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KEY WORDS Abstract The combination of chemotherapy and photodynamic therapy provides a promising approach
for enhanced tumor eradication by overcoming the limitations of each individual therapeutic modality.
However, tumor is pathologically featured with extreme hypoxia together with the adaptable overexpres-
sion of anti-oxidants, such as glutathione (GSH), which greatly restricts the therapeutic efficiency. Here, a
combinatorial strategy was designed to simultaneously relieve tumor hypoxia by self-oxygenation and

Cisplatin;

Nanoparticles;
Photosensitizer;

Tumor microenvironment;

Oxygenation; reduce intracellular GSH level to sensitize chemo-photodynamic therapy. In our system, a novel multi-
GSH depletion; functional nanosystem based on MnO,-doped graphene oxide (GO) was developed to co-load cisplatin
Nanozyme; (CisPt) and a photosensitizer (Ce6). With MnO, doping, the nanosystem was equipped with intelligent
Targeting functionalities: (1) catalyzes the decomposition of H,O, into oxygen to relieve the tumor hypoxia; (2)

depletes GSH level in tumor cells, and (3) concomitantly generates Mn>" to proceed Fenton-like reaction,
all of which contribute to the enhanced anti-tumor efficacy. Meanwhile, the surface hyaluronic acid (HA)
modification could facilitate the targeted delivery of the nanosystem into tumor cells, thereby resulting in
amplified cellular toxicity, as well as tumor growth inhibition in nude mice model. This work sheds a new
light on the development of intelligent nanosystems for synergistic combination therapy via regulating
tumor microenvironment.
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1. Introduction

Chemotherapy still remains the most prevailing means to treat
cancer, and cisplatin (CisPt) is a widely used first-line chemo-
therapeutic drug. While most drugs display potent cytotoxicity
both in vitro and in vivo, their long-term administration would
inevitably provoke unwanted side-effects and acquired drug
resistance'. To mitigate this deficiency, various combination
strategies have been attempted to synergize the therapeutic
efficacy” *. Among them, the photodynamic therapy (PDT) has
gained significant interest’ °. PDT is performed by photosen-
sitizers to convert molecular oxygen into cytotoxic reactive
oxygen species (ROS) upon laser irradiation, which causes
oxidative damage to intracellular constituents and thus elicits
cell death'’. Due to the different anti-tumor mechanisms, PDT
could effectively compensate chemotherapy by overcoming the
limitations of each single therapeutic modality, thus reducing
the drug doses and achieving the synergistic effects'' ™',
However, despite significant efforts on this front, the therapeutic
outcomes of chemo-photodynamic combinations are still sub-
optimal, which is partially restricted by the heterogeneity and
complexity of tumor microenvironment'®'”. In addition, due to
the intrinsic polar structure of CisPt and its distinct physi-
ochemical properties from most photosensitizers, it still remains
a challenge to develop a co-delivery system for effectively
combining CisPt and PDT.

In tumor tissue, extreme hypoxia is the characteristic patho-
logical feature that restricts the therapeutic efficacy of oxygen-
dependent PDT'®'°, and the situation becomes even worse upon
PDT treatment as molecular oxygen is rapidly consumed to
further exacerbate the hypoxia, leading to compromised efficacy
and poor prognosis®® %>, Towards this issue, we and other
research groups have developed various combinatorial systems to
relieve the tumor hypoxia for enhanced PDT efficiency by, for
example, oxygen delivery, self-oxygenation and regulating tumor
microenvironment™>> 2°. On the other hand, tumor cells utilize
ROS scavenging mechanisms to resist “oxidation therapy” such as
PDT and even chemotherapy. Compared to normal cells, tumor
cells display relative high oxidative stress because of the meta-
bolic aberrations and dysfunctional redox regulation’’. To
improve this oxidative status and reduce oxidative damage, tumor
cells activate several ROS scavenging pathways, including gluta-
thione (GSH), catalase, superoxide dismutases (SOD) and
vitamins®™® *°. Among them, GSH is the most abundant intracel-
lular anti-oxidant species, which significantly hampers the PDT
efficacy’ .

In addition, the overexpressed GSH in tumor cells is also
employed to detoxify the chemotherapy via several mechanisms,
which causes drug resistance’”*>. For example, CisPt can easily
bind GSH, and the product loses the capability to enter the nucleus
for DNA damage, resulting in CisPt detoxification™®. To address
this issue, GSH-resistant or GSH-depleting polymeric micelles
have been developed for CisPt delivery”>*°. Therefore, the tumor
microenvironment with such hypoxia and high GSH expression
posts a significant challenge for both chemotherapy and PDT. As

such, it is hypothesized that, if tumor hypoxia and the GSH level
can be concomitantly alleviated at tumor site, the therapeutic ef-
ficacy of chemo-photodynamic combinations would be signifi-
cantly strengthened. So, it is highly desirable to develop a multi-
functional chemo-photodynamic combinatorial therapy, based on
a well-designed nanosystem that can achieve both goals.

Recently, 2D graphene oxide (GO) has been extensively used
as drug loading carrier for nanomedicine owing to its large planar
surface for efficient aromatic drug adsorption, as well as the
abundance of functional groups (e.g., hydroxyl and carboxyl
groups) for drug conjugation and further modifications®” *'. For
example, the photosensitizer chlorin e6 (Ce6) was loaded onto GO
via physisorption*>*’, and cisplatin was conjugated on GO via
ester bond which facilitated the subsequent microRNA adsorption
to realize gene—chemo combinations™. Herein, GO was exploited
as the nano-delivery system to realize the co-delivery of CisPt and
Ce6 (designated as GO/CisPt/Ce6). Specifically, CisPt was aqua-
ted and covalently attached on the edge of GO through the ester
bond, and Ce6 was facilely adsorbed on the plane surface. To
solve the bottlenecks of both chemotherapy and PDT, such co-
delivery system was further decorated with MnO, nanoparticles
on the 2D surface to form GO/CisPt/Ce6@MH. Note that this is
the first example of metal oxide-doped GO nanosheet for in vivo
drug delivery. The doped MnO, not only acted as a nanozyme to
catalyze the decomposition of tumor abundant H,O, into O, for
self-oxygen supply and thus relieve the tumor hypoxia, but also
exerted an effective GSH depletion effect by oxidation of GSH
(Scheme 1). Meanwhile, the MnO, was reduced to Mn>", which
became a Fenton reagent to generate toxic ROS using H,0O, as
substrate for chemodynamic cancer therapy. It should be noted
that Mn>" is an essential element for physiological metabolism, so
its homeostasis can be efficiently controlled by the biological
system. In addition, the surface hyaluronic acid (HA) modification
endowed the nanosystem with tumor recognition capability for
targeted delivery. All solution, in vitro, and in vivo experiments
have demonstrated the oxygenation and GSH depletion activities
of the nanosystem, and the superior tumor ablation effect has been
evidenced both in vitro and in vivo. Compared with previous re-
ported chemo-photodynamic systems which require tedious
preparation procedure or complicated materials engineering*>*°,
our proposed nanosystem is advantageous for ease of preparation,
and can realize one-stone-two-birds purpose endowed by MnO,
dopping (e.g., tumor hypoxia relief and GSH depletion), which is
critical for enhanced CisPt/Ce6 combinatorial tumor therapy. This
work provides a new solution to develop multi-functional drug
delivery system for enhanced chemo-photodynamic combinatorial
therapy.

2. Materials and methods

2.1. Materials

Cisplatin, manganese sulfate (MnSOy), silver nitrate (AgNO3) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
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(MTT) were provided by Sigma—Aldrich (Saint Louis, MI, USA).
Graphene oxide (GO) was obtained from Nanjing XFNANO
Materials Tech Co., Ltd. (Nanjing, China). Hyaluronic acid (HA,
7 kDa) was purchased from Lifecore Biomedical Company (Twin
Cities, USA). Chlorin e6 (Ce6) was provided by Frontier Scien-
tific, Inc (Logan, UT, USA), and 2/,7-dichlorofluorescin diacetate
(DCFDA) was obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Live & dead viability/cytotoxicity assay
was purchased from Invitrogen (New York, NY, USA), and 4',6'-
diamidino-2-phenylindole (DAPI) was purchased from Solarbio
Biotech, Co., Ltd. (Beijing, China).

2.2.  Synthesis of GO/CisPt/Ce6@MH

To synthesize aquated CisPt [Pt (NH3),(OH,),1* ", 20 mg CisPt
was mixed with 11.2 mg silver nitrate under vigorous stirring for
24 h**. Then, the mixture was centrifuged at 10,000x g for 10 min
to remove the silver chloride byproduct, and then filtrated through
0.45 pm millipore filter to obtain the aquated CisPt. To prepare
GO/CisPt/Ce6@MH, five mL aquated CisPt solution (40 pg/mL)
was mixed with five mL graphene oxide (GO) solution
(200 pg/mL) containing 10 mmol/L PBS (pH 7.4) for 1 h reaction
in dark. Then, 42 pLL Ce6 DMSO solution (6 mg/mL) was added
and stirred for 24 h, followed by washing with ultrapure water to
obtain CisPt and Ce6 co-loaded GO/CisPt/Ce6. Next, the GO/
CisPt/Ce6 solution was sequentially added with 200 uL MnSO,
(3.38 mg/mL) and 750 pL hyaluronic acid (20 mg/mL). Then,
NaOH solution (1 mol/L) was applied to adjust the pH to 10,
followed by 2-h reaction under vigorous stirring. Finally, the
mixture was centrifuged and washed to obtain the GO/CisPt/
Ce6@MH.

2.3.  Characterization of GO/CisPt/Ce6@MH

The hydrodynamic size and zeta potential ({) were measured by
dynamic light scattering (DLS) analysis using Malvern Zeta Sizer

Nano series (Nano ZS, Malvern instruments, Malvern, UK). The
morphology and elements distribution were determined by TEM-
EDX instrument (Titan G2 60—300, FEI, Waltham, MA, USA).
The thickness was examined by atomic force microscope (AFM,
Bruker, Madison, Waltham, MA, USA). The surface elemental
composition was examined by X-ray photoelectron spectroscopy
(XPS, ThermoFisher-VG Scientific, ESCALAB250Xi, Madison,
Waltham, MA, USA). The UV—Visible absorbance spectra were
measured by UV—Visible spectrophotometer (UV2450, Shi-
madzu, Tokyo, Japan). The loading capacity (LC, %) of Ce6 was
calculated by the Ce6 characteristic absorption peak at 404 nm
using UV—Visible spectrophotometer. The LC (%) of CisPt on
GO was determined using an ophenylenediamine (OPD)
method™’.

2.4.  Invitro drug release behavior

The release behavior of CisPt and Ce6 from GO/CisPt/Ce6 @MH
was examined by the centrifugation method. Briefly, GO/CisPt/
Ce6@MH was suspended in dissolution medium (pH 5.5 and 7.4
PBS buffer, 10 mmol/L). The solution was shaken in a thermo-
static shaker (100 rpm, 37 °C). The release medium was sampled
(0.5 mL) at predetermined time intervals and centrifuged at
20,000x g for 20 min. The CisPt in the supernatant was analyzed
by the OPD method and the Ce6 in the supernatant was deter-
mined from the characteristic absorbance peak at 404 nm.

2.5.  Invitro O, production and enhanced 'O, generation

GO/CisPt/Ce6 or GO/CisPt/Ce6@MH (20 pg/mL) was added to
the H,O, solution (I mmol/L), followed by monitoring the O,
generation by using portable dissolved oxygen meter (JPBJ-609L,
INESA Scientific Instrument Co., Ltd., Shanghai, China). The o,
production was measured by using SOSG probe. Briefly, 0.8 mL
of GO/CisPt/Ce6 or GO/CisPt/Ce6@MH (2 pg/mL Ce6) was
dispersed into 0.1 mL SOSG solution (25 umol/L), followed by
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Scheme 1

Schematic illustration of GO/CisPt/Ce6@MH for enhanced chemotherapy and photodynamic therapy against tumors.
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adding 0.1 mL H,O, (100 mmol/L). At predetermined time in-
tervals, a continuous laser (635 nm, 0.1 W/cmz) was applied, and
the green fluorescence of SOSG was detected by fluorescence
spectrophotometer (Ex = 490 nm, Em = 525 nm).

2.6.  GSH depletion by GO/CisPt@ MH

The GSH depletion was measured by using Ellman’s reagent
(Solarbio Bioteh). In detail, GSH solution (250 pmol/L) was
mixed with GO, GO/CisPt and GO/CisPt@MH (20 pg/mL),
respectively. After 30 min incubation, the Ellman’s reagent was
added, and the absorbance spectrum was recorded with a wave-
length from 350 to 500 nm. To investigate the GSH depletion
inside cells, the MDA-MB-231 cells were seeded in 6-well plate
and treated with GO, GO/CisPt or GO/CisPt@MH (100 ng/mL)
for 4 h. After washing with PBS, the cells were harvested and
lysed using the Triton-X 100 cell lysis buffer. Then, the samples
were centrifuged at 6000x g for 5 min, and the GSH concentration
was measured by the Ellman’s reagent.

2.7.  Detoxification of CisPt by GSH

GO/CisPt/Ce6@MH, GO/CisPt/Ce6 or CisPt solution (2 pg/mL
CisPt) was mixed with different concentrations of GSH (0.1, 0.5,
and 1 mmol/L). After 30 min incubation, the mixture was reacted
with an OPD solution (12 mg/mL, dissolved in DMF), and the
concentration of active CisPt was calculated based on the UV—Vis
absorbance intensity at 703 nm.

2.8.  Mn*"-mediated fenton-like reaction

The -OH-generating activity was investigated by methylene
blue (MB). Briefly, GO/CisPt/Ce6@MH (100 pg/mL) was
mixed with GSH (1 mmol/L) and incubated at 37 °C for 30 min.
After centrifuging at 20,000xg for 20 min, NaHCO; solution
(25 mmol/L), MB solution (10 pg/mL) and H,O, (8 mmol/L) were
added to the supernatant. Then, the mixture was incubated at 37 °C
for 30 min, and the MB degradation was monitored by the UV—Vis
absorbance change at 665 nm.

2.9.  Cell culture

MDA-MB-231 and RLE-6TN cells were cultured in DMEM
complete medium containing 10% FBS (GIBCO, USA), 1%
penicillin/streptomycin (100 U/mL, Solarbio Bioteh), and digested
with 0.25% trypsin—EDTA (Solarbio Bioteh).

2.10.  Cellular uptake

MDA-MB-231 or RLE-6TN cells were seeded in 35 mm culture
dish at a density of 2 x 10° per milliliter and cultured overnight.
Then, the cells (with or without pre-incubation of 10 mg/mL free
HA) were treated with free Ce6 or GO/CisPt/Ce6@MH for 2 h.
After fixing with 4% paraformaldehyde and labeling with DAPI,
the cells were imaged by a confocal fluorescence microscope
(LSM780 NLO, Zeiss, Oberkochen, Germany). The Ogura pro-
cedure was performed to quantify the cellular uptake of Ce6™.
Briefly, MDA-MB-231 cells or RLE-6TN cells were seeded in 6-
well plate and treated as above mentioned. After washing with
PBS, the cells were harvested using a cell scraper. Afterwards, the
cell debris was dissolved in one mL sodium dodecyl sulfate (SDS,
2%) for 2 h incubation. Then, one mL NaOH (0.2 mol/L) was

added to extract Ce6 for quantification by using a fluorescence
spectrophotometer (Ex = 404 nm, Em = 663 nm).

2.11. Intracellular ROS generation

MDA-MB-231 cells were seeded in 24-well culture plate at a
density of 10° per well. The cells (with or without pre-incubation
of 10 mg/mL free HA) were treated with Ce6, GO/CisPt/Ce6 or
GO/CisPt/Ce6@MH for 2 h. Then, the cells were washed 3 times
with PBS and further incubated with DCFDA (10 umol/L) for
30 min. After irradiating for 2 min (0.1 Wicm?), the cells were
observed by fluorescence imaging system (NIKON, Ti—S, Tokyo,
Japan).

2.12.  Invitro cytotoxicity studies

MDA-MB-231 cells were seeded in 96-well plate (5 x 10%/well)
for 24 h culturing at 37 °C. Thereafter, different formulations with
gradient concentrations were added for 24 h incubation. After
irradiating with a laser (0.1 W/cm?) for 1 min and incubating for
24 h, the MTT (5 mg/mL, 20 pL) was added, followed by 4 h
incubation. Afterwards, MTT was removed and 100 pL. DMSO
was added to dissolve the formazan crystals. Finally, the absor-
bance at 570 nm was recorded and the cell viability was calcu-
lated. The cell apoptosis was investigated using calcein AM/
propidium iodide (PI) double staining kit (Sangon Biotech,
Shanghai, China). The MDA-MB-231 cells were seeded in a 24-
well plate at a density of 2 x 10° per well and treated with
various formulations for 24 h. Then, the cells were irradiated with
laser (0.1 W/cm?) for 1 min and incubated for 24 h, followed by
dual Calcein AM and PI staining for fluorescent imaging.

2.13.  Invivo antitumor activity

All animal experiments were performed according to the Regu-
lations for the Administration of Affairs Concerning Experimental
Animals of China, and approved by the Ethics Committee for
Research in Animal Subjects at Xiangya School of Pharmaceutical
Sciences of Central South University, China. Female BALB/c
nude mice (6 weeks) were subcutaneously injected with a sus-
pension of MDA-MB-231 cells in PBS. When the volume of tu-
mors reached ~100 mm>, the MDA-MB-231 tumor-bearing
BALB/c mice were randomly assigned to four groups and intra-
tumorally injected with PBS, GO/CisPt/Ce6-+Laser, GO/CisPt/
Ce6@MH, GO/CisPt/Ce6@MH + Laser, respectively, n = 5 per
group, at Day 0 (100 pL, 0.5 mg/kg Ce6). The laser (0.1 W/cm?,
5 min) was performed at 24 h post-injection. The body weight and
tumor size (V) of each mouse were recorded every 2 days for 2
weeks to evaluate the antitumor activity. The tumor size was
calculated using the formulae Eq. (1):

V = (Length x Width?)/2 D

The major organs and tumors were isolated and collected from
the euthanized mice for hematoxylin and eosin (H&E) staining at
Day 14 after treatment. The GSH content in tumor tissues was
measured using homogenization method. Briefly, the weighed
tumor after different treatments was immersed in saline, and
tumor homogenate solution was prepared by homogenizer. After
centrifuging at 2500x g for 10 min, the GSH content in superna-
tant was measured using Ellman’s reagent.
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2.14.  Immunofluorescence analysis

After treatments, the mice were sacrificed and tumors were sur-
gically resected. Then, tumor tissues were fixed to prepare frozen
sections slices. The slices were incubated with the HIF-1« anti-
body (mouse polyclonal to HIF-1«) and changed with the sec-
ondary antibodies conjugated with FITC. Next, the nuclei were
counterstained with DAPI. Images were acquired by confocal
fluorescence microscope (LSM780 NLO).

3. Results and discussion
3.1.  The construction of GO/CisPt/Ce6@MH

The nanoplatform was stepwise prepared as illustrated in Fig. 1A.
CisPt was aquated in presence of AgNOj;, which allowed for
conjugation with GO through ester bond**. Then, Ce6 was phys-
isorbed on GO through w—m stacking, forming the dual-drug
loading system of GO/CisPt/Ce6. Interestingly, the platination of
GO facilitated the Ce6 adsorption with considerably higher
loading capacity (Supporting Information Fig. S1A), which is
likely due to the decrease of the negative charge after CisPt
conjugation that alleviates the charge repulsion between GO and
Ce6 (Fig. S1B). The drug loading (DL, %) for CisPt and Ce6 was
calculated to be 7.7% and 3.1%, respectively. Then, Mn*" was in
situ oxidized on GO/CisPt/Ce6 plane surface to form MnO,
nanoparticles under alkaline condition, which was stabilized by
hyaluronic acid (HA). With drugs loading and MnO, deposition,
the resulting GO/CisPt/Ce6@MH displayed an average dynamic
size ~380 nm with { potential of —46.7 mV (Supporting
Information Fig. S2). Such highly negative charge is preferable
for colloidal stability and in vivo delivery™.

The GO/CisPt/Ce6 showed a sheet-like morphology as charac-
terized by transmission electron microscope (TEM, Fig. 1B), while a
large number of small-size MnO, (~ 50 nm) were seen on GO/CisPt/

A M ol

Pt g i
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HNY OHj
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COOHH;N'  OHF
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Figure 1

Ce6@MH (Fig. 1C). From TEM-associated energy dispersive X-ray
(EDX) element mapping, N, Pt and Mn were clearly observed in GO/
CisPt/Ce6@MH (Fig. 1D, and Supporting Information Fig. S3),
representing the component of Ce6, CisPt and MnO,, respectively.
The existence of Pt and Mn elements was further confirmed by the X-
ray photoelectron spectroscopy (XPS, Supporting Information
Fig. S4), and the content of MnO, on the surface of NGO was
5.4%. The AFM was also employed to characterize these 2D nano-
materials. Both GO/CisPt/Ce6 and GO/CisPt/Ce6@MH showed
squared shape with ~1 pm each edge (Fig. 1E and F, Supporting
Information Fig. S5). However, upon MnO, deposition, the thick-
ness was significantly increased from 3 to 50 nm, which is consistent
with the size of MnO, as observed by TEM (Fig. 1C). The colloidal
stability of the nanosystem was investigated by monitoring the dy-
namic particle size and polydispersity index (PDI). The GO/CisPt/
Ce6@MH was stable in aqueous solution for at least 15 days
(Supporting Information Fig. S6A). After mixing with fetal bovine
serum (FBS) containing cell culturing medium, the particle size was
also unchanged for 48 h (Fig. S6B), indicating high stability for the
biological applications.

Next, we studied the in vitro drug release profiles of CisPt and
Ce6 from GO/CisPt/Ce6@MH (Fig. 1G and H). For CisPt, an
obvious pH-dependent drug release was observed, where the drug
was stably conjugated at pH 7.4 but progressively released at pH
5.5. The cumulative release of CisPt was 10% (pH 7.4) and 60%
(pH 5.5), respectively, after 48 h incubation. This pH-responsive
behavior can be attributable to the hydrolysis of ester bond be-
tween GO and CisPt under acidic condition. Since Ce6 was
adsorbed mainly through aromatic stacking, its release was much
less affected by pH, displaying a typical sustained-release profile
at both pH 7.4 and 5.5 with accumulative release lower than 40%
after 48 h. Of note, the release rate of Ce6 even decreased slightly
at lower pH. This is likely due to the protonation of Ce6 at low pH
to become positive charge, which is attracted by negatively
charged GO and thus impedes its desorption.
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(A) The preparation process of GO/CisPt/Ce6@MH. TEM images of (B) GO/CisPt/Ce6 and (C) GO/CisPt/Ce6@MH (D) EDX

elemental mapping of GO/CisPt/Ce6@MH, scale bar = 200 nm. AFM images of (E) GO/CisPt/Ce6 and (F) GO/CisPt/Ce6@MH. The in vitro
drug release profile of (G) CisPt and (H) Ce6 from GO/CisPt/Ce6@MH. Data are expressed as mean £ SD (n = 4).
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3.2.  Self-oxygen supply and GSH depletion by the doped MnO,

Then, the roles of MnO, on GO/CisPt/Ce6@MH were systemat-
ically evaluated. It is known that MnO; is a type of catalase-mimic
nanozyme to catalyze the conversion of H,O, into O,, which has
been widely used to relieve tumor hypoxia and sensitize PDT
therapy by providing O, substrate®*’*'. To measure the catalytic
activity, O, generation was investigated. GO/CisPt/Ce6@MH it-
self cannot produce O,, while upon addition of H,O,, a large
number of bubbles were observed in the tube (inset in Fig. 2A),
indicating the O, generation. To quantify the reaction, the dis-
solved O, was monitored by the portable dissolved oxygen meter,
and rapid O, production was detected within 100 s (Fig. 2A). For
comparison, the combination of GO/CisPt/Ce6 and H,O, failed to
trigger O, production, confirming the catalytic activity of MnO,.
Such self-oxygen supply system was then explored for PDT
enhancing capability by monitoring 'O, generation using the
fluorescent SOSG probe. Upon exposure to laser, both GO/CisPt/
Ce6 and GO/CisPt/Ce6@MH showed rapid 'O, production within
10 min (Fig. 2B). Notably, in presence of H,O,, GO/CisPt/
Ce6@MH showed a considerably accelerated 'O, generation rate,
verifying the advantage of MnO, for enhanced PDT therapy.
Therefore, such self-oxygen supply platform can be used to
strengthen PDT efficacy under H,O, abundant conditions.
Another important function of MnQ, is to regulate GSH con-
centration. GSH is the most abundant antioxidant inside cells,
which protects cellular components from various ROS damages.
For cancer therapy, however, GSH-mediated drug resistance

presents a major challenge for various therapeutic modal-
ities>>>>3. Therefore, an effective method for intracellular GSH
depletion would be useful for enhancing the efficiency of chemo/
PDT treatments. To measure the GSH regulation activity, we
employed the probe of 35,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB)’*. Free GSH can react with DTNB to form a yellow
complex with a characteristic UV absorbance peak at 405 nm
(Supporting Information Fig. S7). Therefore, the peak absorbance
can be used for GSH quantification. Interestingly, with increasing
GO/CisPt@MH concentration, the level of GSH gradually
decreased (Supporting Information Fig. S8), suggesting a good
GSH depletion activity. For comparison, GSH level was un-
changed after GO/CisPt treatment (Fig. 2C). Therefore, the GSH
depletion was indeed caused by MnO,. Such GSH depletion ac-
tivity was also confirmed in living cells by using MDA-MB-231
cancer cells. After 4 h incubation, GSH level was decreased by
20% (Fig. 2D).

After confirming the GSH depletion activity, we then tested the
system for rescuing the GSH-mediated CisPt detoxification. GSH
can inactivate CisPt through the formation of Pt—S bond
(Supporting Information Fig. S9)°°, and after 30 min incubation
2 pg/mL CisPt was completed inactivated by 0.1 mmol/L. GSH
(Fig. 2E). Conjugation of CisPt on GO could prevent GSH-
mediated inactivation to some extent, and this protection effect
was further enhanced for GO/CisPt/Ce6@MH, due to the GSH
depletion capability provided by MnO,. All these results
demonstrated the advantages of MnO, doping for sensitizing PDT
therapy of Ce6 and enhancing chemotherapy of CisPt, thus
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resulting in significantly enhanced therapeutic outcomes (vide
infra).

Concomitant with GSH depletion, the MnO, was reduced to
Mn?", which could act as an efficient Fenton reagent to catalyze
the degradation of H,O, in the presence of HCO3 to generate
highly toxic ROS of -OH for chemodynamic cancer therapy°. To
investigate the Fenton-like reaction, we utilized the well-defined
methylene blue (MB) as a colorimetric probe’’. MB is an
organic dyestuff that can be degraded by -OH, accompanied by
the decrease of characteristic UV absorbance peak at 665 nm. Free
Mn>* could decolorize the MB with completely disappearance of
the characteristic absorbance, confirming the Fenton-like reaction
(Supporting Information Fig. S10). We then tested the GO/CisPt/
Ce6@MH. Without GSH, the nanosystem did not show Fenton
activity (Fig. 2F). Upon addition of GSH, in contrast, an obvious
Fenton-like MB degradation was observed both from the color
change and UV absorbance decrease. In contrast, the GO/CisPt/
Ce6 with GSH treatment failed to induce Fenton reaction. These
results validate that GO/CisPt/Ce6@MH could release Mn*" in
response to GSH, which subsequently generates -OH via Fenton-
like reaction. Such ROS generation can be used for chemo-
dynamic therapy to combine with PDT and chemotherapy, leading
to multi-modal cancer therapy.

3.3.  Tumor targeted intracellular delivery

Having confirmed the multi-functionalities of GO/CisPt/Ce6@MH,
we next moved forward for the intracellular behaviors. First, the
cellular uptake was studied. Since the surface of GO/CisPt/
Ce6@MH was coated with a layer of HA, we expected that the
nanosystem could specifically recognize cancer cells that over-
express CD44 receptor on cell membrane via the HA-CD44 inter-
action”®. To explore the targeting efficiency, the MDA-MB-231
cancer cells line was chosen as a proof-of-concept, and normal

cell line of RLE-6TN cells (low CD44 expression) was used as a
control. The cells nuclei were stained blue by DAPI for localization,
and the traffic of GO/CisPt/Ce6@MH was visualized by the
intrinsic red fluorescence of Ce6. From confocal laser scanning
microscopy (CLSM), the cells with free Ce6 treatment barely
showed any red fluorescence, indicating minimal assimilation
(Fig. 3A). This is likely due to the negatively charged Ce6 that is
repelled by cell membrane. For GO/CisPt/Ce6 @MH group, on the
other hand, bright red fluorescence was observed inside cells after
2 h incubation, suggesting substantial uptake. However, the uptake
efficiency of GO/CisPt/Ce6@MH by RLE-6TN cells was much
lower. Therefore, the GO/CisPt/Ce6@MH could specifically
recognize and be delivered into cancer cells to minimize
the adverse effects on normal cells. To further confirm the contri-
bution of CD44-mediated internalization, we pretreated the
MDA-MB-231 cells with free HA to saturate the HA-CD44 bind-
ing, and then tested the cell uptake. In this case, the Ce6 fluores-
cence significantly weakened, demonstrating the critical role of HA
modification for targeted delivery. The Ogura method was also
performed to quantify the fluorescence, and the results were
consistent with the CLSM observations (Fig. 3B)*.

3.4. Sensitizing photo/chemo-dynamic therapy and
chemotherapy by MnO, doping

Next, the in vitro tumor ablation activity was measured by MTT
assay. As control experiments, the blank GO and GO@MH
(without CisPt and Ce6 loading but with HA decoration) were
examined. The cells maintained the viability with up to 200 pg/mL
GO after 48 h incubation, indicating excellent biocompatibility of
the nanocarrier (Fig. 4A). GO@MH, in contrast, showed moderate
toxic effect at high concentration, which can be ascribed by the
chemodynamic effect originated from the MnO, doping (Fig. 4A).
Then, the MnO, sensitization for photo/chemo-dynamic therapy
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and chemotherapy were respectively studied. To test the enhanced
photo/chemo-dynamic effect, Ce6-loaded GO was prepared (termed
GO/Ce6), and further doped with MnO, to form GO/Ce6@MH.
Upon exposure to light, both GO/Ce6 and GO/Ce6@MH showed a
concentration-dependent toxicity, while at each concentration
GO/Ce6@MH displayed considerably stronger cell damage than
GO/Ce6 (Fig. 4B). There are several mechanisms to explain such
enhanced anti-tumor effect, for example, the HA-mediated nano-
particles internalization and enhanced ROS generation by MnO,.
To specify each contribution, we also measured the intracellular
ROS level by using 2',7'-dichlorofluorescin diacetate (DCFDA)
probe. DCFDA is non-fluorescent on its own, while it can be
deacetylated and oxidized into fluorescent 2',7’-dichloro-fluorescein
(DCF) in presence of ROS, allowing for dynamic ROS monitoring
by fluorescent signal. Quite weak fluorescence was observed in
MDA-MB-231 cells without any treatment, indicating basal ROS
level inside cells (Fig. 4C). Upon laser irradiation, both GO/Ce6
and GO/Ce6@MH showed effective ROS generation as indicated
by much higher fluorescence. Based on fluorescence quantification
(Fig. 4D), GO/Ce6@MH produced obviously stronger ROS. While
free HA treatment decreased ROS generation to some extent, the
resulting fluorescence was still higher than that of GO/Ce6 treating
group. Therefore, both HA modification and MnO, decoration
contribute to the enhanced ROS generation. Likewise, the enhanced
chemotherapy was separated studied by conjugating CisPt on GO
(termed GO/CisPt), and then adorning with MnO, to form GO/
CisPt@MH. In this case, we also observed significantly intensified

cytotoxicity for GO/CisPt@MH compared with GO/CisPt
(Fig. 4E), confirming the sensitizing effect of MnO, for
chemotherapy.

Finally, we investigated the therapeutic efficacy of GO/CisPt/
Ce6@MH. After MnO, decoration and HA modification, the
cytostatic activity of the multi-functional nanosystem was
moderately improved compared to the GO/CisPt/Ce6 (with laser).
Upon exposure to laser, the efficacy of GO/CisPt/Ce6@MH was
further enhanced, suggesting a strong synergistic effect among
each therapeutic modality (Fig. 4F). To clearly visualize syner-
gistic effect, the cells were dual stained with calcein-AM and
propidium iodide (PI) to identify the live (green) and dead cells
(red), respectively (Fig. 4G). The cells without any treatment
showed bright green fluorescence representing high viability. The
red fluorescence became intensified with different treatment to
indicate the cell damage effect, and the overall results were highly
consistent with the MTT assays, further verifying the advantages
of MnO, deposition.

3.5.  Potent tumor ablation in vivo

Finally, we studied the in vivo anti-tumor efficacy of our designed
system by using MDA-MB-231 tumor-bearing BALB/c mice. The
mice were randomly divided into five groups (n = 5), each
injected with 100 pLL PBS (as control), GO/CisPt/Ce6 (with laser),
GO/CisPt/Ce6@MH, and GO/CisPt/Ce6@MH (with laser), and
the dose for Ce6 and CisPt was 0.5 mg/kg and 1.25 mg/kg,
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respectively. The laser irradiation was performed at 24 h after
injection, and the therapeutic efficacy was recorded every other
day by measuring the tumor size using a caliper. The control group
with PBS treatment showed rapid tumor growth overtime
(Fig. 5A). Interestingly, only marginal tumor inhibition was
observed for GO/CisPt/Ce6 (with laser), likely due to the low drug
dosages during our treatments. Without laser, the tumor ablation
efficiency of GO/CisPt/Ce6@MH was also rather poor. This can
be explained by that triple negative breast cancer is insensitive to
the single treatment of CisPt™’. Combined with laser irradiation, in
contrast, a strong inhibitory effect was observed, in which the
tumor growth was completely inhibited within 14 days, demon-
strating the synergistic therapy of the nanoplatform. The thera-
peutic efficacy can be clearly observed from the photographs of
mice after treatments (Fig. 5B, and Supporting Information
Fig. S11), which showed remarkable tumor necrosis and abla-
tion with GO/CisPt/Ce6@MH (with laser) treatment. The final

PBS
GO-CisPt-Ce6 + Laser
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Fire

Relative tumor volume
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+ Laser
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Figure 5

outcome was evaluated by extracting the tumor tissue after
treatment, and the GO/CisPt/Ce6@MH plus irradiation showed
the most significant tumor ablation (Fig. 5C). Next, therapeutic
efficacy was further studied by evaluating the tumor tissue using
H&E staining assay. The tumor with PBS treatment showed large
nuclei and spindle shapes, signifying the rapid cell growth
(Fig. 5D). For GO/CisPt/Ce6 (with laser) and GO/CisPt/
Ce6@MH-treating groups, the cell morphologies were moder-
ately changed due to the limited therapeutic efficiency. However,
GO/CisPt/Ce6 @MH with irradiation induced the highest cell ne-
crosis, indicating the enhanced therapeutic efficacy.

To confirm the critical functions of MnO, in vivo, we further
measured the hypoxia inducible factor-lae (HIF-1a) and GSH
levels in tumor tissues. Without any treatment, the tumor was
featured with high level of HIF-1e, showing green immunofluo-
rescent signal (Fig. 5E). After GO/CisPt/Ce6 (with laser) treat-
ment, the HIF-1a expression was further enhanced, due to the
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(A) Relative tumor volumes of the MDA-MB-231 tumor-bearing mice after different treatments over time. Data are expressed as

mean + SD (n = 5); **P < 0.01, ***P < 0.001. (B) The photographs of mice after different treatments. (C) The tumor tissues collected on Day
14 after different treatments. (D) H&E staining images of the tumor tissues after different treatments. (E) The HIF-1« level in tumor tissue after
various treatments measured by immunofluorescence assay. (F) The quantified HIF-1« level treated with different formulations. Data are
expressed as mean + SD (n = 3); *P < 0.05, ***P < 0.001 (G) The GSH content in tumor tissue after various treatments. Data are expressed as

mean £ SD (n = 3); **P < 0.01.
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oxygen consumption by photodynamic reaction that exacerbates
the tumor hypoxia. However, when the tumor was treated with
GO/CisPt/Ce6@MH (with laser), the HIF-la expression was
decrease by 66% (Fig. 5F), likely due to the O, generation in
tumor catalyzed by MnO,. In addition, the GSH depletion effect
was also demonstrated by the significantly decreased tumor GSH
content after GO/CisPt/Ce6@MH treatment as opposed to both
PBS and GO/CisPt/Ce6 treating groups (Fig. 5G). Therefore, the
MnO, can fulfil its roles in vivo to enhance anti-tumor activity by
simultaneous self-oxygen supply and GSH depletion.

Finally, for the safety concern, the body weight of mice was
measured and the major organs of mice (heart, liver, spleen, lung,
and kidney) were harvested for H&E analysis to examine the
systemic toxicity. No obvious decrease of body weight was
observed for all groups (Supporting Information Fig. S12), and
major organs did not exhibit significant damage, suggesting no
short-term toxicity during treatment (Supporting Information
Fig. S13). Therefore, the nanoplatform has excellent biocompat-
ibility and efficient therapy against tumor.

4. Conclusions

In summary, we developed a CisPt and Ce6 dual-loaded GO/
CisPt/Ce6@MH complex for enhanced chemo-photodynamic
therapy with tumor targeted drug delivery. The key component
of the nanosystem was the surface MnO, doping, which has been
systematically characterized by TEM, AFM, XPS and elemental
mapping. The multi-system depletion activity allowed the nano-
system to effectively regulate tumor microenvironment by
simultaneously relieving tumor hypoxia and alleviating GSH-
mediated resistance. With such merits, the key limitations for
cancer treatment have been elegantly resolved. Combining the
self-oxygen supply with effective GSH depletion, the GO/CisPt/
Ce6@MH displayed a superior antitumor efficacy for tumor
chemo-photodynamic therapy.
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