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Metabolism-Regulating Nanozyme System for Advanced

Nanocatalytic Cancer Therapy

Chang Liu, Xiaoyu Xu, Yongyang Chen, Miao Yin, Ermei Mdikild, Wenhui Zhou,

Wenmei Su,* and Hongbo Zhang*

Nanocatalytic therapy, an emerging approach in cancer treatment, utilizes
nanomaterials to initiate enzyme-mimetic catalytic reactions within tumors,
inducing tumor-suppressive effects. However, the targeted and selective
catalysis within tumor cells is challenging yet critical for minimizing the
adverse effects. The distinctive reliance of tumor cells on glycolysis generates
abundant lactate, influencing the tumor’s pH, which can be manipulated to
selectively activate nanozymatic catalysis. Herein, small interfering ribonucleic
acid (siRNA) targeting lactate transporter-mediated efflux is encapsulated
within the iron-based metal-organic framework (FeMOF) and specifically
delivered to tumor cells through cell membrane coating. This approach traps
lactate within the cell, swiftly acidifying the tumor cytoplasm and creating an
environment for boosting the catalysis of the FeMOF nanozyme. The
nanozyme generates hydroxyl radical (-OH) in the reversed acidic
environment, using endogenous hydrogen peroxide (H,0,) produced by
mitochondria as a substrate. The induced cytoplasmic acidification disrupts
calcium homeostasis, leading to mitochondrial calcium overload, resulting in
mitochondrial dysfunction and subsequent tumor cell death. Additionally, the
tumor microenvironment is also remodeled, inhibiting migration and
invasion, thus preventing metastasis. This groundbreaking strategy combines
metabolic regulation with nanozyme catalysis in a toxic drug-free approach for
tumor treatment, holding promise for future clinical applications.

1. Introduction

Nanozymes are an emerging class of
enzyme mimetics or artificial enzymes
based on nanomaterials and follow sim-
ilar enzymatic kinetics and mechanisms
as natural enzymes under physiological
conditions.!l Nanozymes have high en-
zyme activity which is tunable via size
control, doping, and surface modification,
are highly stable, easy to scale up, and
with low cost.l?] These advantages make
them superior to natural enzymes or tradi-
tional enzyme mimetics in practical appli-
cations. In recent years, nanozymes have
been widely used in biomedical applica-
tions, including biosensors, antibacterial
and anticancer therapies.}! Notably, the
iron-mediated Fenton reaction has attracted
particular interest in the nanocatalytic re-
actions of various nanozymes,[“% which
hold a highly potent advanced oxidation
procedure for antitumor therapy due to its
ability to catalyze larger amounts of en-
dogenous metabolites into highly reactive
oxygen species (ROS), thereby delivering
controlled multi-level damage to specific
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Scheme 1. Schematic illustration of FeMOF nanozyme for multimodal synergistic lung cancer therapy. A) Synthesis of the cancer-cell-membrane-coated
self-assembled nanoFeMOFs siRNA@FeMOF@CM. B) The corresponding anticancer mechanism of the siRNA@FeMOF@CM nanozyme. @The func-
tionalization of the nanoFeMOFs with cancer cell membranes (CM) facilitates their active internalization into tumor cells. @Upon escaping from lyso-
somes, the released siRNA from FeMOF@CM inhibits MCT4-mediated lactate efflux in tumor cells through gene silencing, trapping lactate within the
intracellular compartment, and rapidly acidifying the tumor cytoplasm. ®@The acidification further strengthens the pH-responsive Fenton-like reactions
of FeMOF, generating a large quantity of hydroxyl radicals (-OH) in close proximity to the mitochondria. @®Simultaneously, the intracellular acidification
induces calcium influx, leading to calcium overload within the mitochondria. ®Consequently, the abundant -OH and calcium overload synergistically

inflict dual damage on mitochondria, ultimately inducing cell death.

targets, such as organelles critical for tumor cell
development,”°l which is an approach that has the desir-
able specificity and efficacy in terms of its antitumor capacity.
Nevertheless, with traditional Fenton homogeneous nanozymes,
Fe(II)/Fe(Ill) ions are hardly recovered and are limited to
acidic environments.[''12] Therefore, regulatory strategies ca-
pable of modulating tumor cell metabolism are required in
order to achieve selective activation of nanocatalysis for clinical
applications.

Glycolysis is a prevalent metabolic characteristic of tumor
cells, resulting in the production of substantial amounts of lactate
in the cytoplasm, which significantly affects intracellular and ex-
tracellular pH levels.317] To adapt to glycolysis-induced lactate
accumulation, tumor cells often upregulate the expression of var-
ious lactate transporters, such as monocarboxylate transporter 4
(MCT4), which expels lactate from the cytoplasm to the extracel-
lular space.!'81%] This process helps maintain the intracellular pH
of tumor cells at a mildly alkaline level ~7.4 while acidifying the
tumor microenvironment to a pH of 6.8, thus promoting tumor
cell growth and enhancing stemness and metastasis.[2*22] Regu-
lation of endogenous MCT4-mediated lactate transport by siRNA
could reverse the pH gradient inside and outside the tumor cells,
allowing for selective implementation of Fenton-like antitumor
approaches in the intracellular milieu and potentially other ther-
apeutic effects. Given the pivotal role of siRNA-mediated pH
regulation, it has become imperative to develop a nanocarrier
with inherent catalytic capabilities to facilitate effective siRNA
delivery.
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Recently, metal-organic frameworks (MOFs) are a class of
porous materials consisting of metal cations/clusters that are in-
terconnected by bridging organic building blocks,[?*?* which has
led to their applications in catalysis, drug delivery, and cancer
treatment.!>2°1 They have unprecedented porosity and tunability
and therefore have the potential to control their function through
molecular design. Unlike inorganic porous materials with fixed
and unchanging structures,[**3!l MOFs can be modified using a
complete toolbox of organic synthesis with pores that can be dec-
orated with catalytic sites. Meanwhile, MOFs are most often crys-
talline, which allows us to study the distribution of active sites
within the framework and also to assess the effect of the frame-
work on the catalytic activity.

In this study, we present a novel core-shell nanoparticle com-
prised of iron-based metal-organic frameworks (FeMOFs), as
illustrated in Scheme 1, which are hybrid solids with a peri-
odic network structure composed of iron ions with tetrakis (4-
carboxyphenyl) porphyrin (TCPP). The specific textural features
of FeMOFs, like the wide distribution of single iron sites, porous
structures, and large surface areas, confer them with abundant
exposed active sites and favorable access of reactants to active
sites, turning them into a promising heterogeneous Fenton-like
nanozyme. Benefiting from the superior anti-immune clearance
and homologous targeting ability of the coated cell membrane
(CM), the synthesized nanozyme can be endocytosed by the can-
cer cells, which, together with the presence of a site-specific sub-
stance (H,0,), enables for selective nanozyme therapy specifi-
cally targeted to the mitochondria of tumor cells.[*?34] Moreover,
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Figure 1. The fabrication and characterization of the nanozyme. TEM images of FeMOF (

), sSiIRNA@FeMOF (B) and siRNA@FeMOF@CM (C). D)

FTIR spectra of TCPP, FeMOF, siRNA@FeMOF and siRNA@FeMOF@CM. Hydrodynamlc size distribution (E) and zeta potential (F) for FeMOF,
siRNA@FeMOF and siRNA@FeMOF@CM in aqueous solution. G) Super-resolution images of FeMOF@CM stained with membrane dye DiO (green).

ExCM: 488 nm; ExFeMOF: 561 nm.

FeMOF nanoparticles with tailor-designed porous structures can
be used to encapsulate and control the delivery of siRNA, which
could provide the protection of the payload from premature leak-
age, while being sheltered under harsh conditions. Through the
lysosome pathway, the released siRNA silences theMCT4gene to
inhibit lactate efflux (Figure S1, Supporting Information), caus-
ing intracellular retention of lactate and subsequent tumor cyto-
plasmic acidification. The upregulated H,O,, FeMOF, and acidic
intracellular environment within the mitochondria promote the
heterogeneous Fenton-like response that exacerbates oxidative
stress. At the same time, intracellular acidification triggered cal-
cium influx, leading to mitochondrial calcium overload. These
combined effects involving various cellular mechanisms con-
tribute to mitochondrial dysfunction and ultimately to tumor cell
death. Furthermore, the siRNA-regulated lactate eflux blockade
not only exerts a direct therapeutic effect but also neutralizes the
acidic tumor microenvironment, inhibiting tumor migration and
invasion, thus preventing metastasis. These results shed light
on the potential of combining cancer metabolic regulation with
MOF-based nanozyme for tumor treatment, providing a novel
approach to the exploration of advanced nanocatalytic therapies
with improved efficacy, precision, and safety.

2. Results and Discussion

2.1. Preparation and Characterization of the Nanozyme

A novel nanozyme has been developed by utilizing FeMOF due
to its pH-responsive catalysis activity, excellent biocompatibility
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as well as high cargo loading capacity, and multifunctional
modification potential. FeMOF was synthesized using a well-
established solvothermal method, revealed a fusiform-like struc-
ture with an average size of 100 + 10 nm in length and 50 + 5 nm
in diameter, characterized by transmission electron microscopy
(TEM) in Figure 1A. The Ar adsorption isotherm shown in
Figure S2A (Supporting Information) presents a steep gas up-
take at low relative pressures, typical for microporous materials.
The apparent specific surface area was estimated with the BET
method, indicating the available area of 505 + 9 m? g~!, which
was beneficial to the formation of the catalytic interface.*>! The
density functional theory (DFT) calculations utilizing a zeolite
model suggest the pores to be well in the micropore region, with
a diameter of 0.5-1 nm, as shown in the Figure S2B (Supporting
Information), confirming that the FeMOF were able to accom-
modate siRNA into the pore and surfaces of FeMOF.3¢ The
diameter of sSIRNA@FeMOF and siRNA@FeMOF@CM slightly
increased after loading siRNA and modifying with the cancer cell
membrane (Figure 1B,C), as also confirmed by scanning trans-
mission electron microscopy (STEM)-based energy-dispersive
X-ray spectroscopy (EDX) analysis, which indicated the deposi-
tion of siRNA and cell membrane on the nanoparticle surface
(Figure S3A, Supporting Information). The preparation and
modification of the nanoparticle samples were further vali-
dated by changes in Fourier-transform infrared spectroscopy
(FTIR), size distribution, and zeta potential (Figure 1D-F).
Survey spectra with the main elements observed are shown
in Figure S2C (Supporting Information). Core level spectra
of Fe 2p show clearly the spin-orbit splitting, along with the
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Figure 2. The characterizations of the catalytic performances of the nanozyme. A) Schematic diagram depicting the catalytic process of FeMOF
nanozyme. It shows the interaction between FeMOF, H,0,, and TMB during the catalytic reaction. B) UV-vis absorption spectra and visual color
changes of the catalyzed oxidation of TMB. The spectra and corresponding digital photos show the absorbance changes and color variations of the
reaction mixture containing TMB, H,0,, and FeMOF at different pH conditions (pH 7.4 and pH 5.5) in phosphate-buffered saline. Insets show the
corresponding digital photos of each group. C) Time-dependent absorbance changes at 652 nm. The graph displays the absorbance changes over time
at 652 nm, representing the catalyzed oxidation of TMB by FeMOF at various concentrations of H,O, (5, 10, 20, 30, 40, and 50 mwm). D) Michaelis-
Menten kinetic analysis. The graph presents the relationship between the concentration change rate of TMB (v) and the corresponding concentration of
H,0,. It allows the determination of kinetic parameters such as the Michaelis-Menten constant (Ky;) and the maximal velocity of the reaction (Vi)
E) Lineweaver-Burk plot. The plot is a graphical representation of the Michaelis-Menten equation using reciprocal values of the concentration change

rate of TMB and the concentration of H,O,. It enables the calculation of KM and V,,,,, for the catalytic reaction of FeMOF with H,0,.

broadening of peaks toward higher binding energies
(Figure S2D, Supporting Information). With the Fe 2p,,, peaks
appearing near 711 eV along with an adjacent satellite structure
near 718 eV, these results suggest Fe(III) and Fe(II) valence
states, as observed in Fenton-like activity.’”] Super-resolution
microscopy images demonstrated a good co-localization pattern
between FeMOF (red fluorescence from sulfo-Cyanine5.5 NHS
ester (Cy5.5)) and the cancer cell membrane (green fluorescence
from the stained DiO), confirming the successful formation
of the membrane enclosed FeMOF@CM (Figure 1G).*®! This
observation was consistent with the X-ray diffraction patterns
(XRD) of FeMOF and siRNA@FeMOF@CM, which exhibited
identical crystallinity features (Figure S3B, Supporting Infor-
mation). Furthermore, FeMOF nanozymes showed structural
stability after 4 days of incubation at room temperature in neutral
pH and serum, which confirms its physicochemical stability in
clinical situations (Figure S3C, Supporting Information). The
nanozyme was slightly degraded at acidic pH, but this would
occur in siRNA-initiated cells and did not affect siRNA delivery
or the catalytic ability of FeMOF. According to Figure S3D
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(Supporting Information), the siRNA loading amount was 85%
when the siRNA/FeMOF ratio set as 1:16, which is consistent
with the high specific surface area and large porosity of FeMOF
and the interaction between siRNA and FeMOF.

2.2. Characterization of the Catalytic Performances of the
Nanozyme

To assess the Fenton-like catalytic activity of FeMOF, a
commonly used colorimetric method employing 3,3',5,5'-
tetramethylbenzidine (TMB) as a substrate was utilized.?**! In
the presence of H,0,, FeMOF acts as a nanozyme, oxidizing
TMB and generating a blue-colored product called oxidized
TMB (oxTMB) with distinct absorbances at 370 and 652 nm
(Figure 2A). The reaction mechanism involves two steps: first,
the O—O bond in the H,0, molecule splits, generating -OH;
secondly, -OH oxidizes TMB to form oxTMB. UV-vis absorp-
tion spectroscopy was employed to monitor the formation of
oxI'MB, and without the presence of FeMOF, no absorbance

© 2024 The Authors. Small published by Wiley-VCH GmbH
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was observed (Figure 2B), indicating that no oxidation reac-
tion occurred in the TMB and H,0O, mixture. However, when
FeMOF was added to the TMB/ H,0, solution (under pH
5.5, which mimics the acidity in the cytoplasm after siRNA
treatment), a blue-colored solution with absorbance peaks at
370 and 652 nm emerged, confirming the generation of -OH by
FeMOF and H,O,. Conversely, only a small amount of -OH was
generated at pH 7.4, which corresponds to the pH of normal
cells. Due to its catalase-like property under neutral or basic
pH conditions, FeMOF converted H,O, into harmless oxygen
instead of -OH. The pH-dependence of nanozyme catalyzed -OH
production is beneficial in diminishing its toxicity to normal
cells.

To further investigate the catalytic activity of FeMOF
nanozyme, the steady-state catalytic kinetics were examined
at room temperature in a reaction system comprising FeMOF,
TMB, and different concentrations of H,0, (5, 10, 20, 30, 40,
and 50 mwm) at pH 5.5. The time-dependent changes in ab-
sorbance of the reaction solution were monitored at 652 nm by
Nanodrop (Figure 2C). For each H,0, concentration, the rate
of change in oxTMB concentration (v) was calculated based on
the rate of change in absorbance using the Beer-Lambert law,
A = €lc (where A is the absorbance, € is the molar absorbance
coefficient, 1 is the path length, and c is the molar concentra-
tion), with 1 = 10 mm and e of 39000 M~' cm~! for oxTMB.
The rate of change in TMB concentration was plotted against
the corresponding H,O, concentrations, and the data fit the
Michaelis—Menten equation (Figure 2D), represented as:

Y=V, 81/ (Ky+15]) 1)
where v, represents the initial reaction rate, V, . is the maxi-
mum velocity of the reaction, [S] denotes the substrate concentra-
tion, and K, is the Michaelis—Menten constant. The Michaelis—
Menten equation provides a quantitative description of the rela-
tionship between the rate of substrate conversion and the concen-
tration of the substrate. The V,, value reflects the catalytic activ-
ity of the enzyme. By rearranging the original Michaelis-Menten
equation, we obtain the form shown below:

1/VOZKM/\/ma)( [S] +1/Vmax (2)

Based on the Lineweaver-Burk plot (Figure 2E), the K, and
V,..x Values for the catalytic reaction by FeMOF with H,0, as
the substrate were determined. The K, value represents the sub-
strate concentration at which the reaction rate is half of the max-
imum, while the V. value represents the maximum reaction
rate achievable under saturating substrate conditions. In this
case, the K, and V,_ . values were found to be 10.22 mwm and
9.287 x 1078 m s71, respectively. These values provide quantitative
information about the catalytic efficiency and affinity of FeMOF
toward H, O, as a substrate.

2.3. Tumor Targeting and Lysosomal Escape Capability of the
Nanozyme

To assess the tumor-specificity of the nanozyme, we labeled
them with Cy5.5 and examined their uptake by different cell
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lines, including A549 and MCF-10A, using confocal microscopy.
The results demonstrated the enhanced uptake of FeMOF@CM
by A549 cells compared to pristine FeMOF, as indicated by
the significantly higher Cy5.5 fluorescence observed in the
FeMOF@CM group (Figure 3A). Quantitative flow cytome-
try analysis further confirmed the increased fluorescence in
A549 cells treated with FeMOF@CM compared to FeMOF over
time (Figure 3B). In contrast, both FeMOF and FeMOF@CM
exhibited low levels of Cy5.5 fluorescence in MCF-10A cells
(Figure S4A, Supporting Information), indicating the tumor
specificity of the FeMOF nanozyme.[*?] These findings were
supported by quantitative flow cytometric analysis (Figure S4B,
Supporting Information). To exert its therapeutic effects, the
nanozyme needs to interact with specific intracellular compo-
nents, which requires it to escape from the lysosome to avoid
being degraded and eliminated. As shown in Figure 3C, with
the help of the CM, FeMOF@CM-treated A549 cells exhibited
separated green and red fluorescence after 6 h, indicating that
the nanozymes successfully escaped from the lysosomes. The
co-localizations of FeMOF@CM and endo/lysosome were ana-
lyzed by calculating the Pearson’s correlation (Figure S4C, Sup-
porting Information). The results showed that the Pearson’s
correlation reached the maximum value at ~4 h ~81.2% after
treating A549 cells with Cy5.5-FeMOF@CM, revealing that the
nanoparticles mainly located in the endo/lysosome after enter-
ing the cells within ~4 h. After that, Cy5.5-FeMOF@CM suc-
cessfully escaped from the endo/lysosome, because the Pear-
son’s correlation began to drop to 29.7% at 6 h after treat-
ment. These observations emphasize the importance of effi-
cient lysosomal escape for the nanozyme to fulfill its therapeutic
action.[*344]

2.4. Metabolic Modulation of Tumor pH-Induced Oxidative
Stress and Ca?* Influx

Following the treatment with siRNA-incorporated nanozyme,
the expression of MCT4 was effectively suppressed, as evi-
denced by Western blot results (Figure S5A, Supporting Infor-
mation), leading to changes in extracellular pH (Figure S5B,
Supporting Information). In the nanozyme-treated cells, the
intracellular lactate concentration increased, as indicated by
the enhanced fluorescence of the pHrodo Green AM in-
tracellular pH indicator, which is sensitive to higher acid-
ity (Figure 4A; Figure S5C, Supporting Information). Se-
vere intracellular acidification was observed in A549 cells
treated with siRNA@FeMOF or siRNA@FeMOF@CM, while
the cytosolic pH of siRNA or FeMOF-treated cells remained
unchanged.

The Fenton-like catalytic capability of the nanozyme was
further investigated in vitro. Fluorescence imaging using a
hydroxyl radical assay kit revealed strong green fluorescence
in treated with sSiRNA@FeMOF@CM, indicating efficient hy-
droxyl radical generation (Figure 4B; Figure S6, Supporting
Information).”) In contrast, only a modest increase in flu-
orescence was observed in the FeMOF and siRNA@FeMOF
groups, due to the lack of an acidic environment for the
catalytic reaction. These results confirmed the necessity of
pH modulation to improve the catalytic efficacy. Abnormal
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Figure 3. Targeted endocytosis and endosomal escape analysis of the nanozyme in cancer cells. A) CLSM images of A549 cells after treatment with
FeMOF and FeMOF@CM for different time intervals (2, 4, 6, and 8 h, scale bar = 20 um). B) Flow cytometry analysis of A549 cells after incubation
with FeMOF and FeMOF@CM. The fluorescence intensity of the cells is measured, and A549 cells without any treatment are used as a blank control
group. C) CLSM images of A549 cells cultured with FeMOF@CM for different time intervals (2, 4, and 6 h). The red fluorescence represents Cy5.5 loaded
by the nanoparticles, the green fluorescence represents lysosomes labeled with Lysotracker staining, and the nuclei are stained blue with DAPI (scale
bar =10 um).

intracellular acidity often leads to an imbalance in intra- clear difference in cytoplasmic calcium levels was observed, with
cellular calcium levels. The variation of intracellular cal- siRNA@FeMOF@CM:-internalized cells displaying stronger flu-
cium levels in A549 cells was studied using Fluo-3 as a  orescence compared to sSiRNA@FeMOF-internalized cells. This
fluorescent calcium probe (Figure 4C; Figure S7, Support-  acidification-enabled upregulation of intracellular calcium lev-
ing Information). There was no significant increase in in-  els also led to an increase in mitochondrial calcium levels. The

tracellular calcium concentration as a result of treatment
with siRNA or FeMOF. However, in cells incubated with
siRNA@FeMOF@CM, which benefited from excellent protec-
tion and efficient endocytosis by the cancer cell membrane, a
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siRNA@FeMOF@CM group exhibited higher expression lev-
els of mitochondrial calcium uniporter (MCU) compared to
the siRNA@FeMOF group (Figure 4D; Figure S8, Supporting
Information)*647]
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Figure 4. The metabolic modulation of intracellular pH and the synergistic effect of oxidative stress and calcium influx on mitochondria under var-
jous treatments. A) Confocal Laser Scanning Microscopy (CLSM) images showing the analysis of pH values in different treatment groups (Con-
trol, siRNA, FeMOF, siRNA@FeMOF, and siRNA@FeMOF@CM). The greener the cell, the more acidic it is. The scale bar represents 50 um.
B) Detection of reactive oxygen species (ROS) production in A549 cytoplasm using DCFH-DA (2”,7”-dichlorofluorescein diacetate) with differ-
ent treatments. Green fluorescence indicates the presence of ROS. The scale bar represents 20 um. C) CLSM images showing calcium influx
in the sSiIRNA@FeMOF@CM group at different time periods. Green fluorescence indicates the presence of calcium. The scale bar represents
20 um. D) CLSM images display the expression of mitochondrial calcium uniporter (MCU) in mitochondria. Green fluorescence represents mi-
tochondria, while red fluorescence represents MCU expression. E) Analysis of mitochondrial membrane potential in A549 cells treated with dif-
ferent groups, measured using flow cytometry. F) Quantitative analysis of J-aggregate and J-monomer in various treatments. The graph illus-
trates the relative amounts of J-aggregate and J-monomer formed. G) CLSM images showing the expression of cyclophilin D (Cyp D) in A549
cells treated with different groups. Green fluorescence represents mitochondria, while red fluorescence represents Cyp D expression. H) The co-
localization rate of the nanozyme with mitochondria in different groups, was quantitatively analyzed. The data are presented as mean values + stan-
dard deviation (SD) with n = 3 biologically independent samples. Statistical analysis was performed using one-way ANOVA to determine the
significance.
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2.5. Synergistic Enhancement of Mitochondrial Damage

Having demonstrated the dual effects of siRNA-regulated intra-
cellular acidification promoted -OH production and calcium over-
load in mitochondria, their synergistic impact on mitochondrial
damage was also studied. Taking into account that mitochondrial
membrane potential (MMP) is usually sensitive to both the accu-
mulation of ROS and calcium overload in mitochondria,[*®! the
MMP of A549 cells following different treatments was assessed
using JC-1 dye as an indicator, which typically forms aggregates
on normal mitochondrial membranes with relatively high MMP,
while it exists as monomers on abnormal mitochondrial mem-
brane with low MMP. The flow cytometry analysis in Figure 4E,F
revealed that the sSIRNA@FeMOF @CM group exhibited the low-
est proportion of aggregates (30.6%) and the highest proportion
of monomers (65.4%) compared to the other groups, indicating
an abnormal MMP status.

To further verify mitochondrial abnormalities, the transloca-
tion of the cyclophilin D (Cyp D) protein from the cytoplasm to
mitochondria was evaluated, as it is associated with the formation
of the mitochondrial permeability transition pore complex.l*!
Mitochondria were labeled with MitoTracker Green (as green
fluorescence), and the translocation of immunostained Cyp D
(as red fluorescence) was assessed. As anticipated, a signifi-
cant transfer of Cyp D molecules to the mitochondria was ob-
served in the sSiRNA@FeMOF @CM group (Figure 4G), with a co-
localization rate of up to 72.1% (Figure 4H), considerably higher
than in the other groups. Overall, the results unequivocally con-
firmed that the most potent mitochondrial impairment was in-
duced by siRNA@FeMOF@CM, which was attributed not only
to the improved endocytosis but also to the synergistic effect of
oxidative stress and calcium overload.

2.6. In Vitro Cytotoxicity and Tumor Metastasis Inhibition by
Nanozyme

We further evaluated the cytotoxic effects of the nanozyme on
tumor cells. As shown in Figure S9A (Supporting Information),
there is no obvious therapeutic effect observed in the siRNA
or FeMOF groups. It is shown that sSiRNA@FeMOF exhibited
a partial anticancer effect, indicating that FeMOF played a cer-
tain protective effect on siRNA and activated the catalytic abil-
ity of FeMOF by siRNA-mediated acidic pH. With the CM coat-
ing, sSiRNA@FeMOF@CM exhibited remarkable concentration-
dependent cytotoxicity against A549 cells, which implies that ac-
tive targeting, siRNA acidification, and FeMOF-catalysed bind-
ing can effectively destroy cancer cells, which was roughly es-
timated to be #26.3% at 48 h. This result was verified by flow
cytometry analysis and cell live/death imaging (Figure 5A,B),
where the sSiRNA@FeMOF@CM group had the highest percent-
age of apoptosis at 60% and the most marked cell death. In con-
trast, the cytotoxic effect of the nanocarrier alone was remark-
ably reduced in A549 cells, with a low ratio of cell apoptosis of
~18% and unapparent cell death according to the WST-1 assay
and cell live/death imaging. Furthermore, Western blot analy-
sis was performed to clarify the mechanism of cell damage in-
duced by the FeMOF nanozyme. As shown in Figure S9B (Sup-
porting Information), siRNA@FeMOF@CM treatment substan-
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tially decreased the expression of the anti-apoptotic proteins Bcl-
xL and Mcl-1, which ultimately led to the activation of the apop-
totic executioner Caspase 3. These western blot results indicate
that the FeMOF nanozyme induces cell death through the in-
duction of apoptosis, which is consistent with the Fenton ther-
apy of iron-based nanozymes. By blocking lactate efflux through
siRNA inhibition, the tumor microenvironment could be modu-
lated, resulting in a complementary therapeutic effect. The mi-
gration ability of A549 cells was significantly depressed by treat-
ment with siRNA@FeMOF or siRNA@FeMOF@CM according
to the cell scratching assay in Figure S10 (Supporting Informa-
tion). The relative scratch area of the treated group remained at
76.8%, while that of the control group was only 29.1%, indicat-
ing that cell migration was strongly inhibited. The transwell cell
migration assay also supported the findings of cell scratch as-
says showing that the siRNA-incorporated nanozyme could ef-
fectively inhibit tumor cell migration (Figure 5C). The inhibi-
tion of tumor cell motility and invasiveness induced by treat-
ment after incubating the A549 cells with sSiRNA@FeMOF @CM
was also evidenced by a reduction in cancer cell stemness, in
which the CD44 levels in the sSiIRNA@FeMOF@CM group has
decreased by 24.4% compared to the control group according
to flow cytometric analysis (Figure 5D). The characterization of
CD44 expression was also validated by the sphere formation as-
say, since the siRNA-loaded nanozyme significantly minimized
the formation of tumor sphere (Figure 5E; Figure S11, Support-
ing Information), demonstrating their ability to effectively in-
hibit the self-renewal of cancer stem cells. Western blot anal-
ysis revealed that the nanozyme also inhibited the expression
of important tumor metastasis-related markers, such as matrix
metalloproteinase-2 (MMP-2) and vascular endothelial growth
factor (VEGF), further illustrating its anti-metastatic purpose by
changing the pH of the tumor microenvironment (Figure S9B,
Supporting Information). These findings highlight the potential
of sSiRNA@FeMOF@CM in inhibiting tumor cell migration, in-
vasiveness, cancer stemness, and metastasis-associated marker
expression, thereby suggesting its therapeutic benefits in remod-
eling the tumor microenvironment.5%51)

2.7. Combinational Treatment In Vivo

Subsequently, to determine whether FeMOF nanozyme could
target tumor tissue and to visualize their biodistribution, an in
vivo fluorescence imaging experiments were conducted on A549
tumor-bearing mice after 6, 12, and 24 h tail vein injection of
siRNA@FeMOF and siRNA@FeMOF@CM nanoparticles (la-
beled with Cy5.5). As shown in Figure 6A, the fluorescence signal
was significantly enhanced in the siRNA@FeMOF@CM group
compared to the siRNA@FeMOF group, indicating the accumu-
lation of nanozymes at the tumor site, which was most evident
at 24 h. This accumulation is attributed to enhanced perme-
ability and retention (EPR) effects, as well as the improved cell
membrane-mediated active targeting. Further sectioning of tu-
mors and organs from mice, fluorescence imaging also revealed
that sSiRNA@FeMOF @CM group had the strongest fluorescence
intensity in the tumors and significantly less enrichment in the
liver than in the siRNA@FeMOF group, with no significant ac-
cumulation in other normal organs (Figure 6B). This difference

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. The evaluation of the treatments on cell apoptosis, viability, invasiveness, and stemness. A) Flow cytometric analysis of apoptosis levels in
A549 cells treated with control, siRNA, FeMOF, siRNA@FeMOF, and siRNA@FeMOF@CM. B) Live/dead cell images of A549 cells after treatment
under different incubation conditions. Red fluorescence indicates dead cells, while green fluorescence represents living cells. C) Transwell invasion
assay of A549 tumor cells after treatment with control, siRNA, FeMOF, siRNA@FeMOF, and siRNA@FeMOF@CM, evaluating their invasive potential.
D) Flow cytometric analysis of the expression level of the cancer stem cell marker CD44 in A549 cells after treatment with control, siRNA, FeMOF,
siRNA@ FeMOF, and siRNA@ FeMOF@CM. E) Tumor sphere formation assay of A549 cells after treatment with control, siRNA, FeMOF, siRNA@ FeMOF,

and siRNA@FeMOF@CM, assessing their ability to form tumor spheres.

should be due to the rapid clearance by the immune system and
the avoidance of nonspecific uptake.5233] These results suggest
that sSiIRNA@FeMOF@CM NPs can also promote targeted ac-
cumulation of siRNA and FeMOFs at tumor sites, improve the
efficiency and specificity of drug utilization, and reduce the tox-
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icity of enrichment in other organs in vivo. The study also in-
vestigated the impact of the treatment on tumor tissue pH in
A549 tumor-bearing mice using the pH probe. There was no
significant effect of treatment with siRNA or siRNA@FeMOF
on the extracellular pH of the tumor, which remained ~6.8.
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images of A549 tumor-bearing mice after intravenous injection of siRNA@ FeMOF and siRNA@FeMOF@CM, respectively. B) The fluorescence images
of the sacrificed mouse tissues, including heart, liver, spleen, lung, kidneys, and tumor at 24 h after intravenous injection of sSiRNA@FeMOF and
siRNA@FeMOF@CM. C) Photographs of the stripped tumors from the sacrificed mouse on the 18th day after administration. D) Tumor volume growth
curves and E) the body weight of mice among the different treatment groups. F) The morphology of sectioned organs from the nude mice model in the
five groups via H&E staining (scale bar = 200 pm). G) H&E, MCT-4, Ki67, and Tunel staining of sliced tumor tissues after different treatments (scale
bar =50 um).
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However, the application of siRNA@FeMOF@CM caused a no-
ticeable decrease in tumor tissue acidity, leading to an increase
in mean pH to 7.2 (Figure S12, Supporting Information). The re-
sulting acidification-induced calcium influx was also verified in
tumor tissue as shown in Figure S13 (Supporting Information).
These results suggest that the siRNA-incorporated nanozyme can
specifically regulate tumor pH and calcium level in vivo, poten-
tially contributing to its therapeutic effects.

The tumor inhibition effects of the nanozyme were also evalu-
ated in A549 tumor-bearing mice. Tumor size measurements re-
vealed that siRNA alone had minimal inhibitory effects on tumor
growth throughout the treatment period. In contrast, treatment
with sSiRNA@FeMOF@CM led to a potent suppression of tumor
growth (Figure 6C). This effect can be attributed to the acidity-
dependent -OH production mediated by siRNA.I>*] FeMOF alone
exhibited limited tumor inhibition, mainly due to its low catalytic
efficacy under normal conditions. Also, the tumor volume curve
was consistent with the result displayed in the photos, indicating
that synergistic damage to mitochondria has the best therapeu-
tic outcome (Figure 6D). Furthermore, there were no apparent
difference in body weight of the mice after treatment with differ-
ent groups, indicating their tolerability (Figure 6E). The histolog-
ical inspections of vital organ tissues did not reveal any traces of
treatment-induced damage, supporting the biocompatibility and
biosafety of the nanozyme under clinically relevant conditions
(Figure GF). These results suggest that siRNA@FeMOF@CM
has strong antitumor effects while maintaining good biocompat-
ibility and safety.

To further assess the antitumor ability in vivo, immunohis-
tochemical assays were performed on tumor tissues, to test
the key markers that related to tumor growth. As shown in
Figure 6G, the MCT-4 expression level of tumor tissues was
first examined. Compared to the PBS group, the staining results
showed that MCT-4 intensity was reduced in the siRNA@FeMOF
group, and lowest in the sSiRNA@FeMOF @CM group. Tunel sig-
nal, a biomarker associated with apoptosis, was significantly in-
creased in sSiRNA@FeMOF@CM treated mice. The signal rep-
resenting the proliferation-associated biomarker Ki67 was ob-
viously decreased in siRNA@FeMOF treated mice, especially
in siRNA@FeMOF@CM treated groups. All of these results
demonstrated that siRNA@FeMOF@CM can efficiently inhibit
the tumor growth in vivo, and that better inhibition can be
achieved by a combination of oxidative pressure and calcium
overload.

3. Conclusion

In summary, our innovative approach combines metabolic reg-
ulation with nanozymes catalysis for advanced anticancer ther-
apy. The heterogeneous Fenton-like FeMOF-based nanozyme not
only selectively responds to catalytic initiation environments but
also serves as a porous nanomaterial for the encapsulation and
delivery of siRNA. In general, the combination of the nanozyme
with siRNA inhibits lactate efflux from glycolytic tumor cells,
leading to intracellular acidification and fostering an environ-
ment conducive to FeMOF catalysis. The elevated H,0, in the
mitochondria, acting as an endogenous catalytic substrate, cou-
pled with cytoplasmic acidification, initiate a Fenton-like reac-
tion of FeMOF, generating targeted hydroxyl radicals in the mi-
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tochondria for specific antitumor efficacy. In addition, the in-
duced acidification disrupts calcium homeostasis, causing cal-
cium influx and mitochondrial calcium overload, amplifying the
antitumor effects by inflicting further damage to the mitochon-
dria. Meanwhile, metabolic modulation also regulates the tu-
mor microenvironment, effectively inhibiting tumor cell metas-
tasis. Importantly, the potential adverse effects are mitigated, as
the nanozyme has no significant toxic effects on normal cells at
neutral/alkaline pH. In essence, our metabolic modulation strat-
egy offers the possibility to rationally regulate tumor cell func-
tion, paving the way for synergistic modulation of state-of-the-art
MOF-based Fenton-like nanozymes to enhance the efficacy and
safety of antitumor therapies.

4. Experimental Section

Experimental Details can be found in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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