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a b s t r a c t

The tumor microenvironment, particularly the hypoxic property and glutathione (GSH) overexpression,
substantially inhibits the efficacy of cancer therapy. In this article, we present the design of a magnetic
nanoplatform (MNPT) comprised of a photosensitizer (Ce6) and an iron oxide (Fe3O4)/manganese oxide
(MnO2) composite nanozyme. Reactive oxygen species (ROS), such as singlet oxygen (1O2) radicals
produced by light irradiation and hydroxyl radicals ($OH) produced by catalysis, are therapeutic species.
These therapeutic substances stimulate cell apoptosis by increasing oxidative stress. This apoptosis then
triggers the immunological response, which combines photodynamic therapy and T-cell-mediated
immunotherapy to treat cancer. Furthermore, MNPT can be utilized as a contrast agent in magnetic
resonance and fluorescence dual-modality imaging to give real-time tracking and feedback on treatment.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanocatalytic therapy, such as chemodynamic therapy (CDT)
and photodynamic therapy (PDT), has sparked public attention in
recent years [1e5]. The therapeutic effect is achieved by producing
reactive oxygen species (ROS) through enzyme-like characteristics
(nanozymes) in the tumor microenvironment [6,7]. Over-
production of ROS causes tumor cell apoptosis while enhancing
immunogenicity [8]. However, in most solid tumors, overexpressed
glutathione (GSH) promotes tumor growth by scavenging ROS
[9,10]. Furthermore, the hypoxic tumor microenvironment results
in a lack of oxygen (O2), which inhibits ROS production [11,12].
Therefore, immediate attention to the mentioned problems is
required to enhance the effectiveness of nanocatalytic therapy.

Numerous studies have been undertaken to improve the efficacy
of nanocatalytic therapy [13e16]. A nanotechnical technique to
generate ROS in tumors is an effective strategy [17e19]. The
fundamental issue of this approach is maintaining high amounts of
free iron while decreasing the quantity of ROS scavengers (such as
GSH) [20]. Previous studies revealed that metal iron-related
er B.V. on behalf of Xi’an Jiaotong
nanozymes (such as Fe, Mn, or Cu) can exhibit Fenton-like activity
to down-regulate GSH [21e23]. Combining ferrosoferric oxide
(Fe3O4) with manganese oxide (MnO2) can therefore be a potential
strategy for increasing the therapeutic effect. PDT, which generates
ROS through photoexcitation, is a common technique in nano-
catalytic treatment [24]. The effects of PDT are limited by hypoxia
[25]. As a result, sufficient O2 levels in the tumor are necessary.
Manganese oxide nanozyme is typically used in PDT because of its
catalase (CAT) activity, which converts hydrogen peroxide (H2O2)
into O2 in tumors [26,27]. Furthermore, by acting as a carrier,
nanozyme can extend the retention duration of photosensitizers
[28]. The generated ROS can also increase cell apoptosis and trigger
immunity through extrachromosomal circular DNA elements [29].

Here, we constructed a magnetic nanoplatform (MNPT) using
chlorin e6 (Ce6), bovine serum albumin (BSA)-modified MnO2
(BSA@MnO2), and dopamine (DPA)-modified Fe3O4 (DPA@Fe3O4)
(Fig. 1). The Fe3O4/MnO2 composite nanozyme generated both O2
and hydroxyl radicals ($OH) through CAT-like and peroxidase
(POD)-like activities. Ce6 acted as a photosensitizer, converting O2
to singlet oxygen (1O2) and providing photodynamic effects.
Furthermore, the GSH-depletion property obtained by MNPT
through Fenton/Fenton-like mechanisms. The MNPT in the tumor
microenvironment increased cell apoptosis through the production
of ROS and the depletion of GSH. This induced cell apoptosis
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Fig. 1. The schematic diagram of tumor therapy enhancement by magnetic nano-
platform (MNPT). ROS: reactive oxygen species; GSH: glutathione; GSSG: oxidized
glutathione; PDT: photodynamic therapy.
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activated a T-cell-mediated immunological response, combining
PDT and T-cell-mediated immunotherapy. MNPT could give real-
time monitoring and treatment feedback for dual-modality fluo-
rescence-magnetic resonance imaging.

2. Materials and methods

2.1. Materials

The reagents used are purchased from regular domestic market
agents and have not undergone any pre-treatment. Anhydrous
ethanol, chloroform, potassium permanganate, dimethyl sulfoxide,
hydrochloric acid, disodium hydrogen phosphate dodecahydrate,
sodium acetate trihydrate, sodium dihydrogen phosphate dihydrate,
acetic acid, anhydrous sodium sulfite, H2O2 and 3,30,5,50-tetrame-
thylbenzidine (TMB) were obtained from Sinopharm Chemical Re-
agent Co., Ltd. (Beijing, China). Iron acetylacetonate (98%) was
acquired from Sigma Aldrich Trading Co., Ltd. (Shanghai, China).
Dibenzyl ether (97%) was obtained from Alfa Aesar Chemicals Ltd.
(Heysham, UK). Oleic acid amide (OAm) (�90%) and dopamine hy-
drochloride were obtained from Adamas Reagents Ltd. (Shanghai,
China). BSAwas obtained from Shanghai yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). Ce6 (94%) and GSH (98%) were obtained from
Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai,
China). The 4T1 cells and RAW 264.7 cells used during the experi-
ments were acquired from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). The Single-Organic State Oxygen Green
Fluorescent Probe (SOSG) Kit, Lyso-Tracker Green, Hoechst 33342,
20,70-dichlorofluorescin diacetate (DCFH-DA) probes, 40,6-diamidino-
2-phenylindole dihydrochloride (DAPI) solution, and,AnnexinV-FITC
Apoptosis Detection Kit were obtained from Beyotime Biotechnology
(Shanghai, China). The Reduced Glutathione Content Assay Kit, the
CCK-8 solution and, 4% paraformaldehyde were obtained from
Solarbio Life Sciences (Beijing, China). Phosphate buffered saline
(PBS) and DMEM/F12 culture medium were obtained from KeyGen
BioTECH (Nanjing, China). Fetal bovine serum (FBS) was obtained
fromGibco Inc. (Carlsbad, CA, USA). PE/Cy7 anti-CD45, APC anti-CD3,
FITC anti-CD4 and, PE anti-CD8 antibodies were obtained from Bec-
ton, Dickinson and Company (Franklin Lakes, NJ, USA).

2.2. Instrumentation

Characterizations of the morphology and size of magnetic
nanoparticles were measured by transmission electron microscopy
(TEM; JEM2100, JEOL, Tokyo, Japan). Characterizations of the hy-
drodynamic size of magnetic nanoparticles were measured by a
dynamic light scattering (DLS; ZS 90, Malvern Zetasizer, London, UK).
The UV spectrums were recorded using a UV-visible
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spectrophotometer (UV-3600, Shimadzu, Kyoto, Japan). The fluo-
rescence spectrums were recorded through the Fluorospectro
photometer (F-4600, Hitachi, Tokyo, Japan). The concentrations of
different nanoparticles were carried out on inductively coupled
plasma optical emission spectrometer (ICP-MS; NexION 300X, Per-
kinElmer, Boston, MA, USA). The X-ray diffractometer (XRD; Ultima
IV, Rigaku Ultima, Tokyo, Japan) was used to measure the XRD of
DPA@Fe3O4, BSA@MnO2, andMNPT. A 660 nm laser (0.9 A, 500 mW/
cm2) was obtained from Viasho Technology Co., Ltd. (Beijing, China)
and used for laser irradiation. The lysosomal co-localization assay
was measured by confocal microscope (STELLARIS 5, Leica, Wetzlar,
Germany). The relaxivities were measured using a 3.0 T MR scanner
(Verio, Siemens, Munich, Germany). The generation of O2 was
measured by a dissolved oxygen electrode (JPSJ-605F) which was
obtained from Shanghai Yi Electrical Scientific Instruments Co., Ltd
(Shanghai, China). A fluorescent microscope (IX-73, Olympus Cor-
poration, Tokyo, Japan) was used to examine the fluorescence in-
tensity in cells. The fluorescence intensity of cells was examined by
flow cytometry (CantonII, BD, Franklin Lakes, NJ, USA).

2.3. Synthesis of MNPT

An oil-soluble Fe3O4 nanoparticle was synthesized using a high-
temperature thermal decomposition method. 60 mL of OAm, 40mL
of dibenzyl ether, and 5.25 g of iron acetylacetonate were mixed
thoroughly. Under nitrogen protection and condenser reflux, the
reaction was set up to warm up. Upon removing the heating
element at the end of the experiment, the reaction restored room
temperature quickly. It was successful in producing oil-soluble
Fe3O4 nanoparticles after washing with magnetic separations.

Water-soluble DPA@Fe3O4 was produced through the ligand
exchange method. In a 250 mL three-necked round-bottom flask,
40 mg of dopamine hydrochloride, 4 mL of anhydrous dime-
thylsulfoxide, and 4 mL of chloroform solution were added. The
reactionwas sonicated at 70 �C and stirred mechanically at a rate of
1,000 rpm/min. Oil-soluble Fe3O4 nanoparticles (20 mg) were
applied dropwise. A 2 h reaction was followed by the addition of
2 mL of chloroform and a centrifugation at 5,000 rpm. Nitrogen gas
was used to dry the precipitate. DPA@Fe3O4 is produced by dis-
solving it in water at pH 4.0.

BSA@MnO2 is created by slowly adding a solution of bovine serum
protein to a solution of potassium permanganate at 37 �C with mag-
netic stirring for 2 h. After adding 2 mg BSA@MnO2, 1.5 mL ultrapure
water, and5mgCe6, themixturewas shaken for 4h at37 �C. To obtain
the MNPT, 4 mg DPA@Fe3O4 was then added. Before concentration,
the Ce6 and BSA@MnO2 without coupling on MNPT were separated
via ultrafiltration (100 kDa). The concentration of Fe and Mn was
measured by ICP-MS. The iron concentration of DPA@Fe3O4 was
4.64 mg/mL. The manganese concentration of BSA@MnO2 was
2.78 mg/mL. The concentration of Ce6 was 0.23 mg/mL. The iron
concentration ofMNPTwithout Ce6modification (BSA@Fe3O4/MnO2)
was 0.22 mg/mL. The iron concentration of MNPT was 0.22 mg/mL.

2.4. Relaxivity test of magnetic resonance imaging (MRI)

MNPTand BSA@MnO2were diluted with 10mMGSH solution to
various concentrations (1 mol/mL, 0.5 mol/mL, 0.25 mol/mL,
0.125 mol/mL, and 0.0625 mol/mL). The r1 value relaxivities were
measured using a 3.0 T MR scanner.

2.5. In vitro release of Ce6

A standard curve was created using various Ce6 concentrations.
The release of Ce6 from MNPT was investigated using the standard
curve.
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2.6. 1O2 generation capacity of MNPT

The SOSG Kit was used to obtain the results. The SOSG solution
(100 mM) contained 100 mMH2O2with various concretions of MNPT
and Ce6. Following laser irradiation, the 1O2 generation capacity
was measured at 504 nm.

2.7. GSH depletion capacity of MNPT

The Reduced Glutathione Content Assay Kit was used to conduct
the test. Following an incubation period with GSH (10 mM) in
various buffer solutions, the absorbance of the solution was
determined.

2.8. Enzyme-like activity of MNPT

The POD-like enzymatic activity assays of MNPT were measured
at room temperature using H2O2 (100 mM), GSH (10 mM), and TMB
(0.5 mM) in 0.02 M buffer solutions.

Using a dissolved oxygen electrode, the produced O2 was
measured to evaluate the CAT-like enzymatic activity of MNPT. In
0.02 M buffer solutions, H2O2 (100 mM) was added in addition to
various nanoparticles for measurement.

2.9. Hemolytic test of MNPT

Human blood was taken from the Institute of Cancer Biotherapy.
Various quantities of MNPT were incubated with a 10% red blood
cell suspension for 24 h. The absorption value was obtained at
540 nm. The saline group was utilized as a negative control. The
distilled water group was utilized as a positive control.

2.10. Cytotoxicity test

RAW 264.7 cells were cultured in DMEM/F12 medium supple-
mented with 10% FBS at 37 �C and 5% carbon dioxide (CO2). Into
each well of a 96-well plate, 5 � 103 cells in the logarithmic growth
phase were added. After 24 h of cell growth, various iron amounts
of MNPT were applied. The CCK-8 solution added media was
replaced after a 24 h incubation period. Measurements were made
of the absorption values at 450 nm.

4T1 cells were grown at 37 �C with 5% CO2 in DMEM/F12 media
containing 10% FBS. Into eachwell of a 96-well plate, 5� 103 cells in
the logarithmic growth phase were added into each well of a 96-
well plate. After a 6 h incubation period, the laser group was
exposed to radiation for 15 s each well. The CCK-8 solution added
media was replaced after a 24 h incubation period. The absorption
values were measured at 450 nm.

2.11. Phagocytosis assay for MNPT

A 6-well plate was seeded with 2 � 105 logarithmic growth
phase 4T1 cells. After a 24 h cell growth period, the 4T1 cells were
cultured with the same volume of Ce6 and MNPT. For staining, a
DAPI solutionwas applied. Using a fluorescent microscope, the cells
were examined at 0, 2, 4, and 6 h.

2.12. Lysosomal co-localization assay

In the logarithmic growth phase, 1 � 104 4T1 cells were inoc-
ulated onto the confocal dish. PBS and MNPT groups were created
for the tests. Before observation, Lyso-Tracker Green and Hoechst
33342 were applied to the confocal dishes.
3

2.13. Cell scratch test for MNPT

A 6-well plate was seeded with 2 � 105 logarithmic growth
phase 4T1 cells. After 24 h, two evenly spaced scratches were
produced in the 6-well plate. Different treatment groups were
established for the tests. After a 6 h incubation period, the laser
group was exposed to radiation for 15 s each well. A fluorescent
microscope was used to record the images.

2.14. Reactive oxygen content detection in vitro

A 6-well plate was seeded with 2 � 105 logarithmic growth
phase 4T1 cells. The experiments were divided into different
treatment groups. After a 6 h incubation period, the laser group
was exposed to radiation for 15 s each well. After 24 h incubation,
DCFH-DA probes were added and the fluorescence intensity of
cells was examined using a fluorescent microscope and flow
cytometry.

2.15. GSH content detection in vitro

A 6-well plate was seeded with 2 � 105 logarithmic growth
phase 4T1 cells. The experiments were divided into different
treatment groups. After a 6 h incubation period, the laser groupwas
exposed to radiation for 15 s each well. The cells were collected
after 24 h incubation. The absorption values of the supernatant
were measured by using the Reduced Glutathione Content Assay
Kit.

2.16. Apoptosis assay for MNPT

A 6-well plate was seeded with 2 � 105 logarithmic growth
phase 4T1 cells. The experiments were divided into different
treatment groups. After a 6 h incubation period, the laser groupwas
exposed to radiation for 15 s each well. After 24 h incubation, the
cells were collected and stained by annexin V and propidium. The
apoptosis was determined by flow cytometry.

2.17. Animal model

The Balb/c mice (6e7 weeks, female) used in the experiments
were provided by the Experimental Animal Centre of Xuzhou
Medical University Main Campus. All animal experiments involved
in the study were approved by the Ethics Committee of Xuzhou
Medical University and all experimental operations were carried
out in strict accordance with the Experimental Animal Regulations
of Xuzhou Medical University (IACUC Number: 202209S27). The
mouse breast cancer model was created by subcutaneously
injecting 4T1 cells (5 � 106) into the back of the mice, and 5 days
later, the tumor size of the mice had grown to 60 mm3.

2.18. In vivo treatment protocol in animals

The 40 mice were randomly divided into eight treatment
groups. 0.48 mg [Fe]/kg (0.5 mg [Ce6]/kg) mice weight materials
were injected surrounding the tumor on the days of 1, 3, 5, and 7.
Themice of groups treatedwith laser irradiationwere irradiated for
5 min at 6 h and 24 h after injecting materials.

2.19. Histochemical and immunohistochemistry analysis

After the treatment, mice from each treatment group were
executed. Both the tumor tissues and major organs were
removed. All isolated tissues were fixed in 4% paraformaldehyde
before being sectioned with paraffin. HematoxylineEosin (HE)
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staining was applied to the sections to determine the tissue's
pathological condition. To assess the histopathological and
immunological results, sections were also stained using CD4þ,
CD8þ, terminal deoxynucleotidyl transferase mediated dUTP
nick-end labeling (Tunel), proapoptotic protein (Bax), and B-cell
lymphoma 2 (Bcl-2).

2.20. The antitumor immunity in vivo

After thewhole treatment, the tumor tissueswere homogenized
in PBS to get the single-cell suspensions. The single-cell suspen-
sions were stained with PE/Cy7 anti-CD45, APC anti-CD3, FITC anti-
CD4, and PE anti-CD8, respectively. The analysis was used by the
flow cytometry.

2.21. In vivo MRI experiments

MRI of tumor-bearing mice was performed by using 3.0 T MRI
equipment and small animal-specific coils. Tumor-bearing mice
were injected surrounding the tumor with 0.48 mg [Fe]/kg mice
weight and anesthetized to record the T1-weighted MRI images at
0 h and 4 h. T1-weightedMRI sequences: repetition time of 600 ms,
echo time of 10 ms, flip angle of 20�, and layer thickness of 4 mm.

The contrast-to-noise ratio (CNR) uses the signal ratio between
the tumor site and the surrounding normal tissue to detect signal
changes. The signal-to-noise ratio (SNR) between various tissues
can be obtained by reading the ratio of the signal value (SI) in a
selected area to the background signal value (SD) in that area. Based
on equation (1) and (2), we can calculate the degree of signal
change CNR at the tumor site compared to normal tissue.

SNR ¼ SI/SD (1)

CNR ¼ |SNRtumor � SNRnormal|/SNRtumor (2)

2.22. Statistical analysis

To determine the significance of the experimental data, a one-
sample t-test statistical analysis was used. The level of significance
was set at P-value of 0.05. The informationwas denoted as *P< 0.05,
**P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1. Synthetic characterization of MNPT

Oil-soluble magnetic Fe3O4 was synthesized by a high-temper-
ature thermal decomposition method. The hydrophobic ligands
were exchanged with DPA to synthesize the water-soluble nano-
material DPA@Fe3O4. However, this material was stable only under
acidic conditions (pH � 4) [30]. BSA@MnO2 was added to create
BSA@Fe3O4/MnO2, which improved the stability of DPA@Fe3O4 and
served as a bridge to couple with other compounds. Furthermore,
Ce6 was attached to the surface of the nanoparticles to construct
theMNPT (Fig. 2A). According toTEM images (Fig. S1A), DPA@Fe3O4
was around 5 nm in size, and there was no visible aggregation
among the well-dispersed particles. TEM was used to examine the
morphology of BSA@MnO2 as shown in Fig. S1B. The MNPT size did
not alter considerably after further modification (Fig. 2B). The
distinctive absorption peaks of MNPT in XRD were consistent with
those of DPA@Fe3O4 and BSA@MnO2, suggesting that surface
modification exhibited minimal impact on the nanoparticles'
original structure (Fig. 2C). Compared to other nanoparticles, the
4

MNPT (Fig. S2) had a slightly greater hydrodynamic size. Because of
its appropriate size, MNPT retention length could be extended
in vivo [31]. Furthermore, MNPT could remain stable in cell culture
media and water for 7 days (Fig. S3).

The fluorescence characteristics of MNPT were evaluated for
usage as a contrast agent in fluorescent imaging. In the UV spec-
trum (Fig. S4) and fluorescence spectrum (Figs. 2D and E), the
synthesized MNPT displayed absorption peaks similar to those of
Ce6. These findings showed that Ce6 was successfully modified in
the MNPT and its fluorescence characteristics were unaffected
during the production process. Furthermore, the contrast
enhancement provided by the MNPT for MRI was assessed. The
relaxivities (r1 values) of MNPT and BSA@MnO2 were 9.12 and
9.17 mM�1 $ s�1, respectively (Figs. 2F and G). It indicated that
MNPT could be used as a T1-weighted contrast agent in MRI.
Therefore, the synthesized MNPT exhibited enhanced contrast for
fluorescence-magnetic resonance dual-modality imaging.

3.2. Functional characterization of MNPT

Although the tumor microenvironment is weakly acidic (pH
6.8), the pH of lysosomes in tumor cells is approximately 4.5e5.5
[32,33]. As a result, we used three different pH buffers (5, 6, and 7)
to recreate the tumor microenvironment and lysosomes. As
demonstrated in Fig. 3A, the release of Ce6 from MNPT was
confirmed. The most Ce6 was released in the pH 5 buffer solution.
The results indicated that tumor cells could contain more Ce6 than
normal cells. Following laser irradiation, the generation of 1O2 by
MNPT and Ce6 was tested and displayed in Fig. 3B. In the same
photosensitizer concertation, MNPT produced more 1O2 than Ce6.
Tumors also have high levels of GSH, which promotes tumor
growth [34,35]. As demonstrated in Fig. 3C, the metal oxide
nanoparticles dramatically lowered GSH levels. Compared to
BSA@MnO2 and DPA@Fe3O4, MNPT showed superior GSH removal
capabilities.

According to earlier research, metal oxidase nanoparticles are
nanozymes that can exhibit intrinsic enzyme activity [36,37]. POD
activity initially appeared in Fe3O4 nanozymes, and the $OH pro-
duced by nanozymes was found to be important in cancer treat-
ment [38]. MNPT could generate high levels of $OH across the
varied pH situations Figs. 3DeF). POD activity from the MNPT
increased as pH decreased. Therefore, more $OH was produced by
MNPT in tumor tissue compared to normal tissue. MNPT could
generate $OH and imitate CAT activity, which induces apoptosis in
tumor cells and reduces hypoxia. Similar to BSA@MnO2, MNPT
produced a significant quantity of O2 when combined with H2O2
Figs. 3GeI). Tumor growth is attributed to increased levels of H2O2
in solid tumors [39]. Thus, MNPT reduced H2O2 levels while
increasing O2 levels to limit tumor growth and improve the PDT
effect.

3.3. Therapeutic effect of MNPT in vitro

A hemolytic test was performed with the MNPT, and the results
are shown in Fig. S5 and Table S1. There was no agglutination of red
blood cells after coincubation with MNPT. Hemolysis rates were
below 5% with the different concentrations of MNPT tested. The low
hemolysis rates indicated that MNPT was compatible with the blood
[40]. In addition, the cytotoxicity of MNPT was determined in RAW
264.7 cells (Fig. S6). After 24 h of incubation with various concen-
trations (0e100 mg [Fe]/mL) of MNPT, cell viability was above 80%.
The hemolysis rate and low cytotoxicity indicated that MNPT was
biocompatible and suitable for in vitro and in vivo experiments.

4T1 cells were used to test the uptake of Ce6, and results are
shown in Figs. 4A and B. After 6 h of coculturing with MNPT and



Fig. 2. (A) Schematic illustration of a magnetic nanoplatform (MNPT) preparation. (B) Transmission electron microscopy (TEM) images of MNPT. (C) X-ray diffraction (XRD) of
nanomaterials including BSA@MnO2, DPA@Fe3O4, and MNPT. (D) The fluorescence excitation spectrum of Ce6 and MNPT. (E) The fluorescence emission spectra of Ce6 and MNPT. (F)
T1-weighted magnetic resonance images of BSA@MnO2 and MNPT. (G) The relaxivities of r1 values in BSA@MnO2 and MNPT. BSA: bovine serum albumin; DPA@Fe3O4: dopamine
modified iron oxide; BSA@MnO2: bovine serum albumin modified manganese oxide; Ce6: chlorin e6.

Fig. 3. (A) The released curve of chlorin e6 (Ce6) from magnetic nanoplatform (MNPT) with different pH values. (B) Concentration-dependent singlet oxygen (1O2) production by
Ce6 and MNPT. (C) Illustration of glutathione (GSH) depletion by BSA@MnO2, DPA@Fe3O4, MNPT, and H2O. (DeF) The peroxidase (POD) activity of BSA@MnO2, DPA@Fe3O4, MNPT
and, H2O in buffer solutions with pH values of 5.0 (D), 6.0 (E) and 7.0 (F). (GeI) The catalase (CAT) activity of BSA@MnO2, DPA@Fe3O4, MNPT and, H2O in buffer solutions with pH
values of 5.0 (G), 6.0 (H) and 7.0 (I). Data shown are the mean ± standard deviation (SD) (n ¼ 3). *P < 0.05, **P < 0.01, ***P < 0.001. DPA@Fe3O4: dopamine modified iron oxide;
BSA@MnO2: bovine serum albumin modified manganese oxide.
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Fig. 4. (A, B) The cell phagocytosis images of chlorin e6 (Ce6) (A) and magnetic nanoplatform (MNPT) (B) in 4T1 cells. (C) Lysosomal co-localization assay of MNPT and phosphate
buffered saline (PBS) with 4T1 cells. (D) The images of cell scratch experiments under laser irradiation with different treatment groups. (E, F) The generation of reactive oxygen
species (ROS) without laser irradiation (E) and with laser irradiation (F). (G) Quantification of ROS level in different treatment groups. (H) Cell apoptosis of 4T1 cells with different
treatment groups by flow cytometry. (I) Quantification of apoptosis in 4T1 cells of different treatment groups. (J) Cell viability of 4T1 cells with different treatment groups. Data
shown are the mean ± standard deviation (SD) (n ¼ 3). *P < 0.05, ***P < 0.001. BSA@Fe3O4/MnO2: MNPT without Ce6 modification; DAPI: 40 ,6-diamidino-2-phenylindole dihy-
drochloride; FITC: fluorescein isothiocyanate isomer I; PI: propidiumiodide.
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free Ce6, negligible red fluorescence was observed in the cells
treated with free Ce6. However, after 4 h of incubation with MNPT,
red fluorescence surrounding the cells appeared, and the fluores-
cence intensity became stronger after 6 h of incubation. Compared
with free Ce6, the Ce6 connected to the MNPT was phagocytosed
Fig. 5. (A) The treatment scheme for tumor-bearing mice. (B, C) The average tumor growth
(C). (D) Tumor volume of tumor-bearing mice (the last day of the treatment cycles). (E, F)
irradiation (F). (G) Hematoxylineeosin (HE) staining images of the main organs and tum
mean ± standard deviation (SD) (n ¼ 5). ***P < 0.001. MNPT: magnetic nanoplatform; Ce6: ch
saline.
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more by 4T1 cells. Better PDT results are seen when tumor cells
phagocytose a larger quantity of Ce6. Confocal microscopy was
used to examine the localization of MNPT in 4T1 cells (Fig. 4C).
MNPT was found at the lysosome after a 6 h co-culture with 4T1
cells. A cell scratch experiment was carried out to confirm that the
kinetics of tumor-bearing mice without laser irradiation (B) and with laser irradiation
The body weight of tumor-bearing mice without laser irradiation (E) and with laser
or tissues of tumor-bearing mice treated with laser irradiation. Data shown are the
lorin e6; BSA@Fe3O4/MnO2: MNPT without Ce6 modification; PBS: phosphate buffered
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nanoplatform can prevent tumor cell migration (Figs. 4D and S7).
The results showed that the migration of tumor cells was reduced
by MNPT combined with laser irradiation.

The ROS levels in 4T1 cells were determined using DCFH-DA
probe and flow cytometry. Cells were treated with PBS, BSA@Fe3O4/
MnO2, free Ce6, and MNPT for 24 h. As shown in Figs. 4E and F,
without laser irradiation, the level of ROS in cells was comparable
among treatment groups. When the cells were treated with PBS
and BSA@Fe3O4/MnO2, laser irradiation did not affect the level of
ROS. However, laser irradiation increased the fluorescence of DCFH-
DA in cells treated with free Ce6 and MNPT (Fig. S8). The ROS in
cells treated with MNPT was higher than in cells treated with free
Ce6 under laser irradiation (Fig. 4G). A GSH consumption experi-
ment in vitro was also conducted, as shown in Fig. S9. MNPT com-
bined with laser irradiation could consume more GSH in tumor
cells than free Ce6. The abovementioned results demonstrated that
MNPT combined with laser irradiation could generate ROS and
consume glutathione to enhance the tumor-killing effect.

The apoptosis of 4T1 cells was determined by flow cytometry,
and the results are shown in Figs. 4H, 4I and S10. Without laser
irradiation, the level of apoptosis in cells was not significantly
changed after treatment with PBS, BSA@Fe3O4/MnO2, free Ce6 or
MNPT for 24 h. After laser irradiation, cell apoptosis was triggered
by free Ce6 and MNPT. The apoptosis level of cells treated with
MNPT accompanied by laser irradiation was the highest. Moreover,
apoptosis was related to the concentration of MNPT. Similar results
were found from cell viability experiments, as shown in Fig. 4J.
Fig. 6. (A) Immunofluorescence staining images of tumor tissue. (B, C) The quantitative anal
transferase mediated dUTP nick-end labeling (Tunel) (D), proapoptotic protein (Bax) (E), and
(H), and Bcl-2 staining (I) of tumor tissue. Data shown are the mean ± standard deviation (SD
e6; BSA@Fe3O4/MnO2: MNPT without Ce6 modification; PBS: phosphate buffered saline.
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MNPT strongly inhibited cell viability, and the effect improved with
increasing concentration.

3.4. Therapeutic effect of MNPT in vivo

To evaluate the tumor-killing effect of the synthesized MNPT
in vivo, we established a mouse breast cancer model by subcuta-
neously implanting tumors (Fig. S11). A schematic of the experi-
mental process is shown in Fig. 5A. Forty mice were divided into
eight treatment groups: PBS, BSA@Fe3O4/MnO2, MNPT, free Ce6,
PBS with laser, BSA@Fe3O4/MnO2 with laser, MNPT with laser, and
free Ce6 with laser. These therapeutic materials are injected sur-
rounding the tumor. The tumor size and animal body weight were
recorded for eight days. As expected, except for the PBS and PBS
with laser irradiation groups, the tumor sizes in the other groups
were inhibited. The MNPT with the laser group showed dramatic
inhibition (Figs. 5BeD). The mouse survival time of the MNPT with
laser group was notably prolonged compared with that of the PBS
with laser and Ce6 with laser groups (Fig. S12). The better tumor-
killing effect of MNPT with laser irradiation was attributed to the
fact that MNPT could alleviate hypoxia and prolong the retention
time of Ce6 in the tumor site. The mouse body weights did not
change significantly during treatment (Figs. 5E and F). After eight
days of treatment, the organs and tumors were removed, as shown
in Figs. S13 and S14. The HE staining experiments were performed
on the removed organs and tumor tissues (Figs. 5G and S15). These
results demonstrated that the main organs, including hearts, livers,
ysis of CD4þ (B) and CD8þ (C). (DeF) Quantitative analysis of terminal deoxynucleotidyl
B-cell lymphoma 2 (Bcl-2) (F) in tumor tissue. (GeI)) Tunel staining (G), Bax staining
) (n ¼ 5). *P < 0.05, **P < 0.01, ***P < 0.001. MNPT: magnetic nanoplatform; Ce6: chlorin



Fig. 7. (A) Fluorescence imaging of tumor-bearing mice treated with magnetic nanoplatform (MNPT) and chlorin e6 (Ce6). (B) Quantification of fluorescence intensity of tumors
treated with MNPT and Ce6. (C) T1-weighted magnetic resonance images (MRI) of tumor-bearing mice treated with MNPT. (D) The contrast-to-noise ratio (CNR) in the tumor site
treated with MNPT. Data shown are the mean ± standard deviation (SD) (n ¼ 3). *P < 0.05.
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spleens, lungs, and kidneys, were not remarkably changed during
treatment, indicating that the therapeutic materials did not exhibit
significant toxicity.

Because CD4þ helper and CD8þ cytotoxic T lymphocytes play
critical roles in immunology by killing tumor cells [41], we labeled
tumor tissues from different therapy groups with CD4 and CD8
antibodies for immunohistochemical labeling. The areas stained
green and pink, respectively, indicated the expression of CD4 and
CD8 (Figs. 6AeC). Except for the group injected with MNPT and
laser irradiation, there was no visible staining in the tumors. Tu-
mors treated with MNPT under laser irradiation showed high
expression of CD4 and CD8. Similar results were obtained in the
CD8þ T cell and CD4þ T cell cytometry (Fig. S16).

Wang and co-workers [29] reported that extrachromosomal cir-
cular DNA fragments can induce cell death in T-cell-mediated
immunological responses. We hypothesized that the improved
immunotherapy was due to tumor apoptosis. Consequently, Bcl-2,
Bax, and Tunel immunohistochemical staining at the tumor site have
also been identified and displayed in Figs. 6DeI. The MNPT laser
therapy group had decreased Bcl-2 expression. The expression of Bax
and Tunel was higher in tumors treated with MNPT under laser
irradiation compared to another treatment group. These results sug-
gested that using MNPT for PDT could promote tumor cell apoptosis
and facilitate the T-cell-mediated immune-killing effect. In addition,
an acute toxicity test assessed the toxicity ofMNPT. Fig. S17 shows the
results of routine blood examinations for white blood cell, red blood
cell, hemoglobin, mean corpuscular volume, mean corpuscular he-
moglobin, and mean corpuscular hemoglobin concentration. There
was no visible toxicity after 7 days of consecutive dosing of MNPT.
3.5. In vivo optical imaging and MRI

The application of Ce6 is limited because of its poor bioavail-
ability and residence time [42]. The residency period of MNPT and
9

Ce6 in tumor-bearing mice was evaluated by fluorescence imaging,
as shown in Figs. 7A and B. MNPT and Ce6 were administered into
two experimental groups. The fluorescence intensity in the MNPT
group remained high at 8 h post-injection, but it gradually dropped
in the Ce6 group. 24 h after injection, there was no fluorescence in
the Ce6 group. However, fluorescence was still noticed in the MNPT
group. To improve the PDT effect, the photosensitizer treated with
MNPT may have a longer retention time in the tumor. In addition,
MNPT served as a T1-weighted MRI contrast agent (Fig. 7C). The
contrast between the tumor location and the surrounding normal
tissuemight be improved byMNPT, according to the calculated CNR
values of the tumor tissue to the surrounding normal tissue, which
are displayed in Fig. 7D.

4. Conclusions

In this study, we successfully constructed MNPT. MNPT had
good biocompatibility and anticancer effects when utilized in PDT.
MNPT generated O2 and $OH through CAT and POD activities. The
produced O2 improved the PDT by reducing tumor hypoxia.
Increased photosensitizer retention time could also improve the
PDT effect. The overproduction of ROS enhanced the tumor-killing
effect and immunotherapy. In addition, MNPT provided dual-mo-
dality fluorescence-magnetic resonance imaging, real-time moni-
toring, and feedback on treatment effects. In conclusion, MNPT
represents a potential comprehensive construction strategy for
improving cancer treatment.
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