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Abstract: The aim of this study was to construct redox- and pH-responsive degradable
manganese dioxide (MnO,) nanosheets for cancer theranostic application. The small MnO,
nanosheets were synthesized, and then functionalized by hyaluronic acid (HA), demonstrating
excellent stability and tumor-targeting ability. Cisplatin (cis-diamminedichloroplatinum [CDDP])
was absorbed by the nanosheets through a physical action, which was designed as MnO,/HA/
CDDP. The prepared MnO,/HA/CDDP formulation was able to efficiently deliver CDDP to
tumor cells in vitro and in vivo, resulting in improved therapeutic efficiency. Subsequently,
they were triggered by lower pH and higher level of reduced glutathione to generate Mn*,
enabling magnetic resonance imaging. The smart multifunctional system combining efficient
magnetic resonance imaging and chemotherapy has the potential to be used as a tumor-targeting
theranostic nanomedicine.

Keywords: manganese dioxide nanosheets, hyaluronic acid, magnetic resonance imaging,
theranostic application

Introduction

In recent years, the multifunctional nanomaterials have been widely investigated for
cancer treatment and diagnosis.! The traditional definition of theranostic means that
therapeutic and diagnostic agents are in the same formulation.? Although multiple
functions could be achieved simultaneously, it is very challenging to design and
efficiently load therapeutic and imaging agents into a single carrier due to the incon-
stant hydrophobic/hydrophilic properties and complicated drug—drug interactions.
Moreover, both agents should be compatible with the formulation process. Therefore,
nanoscale materials with therapeutic function or imaging potential as well as the ability
to deliver another therapeutic/imaging agent hold great promise for combined therapy
or theranostic application in cancer treatment and diagnosis.

Magnetic resonance imaging (MRI), an important imaging approach in clinic, could
offer images with abundant anatomical information relying on soft-tissue contrast and
functional details.’> Currently, MRI contrast agents are mainly paramagnetic com-
plexes or magnetic nanoparticles. Nevertheless, the use of paramagnetic chelates for
T1-weighted MRI is greatly limited due to its toxicity.* Therefore, creating enhanced
MRI at the desired site may be a strategy.

As it is well known, tumor tissue exhibited special features in comparison to the
normal tissue. For one thing, endosome has an acidic environment, in which the pH value
ranges from 4.5 to 5.0.5 For another, reduced glutathione (GSH) in cytoplasm was elevated
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to 2-10 mM.%7 Consequently, a tumor-microenvironment-
responsive nanoparticle, especially well-designed pH/
redox-sensitive ones for therapy or diagnosis, is a new direc-
tion for constructing smart drug delivery systems, in which
chemotherapeutics or diagnostic agents could be selectively
delivered to the tumor site instead of normal tissues, result-
ing in less side effect induced by administered agents. The
sheets-like nanomaterial MnO, is one kind of inorganic
material, which is currently under extensive investigation for
its capacitance properties.* Recently, its use for drug delivery
system is reported for its relatively high drug-loading capac-
ity and stimuli-responsive MRI property. Chen et al® found
that the MnO, nanosheets with an average lateral size of
~200 nm are superior nanocarriers for loading doxorubicin.
Fan et al’ suggested that DNAzyme could be efficiently
transferred into cells by MnO, nanosheets. Besides, MnO,
materials have potential MRI ability triggered by the tumor
microenvironment.'*'*> The manganese ions in MnO, nano-
sheets are spatially shielded from water molecules because of
their strong coordination with oxygen atoms. Therefore, they
are unable to promote the spin—lattice or spin—spin relaxation
of protons."”* However, when they met the tumor redox/acid
microenvironment, Mn?** could be released smartly, which is
ahigh T1-weighted contrast agent.'*!> Although the functions
of them are understood partially, it is a practical requirement
to address the problem that the MnO, nanosheets are inclined
to aggregate in physiological environment. In this regard,
the exploitation of favorable tumor-targeted MnO,-based
theranostic systems with excellent stability in physiological
condition may be promising.

Cisplatin (cis-diamminedichloroplatinum [CDDP]) is a
well-known chemotherapeutic agent, which is recommended
as the medication for non-small-cell lung cancer due to its
strong anticancer effects as well as synergism with other
anticancer agents.'®!” Despite the great success in treating
non-small-cell lung cancer, cisplatin has severe renal toxicity.
Previous studies reported that the cisplatin-loaded liposome
showed enhanced in vivo anticancer efficiency without
a significant loss of body weight of mice.!® Therefore, to
develop MnO, nanosheets loaded with CDDP for cancer
theranostic application is an interesting field to explore. For
this purpose, we believe that surface modification of MnO,
nanosheets with tumor-targeting groups should make them to
be enriched in tumor region. Particularly, the overexpression
of the hyaluronic acid (HA) receptors CD44 and CD168
(receptor of hyaluronic acid mediated motility) on a series
of tumors opens our mind for tumor targeting. '

In this study, the MnO, nanosheets were first synthesized
and functionalized by HA, and then CDDP was absorbed onto
them through a physical interaction (Figure 1A). As shown
in Figure 1B, the drug-controlled release could be achieved
with tumor-microenvironment-responsive degradation of
MnO, nanosheets. Meanwhile, the released manganese ions
could be applied to MRI. Herein, a tumor-targeted thera-
nostic delivery system was developed and characterized by
transmission electron microscopy (TEM), dynamic laser
scattering, in vitro release profiles, and MRI in reductive and
weak-acid environment, respectively. The antitumor therapy
was investigated in A549 cells and tumor-bearing mice
model. Moreover, the in vivo MRI of tumor-bearing mice by
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Figure | Schematic illustration of nanosheets and their biofunctions.

Notes: (A) Schematic illustration of preparation of MnO,/HA/CDDP nanosheets; (B) the drug release in response to the pH decrease and the GSH increase in the tumor

microenvironment; (C) the biofunctions of MnO,/HA/CDDP nanosheets.

Abbreviations: CDDP, cis-diamminedichloroplatinum; GSH, glutathione; HA, hyaluronic acid; MnO,, manganese dioxide; MRI, magnetic resonance imaging.
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using MnO,/HA/CDDP was also evaluated. Therefore, the
MnO,/HA/CDDP nanosheets developed in this study may be
a promising multifunctional nanoplatform for targeted cancer
MRI and therapeutic application (Figure 1C).

Materials and methods

Materials

Manganese chloride tetrahydrate (MnCl,-4H,0) was obtained
from Sigma-Aldrich Co. (St Louis, MO, USA). Tetramethylam-
monium hydroxide (50 wt%) was obtained from Xiya Reagent
Research Center (Shandong, People’s Republic of China).
CDDP was produced by Hubei Shengtian Hengchuang Biotech.
Co., Ltd. (Changsha, People’s Republic of China). Reduced GSH
(purity >98%) was purchased from Genview Co., Ltd. (Beijing,
People’s Republic of China). HA (10 kDa) was obtained from
Huaxi Freda Biomedical Inc. (Jinan, People’s Republic of
China). Thirty percent (w/v) hydrogen peroxide (H,0,) and
other analytical reagents were produced by Ruijinte Chemical
Reagent Co., Ltd. (Tianjin, People’s Republic of China). Cell
culture plates were purchased from Corning Costar Co. (Corning,
NY, USA). Water was prepared by a Milli-Q Water Purification
System (EMD Millipore, Billerica, MA, USA). Experimental
mice and rats were supplied by the Henan Laboratory Animal
Center (Zhengzhou, People’s Republic of China). The Ethical
Committee of Zhengzhou University approved all animal experi-
ments in this study. All animals were cared for according to the
protocols established by the ethics committee.

Synthesis of MnO, nanosheets

The manganese dioxide (MnO,) nanosheets were synthesized
as reported by a prior research with slight changes.?' First,
a solution containing 0.6 M tetramethylammonium hydrox-
ide and 3% H,O, (w/v) was mixed. Then, 0.3 M manga-
nese chloride was added to the aforementioned solution
immediately (1:2, v/v). The color of the solution changed into
dark brown after mixing both solutions, indicating that Mn?*
was oxidized to Mn*". The reaction was subjected to agitat-
ing vigorously at 25°C for 1 day. The obtained dark brown
suspension was concentrated by centrifugation at 15,000x g
for 10 minutes. After discarding the supernatant, the pellet
was rinsed with ultrapure water for several times. Following
the washing with methanol for three times, the bulk MnO,
was put into an oven for dryness at 60°C and grinded for
future use. For preparing the MnO, nanosheets, MnO, was
added to water with a concentration of 2 mg/mL, followed by
overnight ultrasonic processing. Then, the solution was cen-
trifuged (2,500x g, 10 minutes). The suspension was further
centrifuged at 15,000x g for 10 minutes to obtain the pellet.

Zeta potential of the nanosheets was measured by the
Zetasizer Nano ZS-90 (Malvern Instruments, Malvern, UK).
The morphologies of nanosheets were imaged by employing
a TEM (Tecnai G20; FEI Company, Hillsboro, OR, USA).
The energy-dispersive X-ray spectroscopy (EDS) was also
recorded to determine the elements of the nanomaterial.
X-ray diffraction measurements were performed by using
a Bruker D8 Advance Instrument (Bruker Optik GmbH,
Ettlingen, Germany). X-ray photoelectron spectroscopy
(XPS) analysis of the MnO, samples were performed by using
the multifunctional imaging electron spectrometer (Thermo
ESCALAB 250XI; Thermo Fisher Scientific, Waltham, MA,
USA). XPS data were curve fitted with a Gaussian/Lorentz-
ian mixed function after subtracting Shirley background by
adopting the XPSPEAK 4.0 software developed by Raymund
WM Kwok (University of Hong Kong, Hong Kong, People’s
Republic of China).

Preparation of MnO,/HA nanosheets

and characterization
Mostly, 2.5 mL of phosphate-buffered saline (PBS) was
added with 5 mg HA powder and 5 mg MnO,. This solution
was then sonicated at room temperature for 0.5 hour, and then
ultrasonicated with an Ultrasonic Cell Disruption System
(Ningbo Scientz Biotechnology Co., Ltd., Zhejiang, People’s
Republic of China) for 5 minutes (200 W, work 6 seconds,
rest 3 seconds), followed by sonication for >12 hours at room
temperature. The nanosuspension was centrifuged (1,800x g,
5 minutes) to remove the big and small particles. Finally,
the suspension was centrifuged at 15,000 g for 30 minutes.
The collected pellet was dispersed in PBS for future use.
The MnO,, HA, and MnO,/HA samples crushed into the
KBr pellets were scanned by a Fourier-transform infrared
(FTIR) apparatus (Nicolet IS10 Spectrometer; Thermo Fisher
Scientific) with a range of 400—4,000 cm™!, respectively.
Thermogravimetric analysis was performed by a Shimadzu
instrument “Thermogravimetric Analyzer” (Shimadzu,
Kyoto, Japan). The temperature was increased by 10°C/min.
The temperature range was set from 25°C to 600°C under
atmospheric condition.

Preparation of MnO_/HA/CDDP

nanosheets and characterization

CDDP (2.5 mg) was dissolved in the solution of HA/MnO,
nanosheets, followed by sonication for 4 hours in the dark. The
product was dispersed in 1 mL of PBS following centrifugation
in order to remove the free CDDP. The obtained MnO_/HA/
CDDP nanosheets were put in the dark at 4°C for future use.
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The morphologies of nanosheets were obtained by TEM
(Tecnai G20; FEI Company). The existing elements in the
nanosheets were demonstrated by the corresponding EDS.
Zetasizer Nano ZS-90 (Malvern Instruments) was exploited
for determining the size distribution and zeta potential of
nanosheets. The amount of MnO, was determined by induc-
tively coupled plasma-mass spectrometry (Agilent 750CX,
Agilent Technologies Co., Ltd., Santa Clara, CA, USA).

Determination of loading efficiency and

in vitro release profiles

In order to evaluate the amount of CDDP loaded on the
nanosheets, CDDP standards (0.5-10 pg/mL of CDDP in
saline solution) were freshly prepared by dispersing CDDP
in saline, and CDDP concentrations were determined by
high-performance liquid chromatography (HPLC). An HPLC
(Agilent 1200, Agilent Technologies Co., Ltd., Santa Clara,
CA, USA) equipped with a reverse-phase Intertex C18 column
(Scienhome Scientific Instrument Co. Ltd., Tian Jin, People’s
Republic of China, 5 um, 4.6x250 mm) and an ultraviolet—vis-
ible (UV—vis) detector was used. The mobile phase was 0.9%
saline, which contains 0.003 mM sodium heptane-1-sulfonate.
The eluent was monitored at 220 nm at a flow rate of 1 mL/
min. A calibration curve was created between various CDDP
concentrations and their corresponding absorption intensities
at 220 nm. It was then applied to calculate the amount of CDDP
present in the supernatant. The loading efficiency of CDDP
was measured indirectly by measuring the amount of CDDP
in the supernatant, as shown in the following equation:

Loading _ MCDDP—prep - CDDP-supernatant 100 1
fficiency (%) M X100 (1)
© y CDDP-prep
where Mpp e is the total CDDP used in the preparation

is the unloaded CDDP in the

proce S8 and MCDDP—supcrnatant

supernatant.

In vitro release characteristic of CDDP from nanosheets
was investigated by a dialysis bag diffusion technique in PBS
(pH 7.4), PBS (pH 5.0), PBS (pH 7.4) supplemented with 2 mM
GSH, PBS (pH 7.4) supplemented with 10 uM GSH and PBS
(pH 5.0) supplemented with 2 mM GSH, respectively. Briefly,
triple 1.5 mL of the suspension of nanosheets was sealed into
three dialysis bags (Molecular weight cutoff 12 kDa), and the
bags tied at both ends were then completely immersed into
35 mL of different solutions as described earlier, and they were
putinto a shaker at 37°C with a speed of 100 rpm. At scheduled
time points, 1 mL of sample was drawn off and the equal fresh
medium was added instantly. The concentration of CDDP in
the samples was determined by an HPLC.

Determination of in vitro MRI and

relaxivities

Different concentrations of MnO,/HA/CDDP nanosheets in
PBS (pH 7.4), PBS (pH 5.0), PBS (pH 7.4) supplemented with
2 mM GSH, and PBS (pH 5.0) supplemented with 2 mM GSH
were prepared. These solutions were transferred into the 24-well
cell culture plate. Each well has a volume of 2 mL of samples. In
vitro MRI trial was carried out with a 3.0 T magnetic resonance
(MR) instrument following a 4-hour incubation.

A MicroMR instrument (0.5 T; Shanghai Niumag Elec-
tronic Technology Co., Ltd., Shanghai, People’s Republic of
China) was used for the analysis of the longitudinal (T1) relax-
ivity values at 32°C. T1 values of MnO /HA/CDDP in PBS with
apH of 7.4 and in PBS supplemented with 2 mM GSH with a
pH of 5.0 were determined as a function of concentrations.

Determination of cell viability
AS549 cells were cultivated in Roswell Park Memorial
Institute (RPMI)-1640 medium containing 10% fetal bovine
serum, 100 U/mL penicillin G, and 100 pg/mL streptomycin
and were placed in the incubator at 37°C.

The trypsinized A549 cells were seeded into 96-well
dishes at a density of 5x10° cells/well in 100 uL of complete
RPMI-1640 medium. Prior to incubation with formulations,
the culture medium was aspirated after overnight incubation.
Stock solutions of MnO_/HA, CDDP, and MnO,/HA/CDDP
were diluted with fresh culture medium for preparing a series
of formulations. After incubation for scheduled period, the
sulforhodamine B assay was adopted to assess the effect on
A549 cell viability. Approval was obtained from the Ethical
Committee of Zhengzhou University.

Intracellular uptake study

In order to investigate the cellular internalization behavior
of different formulations, probe Cy 5.5 was loaded onto
MnO,/HA nanosheets through van der Waals interaction
following ultrasonic mixing Cy 5.5 solution and MnO,/HA
nanosheets for 4 hours at room temperature.

Cells were cultured in a six-well dish overnight at a
density of 3x10° cells/well in 2 mL of culture medium.
The cells were then exposed to Cy 5.5 solution and Cy 5.5-
labeled MnO,/HA/CDDP. The Cy 5.5 concentration was
set at 5 pug/mL. At the preset times, the treated cells were
trypsinized and gathered for subsequent test by flow cytom-
etry (FCM; BD Accuri C6, San Jose, CA, USA).

A549 cells were cultured in six-well plates and incu-
bated for adherence on the glass slides, and then added
with 5 pg/mL of equivalent free Cy 5.5 and Cy 5.5-labeled
MnO,/HA/CDDP. When incubated for planned periods, the
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drug-containing medium was discarded and the cells were
washed with PBS twice. The cells were then frozen in 75%
ethanol for 15 minutes. Finally, the residual ethanol in the
wells was washed with PBS twice prior to the staining of cell
nucleus by 1 pg/mL 4’,6-diamidino-2-phenylindole (DAPI)
for a quarter of an hour. As soon as the samples were rinsed
with PBS for several times, confocal laser scanning micros-
copy (CLSM; Zeiss LSM780; Carl Zeiss Meditec AG, Jena,
Germany) was used to detect the fluorescence in each sample.
The red and blue fluorescence intensity was identified from the
regions of interest of each image by ZEN2011 1.0.1.0 (Carl
Zeiss Microscopy GmbH, Jena, Germany).

Cell cycle and cell apoptosis analysis

A549 cells were cultured in six-well plates at a density of
2.5x10° cells/well in 2 mL culture medium. After being cul-
tured overnight, freshly prepared formulations diluted with
culture medium were added. The concentration of CDDP
was adjusted to 12 pug/mL. After incubation for 4 hours,
the drug-containing medium in the plate was replaced with
2 mL of serum-containing RPMI-1640 medium for further
incubation for 24 hours. The cells were collected and fixed in
chilled 75% ethanol (V:V) for 12 hours. The cells were then
incubated with staining solution, which contained propidium
iodide (50 pg/mL) and RNase (100 pig/mL). After incubation
for 30 minutes, the collected cell samples were analyzed by
FCM (BD FACSCalibur).

Cell apoptosis induced by each formulation was observed
after the DAPI staining assay based on the probable occurrence
of nucleus condensation.”? A549 cells were plated in six-well
culture plates at a density of 2.5x10° cells/well in 2 mL cul-
ture medium for subsequent incubation for 1 day. They were
treated with various formulations diluted in complete culture
medium. The concentration of CDDP was kept at 12 pg/mL.
After 4-hour incubation, the treatment was terminated and
2 mL of serum-containing RPMI-1640 medium was added to
each well. After incubation for 24 hours, the cell samples in
each cell were rinsed with PBS for several times. Cell stain-
ing continued for 15 minutes with DAPI at a concentration of
1 ug/mL in darkness. After DAPI solution in each well was
got rid of, 2 mL of PBS was added to each well in order to
wash the residual staining solution. The washing process was
repeated for three times before each sample was captured by an
inverted fluorescence microscope (Olympus IX81, Olympus
America Inc., Center Valley, PA, USA).

In vivo imaging
The near-infrared (NIR) fluorescence imaging is able
to provide intuitive understanding with respect to the

distribution of drug delivery system in tumor-bearing mice.
In this study, a Bruker in vivo imaging system (FXPro;
Carestream Health, Rochester, NY, USA) was used. The
excitation wavelength was set at 670 nm and the emission at
700 nm. Prior to imaging experiments, the mice with S180
tumors ranging from 180 mm? to 220 mm?® were intravenously
administrated with MnO,/HA/Cy 5.5 and free Cy 5.5 formu-
lation, which was prepared in Cremophor polyoxyl 35 castor
oil/ethanol/5% of glucose (v/v/v, 1:1:9). The administrated
dose of the probe was set at 4.8 ug/kg. At the scheduled
time, the anesthetized animals were laid on a removable tray
equipped with the imaging cabinet. The NIR fluorescence
images and X-ray images were recorded by applying the
custom capture settings. The captured images were processed
with the Bruker MI software.

Three tumor-bearing mice were involved in the MRI.
Two of them were administrated with MnO_/HA/CDDP and
the other was the control.

Pharmacokinetics study

Sprague Dawley male rats weighing 180-200 g were
divided into three groups (n=3). CDDP solution and MnO,/
HA/CDDP nanosheets were administered via tail vein. At
different time intervals, blood samples were collected from
mice’s eyes via retro-orbital bleeding, and then centrifuged
to obtain plasma. The plasma samples were then decomposed
by heating in 35% nitric acid, and the amount of platinum
was analyzed with an inductively coupled plasma-atomic
emission spectrometer. The CDDP concentration in plasma
was calculated based on the determined metal Pt. PK Solver
Software Version 2.0 (China Pharmaceutical University,
Nanjing, People’s Republic of China) was used for the
evaluation of different pharmacokinetics parameters by using
non-compartmental model.”

In vivo antitumor effect

Therapeutic experiments of CDDP-loaded MnO, nanosheets
were performed on the subcutaneous tumors. When the tumors
grew to ~100 mm?, the mice were randomly arranged into four
groups and administrated with saline, CDDP solution, MnO,/
HA nanosheets, and MnO,/HA/CDDP nanosheets via tail
vein. The administrated dose of the nanosheets was 4.2 mg/kg
in the MnO,/HA group and MnO,/HA/CDDP group, which
was calculated by MnO,. The administrated CDDP dose was
3 mg/kg in the CDDP group and MnO,/HA/CDDP group. The
tumor size was recorded on the basis of the following formula:
tumor volume (mm?®) =0.5x 4 x B2. In this formula, A and B
refer to the length and breadth of the tumor, respectively. The
body weight of the mouse was also measured.
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All the animals treated a total of four times were sacrificed
at the study endpoint. The dissected tissues such as tumors
and other major organs were immersed into paraffin for
hematoxylin and eosin (H&E) staining. Finally, the H&E-
treated slices were captured under a bright field microscope
(Nikon Eclipse 50, Nikon Corporation, Tokyo, Japan).

Statistical analysis

An F-test with subsequent Student’s #-test (equal variance)
was used for the evaluation of the results of two different
groups. Analysis of variance (ANOVA) was carried out
followed by Dunnett’s posttest for multiple groups. Experi-
mental results were considered statistically significant when
the P-value was <0.05. All the data listed are mean = SD,
unless otherwise noted.

Results and discussion
Synthesis and characterization of MnO,

nanosheets

In order to develop an outstanding nanoplatform with both
therapeutic and imaging features, the MnO, nanosheets were
adopted in this study. MnO, nanosheets were prepared mainly
by ultrasonicating bulk MnO,, which was first synthesized
by using H,O, to oxidize MnCl, in the presence of tetram-
ethylammonium hydroxide. Unlike the exfoliation of layered
host compounds into single layers step by step,?* synthesis
and primary exfoliation were completed simultaneously with
tetramethylammonium hydroxide as exfoliation agent in this
study. Thereafter, ultrasonication for as long as 12 hours or
more is necessary to further exfoliate the bulk nanomaterial.
As shown in Figure 2A, sheet-like morphology has been con-
structed successfully with a size of 20-60 nm. The selected
area electron diffraction pattern image at the bottom right of
Figure 2A indicates the crystalline property of MnO,. The
lattice fringe spacing observed under a higher magnification
(Figure 2B) is ~0.23 nm, which can be attributed to the (100)
plane of MnO,. The crystal phase of the prepared MnO, was
further characterized by power X-ray diffraction. As shown
in Figure S1, the peaks at 20 =37.0°, 42.2°, and 66.1° can
be easily identified for the (100), (101), and (110) planes,
respectively, of MnO, crystalline structure (Akhtenskite,
syn MnO,, JCPDS [Joint Committee on Powder Diffraction
Standards] file no: 30-0820). The EDS of MnO, in Figure 2C
gave a direct evidence of the Mn and O elements. Figure 2D
indicates that the zeta potential of nanosheets is ~22.3 mV.
Moreover, XPS technique was employed to explore the
surface chemistry of the nanomaterial. Figure 2E shows
that the XPS signal of the O element centered ~529.64 eV.

Figure 2F shows the binding energy of the Mn 2p, , and 2p, ,
centered at 641.95 eV and 653.65 eV, respectively, suggest-
ing that the primary oxidation state of Mn is +4. They were
similar to the binding energy of 642.0 eV and 653.9 ¢V in
a previous study.?

Preparation and physical characterization
of MnO_/HA/CDDP

Based on a recent study, MnO, nanosheets have large surface
area, which provides a large number of anchoring points for
drug molecules.® However, its unstable property in saline
and lack of tumor targeting limited its use for cancer drug
delivery. HA, a polyanionic polysaccharide which consists
of N-acetyl-D-glucosamine and B-glucuronic acid, has been
widely used for tumor-targeting delivery, because it has high
affinity toward CD44 (involved in cell—cell interactions, cell
adhesion, and migration), which is overexpressed in many
cancers.”*? In addition, HA could also increase the physical
stability of nanoparticles.'” Given the possible chelation and
electrostatic interactions between HA and MnO,, HA with
good biocompatibility and tumor-targeting property was
introduced to the surface of MnO,.

In order to understand the property of the obtained
MnO,/HA, FTIR spectra of MnO,, MnO,/HA, and HA were
investigated in detail. As shown in Figure 3A, after the MnO,
nanosheets were modified with HA, the asymmetric and
symmetric stretching vibration of methylene (~CH,) of HA
appeared at ~2,900 cm™' and 2,800 cm™, respectively. In addi-
tion, the peak at ~1,058 cm™' was assigned to the stretching
vibration of N—C of HA molecules. These results suggested
that HA was successfully attached to the surface of MnO,
nanosheets. Figure 3B shows the thermogravimetric analy-
sis of synthesized MnO, nanosheets and MnO,/HA in air.
At 600°C, MnO, and MnO /HA showed ~8.2% and 10.3%
weight losses, respectively. Therefore, the difference between
the two weight loss percentages is the relative amount of HA
grafted onto MnO, nanosheets, which is ~2.1%. Thus, this
modification could significantly improve the dispersibility
of MnO, in saline.

The advantage of MnO,/HA was its applications for drug
delivery due to the two-dimensional nature. Accordingly, a
widely used chemotherapeutic agent, CDDP, was transported
by the MnO,/HA nanosheets to obtain the MnO /HA/CDDP.
CDDP is noncovalently loaded onto the MnO,/HA by simple
mixing under sonication. The hydrogen-bond interaction
among HA molecules reported by the earlier study may
mask some paratope regions of HA in the process of loading
of drug.?® In order to increase the loading efficiency of CDDP,
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the loading efficiency was investigated at different feed
ratios. As shown in Figure 3C, it was found that with the
increase in the MnO,/HA, the loading efficiency increased
and reached the maximum of ~75.0% when the ratio of
MnO, to CDDP was 10:1. This high loading capacity was
attributed to the electrostatic and van der Waals effects as
reported by other researchers,” while Pt metal of CDDP
could also form a strong conjugation with carboxyl groups
of the HA in MnO_/HA. Considering the hydrogen-bond
interaction among HA molecules forming a barrier for

chelating with cisplatin, destroying the hydrogen-bond
interaction through treatments with urea, acid, base, or high
temperature may be a potential solution to increase the drug
loading efficiency.’*

The morphology of MnO,/HA/CDDP was recorded
by TEM. As shown in Figure 4A, MnO,/HA/CDDP was
sheet-like structure with aggregation. We inferred that the
aggregation was due to the Pt metal of CDDP, which may
form a strong conjugation with carboxyl group in HA from
adjacent nanosheets, as shown in Figure S2A. EDS spectrum
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(Figure 4B) further indicated the existence of metal Pt in the
theranostic nanoplatform. Figure 4C and D shows that the
size and zeta potential of MnO,/HA/CDDP were ~190.5 nm
and —26.2 mV, respectively. As shown in Figure 4E and F,
the stability of MnO,/HA/CDDP in pure water and saline
was observed from their appearance, indicating that the
as-prepared MnO,/HA/CDDP has good stability in physi-
ological environment compared to free MnO, nanosheets.

In vitro release

As mentioned earlier, tumor site exhibited special features in
comparison to the normal tissue, such as weak-acid environ-
ment and elevated GSH level. Consequently, in vitro drug
release studies were carried out at 37°C under different
conditions. As shown in Figure 4G, the release of CDDP
from MnO _/HA/CDDP nanosheets was largely controlled at
pH 7.4. In this case, the released drug percentage was below
30% in the initial 12 hours, indicating a slower and sustained
release characteristic. This could be attributed to robust

conjugation of platinum with carboxylate anion of the HA
molecules on the MnO, surface as well as absorption by the
MnO, nanosheets through van der Waals interactions apart
from electrostatic effects. Interestingly, the release of CDDP
from MnO,/HA/CDDP was apparently accelerated at pH 5.0
in comparison to that at pH 7.4 probably as a result of the
weakening of the metal—carboxylate bond via protonation
of the carboxylic groups of the HA unit (Figure S2B) and
the dissolution of MnO, in acid condition.®** As expected,
promoted drug release with a released percentage of 84.0%
in the first 12 hours was obtained for MnO,/HA/CDDP nano-
sheets when they were placed in a reductive release medium
supplemented with 2 mM GSH. The drug system could be
decomposed due to the reduction in MnO, nanosheets by
GSH, generating a great number of Mn** ions. In comparison,
less CDDP release percentage was observed in PBS con-
taining 10 uM GSH. Therefore, when drug-loaded MnO,
nanosheets accumulate at tumor tissues, the reductive envi-
ronment of tumors may substantially promote the breakup
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Notes: (A) TEM images of MnO,/HA/CDDP; (B) EDS pattern of MnO,/HA/CDDP; (C) size distribution; (D) zeta potential; (E) appearance of MnO, and MnO,/HA/CDDP
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CDDP from MnO,/HA/CDDP nanosheets at different release media.

Abbreviations: CDDP, cis-diamminedichloroplatinum; EDS, energy-dispersive X-ray spectroscopy; GSH, glutathione; HA, hyaluronic acid; MnO,, manganese dioxide; TEM,

transmission electron microscopy.

of the nanosheets and rapid release of the loaded therapeutic
agents. As shown in Figure S3, the breakup of MnO,/HA
nanosheets in a redox environment that promotes the drug
release could be obviously demonstrated by the color evolu-
tion from brown to colorlessness. However, no obvious color

change was observed under the physiological environment.
In contrast, the color change of them in acid environment is
less obvious, further indicating that the undermining of the
metal-carboxylate bond via protonation of the carboxylic
groups of the HA unit under acid condition contributed
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largely to the promoted drug release. As expected, the in vitro
release was enhanced compared to the condition either in pH
5.0 medium or in pH 7.4 medium with 2 mM GSH. Hence,
this drug release profile triggered by elevated GSH level and
weak-acid medium indicates that it can be used as a smart
agent in cancer management.

Determination of in vitro MRI and
relaxivities
Mangafodipir trisodium, which refers to manganese(Il) N,N'-
dipyridoxyl-ethylenediamine-N,N’-diacetate-5,5-bis (phos-
phate), is a commercial agent. Its application for hepatocellular
carcinoma diagnosis relying on the imaging quality of Mn** has
been approved by the US Food and Drug Administration. '3
In order to explore that whether the tumor microenvironment
could trigger the dissolution of MnO, into enough Mn** for
T1-weighted imaging, MRI of MnO_/HA/CDDP in acid or
redox condition was further assessed.

After incubation for 4 hours, MnO,/HA/CDDP nanosheets
prepared at different solutions were captured on a 3.0 T MR

A
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instrument. Meanwhile, MnCl, aqueous solutions with dif-
ferent concentrations were selected as the positive control.*
Figure 5A and B shows that there is no obvious difference
between different concentrations of MnO,/HA/CDDP at
pH 7.4, indicating that MnO,/HA/CDDP nanosheets failed
to display the satisfactory imaging effect. However, the MR
signal intensities of MnO,/HA/CDDP in redox environment
increased significantly with the increase in [Mn] concen-
tration, thus manifesting their potential applications as a
strong T1 contrast agent in response to redox environment.
The bright signal of MnCl, further demonstrated the produc-
tion of manganese ions from MnO,/HA/CDDP under redox
environment. It should be noted that the MRI of MnO,/HA/
CDDP under acid environment was obviously weaker than
that under redox environment, which was not consistent with
the in vitro release profile because the CDDP was rapidly
released from MnO /HA/CDDP, no matter whether it is in
acid medium or in redox medium. This phenomenon may
be explained by the different promoted release mechanism
under different medium conditions. As stated earlier, the
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weakening of the metal-carboxylate bond via protonation
of the carboxylic groups of the HA unit under acid condition
contributed largely to the promoted drug release. However,
the dissolution of MnO, triggered by higher GSH is the
main factor for the rapid drug release as well as manganese
ions. When our system was under the condition of pH 5.0
supplemented with 2 mM GSH medium, it was not surprised
that the significant whitening effect was detected. However,
the whitening effect is even stronger than that of the corre-
sponding MnCl, group at the same [Mn] concentration. The
enhanced whiting phenomenon may be due to the different
medium, which was also reported by Rohrer et al.*” The r,
value of the Teslascan®, which is a commercial Mn-based
MRI contrast agent used clinically, is ~1.9 mM™! s7! at
0.47 T.*” As shown in Figure 5C, the r, value of our system at
pH 7.4 without GSH is 0.4 mM™" s™'. In contrast, the r, value
of our MnO_/HA/CDDP system at pH 5.0 supplemented with
2 mM GSH is ~1.3 mM™" s™', which is comparable to that of
Teslascan®, indicating that our materials have a stronger T1
shortening effect and are feasible to be used as positive MRI
contrast agents. Therefore, our system under in vitro mimic
microenvironment still showed the potential for positive MRI
due toits higher 7, value (r,>1) as well as demonstrated whit-
ening effect in a concentration-dependent manner in vitro.

Therefore, because the dissolution of MnO, in tumor
environment, ie, under redox environment, was able to gener-
ate adequate manganese ions for T1-weighted imaging, the
developed theranostic system based on MnO, nanosheets
could afford pH/redox dual-triggered MRI. Therefore, it
was worth a try to apply it for detecting tumor because of the
acidic/redox microenvironment of the tumor tissue.

Intracellular uptake study
The theranostic nanoplatform was labeled by Cy 5.5 for
tracking its distribution in cells or mice bodies. The com-
parison of cellular uptake of Cy 5.5 between free Cy 5.5
and MnO,/HA/Cy 5.5 in A549 cells was first performed
by flow cytometric analysis. As shown in Figure 6A, the
internalization of both Cy 5.5 and MnO,/HA/Cy 5.5 dem-
onstrated a time-dependent manner. The uptake ratios of
Cy 5.5 at 2 hours, 4 hours, and 6 hours were 20.2%, 26.3%,
and 43.0%, respectively. However, those ratios at 2 hours,
4 hours, and 6 hours were 63.0%, 64.9%, and 66.9% for
MnO_/HA/Cy 5.5 nanosheets, respectively, indicating that
the drug in MnO,/HA-based drug delivery was more easily
accumulated in cancer cells than free drug.

The uptake of MnO /HA theranostic system and its intra-
cellular behavior according to the red fluorescence of Cy 5.5
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Figure 6 Flow cytometry analysis of A549 cells exposed to free Cy 5.5, MnO,/HA/Cy 5.5 for different times.
Notes: (A) Cy 5.5 group; (B) MnO,/HA/Cy 5.5 group.

Abbreviations: HA, hyaluronic acid; MnO,, manganese dioxide; Cy, Cyanine dye.
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was further observed with the help of CLSM. As shown in
Figure 7, the cell nuclei stained by DAPI were shown in blue,
while Cy 5.5 and Cy 5.5-labeled system are all displayed in
red. It should be noted that free Cy 5.5 exhibited much stronger
fluorescence intensity in the cell cytoplasm. By taking advan-
tage of the “optical sectioning” function of CLSM, fluorescence
images of A549 cells treated with either MnO,/HA/Cy 5.5 or
free Cy 5.5 were reconstructed in 2.5-dimensions by ZN 2011
software. Compared to the free Cy 5.5, MnO,/HA/Cy 5.5
entered the cells obviously, especially more red fluorescence
along with blue fluorescence, as evidenced by fluorescence
signals appeared along the Z-axis. This result suggested that
MnO,/HA is able to deliver considerable drugs into cytoplasm
and release the carried agents timely.

In vitro cytotoxicity

Figure 8 A shows that A549 cell viability following the incu-
bation with MnO,/HA for 1 day was >80% in the range of
the tested concentrations. However, when the concentration
of MnO/HA was >20 pg/mL, the cell growth was inhibited
to some extent at 48 hours, indicating that a higher dose of
it also induced the cell growth. Therefore, the administrated
dose of vehicles <20 pg/mL was used in the subsequent
investigations.

In order to determine that whether MnO,/HA/CDDP has
inhibitory effect on the proliferation of 549 cells in vitro,
cell viability at different times was carried out. Figure 8B
and C shows that MnO /HA/CDDP nanosheets prohibited the
growth of A549 cells in a concentration-dependent manner
at either 24 hours or 48 hours. Interestingly, although the

DAPI Cy5.5

| ...
| ...

Merged images

MnO,/HA/CDDP showed lower inhibition effect in compari-
son to CDDP at 24 hours, the inhibitory effect of drug-loaded
nanosheets was largely strengthened at 48 hours. This phe-
nomenon may be explained by the sustained release feature
of CDDP from the system.

Cell cycle analysis

In order to elucidate the mechanism of MnO,/HA/CDDP-
induced cytotoxicity, the cell cycle distribution of cells was
investigated by FCM after incubation with MnO_/HA nano-
sheets, CDDP solution, and MnO,/HA/CDDP nanosheets.
As shown in Figure 9A, the G /G,, S, and G,/M phases had
no change after the incubation with MnO,/HA, suggesting
that MnO /HA with good biocompatibility influenced less
on the cell cycle distribution. Compared to the control group
with a percentage of 9.94% cells in G/M phase, the G,/M
phases were arrested markedly in the cases of both free
CDDP and MnO,/HA/CDDP with a percentage of 29.70%
and 29.92%, respectively, indicating the similar cytotoxicity
mechanism.

Cell apoptosis

The nuclear destruction along with the appearance of
apoptotic bodies was conspicuous markers of variable
extent of apoptosis.* Figure 9B shows the blue color stained
by DAPI was faint. Compared to the control group, no
obvious difference was observed between the MnO,/HA
and control group, indicating the good biocompatibility of
MnO,/HA. Interestingly, more cells treated with CDDP and
MnO,/HA/CDDP exhibited blue color, indicating that both
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Figure 7 CLSM images of A549 cancer cells after the uptake of MnO,/HA/Cy 5.5 (A), free Cy 5.5 (B) at the equivalent Cy 5.5 concentration of 5 ig/mL at 4 hours.
Abbreviations: CLSM, confocal laser scanning microscopy; DAPI, 4’,6-diamidino-2-phenylindole; HA, hyaluronic acid; MnOZ, manganese dioxide; Cy, Cyanine dye.
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Figure 8 Cell cytotoxicity.

Notes: (A) A549 cell viabilities after incubation with MnO,/HA for 24 hours and 48 hours; (B) A549 cell viabilities after incubation with CDDP and MnO,/HA/CDDP for
24 hours; (C) A549 cell viabilities after incubation with CDDP and MnO,/HA/CDDP for 48 hours. *P<<0.05; **P<0.01.
Abbreviations: CDDP, cis-diamminedichloroplatinum; HA, hyaluronic acid; MnOI, manganese dioxide.

caused significant apoptosis in A549 cells with an apoptosis
rate of 47.0%+1.9% and 55.6%+1.7%, respectively. This
demonstrates that MnO,/HA/CDDP enhanced the apoptosis
of A549 cells when compared to free CDDP (P<<0.05).

In vivo NIR fluorescence imaging

Figure 10 shows the overlay images of fluorescence and
X-ray images of tumor-bearing animals receiving Cy
5.5-labeled MnO,/HA nanosheets and Cy 5.5 at planned
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Figure 9 Cell cycle and cell apoptosis analysis.
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Notes: (A) Cell cycle analysis; (B) cell apoptosis determined by DAPI staining: (a) control group; (b) MnO,/HA group; (c) CDDP group; (d) MnO,/HA/CDDP group.
Abbreviations: CDDP, cis-diamminedichloroplatinum; DAPI, 4’,6-diamidino-2-phenylindole; HA, hyaluronic acid; MnOZ, manganese dioxide.
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Figure 10 In vivo NIR fluorescence imaging.
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Notes: (A) Cy 5.5-labeled MnO,/HA/CDDP group; (B) free Cy 5.5 group. The red semi-circles refer to the tumor site.
Abbreviations: CDDP, cis-diamminedichloroplatinum; HA, hyaluronic acid; MnOZ, manganese dioxide; NIR, near infrared; Cy, Cyanine dye.

time. For Cy 5.5 group, there was strong fluorescence
intensity around the starting point of the tail. Moreover, the
fluorescence signals decreased in a short time and became
a tiny spot after 24 hours. This result was possibly induced
by the fast clearance of it from kidney. Surprisingly, at
either 2 hours or 24 hours, the fluorescence intensity at the
tumor site of the animal receiving MnO,/HA/Cy 5.5 was
obviously enhanced relative to that of Cy 5.5 group. This
outstanding accumulation of MnO_/HA might be explained
by the enhanced permeation and retention effect as well as
receptor-mediated endocytosis with the help of HA. These
results indicated that MnO,/HA/CDDP was able to effec-
tively target tumors.

MRI evaluation in vivo

The anesthetized tumor-bearing mice following the injection
of MnO,/HA/CDDP were placed on a clinical 3.0 T MRI
scanner for obtaining the T1-weighted MRI. As shown in
Figure 11A(b), apparent whitening phenomenon appeared at
the injection site in the tumor compared to the control mouse,
suggesting that MnO,/HA may be a potential T1-weighted
imaging agent for the diagnosis of tumor site. According to
the in vivo NIR fluorescence imaging outcome, it is easy

to conclude that the system accumulated at the tumor loca-
tion abundantly at 4 hours. It motivates us to understand
the T1-weighted image of the tumor animal administrated
with MnO /HA/CDDP via tail vein at the same time. HA
has been proposed as an alternative to polyethylene glycol
to improve the pharmacokinetic properties of therapeutic
agents.***? Therefore, the drug delivery system could par-
tially evade accumulation in the liver through the decoration
of HA on the nanosheets. As shown in Figure 11A(c) and B,
distinct whitening at the tumor locations according to the
T1-weighted MRI following the 4-hour administration was
detected. Meanwhile, considerable whitening phenomenon
was also clear at the liver location, indicating that the clear-
ance of Mn** may be from the liver prior to excretion into
the intestines. While the application of HA may help the
vehicles to evade accumulation in the liver to some extent, it
should be remembered that mononuclear phagocytic system
uptake usually leads to the accumulation of nanoparticles in
the liver inevitably. Therefore, it is not surprising to find that
enhanced whiting effect in the liver site was observed despite
the possibility of clearance of degraded Mn?* in vivo. Con-
sequently, these results suggested that MnO,/HA nanosheets
could be employed as a dominant T1 MRI contrast agent.
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Figure 11 In vivo Tl-weighted MRI and pharmacokinetic properties.

Notes: (A) In vivo T |-weighted MRI of tumor-bearing mice under different treatments; (B) average MRI signal intensity of each group; (C) plasma concentration—time curves
of CDDP after intravenous injection of free CDDP solution and MnO,/HA/CDDP nanosheets, respectively. (a) Control mice; (b) 4 hours after intratumoral injection with
MnO,/HA/CDDP; (c) 4 hours after intravenous injection with MnO,/HA/CDDP. *P<0.05; **P<0.01. The red semi-circles refer to the tumor site.

Abbreviations: CDDP, cis-diamminedichloroplatinum; HA, hyaluronic acid; MnOl, manganese dioxide; MRI, magnetic resonance imaging.

Pharmacokinetics study
The plasma concentrations of CDDP after the administra-
tion of CDDP solution and MnO,/HA/CDDP nanosheets at
different times are shown in Figure 11C. What should be
noted is that free CDDP was cleared quickly from the blood.
In comparison, MnO,/HA/CDDP displayed a delayed blood
clearance. Moreover, the concentration of CDDP released
from the delivery system was kept higher within 12 hours
than that of free CDDP solution.

Table 1 summarizes the relevant pharmacokinetic
parameters of each group. The area under the curve, ¢, of

172

Table | Pharmacokinetic parameters

Parameter Unit CDDP MnO,/HA/CDDP
t, Hours 1.44 2.38

AUC,, pg/mLh 4.32 9.46

AUC, pg/mLh 4.53 9.80

AUMC,, ..  ug/mLh? 7.23 27.64

MRT, .. .. Hours 1.59 2.8l

vz, (mg/kg)/ (ug/mL) 1.40 1.05

cl,, (mgfkg)/(ug/mL)/h  0.66 0.86

Abbreviations: AUC, area under the curve; CDDP, cis-diamminedichloroplatinum;
HA, hyaluronic acid; MnOz, manganese dioxide; AUMC, area under moment curve;
MRT, mean residence time; Vz_, , apparent volume of distribution; Cl_ , Clearance.

the MnO,/HA/CDDP nanosheets, was 1.65 times, and 2.19
times of that of free CDDP. The prolonged circulation char-
acteristic may be related to the application of HA, because it
has been proposed as an alternative to polyethylene glycol
to improve the pharmacokinetic properties of therapeutic
agents. Penetration from blood to tumor by active and pas-
sive tumor-targeting ways requires adequate blood residence
time and circulating levels before tumor accumulation, and
receptor-mediated uptake can take place. These in vivo phar-
macokinetic properties of CDDP delivered by nanosheets
seem to match well with its in vitro sustained CDDP release
profile. Therefore, the prolonged circulation and stimuli-
responsive release profiles may greatly contribute to their in
vivo stability before reaching the target tumor site.

In vivo antitumor effect

Drug delivery system with high toxicity usually leads to the
loss of body weight. Therefore, body weight of all the tumor-
bearing animals was weighed during the treatment period.
Figure 12A indicates that the body weight of mice in CDDP
group decreased quickly with an average decrease of 21.78%
at the study endpoint relative to the starting point. However,
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Figure 12 In vivo antitumor effect.

Notes: (A) Body weight of tumor-bearing mice as a function of time; (B) relative tumor volumes of tumor-bearing mice at different times; (C) H&E-stained tumor tissues
harvested from the mice under different treatments; (D) H&E-stained kidney tissues harvested from the mice under different treatments; (a) control group; (b) MnO,/HA

group; (c) CDDP group; (d) MnO,/HA/CDDP group. The scale bar is 100 um. *P<<0.05.

Abbreviations: CDDP, cis-diamminedichloroplatinum; HA, hyaluronic acid; H&E, hematoxylin and eosin; MnO,, manganese dioxide; V, tumor volume at a certain day; V,,

initial tumor volume.

no obvious body weight loss was observed for MnO,/HA
and MnO,/HA/CDDP nanosheets, indicating that these two
treatments were well tolerated by mice.

In order to understand the therapeutic efficiency of
MnO,/HA/CDDP, antitumor efficacy was performed in the
S180 tumor-bearing mice. After four times of treatments,
the relative tumor volumes of saline group and MnO,/HA
group were 6.34+0.35, 5.23+0.42 (Figure 12B), respectively,
suggesting that the MnO,/HA prevented the tumor progres-
sion slightly. Previous research showed that MnO, material
was capable of enhancing the effect of radiation treatment,
which involved in mediation of tumor progression-related
factors, such as hypoxia-inducible factor-1 alpha and vascu-
lar endothelial growth factor in the tumor.* These findings
may explain partly for the observed inhibition action of
MnO,/HA in this study. Interestingly, compared to the CDDP
group, MnO,/HA/CDDP nanosheets exhibited an obviously
strengthened antitumor efficiency (P<<0.05) because the rela-
tive tumor volume was only 1.72+0.25, indicating that this is

a successful application in which MnO, nanosheet was used
as a theranostic system. The representative tumor H&E stain-
ing samples were arranged in Figure 12C, indicating that the
MnO,/HA/CDDP group showed evident tumor cell necrosis
as well as shrinkage compared to the remaining groups. As
a result, remarkably enhanced therapeutic effect was further
demonstrated for tumor-bearing mice receiving MnO,/HA/
CDDP in comparison to those treated with CDDP or MnO,/
HA at the same CDDP and MnO /HA doses. The improved
antitumor effect for MnO,/HA/CDDP could be explained
from the following two aspects: 1) the tumor-targeting prop-
erty and extended circulation time of CDDP with the help of
HA led to the accumulation in tumor and 2) the efficient cellu-
lar internalization by tumor cells would result in enhanced cell
growth inhibition because of the combination of the inherent
role of CDDP and the downregulation of tumor progression-
related factors derived from MnO, nanosheets.*

A major drawback of CDDP is its side effects in normal
cells and tissues, prominently toxicity in the kidneys.*
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As shown in Figure 12D, collapse of tubules was found in
the kidney of free CDDP group. Compared to free CDDP
group, tubules in the kidney was arranged in order and no
pathological changes and necrosis were observed in the
kidney from MnO_/HA/CDDP group, indicating that the
MnO,/HA/CDDP alleviated the toxicity of CDDP to the
kidney. All other major organs including heart, liver, spleen,
and lungs displayed no obvious difference in either MnO,/
HA or MnO,/HA/CDDP groups compared to the saline
group. As shown in Figure S4, no different dissolution,
atrophy, and necrosis of cardiac cells were observed in
the heart, and no different degeneration and necrosis were
detected in both hepatic cell and splenocytes. Meanwhile,
no different inflammatory cells appeared and no structural
changes occurred in the lungs. These results confirmed the
safety of MnO_/HA/CDDP nanosheets and their outstanding
therapeutic efficiency.

Conclusion

The degradable MnO, nanosheets modified with HA was
successfully constructed for loading CDDP in this study.
On the one hand, this redox/pH dual-responsive theranostic
platform was able to deliver CDDP to the tumor site, causing
enhanced antitumor efficiency without significant toxicity to
kidney. On the other hand, this system could be triggered by
weak-acid environment and high level of GSH to generate
manganese ions for T1-weighted imaging. Therefore, these
redox/pH dual-responsive biodegradable nanosheets paved
a way for developing smart systems for tumor-targeting
theranostic application.
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Figure S1 XRD spectrum of MnO, nanosheets.
Abbreviations: MnO,, manganese dioxide; XRD, X-ray diffraction.
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Figure S2 The interaction between CDDP and HA.

Notes: (A) The interaction of CDDP with carboxyl groups in HA from adjacent nanosheets. (B) The weakening of the metal-carboxylate bond via protonation of the
carboxylic groups of the HA units.

Abbreviations: CDDP, cis-diamminedichloroplatinum; HA, hyaluronic acid.
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Figure S3 The color change of different formulations under various conditions.

Notes: The images of MnO,/HA/CDDP in pH 5.0 (A), reductive pH 7.4 PBS containing 2 mM GSH (B) and pH 5.0 containing 2 mM GSH (C). (D) The appearance of the
dialysis tubing after |12-hour dialysis for the in vitro release experiment.

Abbreviations: CDDP, cis-diamminedichloroplatinum; GSH, reduced glutathione; HA, hyaluronic acid; MnO,, manganese dioxide; PBS, phosphate-buffered saline.
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Figure S4 H&E staining of major organs from different groups (200x).
Abbreviations: CDDP, cis-diamminedichloroplatinum; HA, hyaluronic acid; H&E, hematoxylin and eosin; MnO,, manganese dioxide.
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