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a b s t r a c t

Despite decades of laboratory and clinical trials, breast cancer remains the main cause of cancer-related
disease burden in women. Considering the metabolism destruction effect of metformin (Met) and cancer
cell starvation induced by glucose oxidase (GOx), after their efficient delivery to tumor sites, GOx and
Met may consume a large amount of glucose and produce sufficient hydrogen peroxide in situ. Herein, a
pH-responsive epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-EGCG, LE)
nanoparticle (MeteGOx/Fe@LE NPs) was constructed. The coordination between iron ions (Fe3þ) and
EGCG in this nanoplatform can enhance the efficacy of chemodynamic therapy via the Fenton reaction.
MeteGOx/Fe@LE NPs allow GOx to retain its enzymatic activity while simultaneously improving its
stability. Moreover, this pH-responsive nanoplatform presents controllable drug release behavior. An
in vivo biodistribution study showed that the intracranial accumulation of GOx delivered by this nano-
platform was 3.6-fold higher than that of the free drug. The in vivo anticancer results indicated that this
metabolism destruction/starvation/chemodynamic triple-combination therapy could induce increased
apoptosis/death of tumor cells and reduce their proliferation. This triple-combination therapy approach
is promising for efficient and targeted cancer treatment.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer is the most commonly diagnosed cancer in
women (nearly 30%) worldwide, with millions of people suffering
from the disease each year [1]. Through significant therapeutic
advances, the relative survival rates of most patients are high,
although advanced breast cancer patients with distant metastasis
have a poor 5-year survival rate [2]. Similar to most cancers, breast
cancer shows metabolic adaptability consistent with the Warburg
effect, including increased glucose uptake and glycolytic activity, to
ensure adequate levels of adenosine 50-triphosphate (ATP) for the
demands of rapid tumor proliferation, maintenance, and malignant
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progression [2,3]. Compared with normal cells, the observed War-
burg effect in cancer cells has promoted the establishment of
innovative methods targeting glycolysis for antitumor therapy.

Metformin (Met), a classic drug for type 2 diabetes mellitus, has
been proven to hinder glycolysis and decrease ATP production and
tumor cell oxygen (O2) consumption by inhibiting the catalytic
formation of phosphorylated glucose and the mitochondrial elec-
tron transport chain [4,5]. Benefiting from this, Met has also been
identified as a unique anticancer agent that curbs tumor develop-
ment and improves the prognosis of patients [6]. However, the
therapeutic effects of Met alone on cancer metabolism are highly
dose-dependent and saturable due to the intracellular accumula-
tion of glucose and insulin, which blocks glucose metabolic path-
ways [7]. To enhance the antitumorigenic role of Met, it is necessary
to deplete the accumulated intracellular glucose using a combina-
tion treatment strategy. Glucose oxidase (GOx), an endogenous
oxidoreductase, can effectively catalyze intracellular glucose in the
presence of O2 to produce gluconic acid and hydrogen peroxide
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(H2O2) [8]. Given its crucial role in glucose oxidation and its ability
to halt the necessary nutrient supply to cancer cells, GOx-based
synergistic therapy has attracted much attention [9,10]. It has
been predicted that combining GOx therapy with Met adminis-
tration could lead to the consumption of intracellular glucose and
the production of toxic H2O2 to effectively kill tumor cells. More-
over, Met-induced O2 deposition at tumor sites can in turn increase
the catalytic activity of GOx [4,11,12]. Unfortunately, the poor ab-
sorption, short half-life, and high rate of degradation of GOx
hamper its clinical application and transformation.

Hence, efficiently delivering GOx and Met to tumor sites with
rationally designed nanocarriers will further enhance their thera-
peutic efficiency by hampering glycolysis and supplying strong
oxidizing free radicals in situ. Many natural and synthetic materials
have been explored for drug delivery [13,14]. Among them, chitosan
(CS), derived by deacetylating chitin, has attracted much attention
in drug delivery due to its biodegradability, biocompatibility, bio-
adhesion, and nontoxicity [15e17]. In addition, CS is a weak poly-
base with a pKa of approximately 6.5, which means that in a
physiological environment with a pH above 6.5, CS will not be
protonated. This allows CS to protect drugs from degradation dur-
ing administration, resulting in a prolonged half-life and greater
bioavailability of the drug [16,18]. The amino groups of CS are
positively charged at pH 6.5, implying that an electrostatic inter-
action between CS-based nanocarriers and negatively charged
biological membranes can occur, resulting in enhanced endocytosis
by cells [19e21]. Considering that the lowwater dispersibility of CS
will hinder its further application in the biomedical field, there is an
urgent need to develop water-soluble CS-based derivatives.

The abundant amino groups on its backbone allow CS to be
easily modified through moderate cross-linking reactions [22].
Epigallocatechin gallate (EGCG), a natural polyphenol extracted
from green tea that possesses reactive catechol groups, has recently
been widely explored for the synthesis of EGCG-conjugated poly-
meric networks [23,24]. Specifically, the abundant hydroxyl groups
and aromatic groups on EGCG can endow it with a strong binding
affinity for proteins, peptides, nucleic acids, and metal ions, which
can expedite the assembly of nanostructures and further attach-
ment to cell surfaces [25,26]. Moreover, the anticancer effect of
EGCG has been proven in epidemiological, preclinical, and clinical
studies [27]. Inspired by this, low-molecular-weight CS (LC) was
modified with EGCG to synthesize the LC-EGCG (LE) conjugate, and
then a pH-responsive nanoparticle (MeteGOx/Fe@LE NPs) based on
Met and GOx was constructed for metabolism destruction/starva-
tion/chemodynamic triple-combination therapy. The coordination
between iron ions (Fe3þ) and EGCG in this nanoplatform can
enhance the efficacy of chemodynamic therapy via the Fenton re-
action [28,29]. Taking advantage of the CS modification, the
MeteGOx/Fe@LE NPs efficiently accumulated in tumor cells and
initiated the release of the Met/GOx combination into the tumor
cytoplasm. This design strategy can protect GOx from enzyme
degradation and enhance the antitumorigenic role of Met by
depleting the accumulated intracellular glucose (Fig. 1). Moreover,
damage to healthy tissue can be minimized and higher therapeutic
efficacy can be achieved, as evidenced by slower tumor growth,
increased tumor cell apoptosis and decreased liver metastasis.

2. Materials and methods

2.1. Materials

LC (molecular weight 50e190 kDa, with a deacetylation degree
of 75%e85%) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
GOx (Cat# G109029, >180 U/mg), Met (Cat# 1115-70-4), L-ascorbic
acid, NaOH, acetic acid, 30% (V/V) H2O2, and methylene blue (MB)
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were all purchased from Aladdin Reagent Ltd. (Shanghai, China).
EGCG (Cat# MB1672, �95%) and calcein acetoxymethyl ester (cal-
cein-AM)/propidium iodide (PI) (Cat# MA0361) were purchased
from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). AKT, p-
AKT, and cleaved caspase 9 antibodies were obtained from Huabio
(Hangzhou, China). The annexin V-fluorescein isothiocyanate
(FITC)/7-amino-actinomycin D (7AAD) apoptosis detection kit
(Cat# FXP018) was purchased from Beijing 4A Biotech Co., Ltd.
(Beijing, China). Phosphate-buffered saline (PBS), 40,6-diamidino-2-
phenylindole (DAPI), Hoechst 33342, radioimmunoprecipitation
assay (RIPA) lysis buffer, and a bicinchoninic acid (BCA) kit were
obtained from Beyotime Biotechnology (Shanghai, China).

2.2. Synthesis and characterization of the LE conjugate

The LE conjugate used in this study was synthesized according
to the methods of Lei et al. [30]. Briefly, 100mL of CS solution (0.5%,
m/V) in a 150 mL glass flask was adjusted to pH 3.5 with NaOH
(10M), followed by the addition of 1 mL of H2O2 (0.5 M) containing
ascorbic acid (0.025 g). After stirring for 1 h, EGCG was added, and
the solutionwas allowed to react for 12 h with magnetic stirring at
40 �C. The resulting solution was dialyzed (molecular weight cut-
off: 14,000 Da; Millipore, Billerica, MA, USA) for 72 h and then
lyophilized to obtain the LE conjugate. The 1H nuclear magnetic
resonance (1H NMR) spectrum of LE was recorded on a Bruker
Avance III 400 M instrument (Bruker, Frankfurt, German) at
400 MHz using D2O as the solvent. Fourier transform infrared
(FTIR) spectra and ultraviolet visible (UV-vis) absorption spectra of
LC, EGCG, and LE were obtained with a Nicolet™ iS50 FTIR in-
strument (Thermo Fisher Scientific Inc., Waltham, MA, USA) and a
UV-vis spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan),
respectively.

2.3. Preparation and characterization of MeteGOx/Fe@LE NPs

Met- and GOx-loaded LE NPs (MeteGOx/Fe@LE NPs) were
prepared by the probe supersonic method. Briefly, 50 mL of FeCl3
(20 mM) was added dropwise to 850 mL of LE aqueous solution
(containing 2 mg of LE) with a probe sonicator (XINYI-IID, Xinyi
Ultrasonic Equipment Co., Ltd., Ningbo, China). Then, 50 mL of GOx
solution (10 mg/mL) and 50 mL of Met solution (10 mg/mL) were
added under the same conditions to prepare MeteGOx/Fe@LE NPs.
The particle size and morphology of the MeteGOx/Fe@LE NPs were
examined using dynamic light scattering (DLS; Malvern, Melvin,
UK) and transmission electron microscopy (TEM; Hitachi HT7800,
Tokyo, Japan), respectively. Blank Fe@LE NPs and NPs loaded with
Met (Met/Fe@LE NPs) or GOx (GOx/Fe@LE NPs) alone were pre-
pared using a similar method. To determine the optimal concen-
tration of LE and Fe3þ, the volumes of FeCl3 (50 mL) and the LE
aqueous solution (850 mL) were fixed. A series of Fe@LE NPs were
obtained by varying the final concentrations of LE (0.5, 1.0, 2.0, 3.0,
and 4.0 mg/mL) and Fe3þ (5, 10, 20, 30, and 40 mM). To further
optimize the sonication intensity, the concentration of Fe3þ

(20 mM) was fixed, and the particle size was measured after
different sonication times (10, 30, 60, and 90 s).

The MeteGOx/Fe@LE NPs were washed, dispersed in saline, and
stored at 4 �C for future use. The amounts of GOx and Met in the
supernatant were analyzed by BCA assay kits and high-
performance liquid chromatography (HPLC; Agilent 1260, Baden-
Württemberg, Germany), respectively. The successful loading of
GOx into the MeteGOx/Fe@LE NPs was further characterized by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Typically, free GOx and MeteGOx/Fe@LE NPs (40 mL) were
mixed with 10 mL of SDS-PAGE loading buffer, and 20 mL was loaded
into the sample well on a 10% SDS-PAGE gel. Finally, the obtained



Fig. 1. Schematic illustration of metformin (Met)�glucose oxidase (GOx)/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-EGCG, LE) nano-
particles (NPs)-mediated multiple mechanism-enhanced efficient cancer treatment. ROS: reactive oxygen species; ATP: adenosine triphosphate; AMPK: adenosine monophosphate-
activated protein kinase.
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SDS-PAGE gel was immersed in Coomassie brilliant blue solution to
stain for 30min andwashed to observe the protein bands. The drug
loading (DL) and encapsulation efficiency (EE) were determined as
follows.

DL ¼ (Weight of drug loaded in NPs)/(total weight of NPs) � 100%

EE ¼ (Weight of drug loaded in NPs)/(weight of drug initially
added) � 100%

For the molecular modeling study, theoretical calculations were
performed with the Gaussian 16 program based on density func-
tional theory (DFT). The structures of the studied molecules were
fully optimized using the B3LYP functional with DFT-D3BJ disper-
sion correction combined with the 6-31 G* basis set [31]. The
vibrational frequencies of the optimized structures were deter-
mined at the same level.

To investigate pH-responsive drug release, 0.5 mL of MeteGOx/
Fe@LE NPs was placed in a dialysis bag and immersed in 10 mL of
PBS (pH 5.4, 6.8, or 7.4) with continuous shaking at 37 �C. At
different time intervals,1mL of the solutionwas removed, and 1mL
of fresh saline was added back. The amounts of Met and GOx
released were determined as mentioned above.
2.4. Assays of catalytic and enzyme activities

GOx, GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs were incubated
with different concentrations of glucose (0�400 mg/mL) at room
temperature to determine their ability to deplete glucose catalyti-
cally. Then, the production of H2O2 was detected by using an H2O2
assay kit (Cat# BC3595; Solarbio, Beijing, China) according to pre-
vious studies [11,32].

Enzyme activity was determined according to our previous
study [32]. Briefly, the working solution was prepared by mixing
0.2 mL of horseradish peroxidase (HRP) (0.179 mg/mL), 4.8 mL of
dianisidine (0.14 mg/mL), and 1.0 mL of glucose (306.27 mg/mL).
Then, 200 mL of the working solution and 10.0 mL of GOx,
GOx/Fe@LE NPs, or MeteGOx/Fe@LE NPs (final concentration of
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GOx, 20 mU/mL) were added to a 96-well plate for 15 min of in-
cubation, and then the absorbance was measured at 460 nm. The
enzymatic activity was positively correlated with the slope of the
absorbance curve. Then, the catalytic activity of the GOx in the
nanoparticles was measured under different pH conditions.

2.5. Study of �OH generation

The ability of MeteGOx/Fe@LE NPs to generate $OH in PBS (pH
5.4 and 7.4) was determined using MB as an indicator according to
previous studies [33,34]. In brief, GOx, Fe@LE NPs, GOx/Fe@LE NPs,
and MeteGOx/Fe@LE NPs (an equivalent GOx concentration of
50 mg/mL and Fe concentration of 200 mM) were mixed in PBS
containing 0.3 mg/mL glucose and 10 mg/mL MB. Then the UV-vis
absorption of the MB solution was measured at 0, 6, and 12 h.

2.6. In vitro intracellular uptake study

To evaluate the uptake ofMeteGOx/Fe@LE NPs and their cellular
distribution pattern, rhodamine B-modified GOx (RhBGOx) was
synthesized according to a previous study [35] and MeteRhBGOx/
Fe@LE NPs were prepared as described above. 4T1 cells were
seeded in 48-well plates at a density of 1 � 104 cells/well for 24 h.
After incubation with RhBGOx and MeteRhBGOx/Fe@LE NPs for
0.5, 2, and 4 h, the treated cells were washed with PBS (pH 7.4)
three times, fixed with 4% paraformaldehyde for 30 min, stained
with DAPI for 5min, and finally observed with an ApoTome.2 (Zeiss,
Baden-Wurttemberg, Germany). Flow cytometry (NovoCyte, San
Diego, CA, USA) was further used to investigate cell uptake.

2.7. Monitoring the intracellular glucose and ATP levels

For intracellular glucose level assessment, 4T1 cells were
cultured and incubated with different formulations for 12 h,
using fresh medium as a control. After incubation, amount of
cellular glucose was measured following the procedures provided
by the Glucose Assay Kit from Beyotime Biotechnology (Cat#
S0201S).
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To estimate the intracellular ATP level, 4T1 cells cultured in 96-
well plates were collected, lysed, and centrifuged at 12,000 g for
5 min. Then, the intracellular ATP content in each group was
measured with a standard ATP Luminescent Cell Viability Assay Kit
(Cat# 40210ES10; Yeasen Biotechnology Co., Ltd., Shanghai, China)
and a microplate reader.

2.8. Cell proliferation and cytotoxicity assays in vitro

An EdU detection kit (Cat# C10071S; BeyoClick™ EdU-488,
Beyotime Biotechnology) was employed to study tumor cell pro-
liferation after different treatments with the help of fluorescence
microscopy observations and flow cytometry. Briefly, 4T1 cells
were seeded in 24-well plates (2.0 � 104 per well) for 24 h. The
incubation media were then replaced with fresh media containing
Fe@LE NPs, Met, GOx, Met/Fe@LE NPs, GOx/Fe@LE NPs, or
MeteGOx/Fe@LE NPs, using fresh medium as a control. Each
sample had a fixed GOx concentration equivalent to 20 mU/mL.
After incubation for another 4 h, EdU working solution was added
for another 2 h of incubation. After that, the cells were fixed with
4% (V/V) paraformaldehyde, permeabilized with 0.3% Triton-100,
incubated with EdU reaction solution, and stained with Hoechst
33342. The stained cells were observed with an Olympus inverted
fluorescence microscope (Olympus TH4-200; Tokyo, Japan).

The intracellular pH of 4T1 cells was determined after incuba-
tion with different formulations for 4 h and analyzed with the pH-
sensitive probe pHrodo™ Green AM. Furthermore, mitochondrial
damage in 4T1 cells treated with different formulations was eval-
uated by examining the mitochondrial membrane potential by JC-1
staining. Reactive oxygen species (ROS) production in 4T1 cells was
detected by staining with 2',7'-dichlorofluorescin diacetate (DCFH-
DA, Cat# D6883; Sigma-Aldrich) according to previous studies
[36,37]. To further evaluate the cytotoxicity of different formula-
tions, a live/dead assay was performed to observe the cell killing
effect using calcein-AM/PI (Cat# MA0361; Dalian Meilun Biotech-
nology Co., Ltd.).

2.9. Cell apoptosis assay

The toxicity of MeteGOx/Fe@LE NPs to 4T1 cells was evaluated
by an annexin V-FITC/7AAD Kit. After incubation in 6-well plates for
24 h, Fe@LE NPs, Met, GOx, Met/Fe@LE NPs, GOx/Fe@LE NPs, and
MeteGOx/Fe@LE NPs were added to the cells for 24 h of incubation.
Then, the 4T1 cells were collected, and cell apoptosis was recorded
by flow cytometry (ACEA NovoCyte).

2.10. In vivo biodistribution and imaging

Female BALB/c mice (6 weeks old, 18e20 g) were purchased
from the Animal Center Laboratory of Beijing HFK Bioscience Co.,
Ltd. (Beijing, China). All animal procedures strictly complied with
the Guidelines for Care and Use of Laboratory Animals of Sichuan
University and were approved by the Animal Ethics Committee of
West China Hospital of Sichuan University (IACUC No:
202221028003). The tumor-bearing mouse model was estab-
lished by injecting 5 � 105 4T1 cells (in 50 mL of culture medium)
into the fat pad of the right fourth breast according to our previous
studies [34,38].

To determine the biodistribution of the nanocarriers, tumor-
bearing mice were treated with RhBGOx and MeteRhBGOx/
Fe@LE NPs. At predetermined time intervals (2, 4, 8, 12, and
24 h), fluorescence images of the 4T1 model mice were acquired
with the IVIS Lumina series III system (PerkinElmer, Waltham, MA,
USA). Ex vivo fluorescence images were then taken 24 h after
intravenous injection. The tumor nodules were sliced and stained
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with a rabbit monoclonal antibody against CD31 (Cat# ab222783;
Abcam, Shanghai, China) to further observe the distribution of the
MeteRhBGOx/Fe@LE NPs.

2.11. Antitumor effects in vivo

Breast tumor-bearing mice were intravenously injected with
100 mL of normal saline, Fe@LE NPs, Met, GOx, Met þ GOx, Met/
Fe@LE NPs, GOx/Fe@LE NPs, or MeteGOx/Fe@LE NPs, with fixed
GOx concentration equivalent to 2 mg/kg body weight. Tumor
volume and mouse body weight were recorded every 3 for 15 days.
On the last day, all mice were euthanized, and the tissues were
collected, fixed, embedded, and stained according to typical
hematoxylin-eosin (H&E) staining protocols. The intertumoral
levels of ATP after various treatments were measured by an ATP
Luminescent Cell Viability Assay Kit (Cat# 40210ES10; Yeasen
Biotechnology Co., Ltd.) according to a previous study [4]. In brief,
the tumors were harvested, digested by collagenase IV, hyaluroni-
dase, and deoxyribonuclease and then filtered through 75-mm
filters to obtain monodispersed tumor cells. The monodispersed
tumor cells were collected, lysed, and centrifuged at 12,000 g for
5 min. Then, the intracellular ATP content in each group was
measured. Moreover, the ROS level was evaluated by dihydroethi-
dium (DHE) staining of tumor tissue sections according to a pre-
vious study [12].

In addition, the tumors were stained with anti-Ki67 (Cat#
ab15580, rabbit; Abcam), anti-caspase 9 (Cat# ab202068, rabbit;
Abcam), and anti-cleaved caspase 9 (Cat# YC0014, rabbit; Immu-
noway, Suzhou, China) followed by treatment with HRP-conjugated
goat anti-rabbit IgG heavy and light chains (Cat# ab672; Abcam).
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) was carried out to assess histological damage using an in
situ cell death detection kit (Cat# 11684817910; Roche, Shanghai,
China).

2.12. Statistical analysis

All statistical analyses were performed using Prism software
(GraphPad Software, La Jolla, CA, USA). All the data are presented as
the mean ± standard deviation (SD) unless stated otherwise. Error
bars represent the standard deviation of the mean from indepen-
dent samples studied. We assumed a normal distribution of data.
Student's t-test was applied to detect significant differences be-
tween two experimental groups (with P < 0.05).

3. Results and discussion

3.1. Characterization of the LE conjugate

CS is a widely used cationic copolymer with excellent biocom-
patibility, biodegradability, and drug loading ability [15,39]. How-
ever, its limited water solubility hinders its application in the field
of biomedicine. Fortunately, the abundant amino groups on the CS
skeleton make its modification through cross-linking reactions
easy. Increasingly, studies have shown that the major catechin
component EGCG can interact with various materials (such as
proteins, peptides, nucleic acids, and metal ions) and induce
apoptosis in cancerous cells [24]. LC was modified with EGCG to
synthesize the LE conjugate. As shown in Fig. S1A, the LE conjugate
was light yellow and had good water solubility. The visible peak at
approximately 7.0 ppm in the LE spectrum (Fig. S1B) is character-
istic of EGCG, proving the successful conjugation, which was
consistent with a previous study [30]. The FTIR spectra of LC, EGCG
and the LE conjugate are shown in Fig. S1C. The formation of the
new peaks at 1638.10, 1562.17, and 1412.38 cm�1 observed in the
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spectrum of the LE conjugate was attributed to C]C stretching
vibrations. As depicted in Fig. S1D, the UV-vis spectrum of the LE
conjugate showed a typical peak at 273 nm, which is attributed
to the pep* transition of the phenolic group in EGCG, indicating
the successful insertion of EGCG into CS.

3.2. Characterization of the MeteGOx/Fe@LE NPs

Multiple studies have reported that Met not only can be used
for diabetes treatment but also can serve as a unique agent for
neuroprotection, cardiovascular protection, and cancer therapy
[6,40]. GOx, an enzyme that catalyzes the conversion of glucose to
gluconolactone, can synergize with therapeutic agents to enhance
their anticancer efficacy while depleting the local glucose con-
centration [41,42]. We hypothesized that Met and GOx could
confer enhanced antiproliferative efficacy via metabolism disrup-
tion and glucose starvation synergistic therapy. It would be clini-
cally significant to develop a new nanoplatform to enhance the
delivery efficacy of Met/GOx to tumor cells. A schematic illustra-
tion of the MeteGOx/Fe@LE NPs preparation process is displayed
in Fig. 2A.

To optimize the final concentration of LE and Fe3þ, a series of
Fe@LE NPs were prepared and their size was measured using DLS
(Fig. S2). As shown, the hydrodynamic diameter of the Fe@LE NPs
could be readily tuned in the range of 180 and 1020 nm by simply
adjusting the feeding ratios of LE and Fe3þ. Considering the particle
size of Fe@LE NPs and the Fenton reaction induced by Fe3þ in the
acidic tumor microenvironment, 20 mM FeCl3 was selected as the
optimal concentration. As the next influencing parameter, the ef-
fect of the sonication time on the particle size of the different
nanoparticles was studied in the range of 10e120 s. As displayed in
Fig. S3, increasing the sonication time decreased the particle size,
and no significant changes were observed after 60 s. Hence, a
sonication time of 60 s was chosen as the optimum sonication time
for further investigation. The concentration of Fe3þ (20 mM) and
the sonication time (60 s) were then fixed, and the stability of these
nanoparticles was determined using DLS. All of the Fe@LE NPs, Met/
Fe@LE NPs, GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs showed
great stability in PBS (pH 7.4) (Fig. S4).

According to the TEM images (Fig. 2B) and particle size distri-
bution (Fig. 2C) of the Fe@LE NPs, Met/Fe@LE NPs, GOx/Fe@LE NPs,
and MeteGOx/Fe@LE NPs, the obtained nanocarriers were spher-
ical in shape with an average hydrated diameter of approximately
190 nm. The sizes of these nanocarriers as measured by DLS were
larger than those measured by TEM because of the hydrated
polymer coating on the former samples [15]. To evaluate the suc-
cessful loading of GOx into MeteGOx/Fe@LE NPs, SDS-PAGE was
applied. As shown in Fig. S5, MeteGOx/Fe@LE NPs appeared as a
very weak band in the 10% SDS-PAGE gel, while GOx migrated and
appeared as a single broad band in the gel, which may be a result of
the successful loading of GOx in MeteGOx/Fe@LE NPs [43,44]. A
GOx DL content of 15.0% and drug EE of 93.0% were obtained, while
Met documented a DL and EE of 14.3% and 88.0%, respectively.

To further study the mechanism of the Fe@LE NPs loaded with
GOx and Met, the independent gradient model based on the
Hirshfeld partition method was introduced via the Multiwfn pro-
gram, with an isosurface visualized by the visual molecular dy-
namics (VMD) program [45e47]. As shown in Fig. S6, the blue, red,
and green isosurface regions indicate the attractive (hydrogen
bonding or electrostatic attractions), repulsive (such as steric ef-
fects), and van der Waals interactions, respectively. The interaction
energy between Fe@LE NPs and GOx (�49.094 kcal/mol) was
higher than the interaction energy between Fe@LE NPs and Met
(�30.071 kcal/mol), and there was a high interaction energy be-
tween Fe@LE NPs and GOx-Met (�79.742 kcal/mol). This strong
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interaction contributed to the high drug loading and stability of the
MeteGOx/Fe@LE nanoplatform [48].

The corresponding TEM-energy dispersive spectroscopy (TEM-
EDS) mapping results of theMeteGOx/Fe@LE NPs (Fig. 2D) showed
evident carbon, nitrogen, oxygen, and iron signals. The FTIR
spectrum (Fig. S7A) showed broad bands at 3189 and 3371 cm�1

that were attributed to the OeH stretching and NeH stretching
modes of Met [49]. The characteristic peaks of the amide group at
1641 and 1559 cm�1 were attributed to the C]O vibration and
NeH bending vibration of GOx [9]. In the FTIR spectrum of
MeteGOx/Fe@LE NPs, the peaks at 3180, 937, and 741 cm�1 were
attributed to Met and the additional peak at 1638 cm�1 was
ascribed to GOx, which was indicative of successful drug loading.
Furthermore, as shown in Fig. S7B, the characteristic peaks of the
MeteGOx/Fe@LE NPs were located at 12.1�, 17.3�, 22.4�, 23.1�,
24.3�, 28.7�, and 31.5�, which correspond to the characteristic
peaks of Met at 12.44�, 17.8�, 22.4�, 23.3�, 24.4�, 28.1�, 31.1�, and
37.1�, respectively [50]. All the above results were indicative of
successful drug loading.

3.3. Drug release, catalytic ability, and enzymatic activity analyses

The drug release behavior from the MeteGOx/Fe@LE NPs was
determined by immersing the nanocarriers in PBS at different pH
values (7.4, 6.8, and 5.4) according to previous studies [4,11]. As
depicted in Figs. 3A and B, the loaded GOx andMet was released in
a pH dependent manner. Notably, the amount of GOx released
from the MeteGOx/Fe@LE NPs was 64.7% (pH 5.4), 30.4% (pH 6.8),
and 24.3% (pH 7.4), and the amount of Met released was 60.8% (pH
5.4), 27.7% (pH 6.8), and 22.3% (pH 7.4) after 12 h of incubation. It
is reasonable to assume that with the decrease in pH from 7.4 to
5.4, the amine groups of CS become protonated and the coordi-
nation between EGCG and Fe3þ can be broken, resulting in the
structural disintegration and degradation of the MeteGOx/Fe@LE
NPs [15]. To further verify the pH responsiveness, the biodegra-
dation of the MeteGOx/Fe@LE NPs in different environments (pH
7.4, 6.8, and 5.4) was directly observed by TEM (Fig. 3C). The
microstructure of the MeteGOx/Fe@LE NPs did not obviously
change under neutral conditions (pH 7.4), suggesting that the
MeteGOx/Fe@LE NPs may maintain their integrity in blood cir-
culation. After infiltration for 12 h in mildly acidic solution (pH
6.8), the MeteGOx/Fe@LE NPs gradually disintegrated, while the
nanoplatform was completely degraded after immersion in acidic
PBS (pH 5.4) for 12 h.

GOx catalyzes the decomposition of glucose, O2, and H2O to
produce H2O2 and gluconic acid, resulting in tumor cell starvation
to improve the efficacy of combination therapy [51,52]. For the
catalytic activity assay, GOx, GOx/Fe@LE NPs, and MeteGOx/Fe@LE
NPs were added to a working solution containing HRP/dianisidine/
glucose. GOx alone and GOx in the GOx/Fe@LE NPs and MeteGOx/
Fe@LE NPs could catalyze the reaction of glucose to produce H2O2,
which could be further catalyzed by HRP to generate $OH. The
concentration of H2O2 notably increased with increasing glucose
concentration, and the content of H2O2 in the GOx/Fe@LE NPs and
MeteGOx/Fe@LE NPs groups slightly decreased compared to that in
the GOx group (Fig. 3D), suggesting that these nanocarriers can
retain the catalytic activity of GOx.

The multivalent metal ion pair Fe2þ/Fe3þ is an available Fenton
agent that can catalyze the decomposition of H2O2 into highly
cytotoxic $OH, thus triggering chemodynamic therapy to induce
apoptosis or necrosis [53e55]. However, insufficient level of
endogenous H2O2 and $OH scavenged by glutathione that is over-
expressed in cells result in unsatisfactory antitumor efficiency [54].
Phenols such as EGCG, tannic acid, and gallic acid have been proven
to reduce Fe3þ into Fe2þ to participate in efficient Fenton reactions



Fig. 2. Characterization of metformin (Met)�glucose oxidase (GOx)/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-EGCG, LE) nanoparticles
(NPs). (A) Schematic illustration of the preparation process of MeteGOx/Fe@LE NPs. (B, C) Transmission electron microscopy (TEM) images (B) and particle size distribution (C) of
Fe@LE NPs, Met/Fe@LE NPs, GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs. (D) The corresponding energy-dispersive spectroscopy (EDS) results of MeteGOx/Fe@LE NPs. PDI: poly-
dispersity index; HAADF: high-angle annular dark-field.
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[33,34]. Based on this, we assume that the pH-triggered MeteGOx/
Fe@LE NPs can be degraded under acidic conditions, and the
released GOx can effectively catalyze glucose to produce H2O2, and
the GOx-catalyzed H2O2 can be further decomposed into $OH based
on the subsequent Fenton reaction. As shown in Fig. S8, $OH gen-
erationwas detected by the degradation of MB after treatment with
GOx, Fe@LE NPs, GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs. In the
presence of GOx and with a decrease in the pH from 7.4 to 5.4, a
gradual decrease in MB absorption was noted in the GOx/Fe@LE
NPs and MeteGOx/Fe@LE NPs groups (Fig. S8), further suggesting
pH responsiveness. No obvious decrease in MB absorption was
observed in the Fe@LE NPs group, probably because H2O2 was not
produced. It is noteworthy that limited $OH signals were observed
in the GOx alone group, suggesting that the absence of the Fenton
reaction restricts the continuous generation of $OH.
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Consistent with a previous study, the enzymatic activities of
GOx, GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs (Fig. 3E) were then
determined. GOx/Fe@LE NPs and MeteGOx/Fe@LE NPs retained
approximately 73% of their initial enzyme activity after storage at
37 �C for seven days, whereas the enzyme activity of GOx alonewas
quickly lost and only 20.5% was retained under the same storage
conditions [11]. It has been well established that pH has a large
effect on the catalytic activity of GOx [56]. As expected, acid/base
(pH 4.0/pH 10.0) treatments significantly decreased the catalytic
activity decrease of free GOx, while MeteGOx/Fe@LE NPs retained
much higher activity (Fig. S9). Notably, MeteGOx/Fe@LE NPs
maintained almost all of their catalytic activity in tumor endosomal
(pH 5.5)/weakly acidic tumor (pH 6.5) microenvironments [57]. All
these results suggested that MeteGOx/Fe@LE NPs can retain the
enzyme activity of GOx while improving its stability.



Fig. 3. Release profile and catalytic capability of metformin (Met)�glucose oxidase (GOx)/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-EGCG,
LE) nanoparticles (NPs). (A, B) Relative amount of GOx (A) and Met (B) released fromMeteGOx/Fe@LE NPs in phosphate-buffered saline (PBS) under different pH conditions (n ¼ 3).
(C) Degradation of MeteGOx/Fe@LE NPs at different pH values after 12 h. (D) The concentration of generated H2O2 at different glucose concentrations due to the MeteGOx/Fe@LE
NPs-catalyzed oxidation of glucose. (E) Enzymatic activity of GOx, GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs at 37 �C (GOx: 1.0 mg/mL, n ¼ 6).
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3.4. Cellular uptake study

To assess the specific internalization of MeteGOx/Fe@LE NPs,
RhBGOx was used as a fluorescent probe. Compared to that in the
RhBGOx-treated group, brighter red fluorescence was detected in
4T1 cells incubated with MeteRhBGOx/Fe@LE NPs for 0.5, 2, and
4 h (Fig. 4A). Flow cytometry (Fig. 4B) and the corresponding
quantitative analysis (Fig. 4C) were performed to further measure
the fluorescence intensity. As shown, the fluorescence intensity in
the MeteGOx/Fe@LE NPs-treated group was significantly stronger
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than that in the RhBGOx-treated group at every time point. This
phenomenon is mainly due to endocytosis of the nanocarriers,
whereas the native protein RhBGOx cannot readily permeate the
cell membrane [58].

3.5. Intracellular glucose and ATP level analyses

To determine the glucose abundance in 4T1 cells after different
treatments, the intracellular glucose levels were measured.
Compared to the control group, Fe@LE NPs-, Met-, and Met/Fe@LE



Fig. 4. In vitro intracellular uptake study. (A, B) Confocal laser scanning microscopy (CLSM) images (A) and flow cytometry analysis (B) of 4T1 cells after exposure to rhodamine B-
modified glucose oxidase (RhBGOx) and metformin (Met)eRhBGOx/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-EGCG, LE) nanoparticles
(NPs) (RhBGOx concentration: 10 mg/mL) for 0.5, 2, and 4 h. (C) Quantitative results of cell uptake. (D) Changes in glucose abundance in 4T1 cells after incubation with different
groups. (E) Changes in the adenosine triphosphate (ATP) levels of 4T1 cells after various treatments for 24 h (n ¼ 6). I: control; II: Fe@LE NPs; III: Met; IV: GOx; V: Met þ GOx; VI:
Met/Fe@LE NPs; VII: GOx/Fe@LE NPs; and VIII: MeteGOx/Fe@LE NPs. *P < 0.05, ***P < 0.001, and ****P < 0.0001; ns: no significance. PE: P-phycoerythrin.
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NPs-treated cells failed to show substantial changes in glucose
levels, while GOx-, Met þ GOx-, Met/Fe@LE NPs-, GOx/Fe@LE
NPs-, and MeteGOx/Fe@LE NPs-treated cells displayed
significant decreases in intracellular glucose levels (Fig. 4D),
which was directly due to GOx-mediated glucose depletion [11].
Previous studies have proven that glycolysis inhibition by GOx-
loaded nanosystems could significantly reduce ATP production
[59,60]. Moreover, the ATP production assay results (Fig. 4E)
indicated that GOx, Met þ GOx, Met/Fe@LE NPs, GOx/Fe@LE NPs,
and MeteGOx/Fe@LE NPs could induce a significant decrease in
ATP levels.
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3.6. Cell proliferation and cytotoxicity assays in vitro

The efficacy of metabolism disruption and glucose starvation
synergistic therapy was examined by using a BeyoClick™ EdU-488
assay kit (Fig. 5A) and calcein-AM/PI double staining (Fig. 5B). Cells
treated with MeteGOx/Fe@LE NPs showed sparse green EdU fluo-
rescence and the most intense red fluorescence (dead cells) among
the groups, demonstrating that the nanocarriers efficiently inhibi-
ted 4T1 cells. GOx-based nanocarriers can mediate a significant
decrease in intracellular pH and an increase in ROS levels [61].
Unsurprisingly, MeteGOx/Fe@LE NPs significantly increased the



Fig. 5. The cell proliferation and apoptotic assays in vitro treated with metformin (Met)�glucose oxidase (GOx)/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-
weight chitosan (LC-EGCG, LE) nanoparticles (NPs). (A) Confocal laser scanning microscopy (CLSM) observation on the proliferation levels of 4T1 cells after incubation with
different groups, probed by BeyoClick™ EdU-488. (B) Calcein-acetoxymethyl ester (AM)/propidium iodide (PI) double stain of 4T1 cells treated with different formulations. (C) The
reactive oxygen species (ROS) levels in 4T1 cells after incubation for 4 h and stained with 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA). (D) CLSM observation on the
intracellular pH of 4T1 cells after incubation with different groups for 4 h, probed by pH-sensitive pHrodo™ Green AM probe. (E) The changes in the mitochondrial membrane
potential of 4T1 cells after different treatment for 4 h. (F) The cell apoptotic analyses of 4T1 cells treated with different formulations for 24 h. I: control; II: Fe@LE NPs; III: Met; IV:
GOx; V: Met þ GOx; VI: Met/Fe@LE NPs; VII: GOx/Fe@LE NPs; and VIII: MeteGOx/Fe@LE NPs. PE: P-phycoerythrin; FITC: fluorescein isothiocyanate.
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ROS levels (Fig. 5C) and decreased the pH (Fig. 5D) in 4T1 cells,
proving that the GOx released from the GOx/Fe@LE NPs and
MeteGOx/Fe@LE NPs effectively starved tumor cells by depleting
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the glucose supply. However, MeteGOx/Fe@LE NPs produced a
slight decrease in ROS levels and a slight increase in intracellular pH
compared with free GOx and GOx/Fe@LE NPs due to the inhibition
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of glycolysis by Met [62,63]. After JC-1 staining (Fig. 5E), the
mitochondria in the Fe@LE NPs, Met and Met/Fe@LE NPs groups
remained normal, as indicated by the J-aggregates that emitted red
fluorescence, whereas the mitochondria in the GOx, GOx þ Met,
GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs groups exhibited vary-
ing degrees of damaged mitochondria, as indicated by the mono-
mers that emitted green fluorescence [51,59].

To investigate the therapeutic efficacy of MeteGOx/Fe@LE NPs
in 4T1 cells, we assessed their apoptotic effect by flow cytometry
(Fig. 5F). As expected, treatment with MeteGOx/Fe@LE NPs led to
the greatest ratio of dead/apoptotic cells among the groups
(approximately 74.1%), which was higher than those produced in
the GOx/Fe@LE NPs (61.8%), GOx þ Met (57.9%), and GOx alone
(46.9%) groups, and these results were consistent with those from
live/dead staining. Met and Met/Fe@LE NPs induced slight dead/
apoptosis (9.8% and 17.8%, respectively). Slight dead/apoptosis was
observed in the control group (7.3%) because of the aggressive
growth and rapid metabolism in these cells, which has been re-
ported previously in the literature [64]. This was expected since the
additional Met in GOx þ Met and the MeteGOx/Fe@LE NPs can
decrease ATP production and tumor cell O2 consumption [12,44].

3.7. In vivo biodistribution

The enhanced tumor penetration of therapeutic agents medi-
ated by nanoparticle-based approaches is key to improving anti-
cancer efficacy [58]. The positively charged amino groups of CS can
Fig. 6. Biodistribution of metformin (Met)�rhodamine B-modified glucose oxidase (RhBGO
EGCG, LE) nanoparticles (NPs) in tumor-bearing mice. (A) The fluorescence images were coll
of RhBGOx in tumors with various treatments; CD31 was stained with anti-CD31-fluorescei
performed using the ImageJ software. (C) The ex vivo fluorescence imaging of heart, live
Quantification of RhBGOx distribution in the major organs at 24 h after injection. ***P < 0.0
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interact with the negatively charged biological membranes to
enhance the endocytosis of CS-based nanocarriers [19]. In this
study, the in vivo biodistribution of MeteRhBGOx/Fe@LE NPs was
examined in 4T1 tumor-bearing BALB/c mice by live imaging. Eight
hours after i.v. injection, only a small amount of free RhBGOx was
observed in the tumors (Fig. 6A), probably due to the highly
restrictive transcytosis of proteins [58]. In contrast, more nano-
particles accumulated in the tumor site, as evidenced by the
stronger fluorescence intensity in these tumors than that in the free
RhBGOx group, which may be attributed to the enhanced intra-
tumoral diffusion of the RhBGOx released from MeteRhBGOx/
Fe@LE NPs. After staining with CD31 to locate the blood vessels,
the penetration and intratumoral diffusion of MeteRhBGOx/Fe@LE
NPs were further assessed. Consistent with the in vivo imaging data,
stronger fluorescence signals were observed in the MeteRhBGOx/
Fe@LE NPs groups than in the free RhBGOx group (Fig. 6B). Like-
wise, quantitative analysis of the distribution in the major organs
indicated that the intracranial accumulation of MeteRhBGOx/
Fe@LE NPs was 3.6-fold higher than that of free RhBGOx (Figs. 6C
and D). Moreover, the fluorescence intensities in the hearts, livers,
spleens, lungs, and kidneys in all groups were not significantly
different.

3.8. In vivo anticancer effect

Encouraged by the superior intratumoral diffusion of the
MeteRhBGOx/Fe@LE NPs, the therapeutic effect of these
x)/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-
ected at 1, 2, 4, 8, 12, and 24 h after intravenous injection in 4T1 model. (B) Distribution
n isothiocyanate (FITC) antibody. Semi-quantitative analysis of CD31 and RhBGOx was
r, spleen, lung, kidney, and tumor collected at 24 h after intravenous injection. (D)
01 and ****P < 0.0001; ns: no significance.
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nanoparticles on 4T1 tumor-bearing BALB/c mice was evaluated.
The mice were intravenously injected with normal saline (control),
Fe@LE NPs, Met, GOx, Met þ GOx, Met/Fe@LE NPs, GOx/Fe@LE NPs,
or MeteGOx/Fe@LE NPs. According to the tumor growth curves in
Fig. 7A, the MeteGOx/Fe@LE NPs-treated group exhibited signifi-
cant tumor inhibition compared with the GOx/Fe@LE NPs group
(P < 0.05), Met/Fe@LE NPs group (P < 0.01), Met þ GOx group
(P < 0.01), GOx group (P < 0.01), Met group (P < 0.001), Fe@LE NPs
(P < 0.001), and normal saline group (P < 0.0001). The stronger
anticancer effect of MeteGOx/Fe@LE NPs was probably caused by
the released GOx that can deplete theMet-induced accumulation of
intracellular glucose and induce glucose starvation. The relatively
weak therapeutic effects observed in the Met, GOx, and Met þ GOx
groups may be due to ineffective tumor accumulation [4]. After
treatment, the tumors were collected and analyzed (Figs. 7B and C).
As shown, the measured tumor weights and digital photos of ani-
mals in the MeteGOx/Fe@LE NPs group also suggest that these
nanoparticles have a better tumor inhibition effect, which is
consistent with the above results.

The H&E staining images of the tumor sections (Fig. 7D) showed
noticeable cell death in the MeteGOx/Fe@LE NPs and GOx/Fe@LE
NPs groups, while no obvious cell death was found in the Met, GOx,
Met þ GOx, or Met/Fe@LE NPs groups compared to the normal
saline group. As shown in Fig. S10, there was no apparent histo-
logical damage to the heart, spleen, lung, or kidney after treatment
with different formulations. Clear liver metastases (Fig. 7E) were
found in the normal saline (control), Fe@LE NPs, Met, and GOx
groups, with a slight decrease in liver metastases in the Met þ GOx
and Met/Fe@LE NPs groups. Liver metastases were significantly
inhibited by MeteGOx/Fe@LE NPs, further proving the superior
antitumor efficacy of this nanoplatform.
Fig. 7. Evaluation of in vivo antitumor efficacy of metformin (Met)�glucose oxidase (GOx
EGCG, LE) nanoparticles (NPs). (A, B) The relative tumor volume (A) and tumor weight (B)
photos of tumors extracted from mice after different treatments for 15 days. (D) Histological
different treatment groups of mice. (E) Histopathologic profiles of liver treated with differe
control; II: Fe@LE NPs; III: Met; IV: GOx; V: Met þ GOx; VI: Met/Fe@LE NPs; VII: GOx/Fe@LE N
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To elucidate the in vivo anticancer mechanism, TUNEL immu-
nofluorescence, Ki67, and cleaved caspase 9 immunohistochemical
staining of tumor slices were performed according to our previous
studies [14]. The results shown in Figs. 8AeD suggested that the
MeteGOx/Fe@LE NPs inducedmore tumor cell apoptosis/death and
lower rates of proliferation. According to the TUNEL results (Figs. 8A
and S11A), the apoptotic index in the MeteGOx/Fe@LE NPs-treated
groupwas 80.0% ± 8.7% comparedwith those in the GOx/Fe@LE NPs
group (68.2% ± 8.4%, P < 0.05), Met/Fe@LE NPs group (48.2% ± 7.8%,
P < 0.0001), Met þ GOx group (43.2% ± 9.8%, P < 0.0001), GOx
group (27.8% ± 3.9%, P < 0.0001), Met group (21.8% ± 4.9%,
P < 0.0001), Fe@LE NPs group (16.2% ± 3.5%, P < 0.0001), and
normal saline group (8.4% ± 3.8%, P < 0.0001). There was no sig-
nificant difference between the normal saline-, Fe@LE NPs-, and
Met-treated groups (P > 0.05). The Ki-67 LI was also analyzed
(Fig. S11B), the MeteGOx/Fe@LE NPs-treated group had a lower
Ki67-LI (8.2% ± 2.2%) than the GOx/Fe@LE NPs group (21.6% ± 5.7%,
P < 0.05), Met/Fe@LE NPs group (50.0% ± 8.7%, P < 0.0001),
Met þ GOx group (50.6% ± 6.3%, P < 0.0001), GOx group
(71.8% ± 6.0%, P < 0.0001), Met group (69.0% ± 7.3%, P < 0.0001),
Fe@LE NPs group (77.6% ± 8.7%, P < 0.0001), and normal saline
group (77.2% ± 11.1%, P < 0.0001). Notably, the Ki67-LI was not
significantly different between the normal saline-, Fe@LE NPs-,
Met-, and GOx-treated groups (P > 0.05).

AKT activation has been shown to enhance glycolysis and pro-
mote cancer growth; thus, inhibiting its activation may enhance
anticancer effects [62]. Met effectively restrains the glycolytic
phenotype of tumor cells and causes a reduction in glycolysis [5,7].
Western blot analysis of p-AKT after different treatments (Fig. 8E)
suggested that Met þ GOx, GOx/Fe@LE NPs, and MeteGOx/Fe@LE
NPs can notably decrease the activation of AKT (p-AKT). MeteGOx/
)/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-
of 4T1 tumor-bearing mice treated with different formulations (n ¼ 6). (C) The digital
observation of the tumor tissues with hematoxylin-eosin staining (H&E) staining from
nt drug formulations. The black arrow shows the liver metastases of breast cancer. I:
Ps; and VIII: MeteGOx/Fe@LE NPs. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.



Fig. 8. In vivo anticancer mechanism of metformin (Met)�glucose oxidase (GOx)/Fe@epigallocatechin gallate (EGCG)-conjugated low-molecular-weight chitosan (LC-EGCG, LE)
nanoparticles (NPs). (A�D) The terminal dexynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) immunofluorescent (A), Ki67 (B), caspase 9 (C), and cleaved
caspase 9 (D) immunohistochemical staining of tumor slices. (E) Western blot analysis of cleaved caspase 9 and p-AKT after different treatments and the corresponding semiquantitative
analysis by Image J. *P < 0.05 and ****P < 0.0001 vs. group I; #P < 0.05 and ####P < 0.0001 vs. group II; $$P < 0.01 and $$$$P < 0.0001 vs. group III; %%%%P < 0.0001 vs. group IV; &&P < 0.01,
&&&P < 0.001, and &&&&P < 0.0001 vs. group V; ddddP < 0.0001 vs. group VI; FP < 0.05 and FFP < 0.01 vs. group VII. I: control; II: Fe@LE NPs; III: Met; IV: GOx; V: Met þ GOx; VI: Met/
Fe@LE NPs; VII: GOx/Fe@LE NPs; and VIII: MeteGOx/Fe@LE NPs. ns: no significance.
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Fe@LE NPs significantly enhanced the content of cleaved caspase 9
(Figs. 8D and E), further demonstrating that this metabolism
disruption and glucose starvation therapeutic strategy efficiently
leads to apoptosis. The measured ATP levels after different treat-
ments further prove that MeteGOx/Fe@LE NPs can impair ATP
production (Fig. S12). As shown in Fig. S13, immunofluorescence
staining of ROS was performed after different treatments to
determine the generation of ROS in the tumor [4]. Compared with
the control group, the ROS immunofluorescence in the Fe@LE NPs,
Met, and GOx/Fe@LE NPs groups showed no significant changes,
whereas the ROS immunofluorescence in the GOx, GOx þ Met,
GOx/Fe@LE NPs, and MeteGOx/Fe@LE NPs groups increased to
different degrees, consistent with the results in vitro (Fig. 5C). These
results collectively validated that the MeteGOx/Fe@LE NPs could
efficiently inhibit tumor growth with negligible side effects and
would be a powerful CS-based therapeutic agent for tumor therapy.
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4. Conclusion

In summary, we successfully fabricated pH-responsive CS-EGCG
nanocarriers (MeteGOx/Fe@LE NPs) for metabolism destruction/
starvation/chemodynamic triple-combination therapy. As a CS-
based nanocarrier, the positively charged amino groups of CS in
the MeteGOx/Fe@LE NPs may interact with negatively charged
biological membranes to enhance endocytosis by cells. The exper-
imental results suggested that this nanocarrier could effectively
accumulate in the tumor site and significantly inhibit tumor cell
proliferation/metastasis by starvation-enhanced Met therapy,
resulting in the complete destruction of tumors. MeteGOx/Fe@LE
NPs could block the glucose metabolism pathway and accelerate
Warburg effect damage to promote cell apoptosis. By introducing
GOx, MeteGOx/Fe@LE NPs can significantly increase the ROS levels
and decrease the intracellular pH of 4T1 cells. As a result, enhanced
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Met-induced tumor metabolism destruction by GOx for triple-
combination therapy was achieved. Such a destruction/starvation/
chemodynamic triple-combination therapeutic strategy may open
new avenues for efficient and specific cancer treatment.
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