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Mitochondria, as the energy factory of cells, often maintain a high
redox state, and play an important role in cell growth, develop-
ment and apoptosis. Therefore, the destruction of mitochondrial
redox homeostasis has now become an important direction for
cancer treatment. Here, we design a mitochondrial targeting com-
posite enzyme nanogel bioreactor with a circulating supply of O,
and H,0,, which is composed of mitochondrial target triphenyl-
phosphine (TPP), natural enzymes glucose oxidase (GOX) and cata-
lase (CAT), and protoporphyrin IX (PplX). The nanogel can effec-
tively increase the stability of the natural enzymes, and its size of
about 65 nm makes them close in space, which greatly improves
their cascade catalytic efficiency and safety. Under the action of
target TPP, the system can accurately target the mitochondria of
breast cancer 4T1 cells, catalyze intracellular glucose to generate
H,0, through GOX, and H,0, is further used as a catalytic sub-
strate for CAT to generate O,. This O, can not only further improve
the catalytic efficiency of GOX, but also provide raw materials for
the production of ROS in PDT, which can effectively destroy the
mitochondria of cancer cells, thereby causing tumor cell apopto-
sis. Compared with GOX alone, thanks to the close spatial position
of the composite enzymes, the composite enzyme nanogel can
quickly consume the highly oxidative H,O, produced by GOX,
thereby showing better safety to normal cells. In addition, the
composite enzyme group under light showed excellent antitumor
effects by combining starvation therapy and PDT under adequate
oxygen supply in animal experiments. In general, this composite
enzyme nanogel system with good stability, high safety and
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excellent cascade catalytic efficiency opens a new way for the
development of safe and efficient cancer therapeutics.

Mitochondria are important bioenergy power plants, biosyn-
thesis factories and bioinformation centers of cells, which play
an important role in cell differentiation, information trans-
mission and apoptosis. These multifaceted functions make
them important cell pressure sensors and enable cells to adapt
to the environment.' Compared with normal cells, the
complex microenvironment of tumor cells makes their mito-
chondria tend to maintain higher redox homeostasis, such as
the balance between a higher level of reactive oxygen species
(ROS) and the antioxidant GSH, which makes its mitochon-
drial homeostasis more easily broken.*® For the time being,
mitochondrial homeostasis has become a potential research
target to kill cancer cells.””® The consumption of GSH in mito-
chondria or the increase of the ROS level will destroy its redox
homeostasis, leading to the rapid accumulation of ROS, which
will damage intracellular DNA, proteins and lipids, and then
cause cancer cell apoptosis.'®*? Therefore, the development of
a strategy to break this redox homeostasis by rapidly causing
the accumulation of ROS in mitochondria is of great signifi-
cance for cancer treatment.

Photodynamic therapy (PDT), with the advantages of good
temporal and spatial control, less systemic side effects and
noninvasiveness, has become a promising method for clinical
cancer treatment.”>™® It is mainly composed of three
elements: photosensitizer, oxygen and light. Upon delivering
the photosensitizer to the target site, the photosensitizer
reacts with oxygen molecules under light stimulation to gene-
rate highly cytotoxic ROS to damage or kill the target cells.®"”
Although PDT has made some progress in the treatment of
cancer, its sustained killing effect on tumor cells is not satis-
factory due to low production of ROS and short lifetime, poor
tissue penetration depth of light, hypoxia of the tumor micro-
environment and other problems.'®° In order to improve its
therapeutic effect, in recent years, the development of orga-
nelle-targeted PDT has become a popular choice, especially for
mitochondria.>* >* However, due to the high redox homeosta-
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sis of intracellular mitochondria (e.g., high GSH content), tar-
geting mitochondria alone can improve its anti-tumor effect to
a certain extent, but the reactive oxygen species produced by
PDT cannot continue to kill cancer cells, especially the deep
hypoxic microenvironment of solid tumors. Therefore, there is
an urgent need for a strategy to increase the ROS production
of PDT and solve the hypoxia problem in the deep part of the
tumor tissue to continuously and effectively kill tumor cells.
Enzymes, as a kind of biocatalyst with high -catalytic
efficiency and strong substrate affinity, have been widely used
in the research of disease diagnosis and tumor treatment.>>>®
Recently, researchers have found that nanomaterials, includ-
ing enzymes or enzyme-like nanomaterials, have the potential
to enhance the effectiveness of photodynamic therapy.>* > For
example, Peng’s team encapsulated catalase and the photosen-
sitizer into liposomes, and used catalase to catalyze the high
level of H,O, in tumors to produce O, to enhance the efficacy
of photodynamic therapy.>® Xing et al. constructed an Au,Pt
nanozyme with catalase and peroxidase-like activity, which can
simultaneously produce oxygen and ‘OH, thereby synergizing
photodynamic and chemodynamic therapy to kill cancer
cells.** Nevertheless, the endogenous H,0, concentration of
tumor cells is limited, which is not enough to achieve satisfac-
tory catalytic treatment efficiency. The enzyme cascade cata-
lytic reaction provides new ideas for further improving the
curative effect of photodynamics.>®> Wu et al designed a
P@Pt@P-Au-FA nanoreactor with GOX and CAT activity, which
uses Pt NPs to catalyze H,O, in tumor cells to produce O,, and
further accelerate Au NPs to catalyze glucose in tumor cells to
produce H,0,, so as to achieve cyclic catalytic amplification.*®
However, most of these nanoreactors are composed of metals
or metal oxides, and their catalytic efficiency, biosecurity and
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histocompatibility are still of concern.”” *° In contrast, natural
enzymes not only have high catalytic efficiency and strong sub-
strate affinity, but also have good biocompatibility and safety.
Zhang et al. constructed a bioreactor by loading GOX and CAT
into a metal-organic framework PCN-224 and coating it with
cancer cells to achieve the endogenous circulating supply of O,
and H,0,, which greatly improved the photodynamic
efficacy.”’ However, the current construction of such a bio-
reactor catalyst is too cumbersome, and the ratio of enzymes
and the space distance between each other still need to be con-
sidered in the design to develop a simpler, safer, and more
efficient bioreactor structure.

Here, we construct a high-efficiency mitochondrial targeted
bioreactor containing GOX, CAT and PpIX through a simple
preparation method (Scheme 1). Under the action of the mito-
chondrial target head TPP, the bioreactor can accurately locate
the mitochondria of breast cancer 4T1 cells to achieve a safe
and efficient sequential catalytic reaction through the reason-
able ratio and spatial distance of the two enzymes. It can use
GOX to consume glucose, the energy source of tumors, to
produce H,0,, and CAT, which is close to GOX in space, can
quickly catalyze cytotoxic H,O, to produce O, to prevent
damage to normal cells. The bioreactor uses GOX to consume
glucose in cancer cells to produce H,0,; meanwhile, CAT
located close to GOX quickly catalyzes cytotoxic H,O, to
produce O,, preventing damage to normal cells. The generated
O, further accelerates GOX to continue to catalyze glucose
while being used as the photosensitizer PpIX to produce ROS,
which achieves efficient circulatory glucose consumption and
cell mitochondrial damage, thereby effectively synergizing star-
vation therapy and PDT, and improving cancer treatment
effects. This simple, safe and efficient mitochondrial targeted
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Scheme 1 The design of composite enzyme nanogels for synergistic starvation and photodynamic therapy.
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cycle biocatalytic reactor provides a promising new strategy for
cancer treatment.

The mitochondria targeted GOX-CAT-PpIX (tGCP) nanogel
was prepared by making polymerization using acryloxylated
GOX and acryloxylated CAT together with protoporphyrin IX
(PpIX), acrylamide (AAm), N,N'-methylene bisacrylamide (BIS)
and mitochondria targeted monomers (TPP). Transmission
electron microscopy (TEM) was employed to observe the fabri-
cated nanogels, as shown in Fig. 1A, and a spherical architec-
ture with a size of around 65 nm was observed, confirming the
formation of nanogels. The dynamic light scattering (DLS)
image suggested that the nanogel was formed with a size of
68 nm, which was larger than the size of CAT (8.7 nm) and
GOX (6.5 nm) (Fig. S1t). The UV-Vis spectrum of the nanogel
showed the absorption of porphyrin, providing the possibility
of photodynamic therapy using this nanogel (Fig. 1B). We then
modified FITC and Rhodamine B (RhB) onto GOX and CAT,
respectively, and prepared the nanogel using the same
approach to obtain a fluorescence-labeled GOX-CAT (FGC)
nanogel. As shown in Fig. 1C, when excited at 450 nm, the
mixture of FITC-GOX and RhB-CAT mainly showed the emis-
sion fluorescence spectrum of FITC from 480 nm to 650 nm,
however, the emission intensity of FITC decreased and the
emission spectrum of RhB centered at 580 nm emerged,
implying that a fluorescence resonance energy transfer (FRET)
phenomenon occurred from FITC-GOX to RhB-CAT within this
nanogel, showing close spatial proximity between the GOX and
CAT of the enzyme nanogel.*?

Since glucose can be oxidized to gluconic acid and H,O, by
GOX in the presence of oxygen, the pH value and the oxygen
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content of the solution should be decreased. As shown in
Fig. 1D, when glucose was added into the tGCP nanogel solu-
tion, the nanogel solution pH value decreased gradually from
6.5 to 3.7 within 615 min because of the generation of gluconic
acid, similar to that of GOX solution. Nevertheless, the pH
value of the glucose aqueous solution remained almost
unchanged. Meanwhile, the oxygen level in mitochondria tar-
geted GOX-PpIX (tGP) nanogel solution decreased sharply
from 4.86 mg L™ to 0 within 240 s, however, the oxygen level
in the tGCP nanogel decreased more slowly, which can be
attributed to the breakdown of hydrogen peroxide catalyzed by
CAT in the tGCP nanogel to generate oxygen. When the tGCP
nanogel was incubated with H,0,, oxygen bubbles generated
by CAT catalyzed H,0, decomposition can be observed in the
macroscopic images (Fig. S21). Because CAT in the tGCP
nanogel would influence the estimation of GOX activity in
the tGCP nanogel, we used the GOX-PpIX nanogel, whose
preparation process was the same as that of the tGCP nanogel,
but PTPB and CAT were removed, as a substitution to assess
the effect of polymerization on GOX activity. Fig. S31 shows
that GOX and CAT respectively retained 89.3% and 96.9%
of their original activity after the polymerization reaction.
Furthermore, in comparison with the mixture of native GOX
and CAT, the stability of the cascade catalytic activity between
GOX and CAT within the tGCP nanogel was significantly
improved (Fig. S47).

The cascade generation of 'O, induced by PpIX in the tGCP
nanogel following glucose decomposition and oxygen gene-
ration was estimated by using singlet oxygen sensor green
(SOSG) as the indicator, whose fluorescence intensity would
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Fig. 1 (A) TEM image of the fabricated tGCP nanogel (nanogel was stained with phosphotungstic acid). (B) UV-Vis spectrum of the tGCP nanogel in
PBS. (C) Fluorescence spectra of the nanogel fabricated from FITC-GOX and RhB-CAT, and the mixture of FITC-GOX and RhB-CAT upon excitation
at 450 nm. (D) pH changes of the tGCP and tGP nanogel solution in the presence of glucose. (E) Oxygen content changes of the aqueous solution
of the tGCP and tGP nanogels in the presence of glucose. (F) Fluorescence changes of the SOSG treated with the tGCP and tGP nanogels in the

presence of light and glucose (1 mg mL™).
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increase in the presence of 'O,. As shown in Fig. 1F, when
SOSG was treated with tGP or tGCP together with light in the
presence of glucose, the intensity of SOSG greatly increased
within 1.5 h in comparison with the control sample, indicating
the generation of 'O,. The results above successfully demon-
strated the cascade reactions between GOX, CAT, and PpIX in
the tGCP nanogel. Because of the oxygen dependent glucose
oxidation reaction and 'O, production, the designed tGCP
nanogel with oxygen self-production ability presented great
potential in killing the tumor tissue by improving PDT and
starvation therapy.

In order to evaluate the ability of the composite enzyme
nanogel to kill tumor cells in vitro, we selected 4T1 cells as
model cells, as shown in Fig. 2. From Fig. 24, it can be seen
that under laser irradiation conditions, the tGCP-light group
showed a stronger killing effect on 4T1 cells compared with
the non-illuminated composite enzyme group (tGCP). This
may be because GOX in the composite enzyme can consume
glucose in the medium to produce H,0,, and H,0, is further
catalyzed by CAT to produce O,, thereby enhancing the thera-
peutic effect of PDT. In addition, compared with the GCP-light
group, tGCP-light with a mitochondrial target showed a better
cancer cell killing effect. It is worth noting that the tGP group
showed the strongest 4T1 cytotoxicity, which may be due to the
high toxicity of the strong oxidative H,0, produced by GOX
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catalyzed by glucose. As can be seen from the Fig. S5D,T H,0,
has obvious toxicity to 4T1 cells when the concentration
reaches 200 pg mL™". In the tGCP group without light, due to
the close spatial position of CAT and GOX, it can quickly cata-
lyze H,0, to produce O,, so it is safer for cells. In order to
further prove the safety of the composite enzyme, we selected
LO2 cells for further evaluation. It can be seen from Fig. 2B
and C that in either high-sugar or low-sugar medium, the GOX
group (tGP) alone showed obvious LO2 cytotoxicity. In the low-
sugar RPMI medium, tGCP shows low toxicity to LO2 cells,
which indicates that the nanocomposite enzyme has good
safety to normal cells, and lays the foundation for its appli-
cation and promotion. Due to certain errors in MTT analysis,
we further performed cytotoxicity analysis by flow cytometry,
as shown in Fig. S5.1 The results of flow cytometry are basi-
cally the same as those of MTT. It is worth noting that from
Fig. S5A and S5B,t under light conditions, the tGCP group
with mitochondrial targets has a stronger Kkilling effect on
cancer cells than the GCP group, and it also has a better anti-
tumor effect than tGP alone with an increase in the concen-
tration. In addition, it can be seen from Fig. S5CT that the
tGCP group still showed low toxicity to normal cells, LO2 cells.
In order to verify the blood compatibility of the compound
enzyme, we also performed a hemolysis test on the composite
enzyme nanogel, as shown in Fig. 2D. It can be seen that the
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Fig. 2 Cell viability of 4T1 cells and LO2 cells treated with different nanogels. (A) Cell viability of 4T1 cells treated with tGCP, GCP, and tGCP with a
laser (660 nm, 100 mW cm™2) and tGP in DMEM, respectively. (The statistical significance was obtained through two-way ANOVA and Bonferroni's
post-hoc tests using GraphPad 5.0, n = 5, **P < 0.01, ***P < 0.001.) Cell viability of LO2 cells treated with tGCP and tGP in (B) RPMI medium (without
glucose) and (C) DMEM (with glucose). (D) (i) Hemolysis images of different composite enzyme nanoparticles, (ii) images of different concentrations
of composite enzyme nanogels (without red blood cells) as hemolysis controls, (iii) quantitative column chart of hemolysis analysis.
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nanogel has good blood compatibility, even at a concentration
of up to 200 pg mL ™", and the hemolysis rate is only about 1%
(Fig. 2D(iii)), and neither of them shows an obvious hemolysis
phenomenon. Noticeably, the supernatant appears slightly red
at a concentration of 200 pg mL ™" in Fig. 2D(i), compared with
Fig. 2D(ii), which can be found to be the result of the color of
the material itself.

As an important source of energy for cells, mitochondria
will release apoptosis-inducing factors and trigger cell apopto-
sis when they are damaged by stimuli such as reactive oxygen
species. Only by effectively delivering the generated ROS com-
posite enzyme nanogel to the mitochondria, its anti-tumor
effect can be better played. In order to verify the mitochondrial
targeting effect of the composite enzyme nanogel, we observed
the mitochondrial co-location effect of different nanoadhesive
using a confocal microscope, as shown in Fig. 3. As can be
seen from Fig. 3A and B, with or without mitochondrial TPP
target, the cell’s intake of composite enzymes gradually
increases over time. Compared with the GCP group without a
TPP target, 4T1 cells had significantly more uptake of the com-
posite enzyme nanogel with a mitochondrial TPP target
(tGCP), showing stronger green fluorescence, and more overlap
between green fluorescence and red fluorescence could be
seen, indicating that it had a very good mitochondrial co-local-
ization effect. In order to display this co-localization effect
more intuitionally, we further analyzed the coincidence effect
of green fluorescence and red fluorescence in cells at 12 h
using the Image ] software, as shown in Fig. 3C and D. As can
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be seen from the figure, compared with the GCP group
without a mitochondrial target, the red and green lines in the
tGCP group tended to be more synchronous, indicating that
the mitochondrial targeting of the nanogel could be effectively
increased after the TPP target modification.

To further verify the photodynamic therapeutic effect of the
compound enzyme nanogel, we used DCFH-DA to detect the
ROS production in 4T1 cells, as shown in Fig. 4A. As can be
seen from Fig. 4A, the tGCP group under light conditions
could observe the strongest green fluorescence, indicating that
the composite enzyme nanogel could effectively generate cyto-
toxic ROS, which caused significant changes in cell mor-
phology as shown in the bright field diagram. It should be
noted that, compared with the blank control group, the mor-
phology of clear field cells in the tGCP group was not signifi-
cantly different from that in the control group, but a certain
amount of green fluorescence could also be observed in the
tGCP group with light. This may be due to the fact that H,0,
produced by GOX catalyzed glucose was not consumed by CAT
in time, and there was also a strong reaction with DCFH-DA.
However, according to the bright field diagram, these ROS did
not produce obvious toxicity to cells, which indicated the
safety of the composite enzyme nanogel. It is noteworthy that
the tGP group can also observe strong green fluorescence,
which is the result of GOX catalyzed glucose generation of
H,0,, which is also the reason why it shows strong cytotoxicity
in MTT. In addition, since the number of cells in each figure
was not consistent, we used the Image J software to analyze
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Fig. 3 Confocal images of mitochondria targeting in 4T1 cells treated with (A) GCP (without TPP) and (B) tGCP (with TPP) at different times.
Mitochondrial colocalization analysis diagram (red represents mitochondria, green represents nanogels) of 4T1 cells treated with (C) GCP and (D)

tGCP at 12 h.
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(A) Fluorescence images of ROS generation in 4T1 cells treated with tGCP. (B) Relative ROS fluorescence intensity average value in 4T1 cells

after treatment under different conditions (the statistical significance was obtained through one-way ANOVA and Tukey's post-hoc tests by using
GraphPad 5.0, **P < 0.01, ***P < 0.001). (C) Confocal fluorescence images of mitochondrial membrane potential analysis obtained by
JC-1 measurement in 4T1 cells treated with different treatment methods. (D) The analysis of caspase-3 activity in 4T1 cells treated with different

treatment methods.

the relative average fluorescence intensity of the cells, as
shown in Fig. 4B. It can also be seen that the average ROS
content in the tGCP-light group under the light conditions
showed the most, indicating that light can effectively increase
the ROS production of the composite enzyme nanogel to
improve the effect of PDT. The change in the mitochondrial
membrane potential is an important sign of early apoptosis of
cells. In order to study the mitochondria-specific damage
ability of the composite enzyme nanogel, a JC-1 kit was used
to detect the cell mitochondrial membrane potential, as
shown in Fig. 4C. Due to the higher mitochondrial membrane
potential in healthy cells, JC-1 dye tended to form aggregates
and presented red fluorescence, while in unhealthy or apopto-
tic cells, the mitochondrial membrane potential was lower,
and the JC-1 dye presented green fluorescence as a monomer.
As can be seen from Fig. 4C, compared with the other groups,
the tGCP group under light had significantly more green fluo-
rescence and less red fluorescence, indicating that the cell
mitochondrial membrane potential was low at this time,
reflecting the poor state or apoptosis of the cell at this time.
These results indicate that the composite enzyme nanogel can
produce ROS under light conditions, which can effectively
damage the mitochondria of cancer cells and cause cell apop-
tosis. Cytochrome ¢ and caspase-3 are important marker pro-

17742 | Nanoscale, 2021,13,17737-17745

teins of the mitochondrial apoptosis pathway, so we sup-
plemented the immunofluorescence experiment for the
release of cytochrome ¢ from mitochondria and caspase-3 acti-
vation, as shown in Fig. 4D and Fig. S6.7 As can be seen from
these figures, cytochrome C was significantly released from
mitochondria and caspase-3 activation can be clearly seen in
4T1 cells treated with mitochondria-targeted composite
enzyme nanogels (tGCP-light) under light (660 nm, 100 mW
ecm~?). Combined with the change in the mitochondrial mem-
brane potential, it can be inferred that the cell apoptosis
caused by the composite enzyme nanogels is mainly through
the mitochondrial apoptosis pathway.

Next, we established a 4T1 breast cancer mouse model to
investigate the in vivo antitumor effect of the composite
enzyme nanogel, as shown in Fig. 5. According to Fig. 5A and
B, the GCP-light group, tGP-light group and tGCP-light group
all showed anti-tumor effects under light conditions, among
which the tGCP-light group showed the best anti-tumor effect
with a tumor volume of about 45 mm?, followed by the tGP-
light and GCP-light group with tumor volumes of about
119 mm® and 268 mm?, respectively. This may be because
GOX consumes the tumor energy source glucose to generate
H,0,, which can be effectively catalyzed by CAT to generate O,
to enhance PDT, and thus effectively inhibiting tumor growth

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Anti-tumor effect of composite enzyme nanogels in vivo. (A) Pictures of tumors removed from mice in different treatment groups. (B) Curve
of the tumor volume over time in different treatment groups (the statistical significance was obtained through two-tailed Student's tests using
GraphPad 5.0, n = 5, *P < 0.05). (C) Curve of the body weights of mice in different treatment groups over time.
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Fig. 6 HG&E staining images of the tumors and main organs of mice.

through synergistic starvation and PDT. It is worth noting that
the tGP group showed better 4T1 cell inhibition in cell experi-
ments than the tGCP-light group, but in animal experiments,

This journal is © The Royal Society of Chemistry 2021
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it did not perform better. This may be due to the more
complex tumor microenvironment, such as a variety of
enzymes, and part of the highly toxic H,0, catalyzed by GOX
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may be depleted. In addition, the tGP-light group has a better
tumor suppressor effect than the GCP-light group, which may
be because tGP can effectively target cell mitochondria, and
can effectively damage mitochondria through the generation
of highly cytotoxic H,0, combined with ROS generated by
PDT. Interestingly, it can be seen from Fig. 5B that tGP-light
and GCP-light groups showed significant inhibitory effects in
the early stage, and the inhibitory effect was significantly wea-
kened in the later stage, which may be attributed to tumor
hypoxia in the later stage and effective energy supply by tumor
neovascularization. Moreover, we measured the body weight of
the mice to evaluate the safety of these nanogels. As shown in
Fig. 5C, the different nanogel preparation groups did not show
significant weight changes, indicating that these composite
enzyme nanogels are safe and reliable.

The antitumor effect and biosafety of composite enzyme
nanogels were investigated by histological analysis of tumors
and major organs in H&E staining. Purple represents the
nucleus and red represents the cytoplasm, as shown in Fig. 6.
As can be seen from the figure, the tumor tissue in the GCP-
light, tGP-light, and tGCP-light groups under light conditions
was significantly less purple than in the other groups. Among
them, the tGCP-light group showed the least purple, and the
tissue in the section showed more post-apoptotic spaces, indi-
cating that synergistic starvation and self-oxygenated PDT had
an excellent antitumor effect. Tumor sections showed results
consistent with tumor suppressive experiments in animals. In
addition, there was no significant difference in the sections of
the main organs of different nanogels, indicating that the
composite enzyme nanogels did not cause significant damage
to the organs of mice, which fully demonstrated its excellent
biocompatibility and biosafety.

Conclusions

In summary, we have prepared a mitochondrial targeting com-
posite enzyme nanogel with a circulating self-supply of O, and
H,0, through a simple synthesis method. By a reasonable
ratio and spatial position of GOX and CAT, sequential cascade
catalysis of the composite enzyme can be realized to continu-
ously consume glucose and realize the cyclic production of
H,0, and O,. The nanogel can well target the mitochondria of
tumor cells, enhance the PDT generation of ROS through
cyclic catalysis to destroy the mitochondria of cancer cells,
thus resulting in cell apoptosis. At the same time, it is rela-
tively safe for normal cells, because the cascade of composite
enzymes consumes highly toxic H,O,. In addition, in animal
experiments, the composite enzyme group showed a good anti-
tumor effect under light conditions. This is because the com-
posite enzymes continue to consume the tumor energy source
glucose to produce enough oxygen, thereby effectively synergiz-
ing starvation therapy and photodynamic therapy. The safety,
stability, biocompatibility and cascade catalytic efficiency of
the composite enzyme nanogel system open a new way for the
development of safe and efficient cancer therapy.
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