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A multimodal strategy of Fe;0,@ZIF-8/GOx@MnO,
hybrid nanozyme via TME modulation for tumor
therapy
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Weak acidity (6.5-6.9) and limited H,O, level in the tumor microenvironment (TME) usually impact the
therapeutic effect of chemodynamic therapy (CDT) for cancer. A Specific TME promotes the formation of
an immunosuppressive microenvironment and results in high rate of recurrence and metastasis of cancer.
Fes0,4@ZIF-8/GOx@MnO, multi-layer core shell nanostructure was constructed as a hybrid nanozyme.
After magnetic targeting of the tumor site, the outermost MnO, shell catalyzed H,O, in TME to produce
O, and was broken due to the reaction with glutathione. Due to the acid response, the ZIF-8 layer would
crack and release glucose oxidase (GOx) and FesO4. The generated O, was utilized by GOx in starvation
therapy to consume glucose and produce H,O, and gluconic acid. The Fenton reaction efficiency of Fe(i)
was improved by the increased H,O, concentration and the enhanced acidity in TME. At the same time,
the intrinsic photothermal effect of FesO4 upon 808 nm laser irradiation promoted the activity of MnO,
and GOx as oxidase, and Fe(i) as catalase-like, and ablated the primary tumor. Moreover, the hybrid nano-
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zyme can facilitate the transformation of M2-type macrophages to M1-type, and strong systemic antitu-
mor immune effect was induced. A synergy of multiple therapeutic modes including starvation therapy,
CDT, photothermal therapy (PTT), and immunotherapy can be realized in the hybrid nanozyme for tumor
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Introduction

In the recent ten years, the incidence rate of cancer has risen by
3.9% annually and it has become a major threat to human
health."™ The effect of traditional treatment methods is rela-
tively limited, including surgery, chemotherapy, and radiother-
apy, which usually only inhibit the growth of the primary
tumor.®° The new-emerging chemodynamic therapy (CDT) has
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been considered as a promising mode because of its high treat-
ment efficiency, specificity, and minimal side effect. Peroxidase-
like nanozyme has been used to catalyze intratumoral H,O, into
toxic hydroxyl ‘OH in CDT to induce tumor cell destruction.
Endogenous chemical energy transformation has been utilized;
therefore, CDT is oxygen-independent and no external energy
input is needed. Fe;0, nanoparticles have inherent photother-
mal conversion capability and Fe(u) can produce ‘OH through
its Fenton reaction with H,0,. Therefore, Fe;0, nanoparticles
have been used as a photothermal and Fenton agent in photo-
thermal therapy (PTT) and CDT, respectively.""'>

At the same time, PTT utilizes the heat energy obtained
from laser irradiation to ablate the tumor and it is a non-inva-
sive and precise treatment mode. The heat generated in PTT
can increase the activity of glucose oxidase (GOx) and the pro-
duction of "OH can also be accelerated in the PTT; thus, the
therapeutic effect of CDT is enhanced. The cascade amplifica-
tion effect can be expected in the combination of CDT, star-
vation therapy, and PTT."* ™'

In recent years, nearly 90% of cancer-related deaths have
been caused by metastasis rather than primary tumor
growth.'®!” Tumor immunotherapy has shown great prospects
in suppressing metastatic cancer and immune checkpoint
inhibitor has become one of the most effective methods for
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cancer therapy. The treatment effect of single immune check-
point blockade is unsatisfactory because the proportion of
durable responding patients is small."*° It has been con-
firmed that phototherapy, chemotherapy, and radiotherapy
can lead to primary cancer cells death and induce dying
cancer cells to release tumor-associated antigens (TAAs), which
can be presented to T cells receptors by dendritic cells (DCs)
and then, T cell-mediated cancer immunity will be
initiated.”'®*"*> Therefore, multimodal therapy in combi-
nation with checkpoint blockade immunotherapy (CBI) is
essential to Kkill primary tumors and prevent metastasis.
Therefore, if the CBI is accompanied with CDT, starvation
therapy, and PTT, both tumor ablation in situ and metastasis
inhibition will be achieved.

However, the reaction efficiency between Fe(u) and
endogenous H,0, in the tumor microenvironment (TME) is
usually limited by the strict condition (low pH: 3-5).>***
Although the concentration of H,0, in tumor cells (1.0 x 107°
M) is much higher than that in normal cells (2.0 x 10~° M), it
is still not enough to ensure the treatment effect. In addition,
the overexpression of glutathione (GSH) in TME can consume
‘OH; thus, the performance of the catalytic therapy will be
further affected. Starvation therapy based on GOx can provide
potential solutions for this problem. Glucose can be oxidized
under the catalysis of Gox; thus, the nutrition source of tumor
cells will be blocked up and their proliferation can be inhib-
ited. The generated H,O, will be utilized by Fe(u), and gluconic
acid provides an acidic environment for the Fenton
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reaction.”>?® Previous studies have suggested that MnO, can
supply oxygen for starvation therapy as well as provide target-
ing ability because it can react with the excessive GSH in TME.

Recently, metal-organic frameworks (MOFs) have shown
great potential applications in catalysis, gas storage, and drug
delivery because of their large specific surface area, surface
function, and enzyme carrying capacity. Therefore, GOx can be
loaded in the shell after Fe;O, nanoparticles are encapsulated
with the zeolitic imidazolate framework-8 (ZIF-8); it can be
expected that GOx will be released to oxidize glucose at the
tumor site and the acidic condition will be provided for the
Fenton reaction of Fe(n).>”%°

In this paper, core-shell nanoparticles of Fe;O, encapsu-
lated by ZIF-8 were synthesized at first, as shown in Scheme 1,
and then GOx was loaded in the pores of ZIF-8 by electrostatic
absorption. Finally, Fe;0,@ZIF-8/GOx@MnO, nanoparticles
(FZGM NPs) were obtained after Fe;0,@ZIF-8/GOx (FZG) was
wrapped by MnO,. After intravenous injection, FZGM NPs were
delivered to the tumor site by the magnetic targeting of Fe;0,,
followed by cascade catalytic reactions of MnO,, GOx, and
Fe;0,4. MnO, coated in the outermost layer catalyzed H,O, in
the tumor cells to generate O, and it also can be reduced to
Mn*" by GSH. Then, due to the acid response ability of FZG,
the ZIF-8 layer collapsed and GOx in the pores of ZIF-8 were
liberated. In the presence of O, and GOx, glucose was oxidized
into gluconic acid and H,0,, and the nutritional source of
tumor was cut off; thus, enhanced starvation therapy was rea-
lized. Under the acidic conditions, Fe(u) played the role of a
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Scheme 1 Schematic illustration of TME-responsive FZGM hybrid as a nanozyme to the trigger cascade catalytic reaction for cancer therapy.
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catalase and catalyzed H,O, to produce the hydroxyl radical
‘OH, which can directly kill tumor cells. Significantly, the
whole process is independent of the stimulation of external
energy such as laser irradiation, and it relies on TME modu-
lation by the reasonably designed core-shell hybrid nanozyme.
Under 808 nm laser irradiation, heat energy converted by
Fe;O, can not only ablate the tumor but also enhance the
activity of MnO, and GOx as the oxidases, and Fe;O, as the cat-
alase, which further improved the effect of the starvation
therapy and CDT. The acid response of ZIF-8 and gluconic acid
produced by glucose oxidation promote the release of Fe;0,
and enhance the penetration ability of the Fe;O,@ZIF-8/
GOx@MnO, (FZGM) nanozyme to the tumor cells. The cell
debris produced by the combination therapy released TAAs,
which were captured by DCs and presented to the T cells, indu-
cing a specific tumor immune response. Moreover, Fe;O, can
also promote the transformation of M2 type macrophages to
M1 type, cause inflaimmatory reaction, and recruit immune
cells, which work together with the anti-PD-1 («-PD-1) immune
checkpoint blockade scheme to enhance the anti-tumor
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immune response and restrain the metastasis and recurrence
of the tumor.*°

Results and discussion
Synthesis and characterization of FZGM

Fig. 1a gives the preparation process of the FZGM hybrid nano-
zyme. Firstly, Fe;O, was synthesized by a solvothermal reaction
and the Fe;O0,@ZIF-8 core-shell structure was obtained
through the self-assembly of ZIF-8 on the surface of Fe;O,.
Then, ZIF-8 was loaded with GOx by stirring and electrostatic
absorption. Lastly, the outmost MnO, shell was directly grown
on the ZIF-8 layer through sonication in aqueous KMnO, solu-
tion. The transmission electron microscopy (TEM) images of
Fe;0, in Fig. 1b indicate its uniformity and dispersity, and the
single core-shell structure of Fe;O,@ZIF-8 can be observed in
Fig. 1c. After the loading of GOx, the ZIF-8 layer no longer dis-
plays a lower contrast, which can be seen from the TEM image
in Fig. 1d. The particles showed no obvious change in the mor-
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Fig. 1 (a) Schematic diagram of the fabrication process of the FZGM nanozyme. TEM images of (b) FezO,, (c) Fes04@ZIF-8, (d) FZG, and (e) FZGM.
(f) HAADF-STEM and elemental mapping images of FZGM. (g and h) Line scan curves of FZGM. (j) SAED diffraction pattern of FezO,.
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phology and diameter after the packaging of MnO,, indicating
that the MnO, shell is thin and easy to break when meeting
H,0, and GSH in TME (Fig. 1e and Fig. S1}). The as-prepared
FZGM NPs was characterized by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and the corresponding elemental mapping images are illus-
trated in Fig. 1f. It demonstrated that the Fe element is distrib-
uted in the center of the FZGM NPs, and the elemental compo-
sitions of the secondary layer are O, C, N, and Zn, which are
consistent with the components of ZIF-8. Mn was found in the
outmost layer and the successful coating of MnO, on
Fe;0,@ZIF-8 can be confirmed. In order to further verify the
formation of the three-layered nanostructure (the core of
Fe;0,4, the middle layer of ZIF-8, and the outermost shell of
MnO,), EDS line-scan of FZGM was measured and the results
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are given in Fig. 1g and h. From the line profiles of Fe, Zn, and
Mn, it can be clearly seen that the Fe signal is mainly in the
core region and the intensity of Zn and Mn is mainly obtained
in the shell. The selected area electron diffraction (SAED)
pattern of Fe;O, in Fig. 1i also was used to confirm the mag-
netic form of iron oxide and the major diffraction rings
matched with the (111), (220), (311), (400), (511), and (440)
planes of Fe;0,.

As shown in Fig. 2a, the structure of Fe;0,, Fe;0,@ZIF-8,
and FZGM NPs was further verified by the X-ray diffraction
(XRD) patterns. The XRD peaks of the as-prepared Fe;O, NPs
matched well with the standard card (JCPDS #19-0629), and
they can be indexed to the cubic Fe;0, phase with Fd3m space
group. The characteristic peaks of ZIF-8 can be seen in the
pattern of Fe;O,@ZIF-8, implying the successful coating of
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(a) XRD patterns of FezO4, Fes04@ZIF-8 and FZGM. (b) FTIR spectra of FesO,4, Fes04@ZIF-8, GOx, FZG and FZGM. (c) Zeta potential of FezOy,,

Fes04@ZIF-8, FZG and FZGM. (d) Hydrodynamic size of FesO, and FZGM. (e) TG curves of Fes0,4@ZIF-8, GOx and FZG. (f) DTG curves of
Fes04@ZIF-8, GOx and FZG. High-resolution XPS spectra of (g) Fe 2p, (h) Zn 1s, (i) Mn 2p and (j) C 1s in FZGM. (k) Magnetic hysteresis loop of
Fes04@ZIF-8 and FZGM. (1) O, generation curve of FZGM aqueous solution (200 pg mL™%, pH = 6.8) without and with H,O, addition (100 x 107 M).
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ZIF-8 layer on the Fe;O, NPs. No obvious peaks with a sharp
profile were observed in the XRD pattern of FZGM because of
the cover of the MnO, shell in the outermost layer. In the
Fourier transform infrared (FT-IR) spectrum of Fe;O,@ZIF-8,
the characteristic peaks of ZIF-8 at 757 and 1146 cm™ " con-
firmed its existence (Fig. 2b). The loading of GOx in FZG and
FZGM can be verified by the similar FT-IR spectra. The zeta
potentials of Fe;0,, Fe;0,@ZIF-8, and FZG were measured to
be —26.0, —18.1, and —24.1 mV, respectively, and that of FZGM
decreased to —28.0 mV, which also indicated the successful
synthesis of FZGM NPs (Fig. 2c). The average hydromechanical
diameter and polydispersity index (PDI) of the FZGM NPs were
304.6 + 88.52 nm and 0.091, respectively, as determined by
dynamic light scattering (DLS). The prepared FZGM NPs were
well dispersed and appeared as a brown suspension.
Thermogravimetry and derivative thermogravimetry (TG-DTG)
were employed to investigate the decomposition of the as-pre-
pared samples, and the results are displayed in Fig. 2e and f.
The decomposition of FZG followed a process similar to that
of GOx and there are three steps in the weight loss, indicating
the presence of GOx in Fe;0,@ZIF-8. The high weight loss for
FZG occurred in the range of 260-800 °C, which was caused by
the thermal degradation of both GOx and ZIF-8.*"** X-ray
photoelectron spectroscopy (XPS) was performed to analyze
the compositions and element valence state of FZGM NPs. As
shown in Fig. 2g, the Fe 2p XPS spectra of Fe;0, NPs gave two
characteristic bands in the range of 708-713 eV and 722-726
eV, which correspond to Fe 2p3,, and Fe 2p,,,, respectively. The
lower energy band was divided into two peaks at 709.4 and
710.6 eV, and they can be assigned to Fe(u) and Fe(u), respect-
ively. The binding energy of Fe 2p,,, is 722.8 eV for Fe** and
724.4 eV for Fe**, respectively.’>?* A small satellite peak at 718
eV can be observed and was originated from the oxidation of
Fe;0,4. The binding energy for Zn 2p;, is 1021.4 eV, as dis-
played in Fig. 2h.?®> The high-resolution XPS spectrum for Mn
2p consists of two bands at 641.8 and 653.2 eV, which is in
agreement with Mn 2pz, and Mn 2p,,, respectively,
suggesting that the valence state of Mn is +4 (Fig. 2i).>® The
fine-scanned XPS of C 1s in Fig. 2j can be deconvoluted into
five components centered at 284.6, 285.3, 286.3, 288, and
288.6 eV, which were attributed to C—=C, C-C, C-NH,, N-C=N,
and -COOH, respectively.’”? The magnetic hysteresis loops of
FZG and FZGM in Fig. 2k suggested that the as-synthesized
NPs exhibit superparamagnetism, which will be helpful for tar-
geting and accumulation in the tumor under an external mag-
netic field.*® In order to verify the ability of MnO, to decom-
pose H,0, into H,O and O,, the dissolved O, in the FZGM
aqueous solution (200 pg mL™', pH = 6.8) with or without
H,0, solution (100 x 107° M) was tested by a portable dis-
solved oxygen meter. As expected, the decomposition of H,0,
was triggered by FZGM and sustainable O, production can be
observed (Fig. 21 and Fig. $3t).*"

Photothermal performance of FZGM

In order to understand the light absorption capability of the
FZGM nanozyme, the UV-Vis absorption spectra was obtained

This journal is © The Royal Society of Chemistry 2021
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wherein FZGM exhibits strong absorption in the near UV and
visible region, as shown in Fig. 3a. A thermal imager was used
to study the photothermal conversion ability of Fe;O, and
FZGM. Under the irradiation of the 808 nm laser, the tempera-
ture increased with increasing exposure time and after 5 min,
the temperature of Fe;0, and FZGM was raised by 29.1 °C and
28.1 °C, respectively (Fig. 3b), indicating that the photothermal
conversion ability of Fe;O, was retained after the coating of
ZIF-8 and MnO,. FZGM solutions with different concentrations
(0, 0.2, 0.5 mg mL ") were exposed to the 808 nm laser for
15 min and it was found that the temperature rise of FZGM is
dependent on its concentration (Fig. 3c). Fig. 3d shows the
photothermal response of FZGM when exposed to the 808 nm
laser for 10 min; the laser was then switched off and the solu-
tion was naturally cooled to the room temperature. The linear
relationship between the time value versus —In @ obtained from
the cooling section of the curve in Fig. 3d is displayed in
Fig. 3e. According to the reported method, the photothermal
conversion efficiency n of FZGM was calculated to be 65.71%;
the detailed calculation procedure is given in the ESI} (in the
experimental section). In order to assess the photostability of
the FZGM nanozyme, three cycles of “laser on and off”
measurements were performed. As illustrated in Fig. 3f, the as-
prepared FZGM showed excellent photothermal stability
because there was no attenuation in its temperature rise under
laser irradiation during the 3 cycles. The infrared thermal
images of FZGM in Fig. 3g showed that the temperature of the
FZGM solution at a concentration of 0.5 mg mL™" can be
raised to 61.0 °C after irradiation for 5 min, implying that it is
a good photothermal agent for cancer therapy. Moreover, the
raised temperature can increase the catalytic activity of GOx,
which is reflected in the results of the simulation experiments
in Fig. 3h. It was found that the pH value of the glucose solu-
tion containing GOx decreased with the increase in the temp-
erature, showing that more glucose was oxidized to gluconic
acid at a higher temperature (45 °C and 50 °C).

Intracellular uptake, lysosome escaping, and in vitro tumor
penetration

Next, the cellular uptake and lysosome escaping of the FZGM
nanoparticles in the 4T1 cells were visualized using a fluo-
rescence microscope. Before the evaluation of the antitumor
effect in vivo, the intracellular uptake of FZGM was detected by
CLSM and the appearance of green fluorescence confirmed
that FZGM was internalized by the 4T1 cells after 1 h incu-
bation (Fig. 4a). Its intensity enhanced with prolonged incu-
bation time due to the phagocytosis of the FZGM nano-
materials by the 4T1 cells. The lysosome escaping of FZGM
was visualized by CLSM and the result is displayed in Fig. 4b.
FZGM was captured by the lysosome at 30 min and after 1 h,
the green fluorescence of FZGM separated from the red one, in
which nanomaterials began to escape from the lysosome and
only a very small amount of FZGM was still in the lysosome
at4 h.

The FZGM hybrid nanozyme labeled by 5-aminofluorescein
(5-AF) was abbreviated as Fe;0,/5-AF@ZIF-8/GOx@MnO,
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Fig. 3 (a) UV-Vis-NIR diffuse reflectance spectra of FZGM. (b) Temperature variation of Fez0,4 and FZGM under laser irradiation. (c) Temperature

rise curves of FZGM with different concentrations under laser irradiation. (d) Temperature changes of FZGM (500 pg mL™?) with laser irradiation for
10 min, and then the laser was turned off. (e) Plot of the cooling time versus the negative natural logarithm of the temperature driving force. (f)
Temperature changes and (g) infrared thermal images of the FZGM aqueous solution (500 ug: mL™Y) during three on/off cycles under laser
irradiation. (h) Variation in the pH values of the GOx aqueous solution at different temperatures (Laser irradiation used: 808 nm, 1.0 W cm™3).

(FAZGM) and 5-AF was connected to Fe;O,4. The in vitro per-
meability of FAZGM was evaluated by the multicellular spher-
oid (MCSs) model. As shown in Fig. 4c and d, the green fluo-
rescence of 5-AF was found only in a small number of peri-
pheral cells (groups I and III) when the 4T1 cells were incu-
bated with Fe3;0,/5-AF@ZIF-8§@MnO, nanoparticles (FAZM
NPs), indicating that the cell penetration ability of the FAZM
NPs was inadequate. For the FAZGM nanoparticles (groups II,
IV, and V), green fluorescence is widely distributed in the
central area of the MCSs only in the condition of pH = 6.5 and
in the presence of glucose (group IV). Therefore, the good per-
meability of FAZGM can be attributed to the fact that the mild
acidic environment in the TME and gluconic acid generated in
the oxidation of glucose work together to promote the release
of Fe;0, due to the acid response capability of the ZIF-8 shell,
thus enhancing its tumor cell penetration ability.

In vitro cytotoxicity of FZGM

The highly efficient cellular uptake and excellent lysosomal
escape capacity of the FZGM NPs encouraged us to further
study the performance in vitro. It is known to all that GSH can
counteract intracellular ROS, including "OH, which can confer

16576 | Nanoscale, 2021,13,16571-16588

the resistant ability to the cancer cells. The MnO, shell in
FZGM can deplete the GSH in the TME through its reaction
with GSH (Fig. 5a) and it is very helpful for reducing the anti-
oxidant capacity of the cancer cells and inducing cellular apop-
tosis. The depletion of GSH was simulated in vitro and the
results are given in Fig. 5d. Compared with the absorbance of
the GSH solution alone (8.9 x 10~ M), when FZGM with
different concentrations was added into the GSH solution, the
intensity of the absorption peak decreased with increasing
FZGM contents. This indicated that MnO, can oxidize GSH to
GSSG and the cellular antioxidant system can be destroyed to a
certain extent. In addition, the catalytic oxidation activity of
FZGM for glucose was investigated; an illustration of the reac-
tions is given in Fig. 5b. GOx in FZGM can catalyze glucose to
produce H,0, and gluconic acid, which can oxidize colorless
3,3',5,5"-tetramethyl-benzidine (TMB) into blue-green chromo-
genic oxidized TMB (ox-TMB). When the FZGM nanozyme was
added to the glucose solutions with different concentrations
(0, 1, 2, 4, 8 mg mL™"), the catalyzed oxidation of glucose
brought about the generation of H,0,, which can be detected
by the TMB-H,0, colorimetric experiment. From the absor-
bance curves of ox-TMB in Fig. 5e, it can be seen that the
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Fig. 4 (a) Intracellular uptake of FZGM NPs examined by CLSM after various incubation times. Blue fluorescence represents the nucleus and green
fluorescence represents the FZGM NPs. (b) Intracellular colocalization of the 5-AF-labeled FZGM NPs with lysosomes. Green fluorescence represents
FZGM NPs, and blue fluorescence represents the nucleus; red fluorescence represents lysosomes, and yellow fluorescence represents the overlay of
FZGM NPs and the lysosomes in panel (b); (c) penetration of different formulations into multicellular spheroids. Scale bar: 25 pm. (d) Semi-quantitat-
ive fluorescence was performed along the line drawn on the sections in (c). (I: pH = 7.4 (+) FAZM, II: pH = 7.4 (+) FAZGM, lll: pH = 6.5 (+) FAZM, IV:

pH = 6.5 (+) FAZGM, V: pH = 6.5 (—) FAZGM).

amount of H,0, generated increased with increasing glucose
concentration, indicating that glucose can be consumed by
GOx in the FZGM nanozyme. Interestingly, the effective Fenton
reaction of Fe(n) can proceed with the aid of the produced
H,0, and gluconic acid; therefore, methylene blue (MB) served
as the indicator to verify the peroxidase-like performance of
FZGM NPs (Fig. 5c). As shown in Fig. 5f, when the concen-
tration of glucose was raised from 1 to 8 mg mL™', MB degra-
dation was enhanced by more ‘OH production, ie., the
efficiency of the Fenton reaction of Fe(u) can be improved by
the generated acid and H,0,. Through the cascade catalytic
reactions, the collaboration of starvation therapy and CDT was

This journal is © The Royal Society of Chemistry 2021

achieved. For further confirmation, ‘OH generation was moni-
tored via electron spin resonance (ESR) using 5,5-dimethyl-1-
pyrrolineN-oxide (DMPO) as the spin trapping agent.
DMPO-OH spin adducts with a quartet ESR signal formed
after the reaction of DMPO with "OH (Fig. S4t). The generation
of "OH in the 4T1 cells based on the Fenton reaction of Fe(u)
was tested using 2,7-dichlorofluorescin diacetate (DCFH-DA)
as the probe. DCFH-DA was used to stain the 4T1 cells after
incubation with PBS, Fe;0,, FZG, FZGM, and FZGM, and only
the last group was irradiated by the 808 nm laser. The confocal
laser scanning microscopy (CLSM) images in Fig. 5g showed
that nearly no green fluorescence of 2,7-dichlorofluorescin
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Fig. 5 (a) Illustration of the reaction between MnO, and GSH. (b) Schematic illustration of the generation of H,O, by the oxidation of glucose (c)

lllustration of the Fenton reaction of Fe(n). (d) The ability of the FZGM nanoenzymes with different concentrations to deplete GSH: (1) 0 pg mL™2, (2)
25 ug mL™%, (3) 50 ug mL™%, (4) 100 pug mL™%, and (5) 200 pg mL™%. (e) The absorbance of ox-TMB and the concentrations of the used glucose PBS
solution are (1) 0 mg mL™, (2) 1mg mL™%, (3) 2 mg mL™, (4) 4 mg mL™?, and (5) 8 mg mL™2. (f) Degradation of MB showing the level of ‘OH generated
by FZGM (500 pg mL™%) and glucose PBS solutions with different concentrations: (1) 1 mg mL™, (2) 2 mg mL™, (3) 4 mg mL™%, and (4) 8 mg mL™%. (g)
Confocal fluorescence imaging of the DCFH-DA-treated 4T1 cells in different groups (I: PBS, II: FezOy4, Ill: FZG, IV: FZGM, V: FZGM + laser). Scale
bar: 250 pm. (h) Confocal fluorescence imaging of calcein AM (green) and propidium iodide (PI, red) stained 4T1 cells in different groups (I: PBS, II:
FezOg4, lll: FZG, IV: FZGM, V: FZGM + laser). Scale bar: 250 pm. (i) 4T1 and 293T cells viability incubated with FZGM for 24 h at different concen-
trations. (j) Flow cytometric analysis of live and dead 4T1 cells in different treatment groups (I: PBS, II: FezOg, lll: FZG, IV: FZGM, V: FZGM + laser)

(Laser irradiation used: 808 nm, 1.0 W cm™2). All data are presented as mean + SD (**p < 0.01, ***p < 0.001).

(DCF) could be observed in the PBS and Fe;O, groups. The
weak green fluorescence in the FZG and FZGM groups indi-
cated that slow and weak Fenton reaction occurred.
Comparatively, after 808 nm laser irradiation, much brighter
green fluorescence can be seen in the CLSM images of the 4T1
cells treated with FZGM, implying that more DCFH was oxi-
dized by "OH and the efficiency of the Fenton reaction was
greatly improved by the photothermal effect of Fe;O0,. ROS
generation was also detected by flow cytometry and similar
results were obtained (Fig. S57).

The live and dead cell staining assay was utilized to evaluate
the ability of the FZGM nanozyme to induce cancer cell apop-
tosis. As given in Fig. 5h, very intense red fluorescence can be

16578 | Nanoscale, 2021,13,16571-16588

observed in group VI, confirming the high cytotoxic activity of
FZGM on the 4T1 cells. The toxicity of the nanozyme was
assessed by monitoring the cell viability of the 4T1 and 293T
cells treated by FZGM with different concentrations. As shown
in Fig. 5i, decreased viability can be found in 4T1 cells treated
with Fe;0, or FZGM, resulting from the generated ‘OH in the
Fenton reaction of Fe(u) with intracellular H,O0,.
Comparatively, due to the limited H,O, in the 293T cells,
FZGM hardly affected its viability. After the different treat-
ments of the 4T1 cells in the six groups, flow cytometric ana-
lysis was used to detect the live and dead cells stained with
FITC-Annexin V and PI, respectively. In agreement with the
CLSM and CCK-8 results, laser irradiation combined with

This journal is © The Royal Society of Chemistry 2021
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FZGM induced more apoptosis in the 4T1 cells, and Fe;0,
alone without 808 nm laser exposure had little influence on
the cell viability (Fig. 5j).

In vivo magnetic targeting synergistic therapy

To evaluate the treatment effect in vivo of the FZGM-mediated
combined therapy plus o-PD-1 for the primary and distant
tumors, the bilateral 4T1-tumor-bearing mice model was care-
fully investigated. The treatment procedure for the tumor-
bearing mice is illustrated in Fig. 6a. The tumor at the right
was specified as the primary tumors, and the left one was not
treated and designated as the metastatic tumor. All the tumor-
bearing mice were randomly divided into six groups: I: PBS, II:
oa-PD-1 alone, III: FZGM plus laser irradiation, IV: FZGM plus
magnetic field, V: FZGM plus laser irradiation and magnetic
field, VI: FZGM-a-PD-1 plus laser irradiation and magnetic
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field. FZGM NPs were intravenously injected into the primary
tumors of all the mice except for the PBS and a-PD-1 groups
on days 1, 3, 5, 7, and 9. The a-PD-1 antibody was given to the
mice in groups II and VI by intravenous injection on days 3, 5,
and 7. From the infrared images of the tumor-bearing mice in
Fig. S6,T it can be clearly seen that the temperature of the
tumor site significantly increased after the injection of the
FZGM PBS solution, followed by laser exposure, indicating that
FZGM NPs have been successfully targeted at the tumor site.
The photographs of the excised tumors revealed that a-PD-1
alone shows very weak inhibition on both the primary and
distant tumors (group II in Fig. 6b and in Fig. 6g).
Comparatively, the treatment is effective on the initial tumor
in the FZGM + laser + mag group but it has little inhibitory
effect on the metastatic tumor (group V in Fig. 6b and group
III in Fig. 6g). It is noteworthy that the curative effect of FZGM
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Fig. 6 (a) Schematic illustration of the experimental design for tumor treatment in vivo. The photos of (b) primary tumors and (g) distant tumors

extracted from the mice after different treatments for 9 days. The growth curves of (c) the primary tumor volume and (h) the distant tumor volume.
(d) Body weight and (i) the survival rates of the 4T1-tumor-bearing Kunming mice with different treatments. (1) H&E staining, (m) TUNEL staining of
the primary tumor slices in different groups on day 9. (e) Western blotting of caspase-3 protein in the primary tumors in different groups and (f)
quantitative determination. (n) HGE and (o) TUNEL staining of the distant tumor slices in different groups at the 9th day. (j) Western blotting results
of the distant tumor slices in different groups and (k) quantitative determination (Treatment groups of primary tumors: I: PBS, II: a-PD-1, lll: FZGM +
laser, IV: FZGM + mag, V: FZGM + laser + mag, VI: FZGM-a-PD-1 + laser + mag. Treatment groups of distant tumors: I: PBS, Il: «-PD-1, lll: FZGM +
laser + mag, IV: FZGM-a-PD-1 + laser + mag) (Laser irradiation used: 808 nm, 1.0 W cm~2). All data are presented as mean + SD (**p < 0.01, ***p <
0.001).
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NPs plus o-PD-1 is the most satisfactory, and it not only eradi-
cated the primary tumor but also nearly completely eliminated
the distant one (group VI in Fig. 6¢ and group IV in Fig. 6h).
The weight of all the mice in different treatment groups was
not significantly reduced, suggesting the excellent biocompat-
ibility of the FZGM hybrid nanozyme (Fig. 6d). The survival
rate of the mice was closely monitored and it was found that
75% of the mice could survive more than 30 days after FZGM-
based PTT/CDT/starvation therapy plus o-PD-1 (Fig. 6i). The
mice in the other five groups all died within 38 days, indicat-
ing that the combination of the FZGM hybrid nanozyme and
immune checkpoint blockade could increase the survival rate.
The expression of caspase-3 was estimated from quantitative

Ch4 =

CD206 & CD86 © CD8 <

Foxp3 @
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western blot analysis and the highest expression level was
found in the tumor tissues of the mice treated with FZGM plus
a-PD-1 in group VI (Fig. 6e and f), which implied that the com-
bination of FZGM and «-PD-1 can significantly induce the
apoptosis of the cancer cells. The greatest expression of
caspase-3 in the distant tumor tissues can be observed in
group IV, which also indicated that tumor cell apoptosis was
induced by the immune response (Fig. 6j and k). Moreover,
hematoxylin and eosin (H&E) staining and the terminal deoxy-
nucleotidyl transferase (TdT)-mediated dUTP nick end labeling
(TUNEL) assay of the tumor tissues collected after treatment
further confirmed the most effective treatment effect of group
VI (Fig. 61 and m). For the distant tumor, a-PD-1 alone had
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and (e) Treg cells after the different treatments. The contents of (f) TNF-a, (g) IFN-y, (h) IL-12, (i) TGF-B, (j) IL-10, and (k) Granzyme B (I: PBS, II:
a-PD-1, Ill: FZGM + laser, IV: FZGM + magnetic targeting (mag), V: FZGM + laser + mag, VI: FZGM-a-PD-1 + laser + mag). Scale bar is 50 pm
(808 nm laser irradiation, 1.0 W cm™). All data are presented as mean + SD (**p < 0.01, ***p < 0.001).
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little treatment effect, which can be concluded from the ana-
lysis of H&E and TUNEL staining of the distant tumor tissues
in Fig. 6n and o.

Mechanism of action to inhibit the growth of primary and
distal tumors

In order to understand the mechanism of action of the as-pre-
pared FZGM for destroying the tumor cells, the infiltrated lym-
phocytes in the primary tumor tissues were examined by
immunofluorescence imaging. Compared with the control
group, the intratumoral infiltration of the cytotoxic T lympho-
cytes (CTLs) was promoted by FZGM-mediated combined
therapy. The proportion of CD4" T cells in group III, IV, and V
was 2.16-fold, 2.93-fold, and 4.06-fold higher than that of the
PBS group, respectively (Fig. 7a). The increase in the CD8"
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CTLs was also found in the three groups in Fig. 7b. In group
VI, o-PD-1 antibody was used to enhance the antitumor
immune effect and it can be observed that the tumor-infiltrat-
ing CD4" cells and CD8" CTLs were greatly increased to 6.18-
fold and 50.0-fold, respectively, compared with the control
group. The results showed that FZGM could induce immune
response to kill the tumor cells, and the magnetic targeting of
Fe;0, as well as 808 nm laser irradiation have immunological
enhancement effects. In combination with the «-PD-1 anti-
body, the infiltration of the lymphocytes was significantly
improved. It has been reported that intratumoral hypoxia can
promote the polarization of tumor-associated macrophages
(TAMSs) to M2 type, which is the critical factor of immunosup-
pressive TME. Fe;0, based on the Fenton reaction can trans-
form M2 to M1 macrophages to improve the antitumor
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Fig. 8 Representative immunofluorescence images of distant tumors stained for (a) CD4* T cells and (b) CD8* T cells, (c) M1 macrophages, (d) M2
macrophages and (e) Treg cells after the different treatments. The contents of (f) TNF-a, (g) IFN-y, (h) IL-12, (i) TGF-p, (j) IL-10 and (k) Granzyme B of
distant tumors in different groups at the 9th day (I: PBS, II: a-PD-1, V: FZGM + laser + mag, VI: FZGM-a-PD-1 + laser + mag). Scale bar is 50 pm.
(808 nm laser irradiation, 1.0 W cm™). All data are presented as mean + SD (**p < 0.01, ***p < 0.001).
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immune reaction.?®*%*>%3 Therefore, the influence of the
FZGM-mediated combined therapy on TAMs polarization was
studied and immunofluorescence assay was used to study the
TAMs phenotypes, which mainly contains CD86 antitumor
M1-type macrophages and CD206 protumoral M2 type macro-
phages. As illustrated in Fig. 7c and d, the FZGM-mediated
combined therapy resulted in the up-regulation of CD86 and
down-regulation of CD206. After the accumulation at the
tumor site and laser irradiation, FZGM with o-PD-1 induced
CD86 expression (group VI in Fig. 7c¢). Moreover, for group V,
the CD86 expression was up-regulated more than 10 times
compared with that of the control group, suggesting that
macrophage polarization toward M1 type was promoted by the
FZGM nanoplatform. In addition, the amount of Foxp3 regu-
latory T cells (Treg cells) decreased in the FZGM + laser + mag
and FZGM-a-PD-1 + laser + mag groups, indicating that immu-
nosuppression was partially relieved with or without the help
of a-PD-1 immune checkpoint blockade (Fig. 7e). Finally, the
secretion of tumor cytokines in the tumor was examined by
enzyme-linked immunosorbent assay (ELISA), including TNF-
a, IFN-y, IL-12, IL-10, TGF-B, and granzyme B (GZMB). A high
level of TNF-a, IFN-y, and IL-12 expression occurred in the
FZGM-a-PD-1 + laser + mag group, which was 4.78-fold, 4.78-
fold, and 8.73-fold higher than that of the counterparts in the
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control group, respectively (Fig. 7f-h). The secretion of immu-
nosuppressive cytokines was studied and the results in Fig. 7i
and j reveal that FZGM-exposed macrophages down-regulated
the expression of the immunosuppressive cytokines TGF-f§ and
IL-10. As shown in Fig. 7k, the expression of GZMB in group VI
is the highest and a large amount of GZMB was secreted by
the cytotoxic immune cells, which is attracted by the inflam-
matory cytokines and chemokines, indicating that the antitu-
mor activity in the FZGM-a-PD-1 + laser + mag group is the
strongest.

From the discussion above, it can be concluded that the
designed FZGM cascade hybrid nanozyme has a great killing
effect on the primary tumor. However, cancer metastasis and
recurrence can cause a lot of pain and a series of symptoms,
thus increasing the mortality of the patients. Therefore, the
inhibition of the hybrid nanozyme on the distant tumor was
evaluated, and the results are given in Fig. 8. The tumor-infil-
trating T lymphocyte for the distant tumor was first analyzed
(Fig. 8a and b). The proportion of the CD4" and CD8" cells in
the distant tumor of FZGM-a-PD-1 + laser + mag treated mice
increased significantly relative to that in the FZGM + laser +
mag group, demonstrating that the a-PD-1 checkpoint block-
ade played a major role in increasing the specific T cell infiltra-
tion in the metastatic tumor. However, compared with the
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Fig. 9 Flow cytometric analysis of distant tumors stained for (a) CD4* and CD8" T cells, (b) polarization of macrophages and (c) Treg cells from 4T1
tumor-bearing mice after the different treatments (I: PBS, Il: a-PD-1, lll: FZGM + laser + mag, IV: FZGM-a-PD-1 + laser + mag) (808 nm laser

irradiation, 1.0 W cm™2).
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control group, the infiltration of the T cells in the
a-PD-1 group did not increase much. This shows that the
a-PD-1 antibody alone cannot play a very good inhibitory effect
on the metastatic tumors without the FZGM cascade nano-
zyme. Under the premise of TAAs released by the combined
therapy, FZGM showed vaccine-like function and inhibited the
activity of immune-suppressive Tregs with the help of a-PD-1;
thus, the distant tumor cells were attacked (Fig. 8e). Moreover,
in the distant tumor tissues of the mice in the FZGM + laser +
mag group, the expression of CD86 was the highest and that of
CD206 was the lowest, illustrating that TAMs mainly contain
antitumoral M1-type (Fig. 8c and d).

Only with the help of FZGM, the immune checkpoint block-
ade can display its biggest antitumor function effect, which
can also be verified from the lowest expression level of TGF-p
and IL-10 in the FZGM-a-PD-1 + laser + mag group (Fig. 8i and
j)- Due to the down-regulation of the anti-inflammatory
factors, the inflammatory reaction was caused and the
expression of the tumor Kkiller cytokines such as TNF-a, IFN-y,
and IL-12 was up-regulated in group IV (Fig. 8f-h). It is worth
noting that the changes in the secretion level of granzyme B in
the four groups are obvious and their secretions in group IV
are much higher than that in the other three groups, which
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also indicate that the ability of killing the metastatic tumor
cells is the best when FZGM is used in combination with the
a-PD-1 antibody.**

To further confirm the immune response triggered by the
FZGM hybrid nanozyme and the a-PD-1 antibody, a simu-
lated metastatic tumor (distant tumor) was isolated and
detected by flow cytometry. It is widely known that CD4" and
CD8" T cells are two main subgroups of T cells; the popu-
lation of CD4" and CD8" T cells increased obviously in group
IV (Fig. 9a). In addition, the repolarization from the M2 to
M1 macrophages induced by FZGM was also verified through
flow cytometric analysis in Fig. 9b. The ratio of the
M1 macrophages in group IV reached 31.6% and the CD86
positive ratio in the FZGM + laser + mag group (22.7%) was
higher than that in the PBS group (6.67%), implying that
FZGM can induce macrophage repolarization under laser
irradiation. The remission of immunosuppression could also
be investigated and the result is given in Fig. 9c. The CD4" T
cells can be divided into two types—Treg cells and effective T
cells; the former suppresses tumor immunogenicity.
Therefore, the significant decrease in the Treg cells in group
IV demonstrated the enhanced immune function compared
with the other groups.
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Scheme 2 The mechanism of anti-tumor immune responses induced by the FZGM nanozyme in combination with checkpoint blockade therapy.
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Fig. 10 H&E staining of major organs in different treatment groups (I: PBS, 1l: a-PD-1, Ill: FZGM + laser, IV: FZGM + magnetic targeting (mag), V:

FZGM + laser + mag, VI: FZGM-«a-PD-1 + laser + mag). Scale bar is 50 pm (808 nm laser irradiation, 1.0 W cm™).

Based on the results above, the mechanism of action of
the FZGM-mediated combined therapy for primary and
distant tumors was proposed (Scheme 2). Under the effect of
PTT, CDT, and starvation therapy, the necrosis and apoptosis
of cancer cells was triggered to generate cell debris and
release the TAAs; meanwhile, the immunosuppressive TME
was destructed. TAAs were captured by DCs and decomposed
into antigen peptides after migration to the spleen, lymph
nodes, and other immune organs. The formed MHC-peptide
complex was presented to T cells and T cell-mediated specific
tumor immune response was activated. At the same time,
Fe;0, NPs can transform the pro-tumoral M2 type macro-
phages to anti-tumoral M1 type and the expression of the
anti-inflammatory cytokines (IL-10, TGF-f) was down-regu-
lated, thus initiating the inflammatory reaction. Then, the
immune cells and immunologic factors were recruited to
produce TNF-a, IFN-y, IL-12, and other tumor Kkilling cyto-
kines, which can directly induce the apoptosis of the tumor
cells. In addition, a-PD-1, given in combination with the
FZGM nanomedicine, can effectively reduce the inhibition
signal of T cell activation and down-regulate the over-
expression of Tregs. Thus, antitumor-specific immune
response was enhanced and antigen-specific CD8" T lympho-
cytes can recognize the MHC-peptide presented by mature
DCs to destroy the tumor cells by the secretion of Granzyme-
B and other tumor apoptosis factors.
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In addition, major organs from different groups were col-
lected and investigated after 9 days of treatment. The H&E
staining imaging of the tissues in the heart, liver, spleen, lung,
and kidney show that there is no apparent histopathological
change in the major organs in the control group and the
treated groups (Fig. 10), which indicated that FZGM has good
biosafety.

Conclusion

In summary, we designed and developed the Fe;0,/
GOX@ZIF-8@MnO, core-shell hybrid enzyme and demon-
strated its excellent performance in tumor magnetic targeting,
TME response, and photothermal enhanced CDT/starvation
therapy for cancer treatment. After capture by the tumor cells,
MnO, and the ZIF-8 shell collapsed, and O, generated in the
reaction of MnO, with H,0, in TME can be used by GOx in the
mesopores of ZIF-8. The gluconic acid and H,0, produced in
the oxidation of glucose provided conditions for the deep
tumor cell penetration of Fe;O,, resulting in cascade amplifica-
tion of the therapeutic effect. At the same time, due to the
superior photothermal performance of Fe;O,, the reactivity of
MnO,, Gox, and Fe(u) could be enhanced by 808 nm laser
irradiation. Under the combined action of photothermal abla-
tion of Fe;0,4, toxic "OH, and immune checkpoint blockade,
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not only was the primary tumor killed but distant metastasis
was also inhibited. In general, the design of the hybrid nano-
zyme nanoplatform provides ideas for the application of nano-
zymes in tumor therapy by TME modulation and tumor
therapy.

Experimental
Materials and reagents

All the reagents were of analytical grade and used without any
purification. Ferric chloride hexahydrate (FeCl;-6H,0), sodium
acetate (NaAc), trisodium citrate dehydrate (CsH;NazO;), pot-
assium permanganate (KMnO,), ethylene glycol, and methanol
were obtained from Sinopharm Group Co., Ltd (Shanghai,
China). Zinc nitrate hexahydrate (Zn (NO3),-6H,0) and glucose
oxidase (GOx) were purchased from Aladdin Chemistry Co.,
Ltd (Shanghai, China). 2-Methylimidazole (2-Melm) was
received from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). Roswell Park Memorial (RPMI)
1640 medium, Penicillin-Streptomycin Liquid, and Cell
Counting Kit-8 (CCK-8) were purchased from Beijing Solarbio
Science & Technology Co., Ltd. Fetal bovine serum (FBS) was
obtained from Procell Life Science & Technology Co., Ltd.
5-Aminofluorescein (5-AF) was obtained from Macklin Co.,
Ltd.

Synthesis of Fe;0,

Fe;0, NPs were prepared by a solvothermal method: 1.14 ¢
FeCl;3-6H,0 and 2.4 g NaAc with 0.65 g CcH;NazO, were dis-
solved in 50 mL ethylene glycol and magnetically stirred for
30 min at the room temperature. Then, the solution was trans-
ferred to a Teflon-sealed autoclave and heated at 200 °C for
10 h. The Fe;O, NPs were separated and washed with de-
ionized water and methanol. Finally, the NPs were dried under
vacuum at the ambient temperature.

Synthesis of Fe;0,@ZIF-8 sample

In a typical procedure, Fe;0, NPs dispersion liquid (4 mL,
0.25 mg mL™") was added to 2-MeIm in methanol solution
(26 mL, 0.82 g). The mixture was treated with ultrasound for
30 min, and 10 mL of Zn (NO3),-6H,0 in methanol (30 mmol
L") was added and kept at the room temperature for 1 h.
Finally, the product was separated and washed with methanol.

Synthesis of Fe;0,@ZIF-8/GOx

20 mg Fe;0,@ZIF-8 was dispersed into 10 mL deionized water.
Then, GOx was added into the solution. After stirring for 24 h,
the products were collected by centrifugation at 8000 rpm for
10 min, followed by washing three times using deionized water
and drying in a vacuum freeze-drying oven for 24 h.

Synthesis of Fe;0,@ZIF-8/GOx@MnO,,

KMnO, aqueous solution (10 mL, 10 mg mL™") was added into
Fe;0,@ZIF-8/GOx aqueous solution (5 mL, 10 mg mL™") drop
by drop. After sonication for 3 h, FZGM was obtained by cen-
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trifugation (4000 rpm, 10 min). Finally, the product was separ-
ated using a magnet and washed 3 times with deionized water.

Cell culture

4T1 cells were purchased from Procell Life Scientific &
Technology Co., Ltd, China. The cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin liquid in 5% CO, at 37 °C in the
cell incubator.

Live-dead cell staining

Calcein acetoxymethyl ester (AM, green) and propidium iodide
(PI, red) staining reagents were used to stain the live and dead
cells, respectively. Typically, 4T1 cells were incubated with
RPMI 1640 medium at 37 °C in 5% CO, overnight and then
the medium was replaced with a fresh one containing Fe;O,,
FZG, FZGM, and FZGM. After treating for 10 h, the laser
groups were exposed to 808 nm laser at a power density of 1 W
ecm ™2 for 5 min. Cells in the control group were only treated
with PBS. Subsequently, the cultured cells were stained with
Calcien AM and PI solution for 30 min, and the fluorescent
images of AM (Aex = 488 nm, ey, = 515 nm) and PI (A« = 488/
545 nm, Aey = 617 nm) were detected by CLSM.

Antitumor efficacy in vivo

Female Kunming mice (6 weeks old) were acquired for the
in vivo anti-tumor experiments. All animal procedures were
performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of Qingdao Agricultural University
and experiments were approved by the Ethics Committee of
Qingdao Agricultural University. The 4T1 tumor model was
established by subcutaneous injection with 4T1 cells (1 x
10°) into the right armpit of each healthy Kunming mice
into six groups. Among them, the mice in groups I, 1I, V, and
VI were also injected with the 4T1 cells into the left axilla to
obtain double tumor animal models. In vivo therapy was
given until the tumor size reached an approximate volume of
200 mm?>. 4T1 tumor-bearing mice were stochastically allo-
cated into six groups: I: PBS, II: «-PD-1, III: FZGM + laser, IV:
FZGM + mag, V: FZGM + laser + mag, VI: FZGM-a-PD-1 +
laser + mag. The FZGM solution (3.0 mg kg™') was injected
into the tail vein and then a magnet with a radius of 0.3 cm
(magnetic field strength = 0.2 T) was fixed to the right tumor
region so as to mediate the accumulation of FZGM in the
tumor site for 2 h. At 2 h after tail vein injection, the right
tumor site was exposed to an 808 nm laser at a power
density of 1 W em™ for 5 min. Subsequently, the mice in
groups I, II, V, and VI were intravenously injected with
500 pg kg™' of a-PD-1 per mouse on days 3, 5, and 7. The
mice were weighted every day, sacrificed every two days to
collect the tumor tissues, and the volumes were recorded
during treatment. Furthermore, the relative tumor volume V/
Vo (Vo was the mean of the original volume of the tumor on
the first day) was calculated according to the formula: Viymor
= (width? x length)/2.
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