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During chemodynamic therapy (CDT), tumor cells can adapt to hydroxyl radical (*OH) invasion by
activating DNA damage repairing mechanisms such as initiating mutt homologue 1 (MTH1) to mitigate
oxidation-induced DNA lesions. Therefore, a novel sequential nano-catalytic platform MCTP-FA was
developed in which ultrasmall cerium oxide nanoparticle (CeO, NP) decorated dendritic mesoporous
silica NPs (DMSN NPs) were used as the core, and after encapsulation of MTH1 inhibitor TH588, folic
acid-functionalized polydopamine (PDA) was coated on the periphery. Once endocytosed into the
tumor, CeO, with multivalent elements (Ce>*/#*) could transform H,O, into highly toxic *OH through a
Fenton-like reaction to attack DNA as well as eliminating GSH through a redox reaction to amplify
oxidative damage. Meanwhile, controllable release of TH588 hindered the MTH1-mediated damage

Received 8th December 2022, repair process, further aggravating the oxidative damage of DNA. Thanks to the excellent photothermal

Accepted 13th March 2023 performance of the PDA shell in the near-infrared (NIR) region, photothermal therapy (PTT) further
improved the catalytic activity of Ce3*/#*. The therapeutic strategy of combining PTT, CDT, GSH-

consumption and TH588-mediated amplification of DNA damage endows MCTP-FA with powerful
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1. Introduction

Chemodynamic therapy (CDT) has become a promising paradigm
for tumor-specific therapy, which is based on the principle of
transforming in situ overexpressed H,0O, in tumor cells into highly
toxic *OH under catalysis with the Fenton reagent.'” In this case,
biological macromolecules such as DNA in tumor cells are
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tumor inhibition efficacy both in vitro and in vivo.

vulnerable to *OH invasion, eventually leading to cell apoptosis.*
However, several non-negligible obstacles make it difficult for CDT
to achieve satisfactory efficacy. Firstly, the presence of antioxidant
molecules such as GSH could scavenge *OH in time during CDT.>”
Secondly, the extensive existence of DNA damage repair sys-
tems within tumor cells such as mismatch repair (MMR) and
base excision repair (BER) pathways could reduce oxidation-
induced DNA lesions and thus significantly attenuate *OH-
mediated oxidative therapy. Therefore, the development of an
efficient sequential nano-catalytic therapy based on GSH con-
sumption as well as the inhibition of DNA damage repair
pathways is crucial to fully exploit the efficacy of CDT.
Recently, various metal ions (Fe>*, Mn?*, Cu®, Cr*", and V**) were
found to have excellent Fenton/Fenton-like catalytic activity.*"° The
presence of mixed valence Ce*" and Ce** endows CeO, NPs with a
desirable catalytic performance for various applications.* Endogen-
ous H,0, could be converted into *OH for CDT by means of ce*'-
dependent peroxidase-mimic (POD-mimic) activity."”> Although
ultrasmall CeO, nanozymes exhibit excellent enzyme-mimic
catalytic performances, they are vulnerable to aggregation,
which is induced by the significant increase in the surface free
energy of CeO, as the particle size becomes smaller. It is well
known that the particle size of CeO, has a significant impact on

This journal is © The Royal Society of Chemistry 2023
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its catalytic performance, and the occurrence of inappropriate
aggregation will undoubtedly lead to the weakening of enzy-
matic activity.”>'* To overcome this obstacle, it is feasible to
achieve a high degree of catalytic site dispersion by using the
unique large mesoporous channels of DMSN as the deposition
matrices. In particular, DMSN-based nano-systems have been
demonstrated to be biocompatible in vitro and in vivo.">"®
Therefore, DMSN could be considered as one of the promising
catalyst supports in the field of biomedicine.

As the most toxic reactive oxygen species (ROS), *OH cannot
be underestimated in terms of DNA damage.'”'® Increased
intracellular *OH tension could lead to oxidation of the deoxy-
nucleoside triphosphate (ANTP) pool, in which guanine has the
lowest reduction potential and becomes the primary site for *OH
to attack DNA.' In this process, the final product 8-oxo-7,8-
dihydroguanine (8-0xoG), as a common oxidized form of gua-
nine base, could trigger programmed cell death by mismatching
with original bases (usually with cytosine or adenine) during
DNA replication.?**" As a defensive protein, MTH1 can sanitize
the dNTP pool by hydrolyzing 8-oxodeoxyguanosinetriphosphate
(8-0x0odGTP) to pyrophosphate and 8-oxo-2’-deoxyguanosine
monophosphate, thus guaranteeing that oxidized nucleotides
are no longer recognized by DNA polymerase and avoiding base
mispairing during replication.”® Therefore, the existence of a
DNA damage repairing mechanism in tumors presents a serious
challenge to the ability of *OH to attack DNA. Recently, many
MTH1 inhibitors have been reported to be able to effectively
bind the active site of MTH1 protein, resulting in a large
accumulation of 8-oxodG in dNTP pools.>*** Therefore, it is
reasonable to believe that the addition of MTH1 inhibitor TH588
could further amplify the killing cell behavior following Fenton-
like reaction.

In order to optimize the efficacy of tumor catalytic therapy,
another feasible strategy could be introduced to improve the
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catalytic activity of nanozymes. Recently, growing evidence has
indicated that temperature is one of the vital factors in improving
Fenton reaction efficiency. Therefore, it is a promising strategy to
introduce PTT into the nano-catalytic system to improve the
catalytic performance of nanozymes. For instance, Dong et al.
constructed bacteria-like PEG/Ce-Bi@DMSN nanozymes to achieve
hyperthermia enhanced dual enzyme-mimic catalytic activity
and glutathione consumption for efficient nano-catalysis of
tumor therapy.”® Additionally, AgBiS, hollow nanospheres with
high photothermal conversion efficiency were developed to induce
specific cytotoxicity by mimicking peroxidase.”® Thanks to the
intense absorption characteristics of polydopamine (PDA) in the
NIR region of the spectrum, it could be used as a potential
photothermal reagent for PTT - enhanced catalytic reaction.
Surprisingly, as a mussel-inspired nanomaterial, PDA could form
an adhesive film on the surface of various materials regardless of
the surface shape.”””® Of note, PDA film is highly sensitive to
acidic conditions, therefore, PDA coating could avoid the prema-
ture leakage of TH588 and exposure of the catalytic core during
circulation in the blood.*

Herein, we fabricated a novel sequential nano-catalytic platform
formed by CeO, NP decorated DMSN encapsulating MTH1
inhibitor TH588 and further coated with FA-functionalized
PDA (DMSN-CeO,@TH588@PDA-FA, abbreviated as MCTP-FA)
(Scheme 1). The nanoplatform combined tumor targeting,
tumor microenvironment (TME) responsive drug release,
POD-mimic activity, GSH consumption, DNA damage repair
system inhibition and PTT into a whole. Specifically, thanks to
the excellent stability of the PDA shell at pH 7.4, premature
release of TH588 into the blood circulation system was avoided.
When MCTP-FA NPs accumulated in tumor tissue through an
enhanced permeability and retention (EPR) effect and FA active
targeting effect, the PDA shell could be cleaved at low pH to
release TH588. Simultaneously, the redox reaction between

Dopamine
ORaIIe s

C
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DNA damage

Scheme 1 Schematic illustration of the synthesis process of MCTP-FA NPs with hyperthermia-enhanced POD-mimic activity and GSH consumption for

in vivo synergistic photothermal-enhanced nanocatalytic tumor therapy.
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Ce*" and GSH could alleviate the antioxidant capacity of tumor
cells. Then, locally generated ce®! could react with H,0, to
produce *OH to oxidize guanine, resulting in DNA mismatch.
The released TH588 then inhibited the activity of MTH1
protein, thereby blocking the DNA damage repair pathway,
leading to the accumulation of oxidative damage during CDT
process. Furthermore, due to the satisfactory absorption of the
PDA shell in the NIR region, the local high temperature
induced by photon hyperthermia was utilized to significantly
promote the activity of the POD-mimic as well as the GSH
consumption. This hyperthermia-enhanced sequential catalytic
therapy demonstrated superior antitumor efficacy both in vitro
and in vivo.

2. Experimental procedure

2.1. Materials and cell lines

Tetramethyl-benzidine (TMB), o-phenylenediamine (OPD), 2-
nitrobenzoic acid (DTNB), cetyltrimethylammonium bromide
(CTAB), triethanolamine (TEA), citric acid, and cerium nitrate
were purchased from Aladdin (Shanghai, China). Tetraethyl
orthosilicate (TEOS), 2/,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA), folic acid (FA) and dopamine hydrochloride were
purchased from Sigma-Aldrich (St. Louis, MO, USA). A calcein-
AM/propidium iodide (PI) staining kit and an annexin V-FITC/
PI apoptosis detection kit were obtained from Beyotime Bio-
technology (China). All chemical reagents in this article were of
analytical grade and were used without further purification.

Human OS cells (MNNG/HOS), bone marrow stromal cells
(BMSCs), L929 fibroblast cells and human umbilical vein
endothelial cell line cells (HUVEC cells) were obtained from
the Cell Bank of Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences.

2.2. Synthesis of BMPA-CeO, NPs

CeO, NPs were synthesized using a simple aqueous method.
Briefly, 2.5 g of cerium nitrate was dissolved in 100 mL of
deionized (DI) water-ethylene glycol mixed solution (50/50 v/v).
The temperature of the mixture was raised to 60 °C and then
NH,OH was introduced into the solution under intense agita-
tion. After 6 h of continuous stirring, a yellow-colored colloidal
solution was obtained, which was then centrifuged and washed
with ethanol three times to obtain CeO, NPs. Subsequently,
0.5 g BMPA, 0.05 g citric acid and 15 mg of CeO, NPs were
dissolved in 15 mL of chloroform-DMF mixed solution (50/50 v/v).
After continuous stirring for 12 h, BMPA-CeO, NPs were obtained
by centrifugation and dispersed in ethanol for later use.

2.3. Fabrication of MCT NPs

DMSN NPs were synthesized as previously described with slight
modification.*® Briefly, TEA (68 mg) was dissolved in 25 mL DI
water at 80 °C. After magnetic stirring for 30 min, 84 mg NaSal
and 380 mg CTAB were added to the reaction system and the
mixture was stirred continuously for another 1 h. Then, 3.8 mL
of TEOS was added dropwise into the reaction system under
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gentle stirring (~ 300 rpm), and the reaction was continued for
2 h. Furthermore, the mixture was centrifuged to collect the
precipitate, followed by washing 3 times with water and ethanol
to remove the residual reactants. The CTAB template was
removed by re-dispersing the precipitates in 0.6 wt% ammo-
nium nitrate (NH,NOj3) ethanol solution and washed in ethanol
under reflux three times (3 h per time). Finally, 100 pL APTES
was added to DMSN ethanol solution and gently stirred at room
temperature for 6 h. After centrifugation at 12 000 rpm for 15 min,
DMSN-NH, was collected and re-suspended in ethanol for later
use. Next, the prepared DMSN-NH, was added to 20 mL of BMPA-
CeO, solution (5 mg mL™") and stirred at room temperature for
12 h to obtain DMSN-CeO, NPs (MC NPs).

For the loading of TH588, 75 mg MC NPs was dispersed in
PBS solution (15 mL, pH 7.40). Afterwards, 8 mg of TH588
solution (20 mg mL™ ') was added to the above mixture and
stirred overnight at room temperature. Then, the product was
collected by centrifugation at 10 000 rpm for 10 min and gently
washed with PBS three times before lyophilization. The concen-
tration of TH588 in the supernatant was determined with a
fluorescence spectrophotometer and the drug loading and
encapsulation efficiencies were calculated according to the
formula provided in the literature.*'

2.4. Synthesis of MCTP-FA NPs

30 mg of MCT NPs was dispersed in 20 mL Tris buffer (pH 8.5,
10 mM) containing DA (20 mg) and stirred continuously at
room temperature in the dark for 6 h. After stirring, the dark
precipitate was collected by centrifugation and rinsed with DI
water 3 times, then dried with lyophilization to obtain MCTP NPs.

For the modification of FA on the PDA surface, 20 mg MCTP
and 20 mg NH,-PEG-FA were added to 20 mL of Tris-HCI buffer
(pH 8.5, 10 mM) and stirred for 10 h at room temperature. Next,
the mixture was centrifuged at 12 000 rpm for 5 min to collect
the precipitate and washed with DI water 3 times to remove the
residual reactants. After lyophilization, the final product was
denoted as MCTP-FA. The non-FA-functionalized MCTP was
also synthesized in a similar way as described previously except
that NH,-PEG-FA was replaced by NH,-PEG.

2.5. Characterization of MCTP-FA NPs

The morphology and size of NPs were recorded using transmission
electron microscopy (TEM, JEOL 2100F, Japan). Dynamic light
scattering (DLS) and zeta potential were determined using a Zetasizer
(Zetasizer Advance, Malvern Instruments, UK). X-Ray photoelectron
spectroscopy (XPS) spectra were obtained using a Thermo ESCALAB
250XI instrument to analyze the valence of the Ce component. The
surface area and pore size distribution of the samples were deter-
mined using a Brunauer-Emmett-Teller (BET) method. The
electron-spin-resonance (ESR) spectra of different reaction systems
were obtained using a Bruker EMXplus spectrometer.

2.6. Evaluation of photothermal properties in vitro

The photothermal performances of DMSN and MCTP-FA NPs
(200 pg mL™") in vitro were studied under 808 nm NIR irradia-
tion with a laser power density of 1.0 W cm ™2 To detect the

This journal is © The Royal Society of Chemistry 2023
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influence of power density on the photothermal performance,
an NIR laser with different power densities (0.5-2.0 W cm™?)
were used to irradiate MCTP-FA solution (100 pg mL~"). Moreover,
to examine the concentration-dependency of the photothermal
effect, various concentrations of MCTP-FA NPs (50, 100 and
200 pg mL~ ") were irradiated using an 808 nm NIR laser with a
power density of 1.0 W cm™? for 10 min. To study the thermal
stability of NPs, MCTP-FA solution was irradiated with a power
density of 1.0 W ecm > for five cycles, each consisting of a 5 min
heating phase and natural cooling phase, and the temperature
changes were recorded every 30 s.

In order to explore the photothermal conversion efficiency
() of MCTP-FA NPs, the heating and natural cooling processes
of MCTP-FA suspensions (200 ug mL ") under NIR irradiation
(808 nm, 1.0 W cm ™ 2) were recorded, and the ; was determined
according to the following formula:

- hS(Tmax - Tsurr) - QW
- I(1—10-42) ®

in which % represents the heat transfer coefficient, S represents
the surface area of the container, Ty,.x is the equilibrium
temperature of the sample solution, and Ty, is the ambient
temperature. I represents the power density of an 808 nm NIR
laser. 4, is the absorbance of sample solution at a wavelength of
808 nm. Q,, was obtained through the heating process of DI
water irradiated with an NIR laser, and the formula is as
follows:

_ My, Cyy AT max

A7 (2)

QW
in which m,, is the mass of water, C, is the specific heat
capacity of water, AT,. is the temperature change of DI water
irradiated using an NIR laser after reaching the equilibrium of
the system, and A¢ is the irradiation duration.

To calculate %S, the following formulas were introduced:

= —15In0 (3)
hs = m\:_CW (4)

in which 7y is the time constant of the system, 6 is the ratio
between the real-time temperature difference in the cooling
process of the system and the temperature difference in the
equilibrium state.

2.7. Detection of the peroxidase-mimic activity of MC NPs and
kinetic assay

TMB and OPD were utilized as the ROS probe to investigate
the POD-mimic activity. In brief, TMB (30 mM, 20 pL), MC
(100 pg mL™", 200 uL) and H,0, (10 mM, 20 uL) were added to
2 mL PBS solution (pH 5.5) and reacted for 10 min. The
absorbance at 652 nm was detected using a microplate reader
to verify ROS generation. The steady-state kinetic assays were
determined at different temperatures (25 °C, 50 °C) in 300 uL
PBS solution (pH 5.5) containing MC NPs (100 pug mL™ "), H,0,,
and TMB. The kinetic analysis of MC NPs was carried out with
different concentrations of H,0, (5, 10, 20, 40, 60, 80, 100 mM)

This journal is © The Royal Society of Chemistry 2023
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as the substrate. The initial reaction velocity (v,) of *OH
generation corresponding to each H,0, concentration at
25 °C and 50 °C was calculated according to the Beer-Lambert
law, and the formula is as follows:

A=¢lc (5)

in which 4 is the absorbance, [ is the thickness of the absorption
layer and c is the concentration of the light-absorbing substance,
and the extinction coefficient (¢) of oXTMB is 39000 M~ * cm ™.
Then the reaction rate was plotted according to the corres-
ponding H,0, concentration, and Michaelis-Menten curve fit-
ting was performed. Furthermore, a linear double reciprocal plot
(Lineweaver-Burk equation) was used to determine the Michae-
lis-Menten constant (K;,,) and maximum reaction velocity (Vipax)-
The formula is as follows:

Vmax . [S}
" K 18] ©
1 K, 1 1
— = — 7
Vo Vmax [S} Vmax ( )

2.8. Measurement of GSH elimination

To explore the GSH elimination properties of MC NPs, MC NPs
(100 ug mL™") were added to PBS solution with GSH (10 mM)
and co-incubated at 37 °C and 50 °C respectively. Subsequently,
0.3 mM DTNB solution was added to detect the content of GSH
in the reaction system. The changes in absorbance at 412 nm
after a certain reaction time were measured using a microplate
analyzer.

2.9. Measurement of intracellular ATP levels

An ATP determination kit was used to assess the intracellular
ATP content. In brief, MNNG/HOS cells were seeded into a
6 well plate (2.0 mL, 1.5 x 10° cells in each well), and the
culture was continued for 24 h after receiving different treat-
ments. Then, the cells were washed with PBS 3 times and lysed
with lysis buffer at —4 °C. The supernatant was collected by
10000 rpm centrifugation for 10 min and the ATP level was
detected by using an ATP detection kit according to the
manufacturer’s protocol.

2.10. In vitro cellular uptake assay

Cell phagocytosis was detected using an inverted fluorescence
microscope. The Ce6-labeled nanocomposites were prepared
using the following method. The MC (10 mg) NPs were dis-
persed in 10 mL PBS solution (pH 7.4) containing Ce6 (5 mg)
and gently stirred for 24 h in the dark. Then, the product was
centrifuged at 10 000 rpm for 10 min followed by washing three
times with PBS to remove the residual Ce6. The PDA coating
and FA modification were carried out as described previously to
obtain MCP/Ce6 and MCP-FA/Ce6 NPs. To investigate the
NPs cellular uptake efficiency, MNNG/HOS cells were seeded in
6 well plates (1 x 10° cells per well) and incubated overnight
at 37 °C. After complete adherence, the spent medium was replaced
with fresh medium containing Ce6-labeled nanocomposites

J. Mater. Chem. B, 2023, 11, 3836-3850 | 3839
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(Ce6 =10 uM) and cultured at 37 °C in a humidified atmosphere of
5% CO, for 4 h. For the competitive inhibition group, cells were
pretreated with free FA (2 mM) before adding MCP-FA/Ce6 and
cultured for 2 h under the same conditions. Subsequently, after
washing carefully with PBS twice, the cells were incubated with
Hoechst 33342 (10 pg mL™") for 20 min. Finally, the samples were
rinsed with PBS and observed using a fluorescence microscope
(Olympus Corporation, Tokyo, Japan).

2.11. Intracellular *OH generation detection

A DCFH-DA probe was utilized to detect the generation of
intracellular *OH. MNNG/HOS cells were seeded into a 6 well
plate (1 x 10° cells per well) and cultured at 37 °C for 12 h.
Then, the spent medium was replaced with fresh MEM contain-
ing MP-FA NPs or MCP-FA NPs (100 pug mL ") and cultured for
another 6 h. Next, the medium was replaced again, and the
illumination group received laser irradiation at 808 nm with a
power density of 1 W cm > for 10 min, followed by co-
incubation with DCFH-DA (10 mM) for 20 min. Finally, after
washing with cold PBS, a fluorescence microscope was used to
observe intracellular ROS fluorescence. Moreover, mitochon-
drial superoxide generation was evaluated using Mitosox Red
fluorescence staining based on the above grouping.

2.12. Mitochondrial membrane potential detection

MNNG/HOS cells were seeded into a 6-well plate at a density of
1 x 10° cells per well. Then, the cells were treated with the
following 6 groups: (1) control, (2) NIR, (3) TH588 (3 g mL™ "),
(4) MCP-FA (100 pg mL ™), (5) MCTP-FA (100 pg mL '), and (6)
MCTP-FA + NIR (100 pg mL™"). After incubation with different
formulations for 6 h, the cells in group (6) were irradiated
with an NIR laser (808 nm, 1 W cm %) for 10 min. The
mitochondrial membrane depolarization was determined by
JC-1 fluorescence staining according to the manufacturer’s
protocol. Subsequently, the cells were rinsed with PBS twice
and incubated with DAPI for 10 min. The cells were then
imaged using a fluorescence microscope.

2.13. In vitro cytotoxicity evaluation

MNNG/HOS cells were seeded into a 96 well plate (100 pL, 5 x
10° cells per well) and cultured overnight at 37 °C until
completely adherence. Then, fresh culture medium containing
various concentrations of nanocomposites (6.25, 12.5, 25, 50,
and 100 pug mL ') was added to replace the spent medium.
After further cultivation for 6 h, the illumination group received
laser irradiation at 808 nm (1 W em™?) for 10 min and further
incubated for 12 h. Finally, the supernatant was removed,
followed by the addition of 100 pL medium containing 10%
CCKS8 solution. After incubation for another 2 h in the dark at
37 °C, the absorbance of each well at 450 nm was measured
using a microplate reader.

2.14. Hemolysis assay

2.0 mL whole anticoagulant blood samples of healthy mice
were collected and centrifuged at 3000 rpm for 5 min at 4 °C.
Then, the upper serum was discarded, and the red blood cells
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(RBCs) were obtained by washing with PBS 3 times and were re-
suspended in 2 mL PBS solution. Subsequently, 100 pL of RBC
suspension was added into 900 uL of MCTP-FA PBS solutions
with various concentrations (25, 50, 100, 200, 400, and
800 ug mL™"). 100 pL of the RBC suspension was added to
900 pL PBS and DI water respectively as negative and positive
controls. The mixed samples were incubated at 37 °C for 2 h
followed by centrifugation at 3000 rpm at 4 °C for 5 min. The
absorbance of the supernatant was measured at 570 nm using a
microplate reader.

2.15. In vivo fluorescence imaging and biodistribution
analysis

The tumor-bearing mouse model was constructed by subcuta-
neously inoculating MNNG/HOS cell suspension (200 pL,
1 x 107 cells mL™ ") into the right flanks of nude mice. After
the tumor volumes reached 80-100 mm?®, the tumor-bearing
mice were injected with Ce6-labeled NPs (200 uL 2 mg mL ™)
through the tail vein. At the given time points, tumor fluores-
cence imaging was performed in vivo by using a small animal
imaging system (PerkinElmer, Caliper Life Sciences, MA, USA).
At 24 h after injection, the mice were sacrificed, and the major
organs and tumor tissues were collected for ex vivo imaging
analysis.

2.16. In vivo antitumor effect

Female BALB/c nude mice (weight 15-19 g, age 4-6 weeks) were
provided by Hebei Ex&Invivo Biotechnology Co. Ltd (Shijiaz-
huang, China). All animal experiments were performed according
to protocols approved by the Experimental Animal Ethics Com-
mittee of Hebei Ex&lnvivo Biotechnology Co., Ltd. When the
tumor reached approximately 80-100 mm?®, the mice were ran-
domly divided into 6 treatment groups: (1) control, (2) NIR, (3)
TH588, (4) MCP-FA, (5) MCTP-FA, and (6) MCTP-FA + NIR.
According to the therapeutic regimen, 200 pL of different for-
mulations (10 mg kg™ ') were injected into the mice every four
days through the tail vein. At 6 h after the injection, the sixth
group was irradiated with an 808 nm laser (1.0 W cm™?) for
10 min. The changes in body weights and tumor volumes of each
group were monitored every two days. After 14 days of treatment,
the mice were sacrificed, the major organs (heart, liver, spleen,
lung, and kidneys) and tumor tissues were collected and
fixed with 4% paraformaldehyde for subsequent experiments.
Hematoxylin and eosin (H&E) staining was performed on sections
of major organs and tumor tissues for histological observation.
Meanwhile, the tumor tissues were stained with Ki67 and term-
inal deoxynucleotidyl transferase-mediated dUTP-digoxigenin
nick-end labeling (TUNEL) staining to monitor the apoptotic
response.

2.17. Statistical analysis

All experiments were repeated at least 3 times under the same
experimental conditions, and the data obtained were recorded
as the mean + standard deviation (SD). Student’s t-test and
one-way ANOVA were used to analyze the statistical differences.
Statistical significance was assumed at P < 0.05.

This journal is © The Royal Society of Chemistry 2023
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3. Results and discussion

3.1. Synthesis and characterization of MCTP-FA NPs

DMSN NPs with fascinating central-radial pore structures were
synthesized based on the Stober mechanism and sol-gel chemistry,
which provided robust nano-supports for the deposition of small
catalytic nanoparticles in the inner channels (Fig. 1a). As shown in
Fig. 1b, the transmission electron microscope (TEM) image
revealed that the as-constructed DMSN NPs were uniform and
discrete in size, with circular and mesoporous structures, in which
the black structure is the DMSN skeleton, and the light gray area
between the skeletons is the mesoporous channel. The SEM images
also confirmed the regular sphericity and highly monodisperse
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nature of DMSN (Fig. S1, ESIT). The average diameter of DMSN NPs
under the TEM was about 78.1 + 3.4 nm, however, the data were
smaller than the results of dynamic light scattering (DLS) analysis
which might be attributed to the existance of a hydration shell in
the periphery of DMSN after dispersion in aqueous solution
(Fig. S2, ESIf). The surface area and pore size of DMSN were
determined to be 116.65 m*> g ' and 19.34 nm, respectively,
according to the results of the N, adsorption-desorption isotherm,
which confirmed this unique mesoporous structure is of great
significance for the subsequent decoration of ultrasmall CeO,
NPs and drug loading (Fig. S3, ESIt). Then, CeO, NPs with uniform
size were fabricated using a simple aqueous method and further
integrated into the large mesopores of DMSN NPs (Fig. 1c).
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(a) Schematic diagram for the fabrication of DMSN NPs and the deposition of CeO, NPs in DMSN mesoporous channels. TEM images of (b) DMSN

NPs, (c) CeO, NPs, and (d) MCTP NPs. (e) Dark-field image and (f) the corresponding element mapping of MCTP NPs. (g) EDS spectrum of MCTP. (h) XPS
survey spectra and (i) high resolution Ce 3d spectra of CeO, NPs. (j) Zeta potentials of samples at different synthetic steps.
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The content of CeO, in DMSN-CeO, was about 11.64% detected by
X-ray fluorescence (XRF) spectrometry. Subsequently, after the
successful loading of TH588 into the mesopores of MC, the PDA
shell was coated on the surface of the nanocomposites by means of
oxidation self-polymerization according to the method described in
previously published literature (Fig. S4, ESIT).>* The distinct two-
layer structure and more blurred mesoporous channels confirmed
the successful grafting of PDA, and the average diameter of MCTP
increased to 93.6 + 6.5 nm (Fig. 1d). Furthermore, the HAADF
image of MCTP and corresponding elemental mappings of Ce, Si,
O, C and N also demonstrated the homogeneous distribution of
CeO, in DMSN NPs and the successful coating of PDA shells
(Fig. 1e and f). The EDS spectrum confirmed the coexistence of
Ce, Si, O, C and N in MCTP NPs, which further demonstrated the
successful preparation of the nano-system (Fig. 1g).

The existence of the Ce* and Ce*" redox couple provided
tremendous potential for Fenton-like and GSH consumption
activities. Therefore, the mixed-valence of Ce was further investi-
gated using the X-ray photoelectron spectroscopy (XPS) spectra of
CeO,. The XPS survey spectra showed that CeO, NPs contained
Ce, C and O elements (Fig. 1h). The high-resolution spectra of Ce
and other relevant elements in CeO, NPs are displayed in Fig. 1i
and Fig. S5 (ESIt). The Ce 3d XPS spectrum in Fig. 1i exhibits
eight peaks at 882.3, 883.9, 889.0, 898.3, 900.7, 902.1, 907.9, and
916.8 eV which can be attributed to Ce*" ions, while the peaks at
binding energies of 880.7, 885.7, 898.4, and 904.2 eV can be
assigned to Ce®" ions. These results confirmed that CeO, with a
mixed valence state provided tremendous potential for POD-
mimic activity and glutathione-consumption capability.

Furthermore, to avoid the undesirable aggregation of CeO,
NPs, DMSN with a fascinating mesoporous structure was used
as the deposition matrices to achieve a high degree of disper-
sion of CeO,. Specifically, CeO, could be modified with BMPA
and reacted with APTES functionalized DMSN through a
nucleophilic substitution reaction, which could serve as a
bridge to anchor CeO, in the mesoporous channels of DMSN
to form MC NPs. As shown in Fig. 1j, the zeta potential of
DMSN was —26.27 + 2.71 mV and reversed to 25.34 £ 2.41 mV
after modification of the amino group, which created a pre-
requisite for the integration of BMPA-CeO, as well as the
subsequent loading of TH588. The step-wise changes in the
zeta potential of MC (16.75 + 1.63 mV), MCTP (—26.96 + 2.30 mV)
and MCTP-FA (—22.84 £+ 4.17 mV) indicated the successful
construction of the nano-system. More importantly, the pre-
pared MCTP-FA could form homogeneous dispersions under a
variety of physiological conditions. Even after incubation with
PBS and serum for 5 days, the DLS and zeta potential of MCTP-FA
showed no significant changes, confirming the superior stability of
these NPs for biomedical applications (Fig. S6, ESIT).

3.2. Photothermal properties of MCTP-FA NPs

To evaluate the photothermal conversion performance of the
MCTP-FA, the temperature changes of different preparations
under 808 nm laser (1 W cm™?) irradiation were recorded using
an IR thermal imaging camera. As shown in Fig. 2b, after
10 min of laser irradiation, there was no obvious change in
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the temperature of DI water and DMSN. In marked contrast, the
temperature of MCTP-FA rapidly increased to 52.5 °C, which
intuitively reflected its desirable photothermal capacity. The 5
value of MCTP-FA was calculated to be 43.8% according to
formula (1) (Fig. 2c¢ and d). Subsequently, the photothermal
conversion performance of MCTP-FA with different concentra-
tions under laser irradiation (1.0 W em ™2, 10 min) was investi-
gated. As shown in Fig. 2e and f, the temperature of the DI water
group did not change significantly after 10 min of irradiation.
Meanwhile, the temperature of MCTP-FA suspensions with a
series of concentration gradients increased rapidly, indicating
that MCTP-FA had concentration- and time-dependent photo-
thermal conversion properties. In addition, the photothermal
efficiency of MCTP-FA NPs also exhibited a distinct laser power
intensity-dependent manner (Fig. 2g). Furthermore, to detect the
photothermal stability of MCTP-FA NPs, we monitored the
temperature change of the MCTP-FA suspension after 5 cycles
of ON/OFF irradiation. As shown in Fig. 2h, no obvious changes
were observed in the temperature curves and peak shapes after
five cycles of laser irradiation. In conclusion, these results
demonstrate that MCTP-FA NPs with both a high photothermal
conversion capacity and photothermal stability could be used as
an effective photothermal agent for tumor treatment.

3.3. Drug loading and release

Targeted delivery of MTH1 inhibitor to the site of CDT occur-
rence could maximize the efficacy of this sequential nanocataly-
tic therapy. Therefore, a DMSN-based composite catalytic carrier
(MC NPs) was developed to encapsulate TH588 to improve its
solubility and targeting. Next, the absorbance of TH588 with
different concentrations was measured, and the concentration—
fluorescence intensity standard curve was drawn according to
the results, as displayed in Fig. S7 (ESIf). The drug loading
efficiency and the corresponding encapsulation efficiency of
TH588 was calculated to be 5.03% and 77.02% respectively.

Considering the acid-responsive depolymerization of the
PDA shell, the release behavior of TH588 from MCTP-FA was
further evaluated under different pH conditions. As shown in
Fig. 2i, under the condition of pH 7.4, the PDA shell tightly blocked
the mesoporous DMSN, thus preventing the premature release of
TH588. In contrast, the cumulative release of TH588 increased up
to 69.2 £ 2.3% within 50 h at pH 5.5, which demonstrated that the
release behavior of TH588 was pH-dependent. For NIR triggered
release behavior, explosive release of TH588 can be observed at pH
5.5 after exposure to NIR irradiation with a cumulative release
amount of 80.9 £+ 2.0%. Under the same conditions, the release
amount of TH588 also increased slightly at pH 7.4 as the cumula-
tive release amount increased from 27.2 £+ 2.3% to 38.6 £ 2.0%.
The above results revealed that MCTP-FA could achieve the release
of TH588 on demand through a pH and NIR stimulus-triggering
mechanism, which is of great significance for reducing the damage
of normal tissues.

3.4. Biocompatibility evaluation of NPs

The excellent biocompatibility is an indispensable prerequisite
for the application of nanocomposites in vivo.>® First, a

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Schematic illustration of the photothermal effect of MCTP-FA NPs under 808 nm laser irradiation. (b) Temperature variation curves of DI water,

DMSN and MCTP-FA solution under 808 nm laser (1.0 W cm™2) irradiation. (c) Heating and cooling curve of MCTP-FA aqueous solution under 808 nm
laser irradiation. (d) Linear fit of the time versus —In 6 obtained from the cooling period of MCTP-FA solution. (e) Infrared thermal images of MCTP-FA
aqueous solution with different concentrations under 808 nm laser (1.0 W cm™2) irradiation. (f) Time-dependent temperature changes of MCTP-FA
dispersion at elevated concentrations under 808 nm laser (1.0 W cm~?) irradiation. (g9) Time-dependent temperature changes of MCTP-FA dispersion
under 808 nm laser irradiation with different power densities. (h) Heating/cooling profiles of the MCTP-FA aqueous solution after 808 nm laser
(1.0 W cm™2) irradiation for five laser on/off cycles. (i) TH588 release profiles of MCTP-FA at pH 7.4 and 5.5 with or without NIR irradiation (808 nm,
1.0 W cm™2, 10 min). (j) Hemolysis assay of different concentrations of MCTP-FA samples. (k) Cell viabilities of BMSCs cells incubated with MCTP-FA NPs
at a series of concentrations for 24 h and 48 h.

hemolysis assay was conducted to evaluate the blood compat- as a nanocatalylic therapeutic platform for in vivo and in vitro

ibility of MCTP-FA. As shown in Fig. 2j, even when the concen- therapy.
tration of MCTP-FA NPs reached 800 pg mL ™", the hemolysis rate . o o )
was still lower than 2%, confirming its good biocompatibility. 3-3- Evaluation of POD-mimic activity and GSH consumption

Furthermore, the biocompatibility evaluation of MCTP-FA NPs In our study, the *OH generation capacity of MC NPs was

was conducted on 1929 fibroblast cells, human umbilical vein
endothelial cell line cells (HUVEC cells) and bone marrow
stromal cells (BMSCs) using a CCK8 assay. As shown in Fig. 2k
and Fig. S8 (ESIt), MCTP-FA NPs exhibited no significant cyto-
toxicity even when the concentration reached 200 pg mL ™" after
48 h of incubation. All these results indicate that the prepared
MCTP-FA NPs possessed excellent biocompatibility and biosafety

This journal is © The Royal Society of Chemistry 2023

evaluated in detail. In consideration of the short lifetime and
high chemical activity of *OH, a reliable electron spin resonance
(ESR) spectrum by using DMPO as a specific trapping agent was
utilized to detect and verify the *OH generation. As shown in
Fig. S9 (ESIf), a more pronounced 1:2:2:1 *OH signal was
observed at an elevated temperature under acid conditions,
which strongly indicated that the hyperthermia facilitated the
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ability of the MC NP-mediated Fenton-like reaction in the
generation of *OH.

Furthermore, the POD-mimic activity of MC NPs was deter-
mined by a classical colorimetric reaction based on 3,3',5,5'
tetramethyl-benzidine (TMB) and o-phenylenediamine (OPD).
The detection principle is displayed in Fig. 3a, in the presence
of H,0,, TMB can be oxidized by *OH generated in a Fenton
reaction to produce blue-colored oxTMB with characteristic
absorption peaks at 370 nm and 652 nm. Similar to TMB,
OPD could also serve as an indicator of *OH and was oxidized to
orange-colored oxOPD with characteristic absorption at 417 nm.
Furthermore, considering the hyperthermia-enhanced Fenton-
like catalytic performance in the ESR spectrum, the enzymatic
activity of MC NPs was determined at temperatures ranging from
20 °C to 70 °C (Fig. S10, ESIt). We found that the optimum
temperature for MC enzyme activity was about 57 °C which
provided support for our subsequent quantitative analysis of
hyperthermia-enhanced enzyme catalytic kinetics. A water bath
with different temperatures was applied to simulate the different
reaction system temperatures induced by MCTP-FA NPs with or
without laser irradiation. As shown in Fig. 3b, the emergence of

View Article Online
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blue oXTMB could be observed when MC NPs were added to a
mixture solution of H,O, and TMB. However, an apparent blue-
colored solution can be obtained with more pronounced char-
acteristic absorption peaks at 370 nm and 652 nm at 50 °C,
which confirmed that hyperthermia could enhance *OH genera-
tion by promoting the activity of MC NPs. A similar phenomenon
was observed in the colorimetric analysis of OPD (Fig. 3c).

To further elucidate the POD-mimic catalytic activity of MC
NPs, steady-state catalytic kinetics was determined with TMB and
H,0, (5, 10, 20, 40, 60, 80, and 100 mM) as substrates in an acidic
environment. The absorbance variation at 652 nm of the reaction
system with different concentrations of H,0O, were recorded in
real time (Fig. 3d and f). Corresponding to each H,O, concen-
tration, the initial reaction rate (v,) of *OH generation was
calculated using the Beer-Lambert law (eqn (5)) according to the
variation of absorbance. Subsequently, we found that the reaction
rates conformed to Michaelis-Menten behavior (eqn (6) and Fig.
S11a, ESIf) in a particular range of substrate concentration.**
Besides, the V.« and K;,, of MC NPs at room temperature were
determined using the linear double-reciprocal plot (eqn (7) and
Fig. 3¢), and were 2.27 x 10" ® M s™" and 6.17 mM respectively.
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Fig. 3

(a) Schematic illustration of the POD-mimic catalytic process of MC NPs. (b and c) UV-vis absorption spectra and visual color changes of the

catalyzed oxidation of TMB (oxTMB) (b) and OPD (oxOPD) (c) as catalyzed by: (1) PBS, (2) PBS + H,O,, (3) PBS + 50 °C, (4) PBS + MC + H,0, + 25 °C, and
(5) PBS + MC + H,O, + 50 °C in an acidic environment (pH 5.5). The insets show the corresponding digital photos of each group. (d and f) Time-
dependent absorbance changes at 652 nm as a result of the catalyzed oxidation of TMB at 25 °C (d) and 50 °C (f) with the addition of different H,O,
concentrations. (e and g) Lineweaver—Burk plotting for MC NPs with H,O, as the substrate at 25 °C (e) and 50 °C (g).
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Since the POD-mimic catalytic performance of MC NPs
could be significantly promoted by hyperthermia, we further
evaluated their catalytic activity at an elevated temperature. As
expected, the catalytic activity of MC NPs was positively corre-
lated with temperature and exhibited a higher absorbance
intensity in the TMB-mediated chromogenic reaction. Similar
to the above analysis process, the Michaelis-Menten fitting and
linear double-reciprocal analysis on the 1, and the corres-
ponding H,0, concentration were also performed (Fig. S11b,
ESIT and Fig. 3g). The Vi, and K, of MC NPs were calculated
tobe 3.57 x 10" ¥ M s~ " and 4.07 mM at 50 °C. As an evaluation
index of the affinity of nanozyme to the substrate,*>*® the K,
value decreased with the increase of temperature, indicating
the higher affinity of MC NPs to H,O, under a high temperature
environment. As expected, the influence of high temperature
on Fenton-like catalytic efficiency was also apparent with an
increased V.« value under hyperthermia conditions. Furthermore,
the natural enzyme horseradish peroxidase (HRP) was used as a
control group to evaluate the catalytic activity of the prepared
materials. As shown in Fig. S12 (ESIf), MC NPs exhibited a
higher V., and more ideal affinity toward H,O, compared with
HRP. Moreover, from the perspective of K, and V.. as the
evaluation criteria, the prepared Fenton catalytic core MC NPs
exhibited more ideal POD-mimic catalytic efficiency than the
reported nanozyme (Table S1, ESIT).

The high GSH concentration within tumor cells can scavenge
*OH and further impair the efficacy of ROS-based therapy. Con-
sidering the hyperthermia enhanced POD-mimic catalytic activity,
the effect of hyperthermia on GSH consumption was further
evaluated. It could be seen that with the prolongation of the
reaction time, the typical absorbance of DTNB (-SH indicator) at
412 nm gradually decreased, demonstrating the effective deple-
tion of GSH by MC NPs. Moreover, the GSH depletion velocity at
50 °C was significantly faster than that at 37 °C, confirming
the effect of hyperthermia on accelerating GSH consumption
(Fig. S13a, ESIt). Encouraged by the hyperthermia-enhanced
GSH consumption, we further investigated the effects of various
formulations on intracellular GSH levels. As predicted, the cells
treated with MCTP-FA + NIR exhibited a dramatic reduction in
intracellular GSH level (Fig. S13b, ESIt). These results indicated
that MCTP-FA could achieve extensive accumulation of *OH in
tumor cells through hyperthermia-enhanced POD-mimic activity
and GSH consumption.

3.6. Cellular uptake

Effective endocytosis of nanocomposites by tumor cells is a
crucial initial step for the therapeutic effect of multifunctional
nanozymes.®” One feasible approach is to modify a targeted
ligand on the periphery of the nanocomposites, which endows
them with the ability to bind specifically to receptors over-
expressed on the membrane of cancer cells.*® Fortunately,
thanks to the overexpression of FOLR in osteosarcoma cells,
the conjugation of FA on the outer surface of PDA is expected
to increase the aggregation of nanoparticles in tumor cells.*®
Ce6 with red fluorescence was used for intracellular localiza-
tion of nanocomposites. As shown in Fig. 4a, after the cells were

This journal is © The Royal Society of Chemistry 2023
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co-incubated with free Ce6 for 4 h, only weak red fluorescence
was observed. In contrast, MCP/Ce6 exhibited an obvious red
fluorescence signal, which may be attributed to the PDA shell-
enhanced endocytosis. Notably, a higher red fluorescence sig-
nal was observed in the MCP-FA/Ce6 group than in the MCP/
Ce6 group after 4 h of incubation. Furthermore, a competitive
inhibition test of FA molecules was performed by pretreating
cells with free FA molecules, in which a much weaker fluores-
cence signal was observed compared with the MCP-FA/Ce6
group, confirming the critical role of FA ligands in mediating
nanocomposite endocytosis.

3.7. Cellular cytotoxicity of NPs in vitro

The in vitro cytotoxicity of MCTP-FA NPs on MNNG/HOS cells
was evaluated by CCK8 assay. As shown in Fig. 4b, the viabilities
of the MNNG/HOS cells treated with MCTP-FA + NIR exhibited
an obvious concentration-dependent decrease, with an inhibi-
tion rate up to 87.3% at 100 pg mL~'. Moreover, the cell
inhibitory ability of MCTP-FA + NIR (ICs, = 3.16 pg mL ") was
higher than that of the MCP-FA (ICs, = 11.66 pg mL™ ') and
MCTP-FA (ICs, = 8.51 ug mL™") groups. These results demon-
strated that photothermal enhanced sequential nanocatalytic
therapy had a highly synergistic inhibitory effect on the prolif-
eration of MNNG/HOS cells.

In order to further investigate the capability of MCTP-FA NPs
in hyperthermia enhanced CDT efficiency, the intracellular
generation of *OH was monitored by 2,7-dichlorofluorescein
diacetate (DCFH-DA), which could react with ROS to form 2,7-
dichlorofluorescein (DCF) with green fluorescence.’® As shown
in Fig. 4c, only negligible fluorescence appeared in the control
group and NIR group, while in contrast, more obvious green
fluorescence was observed in the MCP-FA treatment group,
which confirmed the activity of the intracellular POD-mimic
catalytic enzyme. Meanwhile, brighter green fluorescence was
detected in the MCP-FA + NIR group than in the MCP-FA group,
confirming that the photothermal effect could improve the *OH
generation efficiency.

Intracellular ROS accumulation could activate oxidative
injury of tumor cells by inducing mitochondrial dysfunction.
Therefore, the generation of mitochondrial superoxide was
determined by the method of Mitosox Red fluorescence stain-
ing. As shown in Fig. S14 (ESI}), the formation of abundant
ROS in the MCP-FA + NIR treatment group was accompanied by
massive accumulation of superoxide in mitochondria, as
proved by the red fluorescence. Collectively, this photothermal
enhanced sequential catalytic strategy possessed unique advan-
tages in elevating intracellular ROS levels as well as inducing
oxidative damage to mitochondria.

To more intuitively evaluate the cytotoxicity of this sequen-
tial treatment strategy, MNNG/HOS cells were co-stained with
calcein-AM (green) and PI (red) (live/dead staining assay) after
different treatments. As shown in Fig. 4d, significant green
fluorescence was observed in the control group and the NIR
group, indicating that illumination alone had a minimal killing
effect on cells. Compared with the weak red fluorescence in the
TH588 group, the MCP-FA group and the MCTP-FA group

J. Mater. Chem. B, 2023, 11, 3836-3850 | 3845
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(@) immunofluorescence images of 8-oxoG and the corresponding surface plot images, and (h) JC-1 staining of MNNG/HOS cells after different treatments:
(1) control, (2) NIR, (3) TH588, (4) MCP-FA, (5) MCTP-FA, and (6) MCTP-FA + NIR. () Intracellular ATP levels of MNNG/HOS cells after different treatments.
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Fig. 4

exhibited an increasingly strong red fluorescence signal, indicat-
ing that the combination of CDT with TH588-mediated DNA
repair pathway inhibition is a promising anti-tumor approach.
As expected, almost all cells died in the MCTP-FA + NIR group,
confirming the indispensable effect of hyperthermia induced by
the photothermal effect in promoting nano-catalytic therapy.
Moreover, the apoptosis and necrosis of MNNG/HOS cells were
quantitatively assessed by fluorescein-annexin V and propidium
iodide (PI) assays. Consistently, it could be seen that MCTP-FA +
NIR could induce a prominently higher level of cell apoptosis
(Fig. 4e and f), demonstrating that this nanoplatform could offer
an excellent antitumor effect via the apoptosis pathway.

3.8. Exploration of the mechanism in sequential catalytic therapy

Encouraged by the satisfactory cytotoxicity of this sequential
therapy strategy, its antitumor mechanism was further

3846 | J Mater. Chem. B, 2023, 11, 3836-3850

investigated in detail. Guanine is the most susceptible DNA
residue to *OH oxidation due to its low reduction potential,*'
which could effectively lead to the formation of 8-hydroxy-7,8-
dihydro-guanylradical (8-OHdG) which further transforms into
8-oxodG (Fig. $15, ESIT).*>** In order to intuitively demonstrate
that this sequential catalytic treatment could induce more DNA
mutants to accumulate in tumor cells, immunofluorescence
staining was applied to detect the accumulation of 8-0xoG in
cells after various treatments. As shown in Fig. 4g, the depletion
of MTH1 as well as the enhancement of the POD-mimic
effect under hyperthermia conditions could all lead to a large
accumulation of 8-oxodG in cells, which could be confirmed
by the obvious red fluorescence. Moreover, another specific
DNA damage marker, 53BP1, was also used to measure the
degree of DNA damage. As shown in Fig. S16 (ESIf), obvious
53BP1 foci in the nuclear region was observed in the MCP-FA

This journal is © The Royal Society of Chemistry 2023
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group, with further enrichment in the subsequent progressive
treatment.

Intracellular ROS generation could induce mitochondrial
dysfunction and ultimately trigger cell apoptosis.***> Therefore,
changes in mitochondrial membrane potential were determined
by JC-1 assays to explore whether mitochondrial integrity was
compromised after various treatments. As shown in Fig. 4h, the
highest green-to-red fluorescence ratio was observed in the MCTP-
FA + NIR group, indicating a dramatic reduction in mitochondrial
membrane potential as well as more mitochondrial damage.
Consistent with the results of JC-1 staining, quantitative analysis
of mitochondrial membrane potential by JC-1 flow cytometry
showed that MCTP-FA + NIR treatment could induce 29.6%
mitochondrial damage (Fig. S17, ESIT).

As the energy factories of the cell, mitochondria are recog-
nized as the vital source of ATP required to meet the various
energy demands of the cell.*® However, mitochondrial dysfunc-
tion can lead to the destruction of the oxidative respiratory
chain, resulting in a decrease in the intratumoral ATP level,
and it is then difficult to meet the needs of tumor proliferation.*”
Therefore, we further investigated the influence of sequential
catalytic therapy on ATP levels in MNNG/HOS cells. As shown in
Fig. 4i, intracellular ATP levels decreased tremendously in the
MCTP-FA + NIR treatment group. Taken together, this sequential
nano-catalytic treatment strategy can not only destroy the mito-
chondrial membrane potential, but also inhibit the generation
of ATP in cells thus exhibiting an excellent antitumor efficiency.

3.9. Biodistribution and photothermal properties in vivo

The tumor-targeting ability and biodistribution of NPs in vivo
were investigated using a fluorescence imaging experiment on
the MNNG/HOS tumor-bearing mouse model. As shown in
Fig. 5a, the fluorescence signal in the tumor region gradually
increased over time and the strongest fluorescence signal was
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detected at 6 h post-injection, indicating the gradual accumulation
and penetration process of the NPs in the tumor via the EPR effect
and active targeting. In particular, a residual fluorescence signal
could still be detected 24 h after injection. After 24 h of intravenous
administration, the mice were sacrificed and tumor tissues and
major organs were excised for semiquantitative mean fluorescence
intensity (MFI) analysis. The results showed that the fluorescence
signal in the tumor region was stronger than that in the major
organs, further demonstrating the excellent tumor targeting, high
uptake and retention ability of the nanocomposites (Fig. 5b and c).

Based on the observation of in vivo fluorescence imaging,
the optimal time window for laser irradiation was determined
to be 6 h after injection. We next evaluated the in vivo photo-
thermal properties of MCTP-FA using an infrared thermal
camera. As shown in the photothermal images (Fig. 5d) and
time-temperature curves (Fig. 5e), the temperature in the PBS
group only increased slightly after 10 min of NIR irradiation,
while the temperature in the tumor region of the mice treated
with MCTP-FA could reach about 50 °C, which is sufficient for
the hyperthermia enhanced Fenton-like reaction.

3.10. In vivo synergistic therapy

Based on the above findings, we can speculate that the excellent
therapeutic effect of MCTP-FA was mainly composed of two
indispensable components: photothermal effect-triggered hyper-
thermia-augmented the *OH generation and the effective inhibi-
tion of the DNA damage repair mechanism. Inspired by the
satisfying cytotoxicity results in vitro, we further evaluated the
antitumor efficacy of MCTP-FA NPs using a MNNG/HOS tumor-
bearing mice model. When the tumor volume reached about 80-
100 mm?®, the tumor-bearing mice were randomly assigned into
6 groups: (1) control, (2) NIR, (3) TH588, (4) MCP-FA, (5) MCTP-
FA, and (6) MCTP-FA + NIR. Next, the tumor-bearing mice were
treated according to the procedure shown in Fig. 6a, and the

100 200 300 400 500 600
Time (s)

imaging of major organs and tumor tissues after 24 h post-injection. (c) Semiquantitative analysis of the fluorescence intensity in tumor tissues and major
organs. (d) In vivo photothermal images and (e) temperature elevating curves of the tumor region at 6 h post-injection of PBS and MCTP-FA with 808 nm

laser irradiation (1.0 W cm™2).
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Fig. 6

(a) Schematic diagram of in vivo treatment in tumor-bearing mice. (b) Photos of tumors after 14 days of different treatments: (1) control, (2) NIR,

(3) TH588, (4) MCP-FA, (5) MCTP-FA, and (6) MCTP-FA + NIR. (c) Relative tumor volume of tumor-bearing mice after 14 days of different treatments.
(d) Tumor weights after different treatments for 14 days. (e) Body weight changes of tumor-bearing mice in different groups during treatment. (f)
Representative images of tumor-bearing mice after different treatments. (g) H & E, TUNEL and Ki-67 immunohistochemical staining of tumor slices in

different groups.

mice in group (6) were exposed to an NIR laser (808 nm,
1.0 W ecm™?) for 10 min. The body weight and tumor volume
of the mice were monitored every two days during the treatment
period. As shown in Fig. 6b-d, no significant tumor inhibition
was observed in the NIR treatment group compared to the
control, indicating that the tumor growth inhibition effect of
NIR irradiation alone was limited. Unsurprisingly, from group
3 onwards, a more sufficient tumor suppressive efficiency was
observed with the gradual progress of the sequential catalytic
treatment centered on the Fenton-like reaction. Moreover, no
significant changes in body weight were observed in each group,
indicating negligible systemic toxicity for all treatments in mice
(Fig. 6e).

At the end of the treatment, tumor tissues and major organs
were collected for histopathological analysis. Consistent
with the tendency of tumor suppression in representative mice
(Fig. 6f), H & E staining revealed the most pronounced

3848 | J Mater. Chem. B, 2023, 11, 3836-3850

condensed nuclei of cancer cells and typical histopathological
damage in the group (6). Moreover, TUNEL staining also
confirmed that MCTP-FA + NIR therapy was more likely to lead
to tumor in situ apoptosis. Additionally, Ki67 immunohisto-
chemistry assays were applied to analyze the proliferation char-
acteristics of tumor cells. As expected, the proliferation capacity
of tumor cells treated with MCTP-FA + NIR was significantly
inhibited (Fig. 6g). Meanwhile, in view of the powerful antitumor
activity of this sequential therapy, we systematically studied the
toxic effects of MCTP-FA NPs to guarantee its safe application. As
shown in Fig. S18 (ESIf), H & E staining of the major organs
showed no obvious tissue damage after various treatments
compared with the control group. Meanwhile, hematological
analysis also confirmed that MCTP-FA had no noticeable toxicity
toward liver and renal functions (Fig. S19, ESIt). All the experi-
mental results validated that the prepared MCTP-FA NPs with
excellent biocompatibility and promising anti-tumor efficacy are

This journal is © The Royal Society of Chemistry 2023
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expected to become a promising candidate for tumor synergetic
therapy.

4. Conclusions

In summary, we successfully achieved the decoration of CeO, and
the loading of TH588 by using the ideal large mesoporous channels
of DMSN, and finally developed a sequential nanotherapeutic
platform MCTP-FA for targeted tumor ablation via hyperthermia-
enhanced POD-mimic activity, GSH consumption as well as inhi-
biting the MTH1-mediated DNA damage repair pathway. In the
slightly acidic TME, depolymerization of PDA shell leads to respon-
sive release of TH588 and exposure of catalytic core CeO, NPs. CeO,
harboring multivalent elements (Ce*"*") could catalyze H,0, to
generate highly toxic *OH in acidic TMEs, as well as eliminate the
GSH through redox reaction to relieve the antioxidant capacity of
the tumor and further promote the efficacy of CDT, resulting in
oxidative damage of guanine in the nucleotide pool. Next, acid-
responsive released TH588 could inhibit the MTH1-mediated DNA
damage repair pathway, resulting in the accumulation of oxidative
damage. Most importantly, the hyperthermia induced by the
excellent photothermal conversion capability of MCTP-FA in the
NIR region amplified the POD-mimic and GSH consumption
activities. Both in vivo and in vitro experiments have confirmed
that the hyperthermia-enhanced nano-catalytic scheme based on a
MCTP-FA nanoplatform has a promising antitumor efficacy. Taken
together, this novel photothermal enhanced sequential nano-
catalytic therapy strategy provides a very promising solution for
cancer synergetic therapy.
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