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A B S T R A C T

Chemodynamic therapy (CDT) is a promising tumor-specific treatment, but still suffering insufficient reactive
oxygen species (ROS) levels due to its limited efficacy of Fenton/Fenton-like reaction. Polyphenol, as a natural
reductant, has been applied to promote the efficacy of Fenton/Fenton-like reactions; however, its intrinsic pro-
apoptosis effects was ignored. Herein, a novel CDT/polyphenol-combined strategy was designed, based on
Avenanthramide C-loaded dendritic mesoporous silica (DMSN)-Au/Fe3O4 nanoplatforms with folic acid modifi-
cation for tumor-site targeting. For the first time, we showed that the nanocomplex (DMSNAF-AVC-FA) induced
ROS production in the cytoplasm via Au/Fe3O4-mediated Fenton reactions and externally damaged the mito-
chondrial membrane; simultaneously, the resultant increased mitochondrial membrane permeability can facilitate
the migration of AVC into mitochondrial, targeting the DDX3 pathway and impairing the electron transport chain
(ETC) complexes, which significantly boosted the endogenous ROS levels inside the mitochondrial. Under the
elevated oxidative stress level via both intra- and extra-mitochondrial ROS production, the maximum mito-
chondrial membrane permeability was achieved by up-regulation of Bax/Bcl-2, and thereby led to massive release
of Cytochrome C and maximum tumor cell apoptosis via Caspase-3 pathway. As a result, the as-designed strategy
achieved synergistic cytotoxicity to 4T1 tumor cells with the cell apoptosis rate of 99.12% in vitro and the tumor
growth inhibition rate of 63.3% in vivo, while very minor cytotoxicity to normal cells with cell viability of 95.4%.
This work evidenced that natural bioactive compounds are powerful for synergistically boosting ROS level,
providing new insight for accelerating the clinical conversion progress of CDT with minimal side effects.
1. Introduction

Reactive oxygen species (ROS) are a group of highly reactive ions or
free radicals, including singlet oxygen (1O2), hydroxyl radicals (�OH),
superoxide anions (O2�

�), and peroxides (O2
2�) [1,2]. In malignant tumor

cells, excessive ROS can be utilized to trigger oxidative stress, leading to
DNA damage [3], protein inactivation [4], phospholipid membrane
peroxidation, and final cell apoptosis [5]. In this case, chemodynamic
therapy (CDT), utilizing Fenton/Fenton-like reactions triggered by the
tumor microenvironment (TME) for promoting ROS accumulation, has
been recently developed and become a popular research focus for cancer
treatment [6–9]. However, the CDT performance is highly dependent on
TME conditions, for example, the limited level of endogenous H2O2, the
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weak acidity (pH~6.5), and high content of reducing substances (e.g.,
glutathione, GSH) are not favorable for most of Fenton/Fenton-like cat-
alytic reactions, and thereby reducing the therapeutic efficacy of CDT
[10]. Therefore, development of the combined therapy strategy for a
boosted ROS generation is encouraged to overcome the relatively low
therapeutic effect of single CDT treatment [11,12]. The combination of
chemotherapeutic drugs and CDT is a promising strategy to achieve
improved anticancer effects [13]. Some chemotherapeutic drugs, e.g.,
cisplatin, doxorubincin, arsenic trioxide, and etoposide, have been
applied in clinical practice and mediated the antitumor effect by the
generation of H2O2 [14–16]. For instance, Xue et al. successfully pre-
pared a combined CDT-chemotherapy nanoplatform against cancer by
loading doxorubicin (DOX) and modified hyaluronic acid (HA) on a
ang).
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Fig. 1. Schematic representation of the synthesis of DMSNAF-AVC-FA nanoparticles and the use of DMSNAF- AVC-FA to induce intensive CDT therapy.
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metal-organic framework (MOF) material, MIL-100. The obtained
MIL-100@DOX-HA nanoparticles (NPs), acting as drug nanocarrier with
high DOX loading efficiency for chemotherapy, produced a large amount
of toxic ROS for the CDT treatment and synergistically improved anti-
tumor efficacy [17]. Xu et al. constructed a multifunctional nanoplatform
based on DOX-loaded tannic acid-iron network for combined chemo-/-
chemodynamic therapy, caused significant immunogenic cell death via
cooperative Fe-based CDT and DOX chemotherapy [18]. Ding et al. re-
ported a facile and versatile method for the in situ growth of MnO2
directly on the surface of up-conversion nanoparticles as ideal
TME-responsive nanoplatforms (UCMn) to anchor the cisplatin prodrug
and achieve high-efficiency synergistic CDT-chemotherapy of tumors
[19]. Yet, this combined strategy are still challenged by various factors,
such as the large toxic side effects, the low loading stability, and burst
drug release [20].

Polyphenols, the secondary metabolites from dietary fruit and vege-
tables, are well-known as natural antioxidants, are conventionally
regarded as chemopreventive agent at the forefront of oncological
research [21,22]. Recently, the pro-apoptosis effect of polyphenol has
been identified and applied in clinical tumor treatments [23]. Poly-
phenols can mediate ROS generation via mitochondrial intrinsic
apoptotic, thus inducing apoptosis of malignant cells. To be specific,
some natural compounds (e.g., quercetin [24], apigenin [25], alkaloids
[21]) activate the formation of ROS that disrupts the mitochondrial
membrane and interferes with mitochondrial electron transfer chain,
resulting in the release of Cytochrome C. In the cytosol, the binding of
cytochrome C to apoptotic protease activates factor 1 in the presence of
2

ATP/dATP, which induces activation of Caspase-9 and Caspase-3 suc-
cessively, and finally leads to the apoptotic cell death [23]. In addition to
the pro-apoptosis, the most major advantage of polyphenol as thera-
peutic strategy is the redox differences between cancer and normal cells
that contributes to the selective cytotoxicity of polyphenols targeting
tumor cells [23,26–28]. Fu et al. explored the anti-carcinogenic mecha-
nism of avenanthramides (AVNs) that are antioxidants exclusively pre-
sent in oats, and found that the high ROS level in cancer cells facilitated
AVNs to target dead-box RNA helicase 3 (DDX3), consequently triggering
further excessive production of ROS [29]. To date, to the best of our
knowledge, there are few studies that applied polyphenol into CDT based
combination treatments [30]. In the reported studies, polyphenols are
mostly used for formation of metal-phenolic network as drug carriers for
either maximizing drug loading due to the superior biocompatibility,
acidic sensitivity, and feasible modifications [31,32] or promoting the
efficacy of Fenton/Fenton-like reaction by accelerating the conversion
between Fe3þ and Fe 2þ. However, the intrinsic antitumor function of
polyphenol is always ignored.

Inspired by the pro-oxidant effects of natural polyphenols, especially
the mediation of intracellular ROS generation via electron transport
chain (ETC) complex, the combination of natural polyphenol and CDT
strategy was firstly designed to strengthen intracellular ROS production
for a promoted antitumor performance. Herein, avenanthramide C
(AVC), a unique natural polyphenol presenting in oats, was selected as
pro-oxidant agent to construct the intelligent nanocatalytic theranostics.
As shown in Fig. 1, the in situ deposition of Au and Fe3O4 was firstly
loaded to dendritic mesoporous silica nanoparticles (DMSN), endowing
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this nanoplatform (DMSNAF) with CDT functionality. Then, AVC was
decorated on the DMSNAF to facilitate ROS generation. Lastly, biocom-
patible folic acid (FA) was anchored onto the surface of platform to
promote targeting efficacy (ADSNAF-AVC-FA NPs). After being inter-
nalized by tumor cells, i) Au and Fe3O4 NPs with glucose oxidase and
peroxidase-like activity, respectively, performed ROS-mediated cascade
reactions to guarantee a high ROS level in tumor cell cytoplasm. ii) The
high extra-mitochondrial ROS increased the mitochondrial membrane
permeability, as indicated by the upregulation of protein level of Bax/
Bcl-2. iii) Meanwhile, the increased mitochondrial membrane perme-
ability facilitated migration of AVC into mitochondrial to target the
DDX3 pathway and to impair the ETC complexes, which further boosted
the endogenous ROS levels inside the mitochondrial. iv) Under the
elevated oxidative stress level via both intra- and extra-mitochondrial
ROS production, ADSNAF-AVC-FA displayed significantly synergistic
antitumor efficacy, as well as excellent biocompatibility, biosafety, and
selective cytotoxicity. This combined therapy not only complements the
importance of polyphenol in assisting CDT for maximum antitumor ef-
ficacy, but also provides new insights for accelerating the clinical con-
version progress of CDT with minimal side effects.

2. Materials and methods

2.1. Materials

Sodium salicylate (NaSal), triethanolamine (TEA), Tetraethyl ortho-
silicate (TEOS), cetyltrimethylammonium bromide (CTAB), (3-Amino-
propyl) triethoxysilane, iron chloride (FeCl3⋅6H2O), oleyl alcohol,
sodium oleate, HAuCl4⋅4H2O, diphenyl ether, sodium phosphate dibasic
(Na2HPO4), and acetic acid were obtained fromMacklin Biochemical Co,
Ltd (Shanghai, Chain). Acetone, n-hexane and ethanol were purchased
from Fuchen Chemical Reagent Co, Ltd (Tianjin, China). 3,30,5,50-tetra-
methylbenzidine (TMB) was obtained from Aladdin Co, Ltd (Shanghai,
China). Hydrochloric acid (HCl), glucose, and H2O2 were ordered from
Sinopharm Chemical Reagent Co, Ltd (Shanghai, China). Fluorescein
isothiocyanate (FITC) and Methoxy PEG-thiol (mPEG-SH, Mw ¼ 5000)
were obtained from xi'an ruixi Biological Technology Co, Ltd (xi'an,
Chain). Dimethyl sulfoxide (DMSO) was from Merck Co. Inc. (Germany).

2.2. Synthesis of DMSN, DMSNAF

DMSN, DMSNAF were synthesized by a method of Gao et al. with a
slight modification [33].

2.3. Drug loading and release

The solutions of DMSN or DMSNAF were prepared by dispersion in
DMSO (1 mg mL�1). AVC was dissolved in 50% DMSO aqueous solution,
and homogeneously mixed with DMSN or DMSNAF solutions, and then
incubated at 37 �C for 24 h. After the mixtures were centrifuged under
10,000 rpm, the precipitations were washed with ethanol three times to
remove the free AVC. The supernatant and washing solution were also
collected to measure the amount of AVC contained nanoparticles by a
UV–vis spectrophotometer. Drug loading efficiency and loading capacity
were calculated by Formulas (1-2):

Loading efficiency¼ 100%� ðmtotal AVC – munloaded AVCÞ = mtotal AVC (1)

Loading capacity¼ 100%� ðmtotal AVC – munloaded AVCÞ = mtotal DMSN (2)

To study the drug release, AVC-loaded DMSN or DMSNAF were
dispersed in PBS solution (pH ¼ 6.5). After incubation at 37 �C for
different times, the samples were centrifuged at 10,000 rpm (4 �C) and
the supernatant was carefully collected and determined the amount of
released AVC using UV–vis.

To improve the biocompatibility of nanoparticles, DMSNAF-AVC was
3

treated by PEGylation. 25 mg NHS-mPEG-FA was added into the
DMSNAF-AVC anhydrous ethanol solution (20 mL, 1.5 mg mL�1), and
stirred for 12 h at room temperature. After centrifugation and washing
with water, the PEGylated DMSNAF-AVC-FA NPs were obtained.

2.4. Amine group quantification

The amount of amine group represents the active sites for PEG
modification. Briefly, 100 μg DMSNAF-AVC and DMSNAF-AVC-FA were
dispersed into 100 μL of DI water, respectively. Then, 100 μL of ninhydrin
solution (2 w/v%) was mixed for chromogenic reaction at 90 �C for 20
min. After the mixtures were cooled down to room temperature, 800 μL
of ethanol was added to stop the reaction, and the absorbance at 570 nm
using a microplate reader was recorded. Glycine solutions from 5 to 25
mM were used to plot a standard curve [34].

2.5. Catalytic activity measurements of DMSNAF-AVC NPs

Glucose, instead of H2O2, was used to further evaluate the self-
organized enzymatic cascade reaction of the DMSNAF NPs (pH ¼ 6.5,
7.4). The DMSNAF-AVC-FA NPs, glucose and TMB were incubated for 1
h. The absorbance at 370 nm and 650 nm were detected.

2.6. Study of �OH generation

In the ESR experiment, DMSN, DMSN-AVC, DMSNAF and DMSNAF-
AVC-FA (200 μg/mL) was placed in acidic phosphoric buffer solution
(pH 6.5) containing glucose (10 mM). After stirring for 1 h, 5,5-dimethyl-
pyrroline N-oxide (DMPO) was added to the solution and tested
immediately.

Cell Culture: 4TI cells, L6 cells, and H1299 cells (purchased from
ATCC) were cultured in dulbecco's modified eagle's medium (DMEM,
high glucose, Gibco, USA) with 10% fetal bovine serum (FBS, Gibco,
USA), and 1% penicillin/streptomycin (Gibco, USA) at 37 �C.

2.7. Western blot assay

4T1 cells were incubated in 6-well plates. After the indicated treat-
ments, cells were washed three times with ice-cold PBS, followed by the
addition of RIPA lysis buffer (Solarbio, R0010, China) supplemented with
protease and phosphatase inhibitor PMSF. Lysates were cleared by
centrifugation at 12,000 g for 10 min at 4 �C, and BCA Protein Assay Kit
(Solarbio, PC0020, China) was employed to determine the protein con-
centrations. After being heated with loading buffer, equal amounts of
total proteins were separated on 10% or 12% SDS-polyacrylamide gel
electrophoresis gels and transferred to a polyvinylidene difluoride
(PVDF) membranes. After blocking with tris-buffered saline with Tween
20 (TBST) containing 5% skim milk for 1 h, the membranes

incubated with various primary antibodies against Cytochrome C
(ABclonal, A4912), Bcl-2 (ABclonal, A19693), Bax (ABclonal, A19684),
Caspase 3 (ABclonal, A2156), GPX4 (ABclonal, A11243) ND2 (ABclonal,
A17968), ND5, (ABclonal, A17972), COX2 (ABclonal, A1253), MY-CYB
(ABclonal, A17966), TIM23 (ABclonal, A8688), DDX3 (ABclonal,
A5637) and β-actin (ABclonal, AC038) at 4 �C overnight. After that, PVDF
membranes were washed with TBST for 3 times and incubated with
horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG H þ L) sec-
ondary antibody (ABclonal, AS014) for 2 h. Followed by the addition of
ECL Basic Kit (ABclonal, RM00020) to react for 2 min, and the signals
were recorded on a Bio-Rad ChemiDocMP System (Bio-Rad Laboratories,
USA).

2.8. Cell viability assay

The cytoprotective activity of nanoparticles was investigated by MTT
assay in 4T1 cells. The 105 4T1 cells/mL were grown in 96-well micro-
plates. After 24 h incubation, cells were treated with various



Fig. 2. (A) Typical SEM and (B) TEM images of DMSNAF-AVC. (C) AVC loading capacities of DMSN and DMSNAF NPs (above); AVC release property of DMSN-AVC
and DMSNAF-AVC in PBS solution (1 mg mL�1, pH 6.5, below). (D) Illustration of the mechanism of self-supplied H2O2 and acceleration of Fe (III)/Fe (II) conversion
by AVC (left). AVC reduced Fe (III) into Fe (II) due to its reductive ability (right). (E) XRD patterns of DMSN, DMSNAF-AVC and DMSNAF-AVC-FA NPs. (F) FTIR
spectra of FA-mPEG-NHS, DMSN, DMSNAF-AVC and DMSNAF-AVC-FA samples. (G) UV–vis absorption spectra of the catalyzed oxidation of TMB (oxTMB) in the
presence of DMSNAF-AVC-FA nanocatalyst.
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concentrations of AVC (30, 60, 90 μg mL�1) along with H2O2 (0.1–0.4
mM). Similarly, cells without AVC þ H2O2 and only treated with H2O2
were considered as positive and negative controls, respectively. The
viability of cells was evaluated by MTT assay by measuring absorbance at
450 nm. Live and dead cells observation: 4T1 cells were incubated in 6-well
plates. After 24 h, the culture medium was replaced with fresh ones
containing different NPs. 12 h later, all groups were stained by calcein-
AM and PI for further alive/dead observation.

2.9. Flow cytometry

4T1 cells were incubated in 6-well plates for 24 h. After different
treatments, cells were trypsinized and washed. Subsequently, cells were
resuspended in 0.5 mL of binding solution, followed by addition of
annexin V-FITC and PI. After 15 min of incubation at room temperature,
4

cells were rinsed with PBS and analyzed immediately using a flow cy-
tometer. Cells treated with pure culture medium was set as control.

Cell Endocytosis Test: 4T1 cells were plated in 15-mm cell culture
dishes (NEST, 801,002) with an initial density of 2� 105 cells/dish. After
12 h of incubation, cells were treated with FITC-labeled DMSNAF-AVC
dispersed in culture medium. After coincubation durations 2 h, 4’,6-
diamidino-2-phenylindole (DAPI, Beyotime, C1002) was added into each
dish and used to stain nuclei under dark for 15 min. Subsequently, the
cells were washed with PBS for three times gently and observed under FV
3000 RS confocal fluorescence microscope (CLSM) (Olympus Company,
Japan).

2.10. Intracellular ROS detection

Cells were seeded in 6-well plates. After 12 h of incubation, cells were



H. Mao et al. Materials Today Bio 16 (2022) 100436
treated with different NPs dispersed in culture medium for 8 h. Cells
treated with pure culture medium was set as control. Then, the culture
mediums were discarded followed by PBS rinsing for three times, and the
fresh culture medium containing DCFH-DA (Beyotime, S0033) was
added into each dish and used for staining under dark for 15 min. Sub-
sequently, the cells were washed with PBS for the other three times
gently and observed under FV3000RS CLSM.

2.11. Animals and tumor model

All animal experiment procedures were confirmed to the guidelines of
the Animal Care Ethics Commission of Charles river (ID: P2021086). 4-
week-old female Balb/c mice were purchased from Vital River Labora-
tories. To establish xenografted tumors, 4T1 cells were harvested and
suspended in the PBS at a density of 2 � 107 cells mL�1. Then 100 μL cell
suspension was injected subcutaneously into the right flank of mice. The
length and width of breast tumor xenografts were measured every 2 days
and the tumor volumes were calculated according to the following for-
mula: volume ¼ length � (width)2/2.

2.12. In vivo fluorescent imaging and biodistribution

Cy7 fluorescent dye was introduced to tag DMSNAF-AVC NPs for in
vivo fluorescence imaging. The synthesis steps strictly followed the pre-
vious procedure. After intravenous injection, the 4T1 breast cancer-
bearing mice were imaged under an IVIS system with an excitation
wavelength of 700 nm and an emissionwavelength of 790 nm at different
time intervals (2, 4, 8, 12, and 24 h). After 24 h, the mice were sacrificed,
The major organs (lungs, kidneys, hearts, spleens, and livers) and tumor
tissues were excised and imaged ex vivo with the same excitation (700
nm) and emission (790 nm).

2.13. In vivo therapeutic efficacy

Once tumors reached~50mm3, the 4T1 subcutaneous tumor-bearing
mice were divided into 6 groups for different treatments as follows: 1)
PBS, 2) DMSN, 3) DMSN-AVC, 4) DMSN-DOX, 5) DMSNAF, 6) DOX-
DMSNAF, 7) DMSNAF-AVC-FA (100 μL saline solution, dose 10 mg
kg�1) [33,35–38]. All mice received four times of intravenous injections
with different agents at day 1, 4, 7 and 10. Tumor size and body weights
were measured every 2 days. After 14 days post-treatment, all the mice
were sacrificed, and the tumors were excised and weighted. The tumor
growth inhibition index (TGI) on day 14 was calculated in accordance
with formula:

TGI¼ðVC �VTÞ = VC � 100%

where VC and VT represented the tumor volume of saline and a certain
treatment group, respectively.

2.14. Histology and immunofluorescence staining

After the treatment, the mice were sacrificed andmajor organs (lungs,
kidneys, hearts, spleens, and livers) and tumor tissues were collected and
fixed in 4% paraformaldehyde. The fixed tumor tissues were sliced and
stained with H&E, terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) according to the instructions. he major organs (lungs,
kidneys, hearts, spleens, and livers) were sectioned and stained with
H&E, followed by the observation under optical microscopy to confirm
the biocompatibility of treated materials.

2.15. Hemolysis test

Fresh mouse red blood cells (RBC) (2 mL) were added to 20 mL of
normal saline (NS) and preheated at 37 �C to prepare the blood diluent.
Next, 100 μL of the mouse blood diluent was added to a 2 mL Eppendorf
5

tube, followed by addition of 900 μL of H2O as a positive control, 900 μL
of normal saline as a negative control, and 900 μL of DMSNAF-AVC NPs
at different concentrations. The samples were incubated in a water bath
at 37 �C for 2 h and centrifuged at 3000 rpm for 3 min. The supernatant
was collected and used for UV measurement at 540 nm absorbance.

2.16. Statistical analysis

All the data were presented as mean � standard deviation (s.d.).
Statistical significance was calculated via one-way ANOVA with a Tukey
post-hoc test and p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of DMSNAF-AVC-FA NPs

The preparation steps of DMSNAF-AVC-FA NPs were illustrated in
Fig. 1. The DMSN with unique dendritic mesopores and splendid
biocompatibility were chosen as nanocarriers for the loading of Au,
Fe3O4 and AVC through in situ encapsulation. To investigate the roles of
nanozyme NPs and AVC, we synthesized pristine DMSN, AVC-free
nanoparticles, nanozyme-free nanoparticles, nanozymes- and AVC-
coloaded nanoparticles, ascribed as DMSN, DMSNAF, DMSN-AVC and
DMSNAF-AVC, respectively. Scanning electronmicroscope (SEM) images
showed that nanozyme and AVC loadings did not affect the morphology
of DMSN (Fig. 2A and Supplementary Fig. S1), with an average particle
size of ~140 nm for DMSNAF-AVC. Transmission electron microscopy
(TEM) image disclosed that Au and Fe3O4 NPs were ultrasmall particles
with well-confined size uniformity (Supplementary Fig. S2), and evenly
decorated within the mesopores of DMSN matrix (Fig. 2B). Furthermore,
dark-field TEM image and elemental mappings showed a homogeneous
distribution of Si, O, Au, and Fe in DMSNAF-AVC, confirming the suc-
cessful synthesis of uniform nanocomposites (Supplementary Fig. S3). As
demonstrated in Fig. 2C, both DMSN and DMSNAF have high AVC
loading rates, with 248.37 μg mg�1 and 288.06 μg mg�1, respectively.
The slightly increased value of DMSNAF is mainly attributed to the rough
surface inside of the mesopores, which was also verified by the increased
surface area from pristine DMSN to DMSNAF (325.9 m2 g�1 and 523.5
m2 g�1, respectively, Supplementary Fig. S4). In addition, DMSNAF-AVC
showed a quick drug releasing behavior, with a AVC release rate of
reaching 62% at 12 h (Fig. 2C), and it was mainly associated with its
unobstructed dendritic mesopores. As a nanocatalyst, the AVC in
DMSNAF-AVC produced an imperative effect on the conversion of Fe3þ

(low catalytic efficiency) into Fe2þ (high catalytic efficiency), resulting in
a significantly boosted Fenton reaction efficiency (as illustrated in
Fig. 2D, left). As it was evidenced, the concentration of Fe2þ slightly
increased with the prolonged time in the solutions of AVC and Fe3þ, and
as Fe3þ dosage elevated, Fe2þ level reached its maximum within a very
short time (only 30 min, Fig. 2D, right).

To enhance the cancer cell-targeting functionality and final tumor
accumulation of nanodrugs, DMSNAF-AVC NPs were further modified
with folic acid using NHS-PEG-FA, named as DMSNAF-AVC-FA. The final
particle size of DMSNAF-AVC-FA was 150 nm (Supplementary Fig. S5),
with a surface zeta potential of�1.56 mV (Supplementary Fig. S6). While
the X-ray diffraction (XRD) analysis showed that the loadings of AVC and
FA did not change the crystallinity of Au and Fe3O4 NPs (Fig. 2E). The
decrease amount of amino group represents the modification amount of
the folic acid molecule. It can be calculated from Supplementary Table S1
that 65% of the amine groups of DMSNAF-AVC reacted with FA-mPEG-
NHS. Simultaneously, FT-IR spectra identified the FA coating on the
nanocatalyst (Fig. 2F), confirming the successful synthesis of DMSNAF-
AVC-FA product. In addition, after soaking DMSNAF-AVC-FA in water,
phosphate-buffered saline (PBS), and cell medium for 24 h, the solution
was still uniform and translucent. This indicated good dispersion and
stability of DMSNAF-AVC-FA in the stock solution probably due to the
presence of mPEG (Supplementary Fig. S7). As illustrated in Fig. 1, the



Fig. 3. (A) Cell viability of 4T1 cells after being incubated with AVC and H2O2 at varied concentrations. (B) Western blot assay and semiquantitative analysis of DDX3
in cytosolic and mitochondrial. (C) Western blot assay and semiquantitative analysis of ND2, ND5, CYTB, and COX2 in AVC and H2O2-treated 4 T cells. (D) Western
blot assay and semiquantitative analysis of Cytochrome C, Caspase 3, Bcl-2, Bax and GPx4 in 4T1 cells treated with indicated concentrations of AVC and H2O2. Tim23
and β-Actin served as mitochondrial marker and cytosolic marker respectively. (a) PBS, (b) 200 μmol L�1 H2O2, (c) 400 μmol L�1 H2O2, (d) 0 μmol L�1 H2O2þ60 μg
mL�1 AVC, (e) 200 μmol L�1 H2O2þ60 μg mL�1 AVC, (f) 400 μmol L�1 H2O2þ60 μg mL�1 AVC. Cells treated with PBS were used as a control. (E) The apoptosis
pathway of tumor cell triggered by AVC.
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catalytic reactions of DMSNAF-AVNC-FA included the self-organized
enzymatic cascade reaction by nanozymes and the promoted ROS pro-
duction by AVC (will discussed latter). In the first place, the self-
organized enzymatic cascade reaction of DMSNAF-AVC-FA involved
two reactions: Au-induced GOx mimicking activity that oxidized glucose
into H2O2, and the Fe3O4-induced POD mimicking activity that further
converted as-produced H2O2 into �OH via Fenton reaction. As depicted in
Fig. 2G, DMSNAF-AVC-FA or glucose alone had a negligible effect on the
TMB absorbance, whereas, the one with the addition of both nanozyme
and glucose, the absorbance signal at 370 and 652 nm remarkably
increased. This proved that DMSNAF-AVC produced the �OH directly
without any H2O2, and reflected its two-tier GOx and POD mimicking
activities of this nanocarrier.
6

ROS generation capability of DMSNAF-AVC was further validated
through electron spin-resonance (ESR) spectrometer. After the addition
of 5, 5-dimethyl-1-pyrrolidine-N-oxide (DMPO) as spin trap, the DMPO/
�OH adduct displayed a typical 1:2:2:1 four-line characteristic spectrum
(Supplementary Fig. S8). It was found that the signal of �OH in the
mixture of DMSNAF and DMSNAF-AVC was stronger than that DMSN
and DMSN-AVC, demonstrating that H2O2 produced in Au-catalyzed
glucose consumption could efficiently couple with Fe3O4 to produce �OH.
3.2. Synergistic antitumor effects for AVC and H2O2 co-treatment

Mitochondrion is the primary endogenous source for ROS generation,
and the mitochondrial dysfunction is associated with ETC complex I and
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Fig. 4. (A) Cell viability of L6 cells treated with various concentrations of DMSNAF-AVC-FA for 24 h. (B) Cell viability of 4T1 cells after incubation for 24 h with
DMSN-AVC, DMSNAF, or DMSNAF-AVC-FA, at varied concentrations. (C) Cell viability of 4T1 cells with different treatments. (D) Confocal fluorescence images of
calcein-AM/PI (E) Apoptosis and necrosis analysis (F) Fluorescence images of DCFH-DA stained 4T1 cells after incubation with fresh medium, DMSN-AVC, DMSNAF,
and DMSNAF-AVC-FA. (G) Western blot assay and semiquantitative analysis of DDX3 protein expression performed in cytosolic and mitochondrial with different
treatments. (H) Western blot assay and semiquantitative analysis of ND2, ND5, CYTB, and COX2 protein expression with different treatments. (I) Western blot assay
and semiquantitative analysis of Cytochrome C, Caspase 3, Bcl-2, and Bax in 4T1 cells with different treatments. Tim23 and β-Actin served as the markers of
mitochondrial and cytosolic, respectively. (a) PBS, (b) AVC, (c) DMSN, (d) DMSN-AVC, (e) DMSNAF, (f) DMSNAF-AVC-FA.
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III. Disruption of ETC complex results in the leakage of electrons, which
can be captured by oxygen to produce ROS [39,40]. Recent studies
proved that the high ROS level in cancer cells facilitate AVNs target
dead-box RNA helicase 3 (DDX3), and consequently triggering further
excessive production of ROS [41–44]. Inspired by these discoveries, we
speculate that the elevation of oxidative stress might further promote the
pro-oxidant effects of AVC by triggering potent ROS-mediated anti-tumor
function via targeting DDX3. To verify this assumption, H2O2 (0, 100,
200, 300, 400 μmol L�1) was adopted to induce oxidative stress of tumor
cells. Interestingly, AVC treatment resulted in a significant loss of
viability in 4T1 cells in both concentration and oxidative
stress-dependent manner, i.e., the increase of AVC concentration
decreased tumor cell viability, on the other hand, for the AVC treatment
with the same concentration, the higher oxidative stress level induced by
H2O2 displayed a notedly lower cell viability (Fig. 3A), such as the groups
treated with 90 μg mL�1 of AVC, 99% of cell viability without H2O2 vs
53% of cell viability with 400 μmol L�1 of H2O2. This confirmed our
proposal that the AVC treatment and high oxidative stress indeed have
synergistic antitumor efficacy, encouraging us to uncover its underlying
mechanism.

As the importance of DDX3 pathway in endogenous ROS production
inside the mitochondrial, the pro-oxidant effects of AVC on DDX3
pathway were evaluated. As presented in Fig. 3B, in comparison of group
a and group d, the addition of AVC significantly inhibited the protein
expression level of DDX3, and down-regulated the protein levels of ND2,
ND5 CYTB, and COX2, the subunits of ETC complexes encoded by
mitochondrial genes [45] (Fig. 3C). Moreover, as shown in Fig. 3D, the
down-regulation of glutathione peroxidase 4 (GPx4) and the
up-regulation of the apoptosis-related proteins Bax/Bcl-2, Cytochrome C
and cleaved-Caspase-3 suggested that AVC treatment promoted the
accumulation of intra-mitochondrial ROS, induced the mitochondrial
membrane permeability transition pore (MPTP) open, improved the
release of Cytochrome C, and eventually led to tumor cell apoptosis [46].
Overall, these results demonstrate that AVC triggers pro-oxidant effects
by the block of mitochondrial translation, damage of ETC complex, and
the accumulation of intra-mitochondrial ROS.

To identify the role of elevated oxidative stress in antitumor efficacy,
the groups treated with different concentration of H2O2 (0, 200, 400
μmol L�1) were also evaluated by western blot analysis. As depicted in
Fig. 3B and C, the increased H2O2 concentration had negligible effect on
the expressions of DDX3 protein in cytoplasm, and a slightly increased
DDX3 protein level in mitochondrial, also had no impact on the expres-
sion of COX2, ND2, ND5, except a minor downregulation of CYTB. This
suggested that the increment of oxidative stress had very limited in-
fluences on the ETC complexes, thereby it could not affect the intra-
mitochondrial ROS production. However, as shown in Fig. 3D, the
increasing oxidative stress levels induced by H2O2 significantly promoted
the up-regulation of the apoptosis-related proteins Bax/Bcl-2, Cyto-
chrome C and cleaved-Caspase-3, indicating that H2O2 treatment also
increased the mitochondrial membrane permeability and the release of
Cytochrome C, and improved tumor cell apoptosis via activation of
Caspase-3 pathway. Based on the above, it suggested that the H2O2
treatment induced high oxidative stress level by directly increasing the
ROS level in cytoplasm, and the extra-mitochondrial ROS could also
damage the mitochondrial membrane permeability, improve the release
of Cytochrome C, and activate the cellular apoptosis via Caspase-3
pathway [47].

Taken AVC and H2O2 treatments together, the group treated with
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400 μmol L�1 H2O2 and 60 μg mL�1 AVC displayed the minimum protein
level of DDX3, ND2, ND5 CYTB, COX2, and GPx4, while the maximum
protein level of Bax/Bcl-2, Cytochrome C and Caspase-3. These results
suggested that the synergistic antitumor efficacy for the co-treatment of
AVC and H2O2 could elevate the ROS level in both intra- and extra-
mitochondrial, thereby synergistically damaging mitochondrial mem-
brane for greater permeability, more released cytochrome C and more
activated Caspase-3 pathway, and eventually leading to the boosted
tumor cell apoptosis (Fig. 3E).

3.3. Synergistic antitumor effects for DMSNAF-AVC-FA NPs treatment

As shown in Fig. 4A and B, the L6 cells cultivated with various con-
centrations of DMSNAF-AVC-FA had a great survival rate (95.39%),
while for 4T1 cells cultured with the same therapy, the cytotoxicity
displayed an appreciable concentration-dependent decrease and ach-
ieved an excellent inhibition rate (97%) at 200 μg mL�1. As shown in
Supplementary Fig. S9, the green fluorescence of FITC-labeled DMSNAF-
AVC-FA after incubation for 2 h located in cytoplasm, confirming the
success of endocytosis of these nanoparticles. Similar results of cell
viability tests were also observed for H1299 cell line with the apoptosis
rate of 82.52% (Supplementary Fig. S10), indicating that the designed
therapy was applicable to different tumor types. Altogether, it suggested
the designed nanoplatform has excellent biocompatibility, biosafety, and
selective cytotoxicity.

Furthermore, as shown in Fig. 4C, DMSNAF-AVC-FA displayed the
highest death rate (99.12%) in comparison with DMSN-AVC (15.99%)
and DMSNAF (53.49%%), even much higher than the positive control of
chemotherapeutic drugs (DOX, Supplementary Fig. S11). Additionally,
the effect of FA on cell viability was negligible (Supplementary Fig. S12).
Both the calcein-AM (green)/PI (red) co-staining (Fig. 4D) and apoptosis
and necrosis analysis (Fig. 4E) further confirmed the synergistic anti-
tumor efficacy of DMSNAF-AVC-FA in comparison with either DMSN-
AVC or DMSNAF single treatment. The excellent antitumor perfor-
mance was further proved to be associated to ROS levels, as shown in
Fig. 4F that the combination strategy of AVC and DMSNAF produced
noticeably stronger green fluorescence and higher ROS level than either
individual treatment. As AVC exhibited better pro-oxidative effect under
stress milieus, we are encouraged to investigate the mechanism
regarding to how DMSNAF-AVC-FA nanoplatform affects ROS, as well as
the downstream multiple signaling pathways.

As shown in Fig. 4G, western blot results demonstrated that pure PBS
and DMSN cannot affected the DDX3 protein expression, and minor ef-
fects of DMSNAF on DDX3 protein expression, while AVC and DMSN-
AVC showed a lower level of DDX3 protein expression. The similar
trend was also found for the protein expressions of the subunits of ETC
complexes (ND2, ND5, CYTB, COX2), as displayed in Fig. 4H. On the
other hand, DMSNAF displayed an obvious upregulation of protein levels
of Bax, Cytochrome C, and Caspase-3 in comparison of AVC and DMSN-
AVC (Fig. 4I). Apparently, treatments of AVC and DMSN-AVC signifi-
cantly down-regulated the protein expression of DDX3, ND2, ND5, CYTB,
COX2, indicating the inhibition of mitochondrial translation and the
damage to electron transport pathways that leaded to a high intra-
mitochondrial ROS level [29]; in terms of the CDT strategy, DMSNAF
showed slight impact on DDX3 and ETC complexes, and consequent
minor effects on the intra-mitochondrial ROS production, whereas it
significantly promoted the upregulation of Bax/Bcl-2, Cytochrome C, and
Caspase-3. This indicated the production of extra-mitochondrial ROS (in



Fig. 5. (A) In vivo fluorescent images of 4T1 subcutaneous tumor-bearing mice at various time intervals after i. v. injection of (a) free Cy7, (b) DNSNAF-AVC-Cy7 and
(c) DNSNAF-AVC-FA-Cy7. (B) Ex vivo fluorescent images of major organs and tumors from 4T1 subcutaneous tumor-bearing mice sacrificed at various time intervals
after different treatments. (C) Schematic illustration of in vivo therapy for 4T1 subcutaneous tumor-bearing mice. (D) Representative tumor images, (E) tumor volumes,
(F) tumor weight, and (G) body weight of 4T1 tumor-bearing nude mice after various treatments for 14 days. (H) H&E and TUNEL staining images of the dissected
tumor tissues after 14 days of treatment. Scale bar: 200 μm.
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cytoplasm) by CDT also damaged the mitochondrial membrane perme-
ability, and activated the cellular apoptosis via Caspase-3 pathway [48].
Taken AVC and DMSNAF together, DMSNAF-AVC-FA group exhibited
the lowest protein level of DDX3, the subunits of ETC complexes (ND2,
ND5, CYTB, COX2), and the highest level of Bax/Bcl-2, Cytochrome C,
and Caspase-3. These results supported the mechanism for the synergistic
antitumor effects of DMSNAF-AVC-FA treatment. DMSNAF treatment
that induced ROS production in cytoplasm via Fenton reaction, could
damage mitochondrial membrane from outside the mitochondrial and
achieve an increased mitochondrial membrane permeability; further-
more, the damaged mitochondrial membrane facilitates AVC migrate
into the mitochondrial for greater inhibition of DDX3 pathway and more
impaired ETC complexes, which greatly boosted the production of
intra-mitochondrial ROS. Under the elevated oxidative stress level via
both intra- and extra-mitochondrial ROS, the permeability transition
pore (PTP) and the loss of mitochondrial membrane potential (MMP)
could be more aggravated, and thereby lead to the maximum release of
Cytochrome C and the highest death rate of 4T1 tumor cells via the
Caspase 3 pathway.

3.4. In vivo biodistribution and synergistic antitumor effects

Encouraged by the superior anti-tumor capability in vitro of DMSNAF-
AVC-FA NPs, the in vivo antitumor performances were evaluated on the
4T1 tumor-bearing BALB/c mice (Fig. 5). Firstly, the free fluorescent dye
Cy7, DMSNAF-AVC-Cy7 and DMSNAF-AVC-FA-Cy7 were intravenously
injected into mice to investigate the in vivo distribution of the nano-
composites. As shown in Fig. 5A, except for free drug group, the fluo-
rescence emission at the tumor site in the NPs group continuously
increased over time and reached the maximum at 24 h post-injection,
especially in DMSNAF-AVC-FA-Cy7 group. Furthermore, compared
with major organs at 24 h, the solid tumor accommodated a distinctly
high content of NPs by observing the ex vivo fluorescence image
(Fig. 5B). The fluorescence signals of tumor in the DMSNAF-AVC-FA-Cy7
group were significantly higher than the counterpart group without FA
ligand, indicating the excellent target ability of FA liganded NPs [49].

DMSNAF has been widely proven to possess excellent biosafety [33].
Additionally, AVC and FA are both biocompatible ingredients, supplying
further evidence for the biosafety of DMSNAF-AVC-FA. Consistent with
the in vitro experiment groups, 1) PBS, 2) DMSN, 3) DMSN-AVC, 4)
DMSNAF, 5) DMSNAF-AVC-FA were chosen for the in vivo experiments
(Fig. 5C). By analyzing the record of tumor volume and weight, the tumor
growth inhibition (TGI) indexes on day 14 were calculated to be 5.2%
and 52.9% for the groups of DMSN-AVC and DMSNAF, respectively,
indicating their inconspicuous differences in tumor suppression. In
contrast, DMSNAF-AVC-FA group displayed the highest TGI index of
63.3% (Fig. 5D–F), remarkably higher than the positive control of
chemotherapeutic drugs (DOX (8.4%) and DMSN-DOX (56.7%) (Sup-
plementary Figs. S13–15). In addition, the mice body weight in the
treatment groups did not obviously alter during the observation period,
revealing a negligible adverse effect on mice metabolism (Fig. 5G, Sup-
plementary Fig. S16). Additionally, hemolysis test (Supplementary
Fig. S17) also reflected the biosafety of the NPs even at high
concentrations.

Histological observation of tumor sections was conducted by the end
of the therapeutic course. No noticeable pathomorphological changes
was found from all treatment regimens, suggesting a negligible systemic
toxicity. (Supplementary Fig. S18). Hematoxylin and eosin (H&E)
staining showed a regular cell structure and intact nucleus morphology in
the saline, DMSN and DMSN-AVC groups, while DMSNAF displayed a
severe tissue destruction. Distinctly, DMSNAF-AVC-FA underwent the
most deleterious tissue damage with the largest nucleus absence.
Meanwhile, terminal-deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL) assay also confirmed the highest apoptotic level
caused by DMSNAF-AVC-FA, as verified by the densest green fluores-
cence dots in the dark field (Fig. 5H). In terms of the positive control, the
10
chemotherapeutic drugs only induced a minor degree of tissue damage
and apoptosis (Supplementary Fig. S19). All these findings demonstrated
DMSN-AVC-FA exhibited an excellent antitumor efficacy in vivo, espe-
cially the obvious synergistic effects upon either AVC or DMSNAF indi-
vidual treatment.

4. Conclusion

In summary, inspired by the pro-apoptosis effects and selective
cytotoxicity of polyphenols on tumor cells, we have designed and con-
structed a nanozyme-based polyphenol/CDT combined strategy to boost
ROS generation. For the first time, the DMSNAF-AVC-FA nanoplatform
exerts a typical CDT effect of ROS production mediated by Au and Fe3O4,
which damages the mitochondrial membrane, releasing Cytochrome C,
and leads to cell apoptosis; on the other hand, the improved mitochon-
drial membrane permeability also facilitates AVC migrate into mito-
chondrial, targeting the DDX3 pathway and impairing the ETC
complexes, thus significantly boosting the endogenous ROS levels inside
the mitochondrial. Both extra-mitochondrial ROS production by CDT and
intra-mitochondrial ROS promotion by AVC significantly boosts the
release of Cytochrome C and causes the maximum tumor cell apoptosis
via Caspase-3 pathway. Overall, the designed system exhibits excellent
antitumor performance both in vitro and in vivo, with minimum toxicity
on normal cells. This bioinspired strategy provides new insight into the
clinical conversion of CDT treatment. In the future, more efforts could be
focused on biological effects and biosafety in vivo for a better clinical
conversion of CDT/polyphenol combined therapy.
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