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In this work, a tumor microenvironment (TME)-responsive biodegradable MnSiO3@Fe3O4 nanoplatform for
dual-mode magnetic resonance imaging (MRI)-guided combinatorial cancer therapy was constructed. Fe3O4
nanoparticles decorated on the surface of MnSiO3 could eﬀectively obstruct the pores of MnSiO3 and reduce the
leakage of anticancer drugs under physiological conditions. The structure of the nanoplatform was broken under
the weakly acidic and high-concentration glutathione conditions in the TME, resulting in the separation of the
Fe3O4 nanoparticles from the nanoplatform and rapid drug release. In addition, the exfoliated Fe3O4 and released Mn2+ can help reduce the interference between their T1 and T2 contrast abilities, resulting in dual-mode
MRI contrast enhancement. Furthermore, during the exfoliation process of the Fe3O4 nanocrystals, the catalytic
activity of the Fe3O4 nanocrystals toward a Fenton-like reaction within cancer cells could be improved because
of the increase in speciﬁc surface area, which led to the generation of highly toxic hydroxyl radicals and induced
HeLa cell apoptosis. The nanoplatform also displayed excellent T1-T2 dual-mode MRI contrast enhancement and
anticancer activity in vivo with reduced systemic toxicity. Thus, this multifunctional nanoplatform could be a
potential nanotheranostic for dual-mode MRI-guided combinatorial cancer therapy.

1. Introduction
Nanoparticle ensembles with the collective properties of individual
nanoparticles hold great potential as multifunctional drug delivery
systems (DDS) and bioimaging contrast agents [1–4]. However, the
clinical translation of these nanoplatforms is greatly limited by their
long-term safety issues, including toxicity, degradation, and metabolism of the nanomaterial in the body [5–8]. The biocompatibility and
biodistribution of nanoparticles in vivo could be partly optimized by
tailoring their surface chemistry properties (e.g., PEGylation) [9–11].
Nevertheless, this approach does not have a decisive eﬀect on improving nanomaterial metabolism. Fundamentally, the particle size

plays a vital role in nanoparticle biodistribution [12,13]. Generally,
nanoparticles that are less than 10 nm in size can be quickly excreted
from the body via renal ﬁltration [14,15], but these particles hardly
accumulate in tumor tissue by passive targeting [16,17]. In addition, a
large size (100–200 nm) can improve the retention time and the accumulation of particles at the tumor site via the enhanced permeability
and retention (EPR) eﬀect [18,19], but it limits the penetration depth of
particles into the tumor parenchyma [20,21] and is detrimental to the
degradation and excretion of nanoparticles in vivo [22,23]. Therefore,
development of nanomaterials with suitable size and degradability is
necessary to enhance the accumulation and penetration depth of particles at the tumor site and thus achieve good therapeutic eﬀects and
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Fig. 1. (a) Schematic illustration of the synthetic procedure for MFNP and (b) the nanoplatform integrating dual-mode MRI, drug delivery, and ROS generation
abilities for cancer diagnosis and therapy.

brought about a new opportunity to overcome cancer [36,37]. Because
of the acidity and high H2O2 levels in solid tumors [2,38], Fe3O4 nanoparticles can catalyze the disproportionation of H2O2 into hydroxyl
radicals (·OH) at the tumor site via a Fenton-like reaction, which can
induce HeLa cell apoptosis [39,40]. In addition, compared with that of
a packed Fe3O4 nanocluster, the speciﬁc surface area of the overall
Fe3O4 nanocrystal can be improved by exfoliating Fe3O4 nanoparticles
from the nanocluster, which can enhance the catalytic activity of Fe3O4
and the Fenton-like reaction eﬃciency. However, until now, few studies
have reported multifunctional nanomaterials with degradable structures for dual-mode MRI-guided combinatorial catalytic nanotherapeutics and chemotherapy for cancer treatment.
In this work, a TME-responsive biodegradable MnSiO3@Fe3O4 nanoplatform (designated as MF) was constructed for dual-mode MRIguided combinatorial cancer therapy. Anticancer drugs could be effectively loaded into the nanoplatforms, and Fe3O4 nanoparticles could
obstruct the pores of the MnSiO3 nanoparticles to reduce the leakage of
drugs under physiological conditions. Owing to the weak acidity and
high GSH content in the TME, the structure of the nanoplatform is
broken, causing the separation of the Fe3O4 nanoparticles and rapid
drug and Mn2+ ion release. In addition, the exfoliated Fe3O4 and released Mn2+ can help reduce the interference between their T1 and T2

clearance from the body.
As previously reported [24,25], intracellular glutathione (GSH)
content in normal cells distributed with a range of 1–10 mM, but in
cancer cells were much higher than in the corresponding normal cells
(> 10 mM). Moreover, cancer cells also showed a stronger acidity than
normal cells [26]. These features provided the important ways in development of smart drug delivery systems. Manganese silicate (MnSiO3)
with high speciﬁc surface area have good responsive ability for tumor
microenvironment including weak acidity and high content of GSH,
thereby was an excellent T1 MRI contrast agent and suitable for drug
delivery [27–29]. Nevertheless, the T1 contrast ability of MnSiO3 was
easily disturbed by some other signals (i.e. fat), which dramatically
decreased clinical accuracy of disease diagnosis. Therefore, it was necessary to develop dual-mode MRI contrast agent for enhancing the
diagnosis accuracy of MRI [30,31]. Currently, Mn-based dual-mode
contrast agent was main Mn/Fe3O4 composites. Nevertheless, the T1
and T2 contrast ability of Mn/Fe3O4 composites can be interfered with
each other when there is direct contact between Mn and Fe3O4 [32,33],
TME-responsive separation of the T1 and T2 contrast materials can help
reduce the disturbance, enabling dual-mode MR contrast enhancement
[34,35].
Recently, the concept of tumor-selective catalytic nanomedicine has
152
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Fig. 2. TEM images of (a,e) MSN, (b,f) MnSiO3, and (c,g) MF and (d,h) high-resolution TEM images of Fe3O4. (i,j) Scanning TEM images and elemental mapping
images of MF. (k–m) Hydrodynamic size distribution of diﬀerent samples.

cancer therapy (Fig. 1b).
As seen in the TEM images, the as-prepared MSN presented good
dispersity and a uniform size (approximately 127 nm) (Fig. 2a,e). In
addition, a hollow structure appeared after etching Mn2+ from MSN,
suggesting that MnSiO3 was successfully prepared (Fig. 2b,f). Subsequently, Fe3O4 nanoparticles with small sizes fabricated by coprecipitation were uniformly decorated on the surface of MnSiO3 to form
hollow MF (Fig. 2c,g). The distance between two adjacent planes of the
nanoparticle was measured to be 0.255 nm (Fig. 2d,h), corresponding
to the (311) plane of Fe3O4 nanocrystals. The hydrodynamic size of
MSN, MnSiO3, and MF was 289, 344, and 486 nm, which was larger
than that of TEM observation (Fig. 1k-m). However, MFNP showed a
relatively small size of 198 nm (Fig. S1), indicating that PEG chains
could dramatically improve the solubility of particles. In addition, the
hydrodynamic size of MFNP appeared to slightly increase with standing
time increasing, indicating that MFNP had a good colloidal stability.
The scanning TEM and element mapping analyses of MF conﬁrmed the
uniform distribution of Fe, Si, O, and Mn (Fig. 2i and j), indicating that
Fe3O4 nanoparticles were successfully decorated on MnSiO3.
X-Ray Diﬀraction (XRD) peaks of amorphous MnSiO3 and typical
spinel-structure Fe3O4 are shown in Fig. 3a. In addition, MF presented
overlapping MnSiO3 and Fe3O4 peaks, conﬁrming the successful integration of Fe3O4 and MnSiO3. The nitrogen adsorption-desorption
isotherm curves indicated that compared with that of MnSiO3 (277 m2/
g), the speciﬁc surface area of MF (167 m2/g) signiﬁcantly decreased,
and the corresponding pore size decreased from 9 to 5 nm. These results
suggested that Fe3O4 nanoparticles could eﬀectively obstruct the pore

contrast abilities, facilitating dual-mode MRI contrast enhancement.
Moreover, the exfoliated Fe3O4 nanocrystals could enhance the speciﬁc
surface area of the Fe3O4 particles and improve the catalytic activity
toward the Fenton-like reaction within cancer cells, generating more
·OH, which can induce HeLa cell apoptosis. In addition, transmission
electron microscopy (TEM) observations showed that this nanoplatform
could be eﬀectively internalized by HeLa cells and gradually degraded
in cells. pH-responsive MRI contrast enhancement would be beneﬁcial
to real-time monitoring of drug release, improving anticancer eﬀects. In
addition, systemic delivery of the nanoplatform could eﬀectively reduce
the side eﬀect of the drug to the body because release of the drug is
controllable and targeted to the tumor site. Thus, this multifunctional
nanoplatform could be a promising candidate for pH-responsive MRI
and synergistic cancer therapy in clinical use.

2. Results and discussion
2.1. Synthesis and characterization of the nanoplatform
Fig. 1a shows a schematic summary of the detailed synthesis of the
nanoplatform. Hollow MnSiO3 nanoparticles were synthesized based on
well-dispersed Mesoporous silica nanoparticles (MSNs). Then, Fe3O4
nanoparticles were decorated on the surface of MnSiO3, followed by
amination (MFN) and grafting PEG (MFNP) on the surface and subsequently loading cisplatin (CDDP) into the nanoplatform
(MFNP@CDDP). This well-engineered nanoplatform with pH-responsive ability could be used for dual-mode MRI-guided combinatorial
153
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Fig. 3. (a) XRD patterns, (b) N2 adsorption/desorption isotherms (inset: pore size distribution), (c) zeta potential, and (d) full XPS spectra of diﬀerent samples. (e) MH curves at 300 K and 3 K and (f) ZFC/FC curves of MF. (g) FT-IR spectra of diﬀerent samples and (h) ESR spectra of diﬀerent samples mixed with 5,5-dimethyl-1pyrroline N-oxide (DMPO) and H2O2 at diﬀerent conditions. (i) UV absorption spectra of MF at diﬀerent concentrations mixed with TMB and H2O2 under pH 5.5
conditions.

addition, for MFN, the new peak appearing at 1510 cm−1 was assigned
to the NeH bending vibration of the eNH2 groups on 3-aminopropyltriethoxysilane. Subsequently, the NeH peak disappeared, and the CeH
peak at 2851 cm−1 intensiﬁed, which was attributed to the formation of
an amide bond via PEG grafting. After the nanoplatform with CDDP, the
new peak that emerged at 3255 cm−1 could be assigned to the NeH
stretching vibration originating from CDDP, indicating the success of
the CDDP loading procedure.
Electron spin resonance (ESR) spectrometer was used to assess the
ability of MF to generate ·OH. The content of ·OH could be determined
via the ESR amplitude of the paramagnetic adduct DMPO-OH (Fig. 3h).
The results showed that MnSiO3 could generate only limited ·OH under
acidic conditions, whereas MF with the same Mn content could generate abundant ·OH, indicating that the Fe3O4 nanocrystals played a key
role in inducing the generation of ·OH. In addition, for MF, the generation of ·OH was very low at pH 6.5 or 0.01 mM MF but gradually
increased as the pH decreased or the MF content increased, indicating
that the generation of ·OH was pH- and dose-dependent. Subsequently,
the ability of the pH-responsive nanoplatform to enhance the eﬃciency
of the Fenton-like reaction was explored and compared with that of
MSN@Fe3O4 (the TEM images are shown in Fig. S4) in a nondegradable
structure. It could be seen that although MSN@Fe3O4 induced the
generation of ·OH, MF with the same Fe3O4 amount could generate
more ·OH. In addition, the generation of ·OH was observed using
3,3′,5,5′-tetramethylbenzidine (TMB) because ·OH can oxidize TMB and
cause the solution to turn blue. MF solutions with increasing concentration mixed with TMB displayed a deepened blue color. Moreover,
the relative content of ·OH, which was measured by recording UV–Vis

channels of MnSiO3 (Fig. 3b). In addition, in the isotherm curve, the
typical hysteresis behavior was ascribed to the delay of nitrogen evaporation from the inner hollow structure blocked by the surrounding
mesopores. The zeta potential of MnSiO3 was +11.6 mV (Fig. 3c), but
that of MF changed to −21.2 mV, which could be attributed to the
decoration of negatively charged Fe3O4. In addition, the surface potential of MFNP was +7.9 mV, which was beneﬁcial for the cell uptake
and reducing the cell toxicity.
X-ray photoelectron spectroscopy (XPS) analysis of MnSiO3 conﬁrmed the presence of Mn, O, and Si (Fig. 3d). Compared with MnSiO3,
MFNP exhibited the appearance of a new peak at 710.5 eV assigned to
the Fe2p peak (Fig. S2), conﬁrming the successful integration of
MnSiO3 with Fe3O4. After the nanoplatform was loaded with CDDP, the
new peak appearing at 72.7 eV could be assigned to the Pt4f peak, indicating the successful loading of CDDP. Field-dependent magnetization (M-H) curves and standard zero-ﬁeld cooling (ZFC) and ﬁeld
cooling (FC) curves of MnSiO3 demonstrated typical paramagnetic behavior (Fig. S3). Nevertheless, MF presented signiﬁcantly saturated
magnetization values (Fig. 3e, 18 emu/g at 300 K and 24 emu/g at 3 K),
suggesting the existence of soft-ferromagnetism or superparamagnetism. Moreover, the ZFC/FC curves further conﬁrmed that
MF possessed superparamagnetism according to the overlapping temperature (100 K), indicating that Fe3O4 and MnSiO3 were successfully
assembled into one nanosystem (Fig. 3f). Subsequently, the composition and modiﬁcation of the nanoplatform were further characterized
by fourier transform infrared (FT-IR) spectroscopy (Fig. 3g). Compared
with MnSiO3, MF featured a new peak at 571 cm−1 assigned to the
FeeO stretching vibration, demonstrating the presence of Fe3O4. In
154
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Fig. 4. Biodegradable behavior of MF at pH 6.5 over time: (a) 30 min, (b) 60 min, and (c) 2 h. (d) Exfoliated Fe3O4 nanocrystals in solution. (e) Mn, (f) Si, and (g)
CDDP release curves of MFNP@CDDP under diﬀerent pH conditions. (h) CDDP release curves of MnSiO3 under diﬀerent pH conditions. Biodegradable behavior of
MF with 10 μm GSH over time: (i) 30 min, (j) 60 min, and (k) 2 h. (l) Exfoliated Fe3O4 nanocrystals in solution. (e) Mn, (f) Si, and (g) CDDP release curves of
MFNP@CDDP at diﬀerent GSH concentrations. (h) CDDP release curves of MnSiO3 at diﬀerent GSH concentrations.

Fig. 5. (a) CLSM observations of HeLa cells treated with MFNP-FITC at diﬀerent concentrations for 4 h. For each panel, the images from top to bottom show cell
nuclei stained with DAPI (blue), FITC ﬂuorescence (green), bright-ﬁeld view, and overlays of the three images. All images shared the same scale bar of 50 μm. (b)
Flow cytometry analysis of HeLa cells treated with MFNP-FITC at diﬀerent concentrations for 4 h. (c) Confocal imaging of the eﬀect of diﬀerent samples, diﬀerent
sample concentrations, or diﬀerent pH values on the production of ·OH in HeLa cells. The scale bar is 50 μm. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the Web version of this article.)
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Fig. 6. TEM observation of the (a,d) uptake and (b,e and c,f) biodegradation behavior of MFNP in HeLa cells. (g–i) SEM observation and (j–o) elemental mapping
analysis of HeLa cells treated with MFNP.

Fe3O4 nanoparticles eﬀectively obstructed the pore channels of MnSiO3.

spectra at a wavelength of 652 nm, signiﬁcantly increased with increasing MF concentration, indicating that the generation of ·OH by MF
was dose-dependent. Compared to MSN@Fe3O4 and MnSiO3 with the
same Fe and Mn content, respectively, MF could generate higher ·OH
content than the total ·OH generated by MSN@Fe3O4 and MnSiO3 (Fig.
S5). This might be because the exfoliation of Fe3O4 increased the speciﬁc surface area of the particles and improved the eﬃciency of the
Fenton reaction.

2.3. Observation of uptake, production of ·OH, and biodegradation in HeLa
cells
CLSM and ﬂow cytometric measurements of HeLa cells treated with
MFNP-FITC displayed dose-dependent ﬂuorescence enhancement
(Fig. 5a and b), indicating that this nanoplatform could be eﬀectively
internalized by HeLa cells in a dose-dependent manner. The uptake and
biodegradation behavior of MFNP in cancer cells were also investigated
using ICP-MS (Fig. S8). It could be found that Fe content in HeLa cells
gradually increased with incubation concentrations increasing, suggesting that the cell uptake of MFNP was dosage-dependent. In addition, Fe content in HeLa cells signiﬁcantly increased at the beginning
hours, but dramatically decreased after incubation for 6 h, which might
be because MFNP in cancer cells was biodegraded and then excreted
out from cells. In addition, the ·OH generated in HeLa cells was stained
with 2′,7′-dichloroﬂuorescin diacetate (DCFH-DA) and then observed
via CLSM (Fig. 5c). Almost no green ﬂuorescence was observed in the
control group and MnSiO3-treated HeLa cells grown in pH 7.4 cell
medium. By contrast, the green ﬂuorescence of HeLa cells treated with
MFNP gradually strengthened with increasing MFNP concentration,
suggesting that the generation of ·OH was dose-dependent. In addition,
ﬂuorescence enhancement in HeLa cells treated with MFNP or MnSiO3

2.2. TME-responsive biodegradable behavior of the nanoplatform
As previously reported [27], MneO bonds can be destroyed by a
high content of GSH and a weakly acidic environment, causing the
release of Mn2+. Furthermore, there were abundant defects in the
framework of MnSiO3, which could further accelerate the biodegradation of the MnSiO3 structure. Similarly, under pH 5.5 or 10 μM GSH
conditions, the structure of MF could be gradually biodegraded over
time (Fig. 4a–c and i-l), and a substantial amount of exfoliated Fe3O4
appeared (Fig. 4d,l). The amount of Mn, Si and CDDP released signiﬁcantly increased as the pH decreased or the GSH content increased,
which could be attributed to the cleavage of the MneO bond and
subsequent destruction of the MnSiO3 framework. In addition, compared with MnSiO3, the nanoplatform showed a great reduction in the
amount of CDDP released under physiological conditions because the
156
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Fig. 7. (a) T1-and T2-weighted MR images of mice acquired pre-injection and post-injection of diﬀerent samples over time and the corresponding ΔSNR (c,d). The
tumor is marked by white arrows.

Mn2+, MSN@ Fe3O4, and MFNP were injected into tumor-bearing nude
mice with a dosage of 2 mg/kg via the tail vein, respectively. T1-and T2weighted MR images of the tumor region were acquired at pre-injection
and post-injection 15, 30, 60, 90, and 120 min (Fig. 7). T1-weighted
images of tumor injected with Mn2+ slightly brightened at post-injection 30 min, but signiﬁcantly brightened for Gd-DTPA and MFNP, implying that MFNP and Gd-DTPA had a better contrast eﬀect than Mn2+
ions (Fig. 7a). In addition, it could be seen that the brightest MR images
of Gd-DTPA appeared at post-injection 30 min, but MFNP appeared at
post-injection 90 min, which suggested that MFNP had a longer retention time and could be a better MRI contrast agent in comparison with
Gd-DTPA. In addition, analysis of the MRI signal-to-noise ratio change
(ΔSNR) in the tumor region indicated that the highest ΔSNR of GdDTPA, Mn2+, and MFNP was 65.1%, 41.8%, and 66.8% (Fig. 7b),
suggesting that MFNP could be eﬀectively accumulated in tumor and
had a similar contrast ability in comparison with commercial contrast
agent. For T2-weighted MR images, Tumor sites of the mice treated with
MSN@Fe3O4 showed a slight reduction of signals and reached the relative weak dark MR images (Fig. 7c). Meanwhile, both Fe3O4 and
MFNP presented strong contrast ability, and made tumor images distinctly darkened. These results indicated that MFNP and Fe3O4 had
stronger T2 contrast eﬀect than MSN@Fe3O4. The corresponding
highest ΔSNR in T2 imaging were respectively 44.6%, 44.1%, and
33.6% for Fe3O4, MFNP, and MSN@Fe3O4 (Fig. 7d). These results
suggested that MFNP could be a good T2 contrast agent as Fe3O4. Additionally, a decrease in ΔSNR of T1 and T2 imaging appeared at 90 min
p.i. for MFNP, indicating that MFNP began to be gradually excreted out
from tumor tissue. These results indicated that among the systems
tested, MFNP had excellent T1-T2 dual mode contrast ability and could
be an ideal dual-mode MRI contrast agent.

could be observed when the pH of cell medium decreased, indicating
that acidic pH was beneﬁcial for improving the catalytic activity of the
particles and generating more ·OH. However, compared with those
treated with MFNP in the same condition, HeLa cells treated with
MnSiO3 displayed very weak ﬂuorescence. These results also conﬁrmed
that the production of ·OH was mainly induced by Fe3O4 rather than
MnSiO3.
Similarly, TEM and SEM images of HeLa cells displayed that the
nanoplatform could be eﬀectively internalized by HeLa cells (Fig. 6a, d,
g, and h). Elemental mapping analysis of the nanoplatform in HeLa cells
displayed uniform distribution of Fe, Si, O, and Mn (Fig. 6j-o), further
conﬁrming the successful uptake of our nanoplatform by HeLa cells.
Moreover, the nanoplatforms gradually degraded in HeLa cells over
time (Fig. 6b,e,c,f and inset of i).

2.4. T1-T2 MRI performance In vitro and vivo
MFNP at diﬀerent concentrations was evaluated on an MRI scanner
to investigate its MRI contrast ability. T1-and T2-weighted MR images of
MFNP gradually brightened and darkened with increasing concentration (Fig. S6), respectively, demonstrating a dose-dependent contrast
enhancement of this nanoplatform. In addition, the pH- and GSH-responsive MRI performance of the nanoplatform was investigated by
measuring the relaxation rate under diﬀerent pH and GSH conditions.
The r1 of the nanoplatform was found to gradually increase as the pH
decreased at the same GSH concentration. Similarly, when kept at pH
7.4, the increase in GSH concentration could also cause an increase in
r1. Moreover, when the pH was 5.5 and GSH concentration was 10 μM,
the nanoplatform displayed the highest r1 value (12.24 mM−1s−1). In
addition, the r2 of the nanoplatform exhibited similar rules as the r1 of
the nanoplatform. According to the above results, we hypothesized that
low pH and high GSH concentration triggered the release of Mn2+ and
exfoliation of Fe3O4 from MFNP, resulting in reduced interference between Mn2+ and Fe3O4 and corresponding contrast enhancement of T1
and T2 models.
To demonstrate the MRI contrast ability in vivo, Gd-DTPA, Fe3O4,

2.5. Investigation of antitumor eﬀect of the nanoplatform
The biocompatibility of MFNP was investigated by assessing HK2 cell viability. No signiﬁcant decrease in the viabilities of HK-2 cells
was observed after incubation with a wide range of MFNP
157
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Fig. 8. (a) Viability of HK-2 cells treated with MFNP for 24 h. (b) Viability of HeLa cells treated with MFNP, free CDDP, and MFNP@CDDP for 24 h. (c) Relative tumor
volume, (d) body weight, (e) representative images, and (f) excised tumors of mice subjected to diﬀerent treatments. (g) Biodistribution analysis after intravenous
injection of MFNP into mice at various time. (h) IHC and H&E staining of tumors in mice subjected to diﬀerent treatments.

could generate plenty of hydroxyl radicals in the weak acidity and the
overexpression of H2O2 in solid tumors and cause the apoptosis of
cancer cells. Furthermore, MFNP@CDDP showed a stronger inhibition
ability for tumor in comparison with free CDDP, which could be attributed to eﬀective accumulation of MFNP-CDDP, and synergistic effect between Mn/Fe ions, and CDDP for tumor. Besides, ROS content in
tumor was further analyzed as shown in Fig. S9. MFNP-CDDP can
produce an ROS level of 36.4%, while this level was only 9% for CDDP
and 23% for MFNP. These results demonstrated that the involvement of
ROS can signiﬁcantly assist tumor therapy. The actual tumor sizes after
diﬀerent treatments were also directly recorded by taking photographs
of mice and excised tumors (Fig. 8e and f). In addition, the apoptosis in
tumor tissue was evaluated by analyzing immunohistochemical (IHC)
and hematoxylin and eosin (H&E) staining images (Fig. 8h), and the
results showed that the MFNP@CDDP group among the groups tested
showed the highest production of apoptotic factors in tumor tissues and
the largest tumor necrosis area. These results were consistent with
above analysis.
The body weight of mice was monitored during the process of tumor
therapy to investigate the side eﬀects of the treatments (Fig. 8d). An

concentrations for 24 h (Fig. 8a), implying that MFNP had good biocompatibility for normal cells. This good biocompatibility was because
the pH of normal cells is weakly alkaline and cannot induce the generation of ·OH. Nevertheless, HeLa cells incubated with MnSiO3 and
MFNP presented a dosage-dependent apoptosis, which might be because MnSiO3 and MFNP could catalyze the generation of ·OH and
cause cell apoptosis. Moreover, MFNP showed a stronger inhibition
eﬀect in comparison with MnSiO3, suggesting that the ·OH generation
amount of HeLa cells induced by MFNP was higher than that of MnSiO3
(Fig. S7). Besides, the cellular apoptosis induced by free CDDP, and
MFNP@CDDP was proportional to the incubated dose (Fig. 8b). The
ability to kill HeLa cells was followed the order MFNP@CDDP >
CDDP > MFNP, indicating that MFNP@CDDP had excellent the
combined ability of catalytic nanotherapeutics and chemotherapies for
overcoming cancer.
Tumor volumes of mice treated with saline, MFNP, free CDDP, or
MFNP@CDDP were used to assess therapeutic eﬀect. As shown in
Fig. 8c, tumor volume of mice treated with saline dramatically increased within 30 days. Nevertheless, tumor volume was slightly decreased at post-injection of MFNP, which was because Mn and Fe ions
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Fig. 9. H&E staining images of vital organs of mice subjected to diﬀerent treatments. Scale bar = 100 μm.

for body because of the accumulation of particles in organs. On the
other hand, it could be found that MFNP was eﬀectively accumulated in
tumor, which can endow MFNP excellent MR contrast and therapy for
tumor tissue.

approximately 17% decrease in body weight was observed for mice
injected with free CDDP, indicating that free CDDP had serious side
eﬀects on the body. Nevertheless, similar to the saline- and MFNPtreated groups, the MFNP@CDDP-treated group showed no obvious
decrease in the body weight of the mice, indicating that the nanoplatform could signiﬁcantly reduce the damage of the drug to the body.
Moreover, H&E staining of the heart, kidney, liver, spleen, and lung
showed no obvious histological abnormalities, further conﬁrming that
MFNP@CDDP had good biocompatibility with the mice (Fig. 9).
Assessing the pharmacokinetics and biodistribution of nanoplatforms in vivo is necessary. The pharmacokinetics of Gd-DTPA, CDDP,
and MFNP-CDDP were further studied as shown in Fig. S10. The residual amount of Gd-DTPA and CDDP in body was only 4.9% and 3.8%
at post-injection for 8 h, but MFNP was 22.6%, suggesting that MFNP
had a longer retention time in comparison with commercial contrast
agent and clinical drug. On the other hand, the content of MFNP in
body was very low and negligible at post-injection 30 h, implying that
MFNP could be absolutely excreted out from body and had no potential
risk for body. These results demonstrate that MFNP is a good MRI probe
and carrier which tags onto the tumor within a reasonable time of exposure long enough for good images and therapy to be taken and is
quickly removed from the body. In addition, in order to further assess
potential risk of MFNP for body, the accumulation of MFNP-CDDP in
diﬀerent vital organs and tumor was measured via ICP-MS. As shown in
Fig. 8f, many of MFNP-CDDP could be accumulated in spleen and liver
at the ﬁrst stage, which could be attributed to reticuloendothelial
system. However, for post-injection 7th day, the content of MFNP in all
of organs decreased to very low level, indicating that MFNP could be
eﬀectively excreted from the mice over time and cannot cause the risk

3. Conclusion
In this work, a TME-responsive biodegradable nanoplatform, MFNP,
was successfully constructed for dual-mode MRI-guided combinatorial
cancer therapy. Compared to MnSiO3, MFNP@CDDP displayed reduced
drug leakage under physiological conditions. Under weakly acidic or
high-concentration GSH conditions, the structure of the nanoplatform
could be broken, causing the separation of the Fe3O4 nanoparticles and
rapid release of the drug and Mn2+ ions. In addition, this nanoplatform
could be eﬀectively internalized by and then gradually degraded in
HeLa cells. In in vitro and in vivo experiments, the nanoplatform displayed excellent dual-mode MRI contrast enhancement and anticancer
activity with reduced systemic toxicity. Furthermore, the nanoplatform
could be gradually metabolized by mice over time. Thus, this multifunctional nanoplatform could be a promising candidate for TME-responsive dual-mode MRI and combinatorial cancer therapy in clinical
use.
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