRI was scanned with TE 4.4, 8.5, 12.6, 16.8, 20.9, 25.0, 29.1, 33.3, 37.4, 41.5 ms; TR 400 ms; slice thickness/ 
gap 2.0 mm/0.2 mm; FOV 9 cm × 9 cm; Matrix 160×160. Magic Sequence was scanned with TI 11.3 ms; TE 12.8 and 
76.9 ms; TR 4813 ms; slice thickness/gap 2.0 mm/0.2 mm; FOV 9 cm × 9 cm; Matrix 160×160.

Tumors were observed on coronal T2WI and axial T2WI, and the longest and shortest diameter were measured. 
Tumor volume was calculated using the formula: Volume = (longest diameter × shortest diameter2) × 1/2. Functional 
sequences, including BOLD-MRI and IVIM-DWI were processed using the Functool software package on a workstation 
(GE ADW 4.5) to measure R2*, D, D*, and f values. The MAGIC sequence was analyzed using a dedicated software 
package on the 3.0T MRI system (Signa Premier, GE Healthcare). Three central tumor slices were selected, and ROIs 
were placed and averaged.

Histopathological Analysis
The excised tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at a thickness of 4 μm, and 
stained with H&E according to standard procedures. Antigen retrieval was conducted with citrate buffer (pH 6.0; G1201) 
in a pressure cooker for 2 min. For immunohistochemical assay and immunofluorescence, the 4 μm paraffin sections were 
incubated at 4°C overnight with primary antibodies against CD31 (1:1000; GB120005), Ki-67 (1:300; GB121141), CD8 
(1:500; GB15068) and PD-1 (1:200; GB153744). TUNEL staining was performed to assess apoptotic cells using the 
CF488 TUNEL Cell Apoptosis Detection Kit (G1504-50T) according to the manufacturer’s instructions. All the above 
antibodies and kits were supplied by Servicebio (Wuhan, China).
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Pathological tissue analysis was performed according to the hotspot method described by Weidner et al41 Briefly, the 
entire tissue section was first scanned under low magnification (× 100) to identify three regions with high expression. The 
microscope was then switched to high magnification (× 200), and positively stained cells within selected fields were 
counted. The average value from the three regions was taken as the final result.

ImageJ software was used to count cells in TUNEL immunofluorescence and Ki-67 immunohistochemistry images of 
tumor samples collected at the experimental endpoint. Microvessels were quantified based on CD31 immunohistochem
ical staining. For microvessel density (MVD) assessment in tumor tissue, any clearly stained endothelial cell or cell 
cluster distinguishable from surrounding tissues was counted as a single vessel, regardless of the presence of a lumen. 
Vessels with thick muscular walls or a lumen diameter larger than that of eight red blood cells were excluded. The 
positive rates for TUNEL and Ki-67 were calculated as the ratio of positively cells to the total number of cells within a × 
200 field of view.

Statistical Analysis
Data analysis was performed using SPSS software (version 23.0), and graphs were generated with GraphPad Prism 8 
software. The normal distribution of the acquired data was evaluated using the Kolmogorov–Smirnov test. Comparisons 
of imaging parameters or pathological data among different groups were conducted using one-way ANOVA, followed by 
LSD post hoc pairwise comparisons. Homogeneity of variance was assessed using Levene’s test. Comparisons between 
two time points within the same group were analyzed using paired t-tests. Statistical results are expressed as mean ± 
standard deviation (�x� SD). Correlations between pathological indicators and imaging parameters were assessed using 
Pearson correlation analysis. P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***) was considered statistically significant.

Results and Discussion
The synthesized THPPmPEG12 sample exhibited well-defined peaks in both 1H NMR and 13C NMR spectra (Figure 1a and b). 
The mass spectra and high-performance liquid chromatography (HPLC) chromatograms of THPPmPEG12 and Mn- 
THPPmPEG12 are presented in Figures S4 and S5, confirming the successful synthesis. Electron microscopy revealed that 
the particles were uniformly distributed, exhibiting a regular spherical morphology with a smooth surface and an average 
diameter of approximately 100 nm (Figure 1c). The aqueous solution of Mn-THPPmPEG12 appeared dark brown and exhibited 
a distinct Tyndall effect when illuminated by a laser beam, indicating homogeneous dispersion and good colloidal stability 
(Figure 1d). UV-Vis absorption spectroscopy revealed that the porphyrin ligand before metal chelation exhibited two main 
absorption regions, a strong Soret band in the visible region and four weaker Q bands at longer wavelengths. Upon metal 
chelation to form Mn-THPPmPEG12, the Soret band exhibited a distinct red shift, accompanied by a significant increase in 
absorption intensity, with multiple well-resolved absorption peaks appearing in the Q-band region. These observations confirm 
the successful coordination of Mn ions at the center of the porphyrin ring (Figure 1e).

Cytotoxicity assays demonstrated that Mn-THPPmPEG12 exhibited no toxicity toward 4T1 cells in the absence of laser 
irradiation (Figure 2a). However, under laser irradiation (650 nm, 600 mW, 5 min), cell viability decreased with increasing 
concentrations of Mn-THPPmPEG12, confirming its ability to kill 4T1 cells upon light activation (Figure 2b). Subcellular 
localization analysis revealed that Mn-THPPmPEG12 was taken up by 4T1 cells and localized to the cytoplasm (Figure 2c). 
The subcellular localization of a photosensitizer upon irradiation largely determines the site of oxidative damage. Unlike 
conventional hydrophobic photosensitizers that tend to accumulate in organelle membranes, Mn-THPPmPEG12 exhibits 
high water solubility, leading to enhanced cytotoxic effects against cancer cells. No detectable ROS generation was 
observed in either the Mn-THPPmPEG12 or the light-only control group. However, intense ROS production was induced 
upon treatment with both Mn-THPPmPEG12 and laser irradiation (650 nm, 600 mW, 5 min) (Figure 2d). These results 
indicate that Mn-THPPmPEG12 can be activated by laser light to generate ROS, which is attributed to its efficient catalytic 
decomposition of H2O2, thereby demonstrating its cellular-level PDT capability. Moreover, this process not only promotes 
PDT-induced apoptosis but also enhances the release of tumor-associated antigens, thereby inducing ICD. Consequently, 
ICD primes the host immune system to initiate a systemic antitumor response targeting both primary lesions and distant 
metastases. ROS targets a range of biomolecules—including proteins, lipids, and DNA bases and sugar moieties— 
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ultimately triggering apoptosis, necrosis, or autophagy in tumor cells.20,42 Collectively, these findings validate the favorable 
photodynamic performance of Mn-THPPmPEG12 at the cellular level.

Unlike conventional photosensitizers, many naturally derived counterparts exhibit poor water solubility, which impedes 
systemic clearance, causes prolonged tissue retention, and induces undesirable phototoxicity upon light exposure, thereby 
limiting clinical applications.43 While second-generation photosensitizers (eg, chlorins and phthalocyanines) offer superior 
photophysical properties, their rapid renal clearance shortens circulation time and reduces bioavailability, compromising 
therapeutic efficacy.44 Conversely, the PEGylated structure of Mn-THPPmPEG12 significantly improves aqueous solubility 
and biocompatibility, facilitating efficient systemic elimination and enhancing its overall therapeutic potential.

Mn-THPPmPEG12 was dissolved in deionized water to prepare solutions with Mn ion concentrations of 0.125, 0.25, 
0.5, 1.0, and 2.0 mg/mL. MRI scans were performed using the Magic sequence on a 3.0T MRI scanner (Signa Premier, 
GE Healthcare). The results showed that the T1 signal intensity increased with increasing concentration of Mn- 
THPPmPEG12 (Figure 3a). The longitudinal relaxivity (r1) of Mn-THPPmPEG12, which was calculated from the fitting 
curve of 1/T1 versus concentration, was found to be 4.47 mM−1·s−1 (Figure 3b). This value is comparable to those of 
clinically approved gadolinium-based contrast agents such as Gd-DTPA, Gd-DOTA, and Gadobutrol, which typically 
exhibit r1 values of 4–5 mM−1·s−1.45 These results demonstrate that the Mn-THPPmPEG12 solution exhibits excellent 
T1-weighted imaging performance. Dynamic contrast-enhanced MRI was performed on 4T1 tumor-bearing nude mice 
(tumor volume 250–300 mm3) following intravenous injection of Mn-THPPmPEG12 (5 mg/mL, 100 μL) via the tail 
vein. As shown in Figure 3c, significant signal enhancement was observed in the liver and kidneys, indicating a dual- 
pathway clearance that potentially reduces long-term systemic retention. The tumor region also exhibited higher signal 
intensity than the contralateral normal muscle (Figure 3d). Collectively, these findings confirm the in vivo T1-weighted 
contrast capability of Mn-THPPmPEG12, establishing a foundation for theranostic applications. The pronounced 
enhancement within the tumor suggests effective accumulation of the agent, which is attributed to the passive targeting 
property of porphyrin and the enhanced permeability and retention (EPR) effect.46,47

Figure 1 Characterization of Mn-THPPmPEG12. (a) 1H Nuclear Magnetic Resonance (1H NMR) of THPPmPEG12. (b) 13C Nuclear Magnetic Resonance (13C NMR) of 
THPPmPEG12 (c) TEM image reveals that Mn-THPPmPEG12 exhibits a regular spherical morphology with smooth surfaces and an approximate size of 100 nm. (d) The 
THPPmPEG12 solution appears light brown, while the Mn-THPPmPEG12 solution exhibits dark brown. Both solutions display the Tyndall effect upon laser irradiated. (e) 
UV-Vis absorbance spectra of THPPmPEG12 and Mn-THPPmPEG12.
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Figure 2 MTT, subcellular localization, and intracellular ROS generation of Mn-THPPmPEG12. (a and b) MTT assay of 4T1 cell viability after incubation with various 
concentrations of Mn-THPPmPEG12 in the absence (a) and presence (b) of laser irradiation (650 nm, 600 mW, 5 min). Statistical significance was determined by paired- 
samples t-test. * and *** indicate statistical significance compared to the control group at P < 0.05 and 0.001 levels, respectively. (c) Mn-THPPmPEG12 could be effectively 
internalized by 4T1 cells and specifically accumulated in the cytoplasm. (d) ROS (green fluorescence) generation was observed in 4T1 cells after incubation with Mn- 
THPPmPEG12 and subsequent light irradiation (650 nm, 600 mW, 5 min). Scale bars represent 200 μm.

Figure 3 Magnetic resonance (MR) performance of Mn-THPPmPEG12. (a) T1-mapping pseudocolor images of Mn-THPPmPEG12 solution at various Mn concentrations 
acquired on a 3.0 T MR scanner (Signa Premier, GE healthcare). (b) Longitudinal relaxivity (r1) of Mn-THPPmPEG12, plotted as 1/T1 versus Mn concentration. (c) Contrast 
enhancement in major organs and tumors in mice. (d and e) T1-mapping pseudocolor images (d) and corresponding relative T1 value change curves (e) for tumor and 
muscle tissues at various time points after intravenous injection of Mn-THPPmPEG12 (5 mg/mL, 100 μL) solution via the tail vein. Statistical comparisons of relative T1 values 
between tumor and muscle at each time point were performed using paired-samples t-tests (n = 3), *P < 0.05 and **P < 0.01.
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To investigate the in vivo distribution of Mn-THPPmPEG12, MRI scans were performed at different time points after 
intravenous injection of Mn-THPPmPEG12 (5 mg/mL, 100 μL) into 4T1 tumor-bearing nude mice (tumor volume 250– 
300 mm3). The results showed that the maximal reduction in tumor T1 values occurred at 30 min post-injection, 
accompanied by the greatest difference in T1 values between the tumor and muscle tissues (t = −11.8, P = 0.007) 
(Figure 3e). These findings indicate that the highest accumulation of Mn-THPPmPEG12 in the tumor region occurred at 
30 min post-injection, showing marked contrast with the surrounding muscle tissue. This suggests that the optimal time 
for light irradiation is 30 min after intravenous administration of Mn-THPPmPEG12.

The relative changes in tumor volume over time are illustrated in Figure 4a. Significant differences in tumor volume among 
the groups began to emerge on day 7 (F = 4.57, P = 0.018). Further analysis revealed that the tumor volume in the treatment group 
was larger than that in the PBS group (P = 0.004), while no statistically significant differences were observed compared with the 
Mn-THPPmPEG12 group or the Laser group (P = 0.032 and 0.165, respectively). However, on day 10 and 14, the tumor volume 

Figure 4 Antitumor effect of Mn-THPPmPEG12 -mediated photodynamic therapy in 4T1 tumor-bearing nude mice. (a) Time-dependent relative tumor volumes across 
treatment groups. Statistical comparisons among groups at each time point were performed using one-way ANOVA (n = 5), *P < 0.05, **P < 0.01, ***P < 0.001. Post-hoc 
multiple comparison results are presented in the main text. (b) The size and morphology of excised tumors from each group at the end of the study. (c) Histopathological 
analysis of the organs obtained from each group of 4T1 tumor-bearing nude mice at the end of the study (H &E stain, × 100). Scale bars represent 200 μm.
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in the treatment group was significantly larger than that of the other groups (all P < 0.001). At the end of the treatment period, the 
tumor volume in the Mn-THPPmPEG12 +Laser group showed no significant change from baseline (t = −1.86, P = 0.136). In 
contrast, the PBS, Mn-THPPmPEG12, and Laser group exhibited substantial volume increases of 849.41 ± 118.13%, 824.62 ± 
135.84%, and 749.51 ± 149.85%, respectively. Excised tumors on day 14 are presented in Figure 4b. These results demonstrate 
that Mn-THPPmPEG12-mediated PDT effectively inhibits TNBC growth in the mouse model.

Histopathological analysis of the lung, liver, spleen, kidney, and heart in all four groups at the end of the study revealed no 
toxic damage to parenchymal organs following Mn-THPPmPEG12-mediated PDT (Figure 4c). Consistently, serological analysis 
revealed no signs of hepatic or renal dysfunction (Figure S6). These findings demonstrate its favorable biosafety profile.

Figure 5a and b present representative T2WI, IVIM-DWI and BOLD-MR pseudocolor maps of the Mn- 
THPPmPEG12 and Mn-THPPmPEG12 + Laser groups, respectively. The temporal changes in R2*, D, D*, and 
f values across different time points are illustrated in Figure 5c–f. BOLD-MRI revealed a gradual increase of the R2* 
values within the tumors of the treatment group over time (Figure 5c). On day 4 post-treatment, the R2* value in the 
treatment group increase from42.43 ± 5.24 HZ to 49.97 ± 5.89 HZ, which was higher than other control groups (all P < 
0.001). By the end of the treatment period, the R2* value in the Mn-THPPmPEG12 + Laser group reached 74.71 ± 13.7 
Hz, remaining significantly higher than that of the control groups at the same time point (all P < 0.001). This elevation 
can be attributed to light-induced oxygen consumption mediated by PDT. The subsequent rise in deoxyhemoglobin 
content following oxygen depletion significantly shortens the T2* relaxation time of the tumor tissue, leading to an 
elevated transverse relaxation rate R2* (R2* = 1/T2*).48 Additionally, PDT-induced vascular damage may result in 
reduced tissue perfusion, which could also contribute to the increase in R2*.49 Correlation analysis demonstrated that 
R2* was associated with Ki-67, TUNEL, and MVD (r = - 0.84, 0.86 and - 0.72; P = 0.001, 0.000 and 0.008, respectively) 
(Table 1). Specifically, Ki-67 is a well-established marker for tumor proliferation, MVD serves as a valuable indicator of 
tumor angiogenesis, and TUNEL staining is primarily used to assess tumor cell apoptosis. R2* exhibited a significant 
negative correlation with both Ki-67 and MVD, while presenting a significant positive correlation with TUNEL. These 
findings suggest that R2* can reliably reflect the pathological state of the TNBC microenvironment.

The D value in the Mn-THPPmPEG12 + Laser group increased following the initiation of therapy, reaching 0.78 ± 0.13 (× 
10−3 mm2/s) at day 4, when significant differences in D values emerged among the groups (F = 5.43, P = 0.009) (Figure 5d). 
Further pairwise comparisons revealed that the D values in the Mn-THPPmPEG12 + Laser group were higher than those in the 
PBS, Laser, and Mn-THPPmPEG12 groups (P = 0.002, 0.012 and 0.007, respectively). By the end of the experiment, the D value 

Figure 5 Multiparametric MRI monitors the antitumor efficacy of Mn-THPPmPEG12-mediated photodynamic therapy in 4T1 tumor-bearing nude mice. (a and b) 
Representative T2WI and MR parameter pseudocolor maps (D, D*, f, R2*) presented for the Mn-THPPmPEG12 group (a) and the Mn-THPPmPEG12 + Laser group (b). 
(c~f) Time-dependent changes in tumor R2* (c), D (d), D* (e) and f (f) value across different groups. Statistical comparisons of MRI parameters among groups at each time 
point were performed using one-way ANOVA tests (n = 5), *P < 0.05, **P < 0.01, ***P < 0.001. Post-hoc multiple comparison results are presented in the main text.
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in the treatment group further increased to 0.90 ± 0.13 (× 10−3 mm2/s), significantly exceeding those of the control groups (all P < 
0.001). The D value from IVIM-DWI reflects pure water molecular diffusion in the tissue extracellular space.50 The increase in 
the D value following treatment occurred earlier than changes in tumor volume, suggesting internal alterations within the tumor. 
This elevation may result from ROS-generated cytotoxicity during PDT, which induces tumor cell necrosis and apoptosis, 
thereby reducing cellular density and interstitial pressure and subsequently enhanced water diffusion. With repeated PDT 
sessions, cumulative ROS-induced toxicity amplified tumor cell death, further promoting water molecule diffusion and leading to 
a continuous increase in the D value. Consistent with these observations, histopathological examination at the endpoint revealed 
extensive necrosis and apoptosis within the tumors of the treatment group. Compared with the control groups, the treatment 
group exhibited a decreased Ki-67 and increased apoptosis, corroborating the reduction in tumor cellularity after PDT (Figure 6). 
Furthermore, D value was negatively correlated with Ki-67 (r = −0.81, P = 0.001) and strongly positive correlation with TUNEL 
(r = 0.91, P < 0.001), which is consistent with previous studies.51,52 These findings suggest that the D value can quantitatively 
reflect the reduction in cellular density within tumors following Mn-THPPmPEG12-mediated PDT.

Similarly, significant differences in D* values emerged among the groups on day 4 (F = 3.32, P = 0.047) (Figure 5e). 
The D* value in the Mn-THPPmPEG12 + Laser group decreased from a baseline of 6.43 ± 1.32 (× 10−3 mm2/s) to 5.14 ± 
0.53 (× 10−3 mm2/s) on day 4, which was significantly lower than those in the PBS, Laser, and Mn-THPPmPEG12 group 
(P = 0.037, 0.016, and 0.017, respectively). By the endpoint, it further declined to 4.38 ± 0.43 (× 10−3 mm2/s), remaining 
significantly lower than that of the control groups (all P < 0.01). Regarding the f value, significant differences among the 
groups emerged on day 7 (F = 4.71, P = 0.017) (Figure 5f). The f value in the treatment group dropped to 8.64 ± 0.36% at 
the endpoint, which was significantly lower than those in the other groups (all P < 0.01). The D* and f values reflect 
microcirculatory perfusion and capillary density within tissues, respectively.50 The earlier decrease in the D* value 
compared to the f value implies that D* is more sensitive to microenvironmental changes. The decline in both parameters 
may be attributed to ROS-induced vascular damage, lumen occlusion, congestion, and reduced perfusion during PDT.53 

Consistent with this, final histopathological evaluation revealed significant microvascular destruction in the tumor tissue 
of the treatment group (Figure 6). Correlation analysis demonstrated a significant positive correlation of both D* and 
f values with MVD (r = 0.81 and 0.71, P = 0.002 and 0.010, respectively). These results suggest that the disruptions in 
the tumor microvasculature can be reflected by the D* and f values.

Results from the previous section demonstrated that PDT can inhibit but not eliminate tumor growth, highlighting the 
need to explore combination treatment strategies. Previous studies have indicated that PDT not only directly kills tumor 
tissue through ROS generation but also significantly remodels the TME (eg, by increasing effector T-cell infiltration and 
reducing regulatory T-cells), thereby creating favorable conditions for ICIs.54–56 Therefore, we hypothesize that combin
ing PDT with immunotherapy may achieve more complete tumor eradication. To investigate the alterations in the TME, 
immunocompetent syngeneic BALB/c mice were employed in the combination therapy regimen.

BALB/c mice were randomly divided into PBS, Mn-THPPmPEG12 + Laser, anti-PD-1, and Mn-THPPmPEG12 + 
Laser + anti-PD-1 group, and subjected to respective treatments. At the experimental endpoint, the primary tumor volume 

Table 1 Correlation Analysis Between MR Parameters and 
Pathological Indicators

Ki-67(%) TUNEL(%) MVD

r P r P r P

D –0.81 0.001*** 0.91 0.000*** –0.53 0.077
D* 0.54 0.073 –0.56 0.057 0.81 0.002**

f 0.51 0.092 –0.54 0.071 0.71 0.010**

R2* –0.84 0.001*** 0.86 0.000*** –0.72 0.008**

Note: |r| ≥ 0.8: Generally considered a strong correlation. 0.5 ≤|r| < 0.8: 
Generally considered a moderate correlation. 0.2 ≤|r| < 0.5: Generally considered 
a weak correlation. |r| < 0.2: Often considered a very weak or negligible linear 
relationship. Bold text indicates a statistically significance difference. (*P < 0.05, 
**P < 0.01, and ***P < 0.001).
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in the combination therapy group was significantly reduced compared to baseline (V14/V0 = 0.50 ± 0.35, P = 0.033; 
Figure 7a), and primary tumors were nearly eradicated in two mice (Figure 7b). Further analysis revealed that the tumor 
volume in the combination therapy group was smaller than that in the Mn-THPPmPEG12 + Laser, anti-PD-1 and PBS 
groups (P = 0.026, 0.001 and 0.000, respectively). The Mn-THPPmPEG12 + Laser group showed no significant change 
in primary tumor volume compared to baseline (V14/V0 = 2.06 ± 0.45, P = 0.197), while the anti-PD-1 group exhibited 
an increased tumor volume (V14/V0 = 9.51 ± 0.54, P = 0.001) and the PBS group showed the most significant increased 
tumor volume (V14/V0 = 15.56 ± 3.91, P < 0.001). These results demonstrate that Mn-THPPmPEG12-mediated PDT 
combined with anti-PD-1 exerts superior antitumor effects against primary TNBC in mice compared to either mono
therapy, indicating a synergistic therapeutic benefit of the combination regimen.

Figure 6 Histopathological examination of tumors from each group. (a) Representative H&E, Ki-67, CD31 and TUNEL images (× 200) of tumor tissues at the study 
endpoint. Cell proliferation (brown spots), microvascular density (brown spots) and apoptosis (green fluorescence) were assessed by anti-Ki-67 antibody, anti-CD31 
antibody and TUNEL assay, respectively. Scale bars represent 100 μm. (b) Semiquantitative analysis of the percentages of the Ki-67-, CD31- and TUNEL-positive cells in 
tumor tissues following different treatments using Image J software. Statistical comparisons among groups were performed using one-way ANOVA tests, followed by LSD 
post hoc tests (n = 3), *P < 0.05, ***P < 0.001.
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The phenomenon where treatment of a primary tumor leads to regression of distant lesions is known as the “abscopal 
effect”.57 At the end of the treatment period, the combination therapy group exhibited a significantly smaller distant 
tumor volume compared to the Mn-THPPmPEG12 + Laser, anti-PD-1, and PBS group (P = 0.032, 0.010 and 0.000, 
respectively; Figure 7a and b). No statistically significant difference was observed between the PDT-only and anti-PD-1 
monotherapy groups (P = 0.054). These findings indicate that Mn-THPPmPEG12-mediated PDT of the primary tumor 
can elicit a systemic immune response. Furthermore, when combined with anti-PD-1 antibody therapy, it effectively 
inhibits the growth of distant tumors, highlighting a synergistic effect of the combined treatment. Consistent with these 
observations, terminal histopathology demonstrated pronounced apoptosis and necrosis in the combination therapy group 
(Figure 7c). Moreover, compared to the PBS and anti-PD-1 groups, both the Mn-THPPmPEG12-mediated PDT group 
and the combination therapy group exhibited a notable infiltration of CD8+ T lymphocytes and elevated PD-1 expression 

Figure 7 Antitumor effect of Mn-THPPmPEG12-mediated photodynamic therapy combined with anti-PD-1 in a 4T1 bilateral tumor model. (a) Time-dependent relative 
tumor volumes for primary tumors and distant tumors in the different groups. (b) The size and morphology of excised primary and distant tumors from each group at the 
end of the study. (c) Histopathological analysis of distant tumors at the study endpoint, including H&E staining, TUNEL assay, and immunofluorescence staining for CD8 and 
PD-1 (green fluorescence; ×200). Scale bars represent 100 μm. (d and e) Representative T2WI and IVIM-derived pseudocolor (D, D*, f) images presented for the Mn- 
THPPmPEG12 + Laser group (d) and Mn-THPPmPEG12+Laser+anti-PD-1 group (e). (f) Time-dependent changes in IVIM parameters (D, D*, f) of distant tumors across 
different groups. P-values were calculated based on one-way ANOVA tests (n = 5), *P < 0.05, **P < 0.01, ***P < 0.001.
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in distant tumors (Figure 7c). These findings suggest that Mn-THPPmPEG12-mediated PDT induces systemic immune 
responses, thereby altering the tumor microenvironment of distant lesions. Furthermore, anti-PD-1 antibody therapy 
demonstrates a synergistic effect with PDT in suppressing distant tumor growth by blocking the PD-1/PD-L1 pathway. 
Therefore, this combined strategy of PDT and PD-1 checkpoint inhibition represents a highly promising therapeutic 
strategy for both primary and metastatic TNBC.

Representative T2WI and IVIM-DWI images of distant tumors in the Mn-THPPmPEG12 + Laser group and 
combination group are shown in Figure 7d and e. The changes in D, D*and f values of distant tumors across groups 
at various time points are shown in Figure 7f. Following treatment, the D values in the anti-PD-1 group, Mn- 
THPPmPEG12 + Laser group, and combination therapy group gradually increased after treatment, while no significant 
changes were observed in the PBS group across time points. The D value in the combination therapy group was 
significantly higher than that in the PBS group from day 4 post-treatment (P = 0.003), and exceeded those in both the 
anti-PD-1 and the Mn-THPPmPEG12 + Laser group from day 10 (P = 0.005 and 0.007, respectively). No significant 
differences in D values were detected between the anti-PD-1 and the Mn-THPPmPEG12 + Laser group at any time point 
(all P > 0.05), and both groups showed higher D values than the PBS group from day 10 (P = 0.008 and 0.002, 
respectively). In contrast, no consistent differential trends were observed in D* or f values among the groups.

The D value reflects the pure water molecular diffusion within tissues.58 An increase in tumor necrosis leads to 
enhanced water molecule diffusion, resulting in an elevated D value. At the endpoint of this study, the D values in 
descending order were as follows: the combination therapy group, the anti-PD-1 group and the Mn-THPPmPEG12 + 
Laser group, the PBS group. This order aligns with the degree of necrosis and apoptosis observed in histopathological 
analysis (Figure 7c). These findings indicate that the D value derived from IVIM-DWI can serve as an early biomarker 
for assessing necrosis and apoptosis within distant tumors, even before volumetric changes become apparent.

Several limitations of this study should be acknowledged. First, the sample size was relatively small, and the 
experiments were restricted to mouse models. Additionally, validation in large animals and the exploration of clinically 
relevant dosages were not performed. Moreover, the long-term biosafety and toxicity profiles of Mn-THPPmPEG12 
require further investigation. Future studies focusing on large-animal models, dose optimization, and long-term safety 
assessment are warranted to facilitate clinical translation.

Conclusion
In summary, we developed a manganese porphyrin-based theranostic platform with high water solubility, favorable biocompat
ibility, and combined therapeutic and MRI diagnostic capabilities. By integrating PDT and immune checkpoint blockade, Mn- 
THPPmPEG12 effectively suppressed both primary and abscopal TNBC tumors while promoting the conversion of the tumor 
microenvironment from a “cold” to “hot” state. Together with IVIM-DWI and BOLD-MRI–based treatment monitoring, this 
strategy provides a promising approach for precision immunotherapy of TNBC.
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