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Introduction: Accurate tumor diagnosis is essential to achieve the ideal therapeutic effect. However, it is difficult to accurately 
diagnose cancer using a single imaging method because of the technical limitations. Multimodal imaging plays an increasingly 
important role in tumor treatment. Photodynamic therapy (PDT) has received widespread attention in tumor treatment due to its high 
specificity and controllable photocytotoxicity. Nevertheless, PDT is susceptible to tumor microenvironment (TME) hypoxia, which 
greatly reduces the therapeutic effect of tumor treatment.
Methods: In this study, a novel multifunctional nano-snowflake probe (USPIO@MnO2@Ce6, UMC) for oxygen-enhanced photo-
dynamic therapy was developed. We have fabricated the honeycomb-like MnO2 to co-load chlorin e6 (Ce6, a photosensitizer) and 
ultrasmall superparamagnetic iron oxide (USPIO, T1-T2 double contrast agent). Under the high H2O2 level of tumor cells, UMC 
efficiently degraded and triggered the exposure of photosensitizers to the generated oxygen, accelerating the production of reactive 
oxygen species (ROS) during PDT. Moreover, the resulting USPIO and Mn2+ allow for MR T1-T2 imaging and transformable PAI for 
multimodal imaging-guided tumor therapy.
Results: TEM and UV-vis spectroscopy results showed that nano-snowflake probe (UMC) was successfully synthesized, and the 
degradation of UMC was due to the pH/ H2O2 responsive properties. In vitro results indicated good uptake of UMC in 4T-1 cells, with 
maximal accumulation at 4 h. In vitro and in vivo experimental results showed their imaging capability for both T1-T2 MR and PA 
imaging, providing the potential for multimodal imaging-guided tumor therapy. Compared to the free Ce6, UMC exhibited enhanced 
treatment efficiency due to the production of O2 with the assistance of 660 nm laser irradiation. In vivo experiments confirmed that 
UMC achieved oxygenated PDT under MR/PA imaging guidance in tumor-bearing mice and significantly inhibited tumor growth in 
tumor-bearing mice, exhibiting good biocompatibility and minimal side effects.
Conclusion: The multimodal imaging contrast agent (UMC) not only can be used for MR and PA imaging but also has oxygen- 
enhanced PDT capabilities. These results suggest that UMC may have a good potential for further clinical application in the future.
Keywords: photodynamic therapy, oxygen generation, magnetic resonance imaging, photoacoustic imaging, theranostics, nanoprobe

Introduction
Cancer is still a serious threat to human health worldwide. The microenvironment during tumor growth and development is 
characterized by a series of abnormalities such as hypoxia, low pH, elevated oxidative stress, elevated glutathione (GSH) 
concentration, and enzyme overexpression. Oncology treatment may be limited by these factors, as well as providing possible 
avenues for cancer diagnosis and new therapeutic strategies. In recent years, different responsive nanoparticles based on the 
characteristics of the tumor microenvironment (TME) have been continuously developed and initially applied to the diagnosis 
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and treatment of tumors. Compared with conventional chemotherapy and radiotherapy, photodynamic therapy (PDT) is driven 
by photosensitizers for converting oxygen into reactive oxygen species (ROS) in the presence of an external laser to kill tumor 
cells. It has been considered a potential antitumor therapy due to its non-invasiveness, low systemic toxicity, high therapeutic 
specificity, and precise control of photocytotoxicity.1–4 The rapid growth, volume expansion, and vascular malformation of 
solid tumor tissues, insufficient oxygen supply, elevated H2O2 levels and acidification severely limit the efficiency of oxygen- 
dependent PDT.5–8 More importantly, there is an important bottleneck in the treatment of tumors, namely the change of tumor 
area before and after treatment, which limits the development of precision cancer treatment.

Imaging-guided PDT is a potential precision treatment option that has attracted much attention for its ability to visualize 
the size and location of tumors, determine treatment options, and allow clinicians to assess the effectiveness of treatment. In 
recent years, magnetic resonance imaging (MRI) has been widely used in clinical practice because of its high spatial and 
contrast resolution and nonionizing radiation characteristics. Superparamagnetic iron oxide (SPIO) nanoparticles have been 
widely used as T2 MRI contrast agents with high detection sensitivity.9,10 However, ultra-small superparamagnetic iron 
oxide nanoparticles (USPIOs) with small crystal size (<10 nm, Fe3O4) are desirable to improve the biosafety. USPIOs can 
enter tumors site due to their enhanced permeability, and they have been reported as T1-T2 MRI double-contrast agents.11,12 

Nevertheless, this method can only distinguish micro-scale lesions with low sensitivity.13 Photoacoustic imaging (PAI) is an 
emerging biomedical technology, which is promising for precise tumor localization, nanomedicine biodistribution, and 
deep tissue penetration. PAI can detect lesions at the molecular level and reveal rich functional information such as vascular 
structure and blood oxygen saturation.14 Compared with fluorescence (FL) imaging, PAI is relatively less sensitive and 
difficult to perform whole-body imaging due to the limitation of acoustic transducer.15 PA-MR dual imaging involves the 
fusion of an exogenous PAI contrast agent with an MRI contrast agent, allowing them to deliver complementary anatomical 
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and functional imaging with detectable diagnostic accuracy. MRI can observe the whole body with high precision, obtain 
accurate anatomy, and clarify the exact location of deep tumors. PAI shows inhomogeneous distribution of contrast agents 
within tumors at relatively high spatial resolution. Multimodal imaging which incorporates two or more imaging modalities 
into one system usually has better spatial resolution of anatomical information and highly sensitive biological information 
at the molecular level, yielding more accurate clinical diagnostic details than single imaging.16 Multimodal molecular 
imaging probes using a variety of imaging methods precisely localize the tumors, further improve the cancer detection rates, 
and enhance the effectiveness of tumor treatment through synergistic effects of multiple treatments.17 Therefore, develop-
ing a TME-responsive multimodal molecular probe is essential to provide more precise, accurate, and comprehensive 
imaging information.16

Chlorin e6 (Ce6), a prospective photosensitizer with high ROS quantum yield, near-infrared photoexcitation properties, 
high phototoxic potential, and low dark toxic effects, is extensively used in PDT.18,19 However, PDT in vivo with Ce6 alone 
cannot efficiently induce cancer cell death due to the following reasons: 1) Low loading efficiency of photosensitizers and 
poor in vivo water solubility 2) In complex TME, insufficient O2 content in cancer cells limits the therapeutic effect of 
PDT.20–22 Therefore, there is an urgent need to develop a nanoprobe with high photosensitizer loading efficiency and the 
ability to release O2 in response to TME. In recent years, manganese dioxide (MnO2) nanomaterials have attracted 
extensive interest in developing TME-responsive and TME-modulating theranostics agents.23 MnO2 can react with H+ 

and H2O2 under TME conditions [Equation (1)].24 The generated paramagnetic Mn2+ significantly enhances the T1- 
weighted imaging for tumor-targeted detection and imaging. Insufficient oxygen concentrations in the TME can be 
enhanced by the decomposition of MnO2, thus enhancing the efficacy of PDT.25–28 Our group also reported a MnO2- 
based TME-responsive nanoprobe for multimodal imaging.29 However, most of the reported MnO2 nanostructures were 
nanosheets or nanocomposites combined with other nanoparticles, which might not achieve the desired drug-loading 
effect.30,31 Therefore, the development of structures with large specific surface areas, robust structures, and sufficient drug- 
loading capacity remains a top priority. Notably, MnO2 has been used as a PAI, ultrasound, and photothermal imaging 
contrast agent.32–34 Liu et al found that MnO2 could also respond to TME, resulting in switchable PAI.35 Moreover, MnO2 

nanoparticles have the advantage of favorable biocompatibility, low cost, easy preparation, and fluorescence quenching 
ability.36,37 Therefore, MnO2, as an emerging inorganic nanomaterial, has attracted extensive attention due to its advan-
tages, such as pH/H2O2 responsiveness and multimodal imaging capability.

MnO2 þ H2O2 þ 2Hþ ! Mn2þ þ 2H2Oþ O2 (1) 

Based on our previous research, the constructed USPIO@MnO2@Ce6 (UMC) nanoprobe possesses a pH/ H2O2-responsive 
capacity and follows the multimodal-imaging guided PDT (Scheme 1). UMC was well-prepared through a condensation reaction 
between amino (MnO2) and carboxyl (USPIO and Ce6) groups. With the enhanced permeability and retention (EPR) effect and 
magnetic targeting, UMC can effectively aggregate to the tumor region and promote the decomposition of H2O2 to O2, enhancing 
the therapeutic effect of Ce6 for PDT under laser (660 nm). We examined the main physicochemical properties of UMC and 
systematically investigated the efficient PDT therapy guided by ex vivo multimodal MRI/PAI. Our study highlights the 
importance of developing multifunctional nanoprobes for accurate multimodal imaging-guided tumor therapy.

Materials and Methods
The Synthesis and Surface Modification of Manganese Dioxide
The synthesis of MnO2 was improved from a previous study.38 First, 300 μL of MES buffer (pH = 6.0, 0.1 M) was added 
into KMnO4 solution (10 mL, 10 mM) under ultrasonic conditions (40 kHz, 120 W) for 30 min. Then the solution 
changed from purplish red to brownish black. The product was centrifuged (12,000 rpm, 10 min) and washed twice, then 
resuspended in 10 mL aqueous solution. The synthesized MnO2 product was custom synthesized with amino modifica-
tion using APTES. Aqueous MnO2 solution (1 mg/mL, 5 mL) was heated to 40°C in a water bath under N2 protection, 
and then 500 μL of APTES was added and stirred overnight. The product was then washed at least 5 times with deionized 
water.
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The Preparation of USPIO@MnO2@Ce6
Activate USPIO-COOH (1 mg/mL, 1 mL, average diameter of approximately 5 nm, Fe3O4) with EDC (500 μg) and NHS (250 
μg) for 25 min. The activated USPIO was further purified by washing and centrifugation. The prepared MnO2-NH2 (1 mL, 1 
mg/mL) was added to a mixed solution containing Ce6 (80 μL, 10 mg Ce6 pre-dissolved in 1 mL DMSO solution) and USPIO 
(1 mL, 1 mg/mL) and stirred overnight (dark condition, for approximately 12 h) at room temperature. Next, the purified 
nanoparticles were obtained by washing USPIO@MnO2@Ce6 nanoparticles (abbreviated as UMC) by centrifugation. 
Finally, the obtained nanoparticles were resuspended in 1 mL pure water, away from light, and stored for future use.

The Characterization of USPIO@MnO2@Ce6
The particle size and morphology of the nanoparticles were characterized by TEM (JEM-1400, JEOL, Japan). Dynamic 
light scattering (DLS) measurements and zeta potential analysis of nanoparticles were performed using a Zetasizer Nano 
ZS (Malvern, UK). A TECAN microplate analyzer (TU 1900, Persee, China) was used to record UV-visible absorption 
spectra, and the fluorescence spectra was recorded with a fluorescence spectrophotometer (F-7000, Hitachi). For the 
synthesized nanoparticles, inductively-coupled plasma mass spectrometry (ICP-MS, Germany) was used to determine the 
iron and manganese concentrations. Longitudinal (T1) and transverse (T2) relaxation times and MR images were 
obtained using a 7.0 T MRI scanner (Biospec 70/20, Bruker, Germany). The chemical states of Fe and Mn in 
nanoparticles were obtained by X-ray photoelectron spectroscopy XPS (Thermo K alpha). X-ray diffraction (XRD, 
X`Pert PRO MPD) confirmed the phase analysis of MnO2 and Fe3O4. The dissolved O2 was detected using a portable 
dissolved oxygen analyzer (JPSJ-606L). The high-resolution transmission electron microscopy (HRTEM) and energy 
dispersive spectroscopy (EDS) analysis of UMC were performed using specific equipment (FEI, TF20, United States).

Scheme 1 Schematic illustration of the chemical synthesis process for USPIO@MnO2@Ce6 and its mechanism of action during PDT therapy for enhanced oxygen 
production under the guidance of pH/H2O2-triggered multimodal imaging.
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Loading and Release of Drugs
The loading of Ce6 in UMC was measured using a UV-visible absorption spectrometer (TU1900, Persee, China) at 664 
nm. After centrifugation, the supernatant was removed to calculate the Ce6 content according to the standard curve. The 
Ce6 encapsulation rate of UMC was calculated as:

Encapsulation efficiency ¼ Weight of Ce6 in UMCð Þ= Total weightof Ce6ð Þ � 100% 

To detect the release characteristics of Ce6, UMC was resuspended in 10 mL of different solvents (pH = 7.4, 5.0, 7.4 
+ H2O2, 5.0 + H2O2, 100 μM) and maintained at shaker with the speed of 300 rpm. Then, 0.5 mL samples were taken at 
predetermined time points and centrifuged at 12,000 rpm for 20 min. Finally, the supernatant was subjected to UV-vis to 
calculate the release amount at different time points according to the standard curve of Ce6 at 664 nm.

Fluorescence Recovery of USPIO@MnO2@Ce6
A fluorescence spectrophotometer (F-7000, Hitachi) was used to verify the quenching effect of MnO2 on Ce6. The 
fluorescence recovery of Ce6 in different media (7.4, 5.0 + H2O2, 100 μM) were measured, as well as different 
concentrations of H2O2 solution and different time points.

Detection of O2 Release and Singlet Oxygen (1O2) in vitro
A portable dissolved oxygen analyzer (JPSJ-606L) was used to monitor the oxygen production of UMC under different 
conditions with time to demonstrate the catalytic performance of UMC. H2O2 (100 μM) solutions of different pH values 
were added to the UMC solutions. The dissolved oxygen content was detected and recorded at predetermined time points 
using a portable dissolved oxygen analyzer.

A commercial assay kit, H2DCFDA, was used to detect the production of singlet oxygen. UMC with H2DCFDA 
incubation was added to the H2O2 (100 mM) solution. Then the solution was irradiated with 660 nm (100 mW/cm2) laser 
for 5 min, and 1O2 production was monitored by measuring the fluorescence intensity of H2DCFDA recovered under 488 
nm laser excitation (excitation = 488 nm, emission = 500–580 nm).

In vitro and in vivo MRI/PAI
UMC with different iron and manganese concentrations (measured by ICP) was resuspended in different pH (7.4 or 5.0) 
with or without H2O2 (100 μM), and the longitudinal (T1) and transverse (T2) relaxation times were measured by a 
Bruker 7.0 T MRI scanner. T1-weighted imaging parameters: repetition time (TR) = 500 ms, echo time (TE) = 18 ms, 
field of view (FOV) = 35 mm × 35 mm, acquisition matrix = 256 × 256, and slice thickness = 1 mm. T2-weighted 
imaging parameters: repetition time (TR) = 2500 ms, echo time (TE) = 30 ms, field of view (FOV) = 35 mm × 35 mm, 
acquisition matrix = 256 × 256, and slice thickness = 1 mm.

A multispectral photoacoustic tomography (MSOT) system (inVision-128, iThera Medical, Germany) was used to 
detect the PAI signals of different concentrations of UMC solutions under 650, 700, 750, 800, and 850 nm lasers. In vivo, 
200 μL of UMC (USPIO: 20 mg/kg, MnO2: 20 mg/kg) was injected through the tail vein, after which the MR and PA 
images were obtained at pre-specified times (0, 2, 4, 6, 8, 12, and 24 h).

Cell Culture
The 4T-1 cell line used for in vitro and in vivo experiments was acquired from American Type Culture Collection and 
incubated with RPMI-1640 containing 10% fetal bovine serum and 1% penicillin-streptomycin. The cells were grown in 
a humid environment at 5% CO2 and 37°C.

Cellular Uptake and Cytotoxicity Assay
4T-1 cells were seeded in confocal dishes (1×105 cells per well) and incubated overnight. Fresh medium containing UMC 
(20 μg/mL) was added and incubated for different periods. Then, 4% paraformaldehyde was added to fix the cells for 20 
min, and the nuclei were stained with DAPI (5 μg/mL) for 15 min. Finally, after washing the cells three times with PBS, 
fluorescence images of the cells were collected with a confocal laser scanning microscope (CLSM).
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We used the MTT assay to monitor the cytotoxicity of UMC in vitro. 4T-1 cells were inoculated in 96-well plates at a 
density of 8×103 cells per well and incubated overnight (37°C, 5% CO2). After removing the old medium, the cells were 
incubated with fresh medium containing different concentrations of free Ce6 (2 μg/mL) and UMC (equivalent to the 
same amount of Ce6) for 24 h. Next, the cells were washed with PBS and 10 μL of MTT (5 mg/mL) was added to each 
well for further incubation for 4 h. Then, 100 μL of DMSO was added to dissolve the formazan in live cells. Finally, the 
OD570 (optical density at 570 nm) was measured with a micro-reader (Spark, Tecan, Switzerland) to determine cell 
viability.

In vitro Therapeutic Effect and Oxygen Production of USPIO@MnO2@Ce6
Calcein-AM/PI double staining assay to detect the therapeutic effect of UMC on 4T-1 cells. 4T-1 cells were incubated 
with PBS, free Ce6, and UMC (equivalent to 10 μg/mL Ce6) in the dark for 4 h. The residue in the medium was then 
washed off with PBS and irradiated with a 660 nm near-infrared laser (20 mW/cm2, 3 min per well). After laser 
irradiation, cells were cultured in a fresh medium for an additional 4 h. Live and dead cells were stained with calcein- 
AM/PI staining, respectively, and observed by CLSM. For hypoxia detection, free Ce6 and UMC with different 
concentrations were incubated with 4T-1 cells for 4 h. Intracellular hypoxia was analyzed by CLSM using the ROS- 
ID Hypoxia/Oxidative Stress Detection Kit (Enzo Life Sciences) according to the manufacturer’s instructions.

Animal Models
Female BALB/c mice (5–6 weeks old) were purchased from Jinan Pengyue Experimental Animal Co., Ltd., with an 
average weight of 18–20 grams. All animal care and experiments were performed in accordance with the Guidelines for 
Care and Use of Laboratory Animals of National Institutes of Health guidelines and approved by the Committee on the 
Ethics of Animal Experiments of Binzhou Medical University. PBS suspension (100 μL) containing 2×106 4T-1 cells was 
subcutaneously injected into the right hind limb area of BALB/c mice to establish a subcutaneous tumor model. Mice 
with a tumor volume of about 70 mm3 were taken for subsequent experiments.

Antitumor Efficacy of USPIO@MnO2@Ce6
When the tumor volume reached 70 mm3, the tumor-bearing mice were randomly divided into 6 groups of 4 mice each: 
(1) PBS, (2) PBS + laser, (3) Ce6, (4) Ce6 + laser, (5) UMC, (6) UMC + laser. The injection doses were regulated at 20 
mg/kg (MnO2), 20 mg/kg (USPIO), and 16 mg/kg (Ce6). After injecting the drug (200 μL) into the tail vein for 6 h and 
administration of magnetic targeting, laser irradiation (660 nm, 20 mW/cm2, 10 min) was performed, once every other 
day for a total of 3 treatments. The mouse’s tumor volume was monitored for 14 days using the following formula:

Tumor volume Vð Þ ¼ length� width2=2 

Finally, after 14 days of monitoring, the tumor-bearing mice were executed, and the main organs (heart, liver, spleen, 
lung, kidney) and tumors were taken and weighed. H&E staining was performed according to the standard protocols.

Statistical Analysis
All experimental results are expressed as mean ± standard deviation. The one-way analysis of variance (ANOVA) was 
used to evaluate the statistical significance between two or more groups, and the statistical significance was considered at 
a P value less than 0.05.

Results
Preparation and Characterization of USPIO@MnO2@Ce6
We synthesized novel snowflake-like UMC (USPIO: MnO2 weight ratio is 1:1) using a simple one-pot method. UMC was 
prepared through a condensation reaction between amino (MnO2) and carboxyl (USPIO and Ce6) groups (Scheme 1). The 
morphology of different UMC nanoparticle fractions and the morphology of the UMC were observed by transmission 
electron microscope (TEM). Figure 1A shows that the average diameter of the hydrophilic spherical structure USPIO was 

https://doi.org/10.2147/IJN.S379526                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2022:17 4624

Lv et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


about 5 nm. The MnO2 nanoparticles showed a uniform honeycomb design before and after the loading of amino groups 
(Figure 1B and C), while Figure 1D shows that each MnO2 was connected to a multitude of USPIO particles, forming a 
typical “nano snowflake” structure. This result demonstrated the successful preparation of the novel snowflake nanoprobe. 
Elemental mapping and HRTEM further showed that USPIO anchored on the surface of MnO2 nanoparticles (Figure 1E 
and S1). In addition, EDS analysis (Figure S2) showed the elemental ratios of Fe, Mn, and O were 8.9%, 48.63%, 42.47%, 
respectively. These results further demonstrated the presence of nanoprobes for each component of UMC and the special 
“Nano-Snowflakes” morphology of UMC.

The average hydrodynamic diameter and zeta potentials of MnO2 and UMC were determined by dynamic light 
scattering. At pH = 7.4, the average hydrodynamic diameters of UMC and MnO2 were 142 nm and 91 nm, respectively 
(Figure 1F). As shown in Figure S4, the particle sizes of UMC in Water, FBS and DMEM were 142 nm, 139.9 nm and 
139.5 nm, respectively. The particle sizes of UMC did not vary significantly in different media. Figure 1G shows that the 

Figure 1 Characterization of the components. TEM of (A) USPIO, (B) MnO2, (C) MnO2-NH2, and (D) UMC. (E) EDX mapping of UMC. (F) Dynamic light scattering (DLS) 
and (G) zeta potential of different nanoparticles. (H) XRD spectra and (I) XPS survey spectrum of UMC.
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potential of MnO2 changed from −43.5 mV to +12.6 mV after amination, indicating successful amination modification. 
The zeta potential of UMC was −21.8 mV, mainly due to the negative charge of USPIO and Ce6 offsetting the positive 
charge of MnO2-NH2. The size of UMC allowed their accumulation in the tumor area through the EPR effect. As a result 
of hydrophilic surface interactions, the nanoparticles showed no apparent agglomeration or precipitation in a complete 
medium, water, and aqueous FBS solution (Figure S3). The particle size and zeta potential of UMC did not change much 
during the storage for 7 days. Furthermore, UMC had good stability, which contributed to its prolonged circulation time 
in vivo (Figure S6). The X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) experiments were also 
performed. Figure 1H shows that the XRD patterns of UMC were consistent with MnO2 with diffraction peaks at 2θ ~ 
25.1° (002), 37.4° (111), and 65.6° (020).39 In addition, the USPIO diffraction peaks are evident at 30.1° (220), 35.54° 
(311), 43.26° (400), 53.48° (422), 57.08° (511), and 62.7° (440).40 The Mn 2p and O 1s peaks in the XPS measurement 
spectrum of UMC indicated the presence of +4 valence state of Mn and MnO2 (Figure 1I). Additionally, the correspond-
ing spectra of C, N, O, Fe, and Mn were displayed in Figure S7.

To verify the successful loading of Ce6, the UV-visible absorption spectra of Ce6, MnO2, and UMC were detected. 
Figure 2A shows that MnO2 had a broad and strong absorption at 300–600 nm with efficient fluorescence quench.41 The 
characteristic absorption peak of UMC loaded with Ce6 was shifted from 664 nm to about 680 nm. The interaction 
between Ce6 and MnO2 may lead to this shift. Based on the calculation of the UV-visible absorption spectroscopy 
standard curve (Figure S8), the loading of Ce6 could be as high as 98%. These results demonstrated the successful 
assembly of the three components.

Responsive Degradation of pH/H2O2 and Drug Release
The degradability of inorganic nanomaterials severely hinders their clinical application. Therefore, providing nanoplat-
forms with TME-responsiveness is crucial for precision medicine. The degradation response properties of UMC were 
investigated under different pH and H2O2. The structure of UMC nanoparticles under acidic hydrogen peroxide 
environment was observed by TEM. We found that the structure of the nanoflowers was degraded after the pH and 
H2O2 response (Figure 2B). The morphology of UMC changed significantly after 12 h. This result indicated that effective 
drug release could be achieved after UMC reaction, which was necessary for selective release in tumors. Figure 2C–E 
showed that when MnO2 was combined with Ce6, the fluorescence of Ce6 was quenched. However, when UMC was co- 
incubated with H2O2 solution, the MnO2 structure was cleaved and the fluorescence of Ce6 gradually recovered, and the 
fluorescence intensity of Ce6 increased with the increase of H2O2 solution concentration. The intensity of recovered Ce6 
fluorescence increased with increasing incubation time, reaching the maximum after 15 min. Subsequently, drug release 
experiments were performed to study the responsive degradation characteristics of UMC and observe its release under 
low pH and high H2O2 conditions. At pH = 7.4, the cumulative release of Ce6 within 24 h was less than 10%, which was 
negligible. In contrast, in the acidic H2O2 solution (pH = 5.0), more than 20% of Ce6 was released within 24 h 
(Figure 2F), demonstrating the stability of the formulation.42 The above results suggested that UMC could be degraded 
by H2O2 in a weak acid environment, leading to drug release, proving that UMC had an ultra-sensitive pH/H2O2 response 
degradation behavior.

Detection of O2 Release and Singlet Oxygen (1O2) in vitro
Solid tumors are often in a hypoxic and weakly acidic environment due to the abnormal metabolism. Hypoxia 
significantly reduces the therapeutic effect of photodynamic therapy in TME, and there is an urgent need to address 
the problem to improve the therapeutic effect. As a non-toxic and ideal TME-responsive material, MnO2 has been found 
to generate oxygen and contribute to bioimaging and therapy. MnO2 reacts with H2O2 and H+ to generate Mn2+ and O2 in 
TME. It can be seen that compared with the H2O2 (0 μM) plot (Figure S5), all of MnO2 is converted to Mn2+and the 
solution color changes from dark brown to colorless, producing a large number of bubbles (O2). However, after the 
reaction with pH = 5.0 + H2O2 buffer, the color of USPIO was not obviously changed and no bubbles were produced, 
indicating that USPIO could not react at pH = 5.0 + H2O2. The rightmost graph showed the color of UMC solution 
changed to yellow-green under the same condition. At this point, the MnO2 nanoparticles in UMC were degraded, 
USPIO and Ce6 were released, and the solution color consisted of the yellow color of USPIO and the green color of Ce6. 
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It has been shown that the concentration of H2O2 is about 10–100 μM in solid tumors.43 Therefore, we measured the 
oxygen production after the reaction of MnO2 with overexpressed H2O2 (100 μM) under different conditions (0–300 s) 
using a portable dissolved oxygen meter. Figure 2H shows that the oxygen production of UMC in pH = 5.0 + H2O2 (100 
μM) solution increased rapidly within 60s and significantly higher than that of pH = 7.4 + H2O2 (100 μM) solution. In 
contrast, the oxygen production of UMC in neutral solution (pH = 7.4) was negligible, indicating that UMC might be at a 
relatively stable stage, causing slight damage to normal tissues.

With the increase of oxygen generated by the reaction of MnO2 and H2O2, it is expected that more singlet oxygen will 
be generated after laser irradiation. Therefore, in the following research, we use a 1O2 detection kit (H2DCFDA) to detect 

Figure 2 Extracellular pH-H2O2 response and detection of O2 and 1O2 production. (A) The UV-vis absorbance spectra of different nanoparticles. (B) TEM of UMC 
incubation with 5.0 + H2O2 buffer (100 μM) after 12 h. (C) Fluorescence spectra of the free Ce6, UMC, and UMC with H2O2 solution (100 μM). (D) The fluorescence 
spectra of UMC incubated with 100 μM H2O2 for different periods and (E) with different concentrations of H2O2 for 15 min. (F) The percentage of Ce6 released from UMC 
varied with time at different pH values (7.4 or 5.0) with or without H2O2 solution (100 μM). (G) Digital image changes of (a) MnO2, (b) USPIO, and (c) UMC after reaction 
with pH = 5.0 + H2O2 solution (100 μM), respectively. (H) Oxygen generation of UMC in different solutions within 300 s. (I) The DCF reagent measures the formation of 
1O2 following laser irradiation (0.1 W/cm2, 5 min) after co-incubation of UMC ([Ce6]: 10 μg/mL) with H2O2 (1 mM).
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the singlet oxygen produced by UMC at different time points. Figure 2I shows that we investigated the role of H2O2 in 
promoting 1O2 formation. The fluorescence intensity of UMC solutions in H2DCFDA was significantly enhanced with 
the increase of H2O2 incubation time, which was attributed to the reaction of UMC with H2O2 to produce more O2, 
resulting in a significant increase in 1O2 levels. These results confirmed the importance of UMC nanoparticles in 
enhancing the effect of PDT in vitro and in vivo.

TME-Responsive MRI/PAI Capacity of USPIO@MnO2@Ce6
Numerous studies have shown that MnO2 is an excellent TME-responsive carrier that consumes excess H2O2 and 
releases Mn2+ in solid tumors (which can be used as a T1 MRI contrast agent). MnO2 has also been reported to be an 
excellent PAI agent at 750 nm.35 Since MnO2 can be degraded, the excess H2O2 in TME enhances the potential of UMC 
as a switchable MR/PA imaging agent. First, we assessed the PA imaging capabilities of UMC. Figure 3A–B showed that 
the PAI signal increased with the UMC concentration, and the signal intensity varied from weak to strong. In addition, 
the photoacoustic signal gradually weakened when UMC reacted with different concentrations of H2O2 solution, 
indicating that UMC was able to facilitate photoacoustic conversion.

Figure 3 In vitro MR/PA imaging in response to pH-H2O2. (A) Signal changes of different concentrations of UMC solution ([MnO2]: 0–100 μg/mL) under photoacoustic 
imaging. Inset: PAI images of UMC solutions with different concentrations ([MnO2]: 0–200 μg/mL). (B) PAI signal changes of UMC solution ([MnO2]: 100 μg/mL) after 
incubation with different concentrations of H2O2 solution (0–100 μM). (C) T1- and (D) T2-weighted images of UMC solutions at different pH values and concentrations of 
H2O2 solutions. (E) r1 and (F) r2 relaxation rate of UMC with different concentrations of manganese (Mn) and iron (Fe) under different conditions.
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Considering that weak acids and H2O2 trigger UMC dissociation, which is promising for activatable MRI contrast. 
MRI was performed after incubation of UMC with different conditioned buffers and T1 or T2 relaxation times were 
measured. Figure 3C–D demonstrated that UMC had an excellent T1-T2 double contrast effect on MRI in a neutral 
environment. r1 relaxation rate of UMC increased from 0.94 mM−1s−1 to 4.11 mM−1s−1 for H2O2 dissolution conditions 
ranging from 0 to 100 μM (Figure 3E). In contrast, the r2 relaxation rate of UMC seemed to increase significantly from 
39.62 mM−1s−1 to 167.29 mM−1s−1 (Figure 3F), indicating a good relationship between MRI signal and TME. This may 
be related to the release of Mn2+ and the aggregation state of USPIO.44 These results suggested that UMC had excellent 
MR/PA imaging potential in TME.

Assessment of the Cellular Uptake and Reactive Oxygen Species (ROS) Generation
We used confocal laser microscopy to confirm that UMC (equivalent to simple Ce6: 20 μg/mL) could be efficiently taken up 
by 4T-1 cells. Confocal fluorescence images (Figure 4A) showed that the cell nucleus was stained blue by DAPI. Additionally, 
a red fluorescence signal of Ce6 could be observed in the cytoplasm, indicating that the UMC was easily absorbed by the cells 
and evenly distributed in the cytoplasm. The concentration of internalized Ce6 increased with increasing incubation time, and 
the fluorescence intensity was the strongest in the cytoplasm at 4 h (Figure 4B), indicating that the cellular uptake of UMC 
reached the maximum level. This time point was used in subsequent experiments.

Since UMC can release oxygen upon entry into tumor cells, they can enhance the production of singlet oxygen after 
laser irradiation (660 nm). Therefore, we co-incubated free Ce6 and UMC nanoparticles with cells in the laser irradiated 
or non-irradiated state to observe the production of singlet state oxygen in different treatment groups by CLSM. 
H2DCFDA, a substance that oxidizes intracellular 1O2 under laser irradiation (488 nm), can directly demonstrate the 
fluorescence signal generated by oxidized DCF by SLCM. Figure 5D shows no fluorescence signal in the control group 
(with or without laser irradiation). In contrast, a bright green fluorescent signal could be observed in the UMC group after 
660 nm laser irradiation, even stronger than the free Ce6 group (same amount of Ce6). This is mainly due to the fact that 
MnO2 can react with the overexpressed H2O2 in TME to produce O2, which further enhances the yield of 1O2.

Cell Cytotoxicity and the Photodynamic Therapy Effect in vitro
The confocal results showed that UMC and free Ce6 had an excellent cellular uptake effect, and the cytotoxicity of UMC 
and free Ce6 was detected by MTT method. As shown in Figure 4C, the cell viability of 4T-1 cells was inhibited by 
nearly 70% when the concentration was increased to 5 μg/mL after co-incubation with free Ce6 for 24 h without laser 

Figure 4 Cellular uptake and toxicity without laser. (A) Confocal images and (B) fluorescence intensities (scale bar: 20 μm) of UMC-treated 4T-1 cells at 1, 2, 4, and 12 h. 
(C) Cytotoxicity of 4T-1 cells treated with free Ce6 and UMC for 24 h. **Indicates P < 0.01 between different groups.
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irradiation. Meanwhile, the cytotoxicity of UMC was negligible, indicating the good biocompatibility of UMC. Since 
cellular uptake was maximal at 4 h, we evaluated in vitro the therapeutic effect of free Ce6 and UMC solutions co- 
incubated with cells for 4 h under normoxic and hypoxic conditions. Photodynamic therapy was performed with a laser 
(660 nm, 20 mW/cm2, 3 min), and the phototoxicity of cells was also detected by MTT method. Figure S9 showed that 
the therapeutic effect of different concentrations of free Ce6 was lower than normoxia under hypoxia because of oxygen 
limitation. This also verifies that the hypoxic state of the TME can significantly reduce the photodynamic therapeutic 
effect of nanoprobes. UMC had a good cell-killing effect after laser irradiation, mainly because UMC can react with the 
overexpressed H2O2 in TME to generate oxygen continuously. Due to the hypoxic characteristics of TME, Figure 5A 
shows that UMC still had excellent cell-killing effect under hypoxic conditions.

Cellular Therapeutic Effect and Oxygen Production in vitro
Considering the good biocompatibility, strong cellular uptake and efficient 1O2 production in 4T-1 cells, we system-
atically evaluated the therapeutic effects of different nanoparticles in vitro to further validate the anticancer effect of 

Figure 5 In vitro therapeutic effects and ROS production. (A) In normal and hypoxic conditions, the cell viability was influenced by UMC with laser treatment (20 mW/cm2, 3 min). (B) 
A ROS-ID hypoxia detection probe measured the intracellular fluorescence detection of 4T-1 cells in different treatment groups. Scale bar: 50 μm. (C) Fluorescence images of calcein- 
AM/PI staining after 660 nm laser irradiation (20 mW/cm2, 3 min) of different treatment groups ([Ce6]: 10 μg/mL) after co-incubation with 4T-1 cells. Scale bar: 100 μm. (D) Detection 
of singlet oxygen production in 4T-1 cells using DCF in different treatment groups ([Ce6]: 10 μg/mL) with or without laser irradiation (20 mW/cm2, 3 min). Scale bar: 20 μm.
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UMC. Confocal images of live and dead cells after staining (Figure 5C) showed that PBS-treated cells had almost no 
damaged cells, suggesting that laser basal power intensity irradiation was safe for cells. Dead cells (red staining) 
appeared in the free Ce6 group after laser irradiation (660 nm, 20 mW/cm2, 3 min), suggesting that free Ce6 had a 
partial killing effect on 4T-1 cells. After PI (red) staining, almost all of the UMC-treated cells died, demonstrating that 
UMC had an outstanding laser irradiation-mediated PDT effect.

For the hypoxia assay results (Figure 5B), the fluorescence signal of UMC-treated cells was significantly reduced 
compared with the control group. Additionally, the hypoxia fluorescence signal decreased more obviously with the 
increase of UMC concentration, demonstrating its solid oxygen production capacity. It is suggested that the presence of 
UMC can effectively promote oxygen production and increase oxygen partial pressure, thus improving the therapeutic 
effect of PDT.

In vivo Imaging
After demonstrating the combined therapeutic effect of UMC in vitro, we explored its imaging effect on a tumor-bearing 
mouse model. After mice were injected with different treatment groups (PBS, UMC [USPIO: 10 mg/kg]) in tail vein, images 
of tumor areas were acquired at predefined time points (0, 2, 4, 6, 8, 12, 24 h) to monitor the accumulation of UMC. Mice 
with tumor volume reached 70–100 mm3 were randomly divided into blank control and UMC groups. Figure 6B and D 
showed that the UMC group exhibited a significantly negative enhancement effect after 6 h post-injection, with low signal in 
T2-weighted images. The T1-weighted images also showed bright signals at corresponding time points. This is mainly due 

Figure 6 In vivo MR imaging. (A) T1- and (B) T2-weighted images of tumor-bearing mice at 0, 2, 4, 6, 8, 12, and 24 h after intravenous tail injection of UMC (USPIO: 20 mg/ 
kg, MnO2: 20 mg/kg). Quantification of the (C) T1 and (D) T2 signal changes at the corresponding time points. **P < 0.01 and ***P < 0.001 for T1-T2 signals compared to 
different time points.
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to the degradation of UMC in TME resulting in the release of Mn2+ (Figure 6A and C). These results may be related to the 
synergistic effect between magnetic targeting and EPR effect. Fluorescence images were acquired by the IVIS Spectrum 
Imaging System at predetermined time points. The results showed that the tumor fluorescence intensity reached a maximum 
value 6 h after I.V. (Figure 7A) and remained partially fluorescent after 24 h, indicating that UMC reached the tumor tissue 
with a long residence time. In vitro fluorescence images of tumors and major organs were obtained 24 h after injection 
(Figure 7A, right section). It can be seen that UMC mainly stays in the kidney and a small amount accumulates in the liver, 
suggesting that it is mainly excreted through the kidney. The FL imaging capability of UMC allows us to directly observe its 
distribution behavior in vivo and provide imaging guidance for cancer therapy.

We also performed PA imaging experiments to confirm the accumulation and degradation of UMC in the tumor area. 
Figure 7B and C showed that UMC had the strongest signal at 4 h after tail vein injection, mainly because UMC 
accumulated in the tumor area and did not respond to stimulation in TME. At this time, UMC has not been fully 
degraded. The signal remained high at 24 h, suggesting that UMC allowed for effective accumulation and retention in the 
tumor area. Furthermore, as mentioned previously, UMC accumulation can be followed by the release of Mn2+ and O2 

depending on the degradation of the tumor environment. This process may be accompanied by improved hypoxic 
conditions in TME. To validate this process, we monitored oxygenated hemoglobin (HbO2) production in real-time using 
the MSOT system. Figure 7B and D showed a gradual increase in the intensity of HbO2 signal at the tumor site in the 

Figure 7 In vivo PA imaging. (A) The Fluorescence imaging and (B) PA imaging and multispectral optoacoustic tomography imaging of 4T-1 tumor-bearing mice at 0, 2, 4, 6, 
8, 12, and 24 h after intravenous tail injection of UMC (USPIO: 20 mg/kg, MnO2: 20 mg/kg). (C) Quantitative analysis of the PAI signal and (D) mean oxyhemoglobin value at 
the corresponding time point in (A). **P < 0.01 and ***P < 0.001 for PAI signal and HbO2 compared to different time points.
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UMC group, indicating that oxygen might be released during the degradation of UMC, and the release of oxygen 
increased the oxygenated hemoglobin content in deoxyhemoglobin.45

Antitumor Efficacy of USPIO@MnO2@Ce6 in vivo
According to the MRI and PAI results, UMC can effectively accumulate at the tumor site through EPR effect and 
magnetic targeting to release oxygen in the tumor area and enhance the effect of photodynamic therapy. Therefore, we 
further evaluated the antitumor therapeutic effect of PDT on mouse subcutaneous tumor model by tail vein injection of 
UMC. The treatment protocol is shown in Figure 8A. When the average tumor volume reaches approximately 70 mm3, 
the tumor-bearing mice were randomly divided into six groups: (1) PBS, (2) PBS + laser, (3) Ce6, (4) Ce6 + laser, (5) 
UMC, and (6) UMC + laser. After injection of different drugs, laser irradiation (660 nm, 20 mW/cm2, 10 min) was 
performed, and the drugs were administered once every other day (three times). The body weight and tumor volume of 
each mouse were recorded every other day for 14 consecutive days. The post-treatment images of each group are shown 
in Figure S10. Figure 8B and E showed that the treatment effect of the single drug treatment group (Ce6 + laser) was 
limited compared with the PBS group, PBS + laser group, Ce6 group and UMC group. Although the tumor growth was 

Figure 8 In vivo therapy. (A) Schematic diagram of tumor treatment by UMC in vivo. (B) Relative tumor volume and (C) body weight of mice in different treatment groups 
within 14 days. (D) Tumor weights and (E) digital images of tumors in different treatment groups after 14 days of treatment. *Indicates P < 0.05 between PBS and UMC + 
laser group.
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slowed down, it could not effectively inhibit tumor growth. This is mainly due to the poor targeting of hydrophobic drugs 
to tumors and the hypoxic environment of tumors.

The antitumor performance of the UMC + laser group was significantly better than that of the single treatment group. 
Tumor growth was notably inhibited in the treatment group at the beginning of the treatment. There was no obvious 
increase in tumor size after treatment, indicating that the combination of MnO2 and PDT successfully released oxygen, 
thus improving the efficiency of PDT. This result was further supported by the weight of the tumors removed from the 
mouse (Figure 8D). The weight of the mice was recorded during the treatment. It was found that there was a slight 
upward trend in the body weight of mice within 14 days, indicating that UMC had no significant toxicity in vivo 
(Figure 8C). The anesthetized mice were executed and the hearts, livers, spleens, lungs, kidneys and tumors were taken 
for H&E staining after the treatment. Notably, no significant histological changes were observed in the major organs of 
both the control and treated groups, indicating that UMC had good biosafety and biocompatibility (Figure 9).

Discussion
We recently proposed a novel nano-snowflake nanoprobe with high loading efficiency and TME controlled degradability, 
USPIO@MnO2@Ce6 (UMC), using T1-T2 MRI and PAI for imaging guidance of tumor treatment. The aim of this study was 
to confirm the biological applicability of this newly developed probe for multimodality imaging. We evaluated the r1 and r2 
relaxation rates and PAI signal changes of UMC using a 7.0 T MRI scanner and MSOT. A study conducted by another research 
group also found that the relaxation rate of nanoprobes loaded with USPIO increased after the pH/H2O2 response.18 The 
reason for this phenomenon may be the deterioration of the solution stability after UMC response to TME, resulting in 
extensive aggregation of USPIO, which exhibits T1 imaging in the dispersed state and T2 imaging in the aggregated state.44 

Figure 9 H&E-stained slice images of major organs and tumors from different groups after 14 days (magnification: 200X).
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When UMC reacts with H+ and overexpressed H2O2 in TME, the solution stability changes causing the aggregation of USPIO 
to increase the r2 relaxation rate. Therefore, the enhanced T1-T2 MRI contrast and signal changes in PAI after TME response 
could theoretically provide accurate imaging guidance for tumor treatment. In order to determine whether UMC can 
effectively gather in tumors and whether MRI/PAI can effectively visualize in real time after tail vein injection, it is applied 
to a subcutaneous tumor model in BALB/c mice to explore the effects of multimodality imaging. The MRI results showed that 
the T1 and T2 signals were the strongest with the most release of Mn2+ and USPIO at 6 h. Compared with the MRI results, the 
PAI results showed that UMC aggregation was the largest at 4 h, and the PAI signal began to weaken at 6 h, indicating that the 
degradation of UMC and release of Mn2+, which was consistent with the MRI results. This time point was used for subsequent 
in vivo treatment. Based on the MR/PA imaging results, it was found that the imaging contrast effect was obvious at 6 h when 
the drug started to be released, and this time point was used for subsequent tumor treatment. In TME, UMC provided a 
constant source of O2 for PDT due to the degradation, resulting in elevated ROS levels with the 660 nm laser. Indeed, the UMC 
+ laser group can improve the effectiveness of cancer treatment compared with various other treatments (such as free Ce6). 
Although the UMC group demonstrated (during in vivo imaging) drug enrichment at the tumor site, this enrichment due to 
EPR effect and magnetic targeting seemed insufficient to support effective photodynamic therapy. Recently, Professor W.C. 
Chan46 also demonstrated a minor effect of EPR on nanoparticles targeting and delivery to the TME. Therefore, finding more 
suitable targets and avoiding the in vivo circulation process is necessary. The protein crown effect describes a phenomenon in 
which synthetic nanomaterials are rapidly labeled and encapsulated by serum proteins upon entry into the bloodstream, subject 
to factors such as immunogenicity. The formation of protein crowns will reshape the metabolic behavior of nanocarriers in 
vivo, causing non-specific phagocytosis while triggering a series of side effects including autoimmune response, apoptosis or 
necrosis and inflammation. In recent years, Chen et al47 identified the protein corona effect also restricted the delivery 
efficiency of nanomedicine and affected drug release in animals, which might also contribute to the poor therapeutic effect.

There are also certain limitations to this study. First, a subcutaneous tumor-bearing model was selected in this study, and 
the cell line was derived from mice. This model is not representative of actual clinical practice. Whether UMC can play a role 
in the clinical diagnosis and treatment of breast cancer needs to be investigated in future studies. Second, PAI only monitored 
the increased HbO2 content after UMC reached the tumor region. However, from this result, it seems that the production of O2 

is much lower compared with the cellular level, mainly because the enrichment of UMC reaching the tumor area is not high 
enough. Therefore, the follow-up study did not assess ROS expression and hypoxia factors in tumor tissue. Although the H2O2 

content in the TME is high compared to normal cells, this content is still insufficient to support effective O2 production, which 
is one of the main reasons limiting the effectiveness of PDT. Therefore, our group will further explore a nanoprobe that can 
increase the H2O2 content in the TME to enhance the therapeutic effect of PDT treatment.

Although UMC has demonstrated some magnetic targeting ability, specific imaging ability and responsive drug 
release ability, further search for targets that can enhance drug tumor targeting is urgently needed. Interestingly, studies in 
recent years have revealed a strong affinity between homologous tumor cells, making it easy for cancer cells to 
accumulate and form solid tumors.48 This homotypic accumulation is closely related to the recognition and interaction 
of proteins on the cell membrane.49,50 Inspired by this concept, tumor cell membranes have recently been used for the 
design of functional nanostructures for immune escape as well as for the tumor targeting. Usually, these cell membrane- 
encapsulated nanoparticles have good colloidal stability and biocompatibility and are well targeted to tumors.51,52 This 
will also be one of the directions of our future research.

Overall, the results of our study suggested that UMC was a multimodal imaging contrast agent for MRI/PAI, and 
UMC showed great potential for imaging-guided PDT therapy.

Conclusion
In summary, we prepared a novel snowflake nanoprobe responsive to pH/H2O2 in TME. Compared with previously 
reported manganese dioxide nanostructures, our synthesized honeycomb manganese dioxide nanoparticles have higher 
drug loading, solution stability, and controlled degradability in TME. In the acidic media, UMC could be decomposed 
into Mn2+ to not only realize drug release but also activate enhanced T1 and T2-weighted MRI contrast. Multifunctional 
nanoprobes have outstanding oxygen generating capacity, controlled drug release and other properties, resulting in the 
multimodal imaging and enhanced PDT therapeutic effect. MR and PA imaging were also sensitive to localize the tumor. 
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In vitro and in vivo antitumor therapy, the nanoprobe allowed oxygen-enhanced PDT guided by T1-T2 MRI and PAI. 
Compared with free Ce6 group, UMC + laser treatment group showed oxygen-enhanced PDT treatment effect. These 
results showed that UMC had good potential for clinical applications due to its ability to effectively inhibit tumor growth.
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