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Abstract

Chemodynamic therapy holds great potential for cancer treatment due to its reliable curative effects, minimal

invasiveness, and few systemic side effects. However, the limited amount of intracellular H,O, makes achieving high-
performance chemodynamic therapy challenging. Herein, we report a core-shell nanoplatform with dual-responsive
disassembly that self-supplies H,O, and undergoes an autocatalytic Fenton reaction for enhanced chemodynamic
therapy. The platform was designed by coating glucose oxidase-mimicking nanozyme gold nanoparticles (AuNPs)
with a metal-polyphenol network (Au@MPN). Both ATP and low pH can disassemble the Au@MPN to release Fe(lll),
which can then be reduced into Fe(ll) by the simultaneously released tannic acid (TA). In particular, the exposed AuNPs
can catalyze the oxidation of intracellular glucose to produce H,O,. Subsequently, Fe(ll) and the self-supplied H,0,
induce an efficient Fenton reaction for chemodynamic therapy by generating hydroxy! radicals («OH) that are highly
toxic to cancer cells. Moreover, tumor growth can be effectively suppressed after both intratumoral and intravenous
Au@MPN administration. Additionally, metastatic melanoma lung tumors could be inhibited by intratracheal
instillation of Au@MPN. Thus, this work not only reports a facile method to construct a chemodynamic agent with self-

enhanced efficiency for chemodynamic therapy.

supplied H,O, and high therapeutic efficiency but also provides insight into the design of nanoplatforms with

Introduction

Malignant melanoma is one of the fastest growing skin
cancers with a high degree of malignancy, early metas-
tasis, high mortality, and extremely poor prognosis, and
its clinical treatment poses great challenges'. Surgical
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treatment is the main method for melanoma therapy.
Early melanoma can be cured through expanded resection
of the lesion, but there are risks of postoperative tumor
residue, recurrence, metastasis, and surgical complica-
tions>. Radiotherapy also has a limited effect on treating
malignant melanoma, as its effect is highly dependent on
oxygen status and the growth cycle of the tumor, and it
comes along with many side effects®. Chemotherapeutic
drugs such as dacarbazine and temozolomide can effec-
tively kill tumor cells, but their drawbacks mainly include
dose-dependent toxicity, side effects, and easy destruction
of the immune functions of the patient, which in turn will
accelerate the spread of residual cancer cells in the body™.
Targeted therapy including BRAF inhibitors and MEK
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inhibitors is suitable only for tumor patients with corre-
sponding mutations®. As one of the most popular areas of
cancer research in recent years, immunotherapy, espe-
cially with immune checkpoint inhibitors, presents a good
therapeutic effect against malignant melanoma®®. How-
ever, side effects, including immune pneumonia and
immune myocarditis, limit its broad application®.
Recently, chemodynamic therapy has sparked great
interest owing to its high efficiency and anticancer
mechanism that is distinct from traditional cancer treat-
ment'>'", Taking advantage of nanotechnologies and
nanomaterials, researchers have rationally designed cata-
lysts that once combined with the unique microenviron-
ment of tumors can improve the Fenton/Fenton-like
reaction'>™'%, As an essential reactant for Fenton/Fenton-
like reactions, a high concentration of H,O, is desired for
generating sufficient hydroxyl radicals (¢«OH). However,
the limited amount of intracellular H,O, greatly restricts
the application of chemodynamic therapy. To solve this
problem, a self-supplied H,O, strategy was proposed for
the in situ generation of H,O, inside cancer cells'>*®,
Various materials have been applied for this purpose, such
as Ca0,'”'®, Cu0,', and glucose oxidase’®. Among
them, glucose oxidase, which can catalyze the oxidization
of glucose to generate H,O,, holds great potential for
boosting the H,O, supply .However, as a natural protein,
glucose oxidase suffers from poor stability, a short half-life
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in vivo, and immunogenicity*’. As an alternative, nano-
zymes that mimic glucose oxidase have various advan-
tages over natural enzymes, such as low expense, ease of
manufacturing, and maintenance of activity over broad
ranges of pH and temperature*>?®, For example, Zhang
et al. reported the immobilization of ultrasmall gold
nanoparticles (AuNPs) on hollow mesoporous organosi-
lica nanoparticles with Cu(II)-tannic complexes deposited
on the surface to self-supply H,O, for chemodynamic
therapy”*. In addition, Ding et al. demonstrated a metal-
organic framework as a platform for the in situ growth of
small AuNPs on the surface to oxidize intracellular glu-
cose to produce H,0,*. Although promising, the com-
plexity of the synthetic process makes controllable,
reproducible and large-scale production challenging®®
.Therefore, it is highly desired to fabricate robust and
facile nanoplatforms that can self-supply H,O, with high
performance for chemodynamic therapy.

Herein, we report the dual-responsive disassembly of a
core-shell nanoplatform with self-supplied H,O, and the
ability to carry out an autocatalytic Fenton reaction for
enhanced chemodynamic therapy (Fig. 1). The platform
was constructed by coating the surface of glucose oxidase-
mimicking nanozyme with a metal-polyphenol network
(Au@MPN), which could be disassembled by either ATP
or an acidic environment. In addition, the Fe(III) released
from Au@MPN could be reduced by the released tannic
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Fig. 1 Schematic illustration of the Au@MPN with the ability to self-supply H,0, for enhanced chemodynamic therapy. A Preparation of
Au@MPN and their disassembly process in the presence of ATP or in an acidic environment. B The antitumor mechanism of Au@MPN for enhanced
chemodynamic therapy.
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acid (TA) into Fe(Il), which exhibited higher catalytic
performance than Fe(Ill). In particular, the exposed
AuNPs catalyzed glucose oxidation to produce sufficient
H,0, in situ, which subsequently reacted with Fe(Il) to
trigger the Fenton reaction and generate highly toxic
hydroxyl radicals (¢«OH). Moreover, the in vivo antitumor
efficacy of Au@MPN was demonstrated after both intra-
tumoral and intravenous administration. Additionally,
metastatic melanoma lung tumors could be inhibited by
intratracheal instillation of Au@MPN. Therefore, this
work may provide insight into the design of nanoplat-
forms with enhanced efficiency for tumor therapy.

Materials and methods

Materials
Ferric chloride hexahydrate (FeCl3-6H,0), tannic acid
(TA), chloroauric acid trihydrate (HAuCl,-3H,0),

methylene blue (MB), 1,10-phenanthroline monohydrate,
and glucose were purchased from Aladdin-Reagent Co.
Ltd. 2/,7'-Dichlorofluorescein diacetate (DCFH-DA) was
obtained from Beyotime. 3,3',5,5’-Tetramethylbenzidine
(TMB) was purchased from Sigma-Aldrich. The horse-
radish peroxidase (HRP) enzyme was purchased from
Macklin. An annexin V-FITC/PI apoptosis detection kit
was provided by KeyGen Biotech. Co., Ltd. All other
materials were commercially available and used as
received unless otherwise noted.

Instrumentation

Transmission electron microscopy (TEM) images were
captured by an FEI Tecnai G20 S-TWIN microscope
operating at an accelerating voltage of 120 kV. The ele-
mental binding energy of Au@MPN was measured by
X-ray photoelectron spectroscopy (ESCALab 250,
Thermo Fisher). The hydrodynamic size and zeta poten-
tial were evaluated by a particle analyzer (Litesizer 500,
Anton Paar). The UV — vis absorbance was measured by a
UV — vis spectrophotometer (UV 2600, Shimadzu).

Synthesis of AuNPs

AuNPs were synthesized according to a previously
reported method®’. Vials and stirrers were washed with
aqua regia before use. First, 0.4 mL of HAuCl, (24.3 mM)
was added to 9.6 mL of Milli-Q water (ddH,O). The
solution was heated with continuous magnetic stirring.
When it was violently boiling, 1 mL of trisodium citrate
(38.8 mM) was added and the mixture was stirred for
another 30 min. After cooling to room temperature, the
prepared AuNPs were stored at 4 °C for further use.

Synthesis of Au@MPN and Au@MPN/PEG

AuNPs (0.8 mL, 24.3 mM) were placed into a 1.5mL
centrifuge tube. Two microliters of TA (40.8 mg/mL) was
mixed with the AuNPs and vortexed for 20 s. Then, 2 pL of
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FeCl; (24 mM) was added before vortexing for 20s. Next,
200 pL of Tris buffer (50 mM, pH 8.0) was added, and the
mixture was vortexed for 20s. The solution was then cen-
trifuged at 1x 10*g for 10 min and washed with ddH,O
twice to obtain Au@MPN. The concentrations of Au and
Fe in the prepared Au@MPN were determined by ICP to be
25.3 and 3.1 pg/mL, respectively. Au@MPN with different
Au/Fe ratios were synthesized using the same procedure,
except that the concentration of FeCl; was changed.

Au@MPN/PEG were prepared as follows. First, Au@MPN
(2 mg/mL) were redispersed in 1 mL of phosphate-buffered
saline (PBS, pH 7.4) in a 1.5 mL Eppendorf tube. Then, 1 mg
of PEG-NH, was added to the above tube, which was kept at
room temperature under magnetic stirring for 2 h. Excess
PEG-NH, was removed by centrifugation for 10 min at
13,000 rpm to obtain Au@MPN/PEG.

Release of Fe(lll) from Au@MPN

Au@MPN (25 mg/mL) were placed in a dialysis bag
(MWCO: 14 kDa), which was then immersed in 10 mL of
different solutions containing varying concentrations of
ATP (0.5 mg/mL, 1 mg/mL, and 2 mg/mL) or buffers with
different pH values (pH 4.0 and pH 5.0). Each dialysis bag
was placed on a horizontal shaker (100 rpm) under stir-
ring. Then, 1 mL of buffer was withdrawn, and fresh
buffer was added at the indicated time points. The with-
drawn buffer was mixed with hydroxylamine hydro-
chloride for 15 min, followed by the addition of 1,10-
phenanthroline. Finally, the absorption at 510 nm was
measured to calculate the concentration of released
Fe(III) according to the standard curve.

Measurement of Fe(ll) content

The content of Fe(Il) in various samples was determined
by a method similar to that described above except that
hydroxylamine hydrochloride was not needed. Briefly,
samples taken at different times were dissolved in PBS
containing ATP (1mg/mL) and 1,10-phenanthroline.
Then, the absorbance at 510 nm was measured to calculate
the concentration of Fe(II) according to the standard curve.

Measurement of glucose oxidase-like activity

The quantitative determination of H,O, production was
carried out by using the classic colorimetric method. First,
50 uL of AuNPs (24 mM) were mixed with 100 pL of
200 mM glucose solution for different lengths of time
(hours) and named solution A. A total of 289 uL of acetate
buffer (0.1 M, pH 4.0), 6 pL of TMB (10 mg/mL) and 5 uL
of HRP (1 mg/mL) were mixed to generate solution B.
Then, 100 uL of solution A was added to solution B for
10 min of reaction. Finally, the absorbance at 650 nm was
measured and recorded. This same method was applied to
detect H,O, produced by the reaction of AuNPs and
different concentrations of glucose.
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Evaluation of the generation of -OH

The production of «OH was detected by a UV-Vis
spectrophotometer with MB serving as a sensor. In brief,
500 uL of glucose (1 M), 50 uL of MB (0.25 mM) and
100 pL of Au@MPN (7 mg/mL, 14 mg/mL, and 35 mg/
mL) were mixed with a solution containing 500 uL of
ATP (2 mg/mL). Then, different volumes of ddH,O were
added to the solution to reach a final volume of 1500 pL.
After 4h, the UV-Vis absorption of MB solution was
measured. This same method was applied to detect «OH
under different conditions (without H,O, and glucose,
without H,O,, without glucose, and with H,O, and
glucose).

Cell culture

B16F10 cells (obtained from the Cell Bank of Shanghai
Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences) were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), streptomycin
(100 pg/mL) and penicillin (100 unit/mL) at 37°C in a
humidified atmosphere with 5% CO,.

Cellular uptake of Au@MPN

Rhodamine B-loaded Au@MPN were used to investi-
gate cellular uptake. Rhodamine B-loaded Au@MPN were
prepared as follows. First, 0.8 mL of AuNPs (24.3 mM)
was mixed with 100 pL of rhodamine B (2 mg/mL) in a
1.5 mL centrifugal tube. Then, 2 uL. of TA (40.8 mg/mL)
was added and the mixture was vortexed for 20s. Next,
2 uL of FeCl; (24 mM) was added for 20s of vortexing.
Finally, 200 pL of Tris buffer (50 mM, pH 8.0) was added
before vortexing for 20s. The rhodamine B-loaded
Au@MPN were obtained by centrifugation (13,000 rpm
for 10 min) and repeated washings with ddH,O until
fluorescence could no longer be detected in the
supernatant.

To study the cellular uptake of Au@MPN, B16F10 cells
were seeded in a 24-well plate overnight for attachment
and then incubated with rhodamine B-loaded Au@MPN
for the indicated lengths of time. After washing the cells
with PBS twice, the nuclei of the cells were stained with
Hoechst 33342. The cells were subsequently examined by
fluorescence microscopy (Zeiss Axio Observer 3) or flow
cytometry (Beckman, CytoFLEX).

In vitro cytotoxicity assay

The cytotoxicity of Au@MPN was evaluated using the
MTT assay. Briefly, BI6F10 cells were seeded into 96-well
plates overnight. Then, the cells were treated with
Au@MPN and incubated for another 24 h. Subsequently,
MTT reagent was added. Four hours later, the formazan
crystals were dissolved with dimethyl sulfoxide. Finally,
the absorbance at 570 nm was measured and recorded
using a microplate reader (Synergy H1, BioTek).
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Detection of intracellular reactive oxygen species (ROS)

B16F10 cells were seeded in 12-well plates overnight.
Then, the cells were incubated with PBS, ROSup,
Au@MPN (7 mg/mL), or Au@MPN (14 mg/mL), fol-
lowed by staining with DCFH-DA (10 uM) for 30 min.
Finally, the cells were observed by fluorescence micro-
scopy or analyzed via flow cytometry.

Live/dead staining assay

B16F10 cells were seeded in 12-well plates overnight.
Then, the cells were incubated with PBS, AuNPs (7 mg/
mL), or Au@MPN (7 mg/mL) for 8 h. After that, the cells
were stained with calcein-AM and PI and observed by
fluorescence microscopy.

Cell apoptosis assessment

B16F10 cells were seeded in 12-well plates overnight.
Then, the cells were incubated with PBS, AuNPs (7 mg/
mL), or Au@MPN (7 mg/mL) for 24 h. Next, the cells
were stained with annexin V-FITC and PI for 15 min
according to the manufacturer’s protocol. Finally, the cells
were collected and analyzed by flow cytometry.

In vivo antitumor effect of Au@MPN

All live animal experiments were conducted according
to the protocols of the Institutional Animal Care and Use
Committee of the Animal Experiment Center of Sun Yat-
sen University. Female C57 mice at 6 weeks of age were
subcutaneously injected with B16F10 cells (10° cells in
0.1 mL). When the tumors reached a volume of 50 mm?,
the mice were injected with 0.1 mL of PBS, 0.1 mL of
AuNPs (7mg/mL), or 0.1 mL of Au@MPN (7 mg/mL)
either intratumorally or intravenously. The lengths and
widths of the tumors were measured every 2 days. Tumor
volume was calculated as follows: tumor volume
(V) = (tumor length) x (tumor width)?/2. Tumors from
each group were collected and photographed. Addition-
ally, the major organs were collected, fixed in a 4% par-
aformaldehyde solution, and stained with hematoxylin
and eosin (H&E) for histological analysis.

Metastatic lung tumors were established by injecting
B16F10 cells into mice through the tail vein. Then, a
handheld aerosolizer (Liquid Aerosol Devices, Micro-
Sprayer Aerosolizers) was employed to inject PBS, AuNPs,
or Au@MPN by intratracheal instillation. On Day 12, the
mice were sacrificed, and images of the lungs were cap-
tured. The lungs were also stained with H&E and exam-
ined under a microscope.

Statistical analysis

Data are presented as the mean + standard deviation.
Statistical analyses were performed using GraphPad Prism
7.0. One-way ANOVA was conducted for the analysis of
significant differences, and Tukey’s test was used for post
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hoc analysis. Statistical significance was defined as
*» < 0.05, **p < 0.01, and ***p < 0.005.

Results and discussion
Synthesis and characterization of Au@MPN

The procedure for the synthesis of Au@MPN is depic-
ted in Fig. 1. First, AuNPs were prepared using trisodium
citrate as the stabilizing agent as well as the reducing
agent, followed by the addition of FeCl; and TA to form
the layer of MPN on the surface of AuNPs. Using a two-
step synthetic strategy employing presynthesized AuNPs
as building blocks offers better controllability of the
structure and morphology by rationally tuning the ratio of
precursors>®, As expected, the thickness of the MPN layer
could be adjusted by altering the Fe/Au precursor con-
centration ratio (Fig. 2A). TEM images of Au@MPN
clearly showed a spherical morphology and core-shell
structure with a diameter of ~50 nm (Fig. 2B). The suc-
cessful adsorption of the formed MPN on the AuNP
surface may be ascribed to the universal adhesive property
of polyphenols®’. Moreover, the {-potential revealed that
both the AuNPs and Au@MPN were negatively charged
(Fig. 2C). The UV-Vis absorption peak of Au@MPN
showed a redshift of several nanometers compared to that
of AuNPs with a typical peak at 520 nm, which was
attributed to the fact that the refractive index of the shell
is higher than that of water (Fig. 2D)*°. Additionally,
X-ray photoelectron spectroscopy (XPS) confirmed the
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presence of Au, Fe, C, and O in the Au@MPN (Fig. 2E). In
addition, there were two prominent peaks at 87.58 and
83.93 eV, which were assigned to the Au 4f;/, and Au 4f;/»
signals of metallic Au (Fig. S1). Of note, the Fe 2p signal
revealed peaks at 711.18 and 724.48 eV, which are con-
sistent with the typical signals of Fe(Ill) species®’. The
above results confirmed the existence of coordination
bonds between Fe(III) and the phenolic groups of TA.
To examine the glucose oxidase-like activity of the syn-
thesized AuNPs, the produced H,O, was detected in a
reaction system containing AuNPs and glucose using the
HRP-catalyzed oxidation of TMB, and the absorbance at
650 nm was measured and recorded. As shown in Fig. 3A,
higher amounts of H,O, were detected with increasing
concentrations of glucose in the presence of AuNPs, indi-
cating that the AuNPs possessed high glucose oxidase-like
activity. In addition, the higher the concentration of AuNPs
and the longer the incubation time, the more H,O, was
produced (Fig. 3B). Nanozymes made from different
nanomaterials have been found to have several intrinsic
enzyme-like properties, including peroxidase-like activity,
oxidase-like activity, superoxide dismutase-like activity,
protease-like activity, and so on®%. Of note, one nanozyme
may possess multiple catalytic activities compared to nat-
ural enzymes with specific catalytic activities. The enzy-
matic activities of AuNPs are highly dependent on the
stabilizer used during the synthesis process*. For example,
using BSA as the stabilizer endows AuNPs with both

-
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glucose oxidase-like and peroxidase-like activity”’. In our
study, to construct self-supplied H,O, chemodynamic
agents, a nanozyme with glucose oxidase-mimicking activity
was the first requirement to produce intracellular H,O, via
catalysis of glucose oxidation. Second, the selected nano-
zyme should not possess peroxidase-like activity to protect
the produced H,O, from decomposition. Considering other
aspects, including controllable, reproducible, and large-scale
production, citrate-protected gold nanoparticles with glu-
cose oxidase-like activity rather than peroxidase-like activity
were chosen as the representative to investigate the antic-
ancer efficiency of the Au@MPN?’. Previous studies have
reported that MPN can decompose in the presence of ATP

or in an acidic environment*****>, Therefore, we then
explored the ATP- and pH-responsive disassembly beha-
viors of the Au@MPN by detecting the amount of released
iron, which was quantified by using 1,10-phenanthroline. As
shown in Fig. 3C, the release rate of iron increased as the
pH value decreased. Under neutral or alkaline conditions,
the phenolic hydroxyl groups of TA bind strongly to the
metal jon through coordination interactions, while the
acidic environment induces the protonation of the hydroxyl
groups of TA, leading to weakening of the metal-
polyphenol coordination®*. In addition, iron release from
the Au@MPN was observed in the presence of ATP, which
was ascribed to the competitive binding of Fe(IIl) with ATP
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through Fe-O-P coordination bonds®* (Fig. 3D). Of note,
the dual-responsive disassembly of MPN ensured the
greatest utilization of metal ions compared to conventional
metal-containing nanoparticles (e.g., Fe;04)?7%>%. After the
disassembly of MPN, the internal AuNPs were exposed to
exert their glucose oxidase function and catalyze glucose
oxidation to produce HyO,, which provided enough fuel for
the Fenton reaction.

As Fe(II) has a higher catalytic performance in the Fenton
reaction than Fe(Ill), we then investigated whether the
released Fe(IIl) could be reduced by TA in an acidic envir-
onment. As shown in Fig. 3E and F, Fe(Ill) and TA formed
an atropurpureus Fe-TA sediment at pH 7.0. In contrast, the
Fe-TA sediment dissociated into Fe(Ill) and TA at pH 4.0,
and some of the Fe(Ill) was reduced to Fe(IlI), forming
orange complexes after reacting with phenanthroline. These
results demonstrated that TA could convert Fe(III) to Fe(II)
in an acidic environment, which could greatly improve the
efficiency of chemodynamic therapy. To examine whether
Au@MPN could produce H,O, in the presence of glucose
for the subsequent Fenton reaction and generation of +OH, a
methylene blue decolorization assay was conducted. Differ-
ent concentrations of Au@MPN were mixed with 100 mM
glucose and methylene blue at pH 4.0, and the absorbance at
664 nm was measured and recorded. As displayed in Fig. 3G,
the Au@MPN could degrade methylene blue in a
concentration-dependent manner in the presence of glucose
in an acidic environment, which indicated that an efficient
Fenton reaction occurred to produce «OH in this system. In
contrast, Au@MPN could not degrade methylene blue in
the absence of glucose, suggesting that Au@MPN without
glucose could not provide H,O, for the Fenton reaction,
thus leading to no «OH production (Fig. 3H). As expected,
the addition of either glucose or H,O, could allow
Au@MPN to generate «OH to degrade methylene blue. Of
note, Au@MPN in the presence of both glucose and H,O,
exhibited the most effective methylene blue degradation.
Collectively, these results demonstrated that Au@MPN
could be dissembled by ATP or low pH to release Fe(Ill),
which was further reduced to Fe(Il) to react with the self-
supplied H,O, to efficiently generate «OH.

Anticancer effect of Au@MPN in vitro

As efficient cellular uptake was a prerequisite for good
therapeutic effects, Au@MPN were labeled with rhoda-
mine B to monitor intracellular uptake. As shown in Fig.
4A, red fluorescence was clearly observed in B16F10 cells
with increasing incubation time. After 4 h, the cellular
uptake of Au@MPN reached a plateau. In addition, the
intracellular uptake of Au@MPN was dose-dependent,
with obvious cellular uptake at a concentration of 40 pg/
mL (Fig. 4B). These results were further confirmed by
flow cytometry (Figs. S2 and S3). Next, cell viability after
treatment with Au@MPN was examined by MTT assay.
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As shown in Fig. 4C, the cell viability decreased as the
concentration of Au@MPN increased. When the con-
centration of Au@MPN reached 200 pg/mL, the cell
viability decreased to 51.8%. In the presence of H,O,,
lower cell viability was observed after treatment with
Au@MPN compared with the same concentration of
Au@MPN in the absence of H,O, (Fig. S4). In addition,
calcein-AM and PI double staining confirmed that
Au@MPN could cause cell death (Fig. 4D). To decipher
the underlying mechanism, cells treated with Au@MPN
were stained with the dye DCFH-DA to evaluate the
intracellular ROS level. The cells treated with PBS and
ROSup were used as negative and positive controls. As
expected, cells treated with both low and high Au@MPN
concentrations exhibited a strong fluorescence signal,
which indicated the generation of intracellular ROS (Fig.
4E and Fig. S5). Considering the high concentration of
glucose in the medium (4.5 mg/mL), the Au@MPN could
efficiently catalyze glucose to produce H,O,. Subse-
quently, TA reduced the released Fe(III) to generate
highly catalytic Fe(II), which further reacted with H,O, in
a highly efficient Fenton reaction. Furthermore, the
annexin V-FITC and PI double staining method was
employed to evaluate cell apoptosis. Consistent with the
cell viability results, large numbers of cells (35.5%) trea-
ted with Au@MPN underwent apoptosis and necrosis
compared to those in the control group (1.49%) and
AuNPs group (4.98%). (Fig. 4F). Collectively, Au@MPN
can effectively eradicate cancer cells due to the self-
supplied H,O, and conversion of Fe(III) into Fe(II), thus
resulting in the efficient and enhanced generation of
OOH.

Antitumor effect of Au@MPN after intratumoral injection
Encouraged by the in vitro results, the antitumor effects
of Au@MPN were further evaluated in vivo using
B16F10-bearing mice as models. When the tumors
reached 50 mm?, the mice were randomly divided into
three groups and intratumorally injected with PBS,
AuNPs, or Au@MPN (Fig. 5A). During the treatment
period, the AuNPs showed little influence on tumor
growth compared with PBS administration. In contrast,
the mice injected with Au@MPN exhibited remarkable
tumor growth inhibition (Fig. 5B-E). In addition, the
photos and weights of the extracted tumors were in
accordance with the results of the relative tumor volumes
(Fig. 5F, G). Furthermore, H&E staining of tumor tissues
showed damaged cell structures and scarce nuclei in the
Au@MPN group, which indicated the effective antitumor
activity of Au@MPN (Fig. 5H). Moreover, no obvious
changes in body weight or histological abnormalities of
the major organs were observed in the Au@MPN group,
which suggested that intratumoral injection of Au@MPN
induced no significant side effects in the mice (Fig. S6).
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Antitumor effect of Au@MPN after intravenous injection
Intratumoral injection has been applied to a limited
selection of tumors, such as those present in liver or brain
cancers. Therefore, investigation of intravenous adminis-
tration is essential to expand the range of applications for
treating various primary and metastatic tumors. The
Au@MPN surface was coated with PEG (Au@MPN/PEG)
to enhance colloidal stability in blood circulation. When
the tumors reached 50 mm?®, the mice were randomly

divided into three groups and intravenously injected with
PBS, AuNPs, or Au@MPN/PEG (Fig. 6A). Compared with
the PBS and AuNPs groups, the growth rate of the tumors
of the mice treated with Au@MPN/PEG was considerably
slower (Fig. 6B-E). Additionally, the tumors extracted
from the mice in the Au@MPN/PEG group had the
lowest weight compared with the PBS and AuNPs groups
(Fig. 6F, G). Moreover, H&E staining was employed to
investigate the pathological features of the tumors from



Peng et al. NPG Asia Materials (2022) 14:95

treatments.

Fig. 5 Antitumor effect of Au@MPN after intratumoral injection. A Schematic illustration of the antitumor process of Au@MPN intratumoral
injection. B-D Individual tumor growth curves from mice treated with PBS, AuNPs, and Au@MPN. E Relative tumor volumes from mice after the
indicated treatments. F Photos of tumors extracted from mice receiving the indicated treatments. G The weights of tumor tissues from mice
receiving the indicated treatments. H Representative H&E staining images of tumor tissues and major organs collected from mice with the indicated
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each group. As expected, histological analysis indicated
extensive necrosis and tumor destruction in the
Au@MPN/PEG group (Fig. 6H). Body weight and H&E
staining of the major organs from the AuNP and
Au@MPN/PEG groups showed no significant changes
compared to the PBS group, thus demonstrating the good
biocompatibility of the therapeutic process (Fig. S7).
Collectively, tumor growth can be effectively suppressed
by Au@MPN after both intratumoral and intravenous
administration.

Inhibition of lung metastasis through intratracheal
instillation of Au@MPN

Encouraged by the good therapeutic effect of Au@MPN
to treat primary tumors, we further examined the inhi-
bition of metastatic tumors using a B16F10 metastatic
melanoma lung cancer mouse model. After 4 days of
intravenous injection of B16F10 cells, mice were treated
with PBS, AuNPs, and Au@MPN via intratracheal instil-
lation, which allowed the solutions to distribute
throughout the lungs in a physiological manner with high
reproducibility, accuracy, and efficacy (Fig. 7A)*’. As

shown in Fig. 7B and C, intratracheal instillation of
Au@MPN significantly reduced the melanoma nodules
relative to the PBS and AuNPs groups, which indicated
superior suppression of lung metastasis. Additionally, the
histological study revealed no obvious metastatic tumor
cells in the lungs of mice treated with Au@MPN (Fig. 7D).
In addition, no significant difference in body weight was
found among these three groups (Fig. S8). Moreover, no
obvious inflammation or lesions in the major organs were
observed, which further confirmed the biocompatibility of
Au@MPN (Fig. S9). Collectively, the dual-responsive
disassembly of Au@MPN with the abilities to self-
supply H,O, and carry out an autocatalytic Fenton reac-
tion could effectively suppress the growth of primary
tumors and metastatic melanoma lung tumors.

Conclusions

In summary, a core-shell nanoplatform with dual-
responsive disassembly properties was constructed for
enhanced chemodynamic therapy through its abilities to
self-supply H,O, and carry out an autocatalytic Fenton
reaction. We demonstrated that both ATP and low pH
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could induce the disassembly of Au@MPN to release
Fe(III), which was further reduced by TA into Fe(Il) to act
as a Fenton agent with high catalytic efficiency. In addition,
the exposed AuNPs catalyzed the oxidation of glucose to
generate H,O, in situ, which could react with Fe(II) to
enhance the generation of «OH. Our results demonstrated
that the Au@MPN had a good eradication effect against
both primary tumors and metastatic melanoma lung
tumors. Benefiting from the general adhesive property of
polyphenols, this work may provide a universal strategy for
constructing chemodynamic agents that can self-supply
H,0O, by replacing AuNPs with other nanozymes with
glucose oxidase-like activity. Therefore, we anticipate that
this work may open new avenues to conceive a strategy for
improving the efficiency of tumor therapy.
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