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Bifunctional Nanozymes for Synergistic
Treatment by Boosting Oxidative Stress and
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ABSTRACT: Chemoresistance and dose-limiting toxicity re-
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main major challenges in cancer chemotherapy, largely driven Aupd PEG

by aberrant activation of the protein kinase B (AKT) survival © Dox Aptamer POD-like

pathway. Although small-molecule AKT inhibitors can enhance o 590 o
chemosensitivity, their systemic activity frequently disrupts (N - s fo o
normal metabolic processes and causes severe side effects. Here, ® @.0 oxidative stresst | DIT®L,

we report an “all-in-one” catalytic nanodrug that integrates a
dual-enzyme-mimicking nanozyme (GPMM) with doxorubicin
(Dox) to overcome these limitations. GPMM simultaneously
exhibits peroxidase (POD)-like and phosphatase-like activities,
enabling two synergistic biochemical actions: (i) amplification
of reactive oxygen species (ROS) through tumor-microenviron-
ment-responsive catalytic conversion of endogenous hydrogen
peroxide (H,0,), and (ii) depletion of intracellular nicotinamide adenine dinucleotide (NADH) to weaken antioxidant
defenses. This dual modulation induces persistent oxidative stress and leads to precise inhibition of AKT phosphorylation,
functioning as an effective and safer alternative to conventional AKT inhibitors. As a result, Dox@GPMM markedly enhances
chemosensitivity and suppresses tumor growth in nonresistant MCF-7 breast cancer models, while the MUCI1 aptamer-
functionalized formulation AP-Dox@GPMM effectively reverses Dox resistance in MCF-7-ADR models, without observable
systemic toxicity. RNA-sequencing analysis further reveals that the nanozyme regulates key genes involved in metabolism,
survival, and AKT-related signaling, thereby reshaping cellular response to chemotherapy. Collectively, this nanozyme-driven
redox strategy provides a robust and generalizable approach for boosting chemotherapeutic efficacy while minimizing adverse
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effects, offering strong translational potential for overcoming resistance across diverse tumor types.
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hemotherapy remains a cornerstone in the treatment
‘ of malignant tumors; however, its inability to

discriminate between cancerous and normal cells
often leads to severe systemic toxicity and limited efficacy.’
Enhancing the chemosensitivity of cancer cells can effectively
reduce the required therapeutic dose, minimize side effects,
and even prevent the emergence of drug resistance.”’
Manipulation of survival-associated signaling pathways has
proven to be a promising approach to this end.”> Among
these, the protein kinase B (AKT) signaling axis plays a pivotal
role in regulating cell proliferation and survival. Its down-
regulation suppresses multiple downstream effectors, thereby
enhancing chemotherapy-induced cytotoxicity and genotox-
icity.°”® Although small-molecule AKT inhibitors have shown
promise in sensitizing cancer cells to chemotherapeutic agents
by blocking AKT phosphorylation,”™"" their clinical applica-
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tion remains challenged by limited tumor selectivity and
systemic toxicity. Representative clinically advanced AKT
inhibitors, such as capivasertib (AZDS5363) and ipatasertib
(GDC-0068), mainly suppress AKT signaling through direct
kinase inhibition. However, the ATP-binding pocket of AKT is
highly conserved among human kinases, which complicates
isoform-selective targeting and increases the risk of off-target
effects.'” Moreover, systemic AKT inhibition can interfere with
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Scheme 1. Schematic Illustration of the Synthesis and Antitumor Mechanisms of GPMM-Based Nanozyme Formulations’
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‘(A) Stepwise preparation of Dox@GPMM and AP-Dox@GPMM. MOF-808 was first synthesized via a solvothermal reaction, followed by Mn
incorporation to obtain MM. Subsequent in situ growth of Au—Pd alloy nanoparticles generated GPMM. GPMM was PEGylated with mPEG—OH
to obtain PEGylated GPMM, and Dox loading yielded Dox@GPMM. For the targeted resistant-tumor formulation, PEGylated GPMM was
functionalized with a thiolated MUCI aptamer through Au—S bonding to obtain AP-GPMM, followed by Dox loading to yield AP-Dox@GPMM.
(B) Proposed synergistic therapeutic mechanism. The POD-like activity of GPMM catalyzes the conversion of endogenous H,0, into *OH, while
its phosphatase-like activity depletes intracellular NADH and weakens antioxidant buffering. The resulting redox imbalance suppresses AKT
phosphorylation, induces mitochondrial membrane depolarization and oxidative stress damage, and enhances Dox-mediated chemotherapy,

ultimately promoting apoptosis and reversing drug resistance.

physiological metabolic signaling in normal tissues and is
associated with adverse effects such as diarrhea, rash,
hyperglycemia, hypertension, and fatigue.12 These limitations
often restrict dosing intensity and therapeutic windows.
Consequently, achieving localized, tumor-specific regulation
of AKT activity has emerged as a key challenge in developing
safe and effective chemosensitization strategies. Reactive
oxygen species (ROS), generated from H,0, decomposition,
can initiate apoptosis through oxidative stress and inhibition of
the AKT pathway."”~"> Accordingly, efficient conversion of
H,0, into ROS represents a promising means of simulta-
neously disrupting redox balance and regulating AKT signaling.
In recent years, nanomaterials with intrinsic enzyme-like
activities, termed nanozymes, have received extensive attention
for such catalytic applications.'® In particular, nanozymes
exhibiting peroxidase (POD)-like activity can catalyze the
decomposition of H,O, into highly reactive hydroxyl radicals
(*OH), leading to the destruction of cellular redox homeostasis
and tumor inhibition."”'® Nevertheless, the ROS generated by
most nanozymes remain insufficient within the tumor region,19
and intracellular antioxidants such as nicotinamide adenine
dinucleotide (NADH) can effectively neutralize ROS,
diminishing therapeutic efficacy.”® Although auxiliary treat-
ments such as phototherapy or sonodynamic therapy have
been explored to overcome these issues, they inevitably
increase operational complexity and limit clinical translation.”’
Therefore, developing a catalytic platform capable of max-
imizing ROS generation and consumption of endogenous
reductants remains a pressing yet challenging goal in tumor
therapy.

To achieve efficient redox modulation and enhanced
chemosensitivity within tumors, an ideal therapeutic platform
should integrate three essential functions: catalytic amplifica-
tion of ROS to induce oxidative stress, depletion of
endogenous NADH to weaken the antioxidant defense system,
and co-delivery of chemotherapeutic drugs to realize
synergistic antitumor effects. Metal organic frameworks
(MOFs) possess high porosity, tunable composition, and
inherent catalytic potential, which enable them to act
simultaneously as enzyme mimics and versatile carriers for
therapeutic agents.”” Previous studies have shown that MOFs
can exhibit multiple enzymatic functions, including oxidase™
and phosphatase™ activities, thereby expanding their bio-
medical utility in various disease treatments.”> Moreover,
MOFs can serve as templates for the in situ growth of metal
nanoparticles, thereby introducing additional catalytic proper-
ties and forming multienzyme-mimetic systems with cooper-
ative effects that enhance therapeutic efficacy.”® Inspired by
these characteristics, we selected Zr-based MOF-808 as the
scaffold because its robust Zr-oxo framework provides high
structural stability, favorable biocompatibility, and intrinsic
phosphatase-like activity. We then constructed a multifunc-
tional nanozyme by combining the intrinsic phosphatase-like
activity of MOF-808 with in situ grown Au—Pd alloy
nanoparticles that impart POD-like catalytic properties, as
illustrated in Scheme 1A. The resulting hybrid, termed
GPMM, simultaneously amplifies ROS generation and depletes
intracellular NADH, thereby disrupting redox homeostasis and
suppressing the AKT pathway to enhance chemosensitivity
while minimizing systemic toxicity. For nonresistant MCEF-7
studies, GPMM was modified with mPEG—OH through

https://doi.org/10.1021/acsnano.6¢12630
ACS Nano XXXX, XXX, XXX—XXX

920z 1890300 80 U0 J8sn AINN ONIFNYN Aq Jpd-0£9Z 109 0UBUSOE/Y L ZE0.89/0€9Z 199 OUBUSIE/LZ0L 0L/10P/}Pd-8olMEe/g0eouUE/BI0 sOB SgNd Wwoly papeojumoq


https://pubs.acs.org/doi/10.1021/acsnano.6c12630?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c12630?fig=sch1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c12630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano www.acshano.org Article
oq
E MOF-808 F G Au 4f A 477 H Au 4d** Pd 3d Mn 2p Mn™
MM o1 Au® 4f2 | Pd°3d* Mn’
—_ GPMM —_ —_ - Pd*"3d ** -~ Mn*
3 3 3 3 o 2 3
s s s o s
z % Mn 20 Pd2d, C1s % ? Auda™ z
s s 239 s s s
IS € € ) IS €
Ay Pa A 4 |
10 20 30 40 50 800 600 400 200 0 95 92 8 8 83 80 345 340 335 330 655 650 645 640 635
2-Theta (degree) Binding energy (V) Binding energy (eV) Binding energy (eV) Binding energy (eV)
&
‘J K [ L Control M z N
= 100 §100 : GPMM GPM £100 £100
3 S = GPIM « c
z® z® s 2 g
= s e 15 =7
g g © Z H g
2 2 2w £ 2 g
: g« £
@2 & 2 = H g
ol = 0 2 32
12 3 4 5 6 7 40 45 50 55 60 65 400 450 500 550 = MOF-808 GPM GPMM S MOF-808 GPM GPMM
o

Nanozymes

Wavelength (nm)

Figure 1. Characterization of nanozymes. (A—C) TEM images of MOF-808, MM, and GPMM. Scale bars: 100 nm. (D) SEM image and EDX
elemental mapping of GPMM showing the spatial distribution of Zr, C, Au, Pd, and Mn. Scale bar: 500 nm. (E) XRD patterns of MOF-808,
MM, and GPMM. (F—I) Full XPS survey spectrum and high-resolution XPS spectra of GPMM. (J) Relative POD-like activities of different
nanozymes (1: MOF-808, 2: MM, 3: GM, 4: PM, 5: GM + PM, 6: GPM, 7: GPMM). Experimental conditions: 50 ug mL™! nanozyme, 1 mM
TMB, and $ mM H,0, in 20 mM NaAc-HAc buffer (pH 4.0) at 37 °C for 15 min. (K) Relative POD-like activity of GPM and GPMM under
different pH values. (L) Fluorescence spectra of *OH generated using TA assay. Experimental conditions: 100 g mL™" nanozyme, 0.4 mM
TA, and 1 mM H,0, in 20 mM NaAc-HAc buffer (pH 6.5) at 37 °C for 4 h. (M) Relative phosphatase-like activity of MOF-808, GPM, and
GPMM. Experimental conditions: 0.5 mg mL™! nanozyme and 0.1 mM pNPP in 10 mM CHES buffer (pH 9.0) at 37 °C for 1 h. (N) NADH
dephosphorylation catalyzed by MOF-808, GPM, and GPMM. Experimental conditions: 0.5 mg mL™' nanozyme and 0.1 mM NADH in 2.5
mM Tris-HCl buffer (pH 7.4) at 37 °C for 1 h. Data are presented as mean + SD (n = 3).

noncovalent surface coating and then loaded with doxorubicin
(Dox), yielding the nonaptamer-modified formulation Dox@
GPMM. For Dox-resistant MCF-7-ADR studies, PEGylated
GPMM was further functionalized with a thiolated MUCI1-
binding aptamer through Au—S bonding to obtain AP-GPMM,
and the corresponding Dox-loaded targeted formulation was
denoted as AP-Dox@GPMM. As depicted in Scheme 1B, the
GPMM-based nanozyme formulations effectively convert
endogenous H,0, into *OH within the mildly acidic tumor
microenvironment (TME), maintain elevated ROS levels
through continuous NADH consumption, and inhibit the
AKT/NF-kB signaling cascade. Through this dual enzymatic
modulation, Dox@GPMM and AP-Dox@GPMM induce
oxidative damage, induce mitochondrial membrane depolariza-
tion, and trigger apoptotic cell death in nonresistant and Dox-
resistant breast cancer models, respectively. Consequently,
Dox@GPMM exhibits potent therapeutic efficacy in the
nonresistant MCF-7 breast cancer model, whereas AP-Dox@
GPMM effectively reverses Dox resistance in the MCF-7-ADR
model, establishing a robust proof of concept for nanozyme-
mediated ROS amplification and AKT pathway regulation in
synergistic chemotherapy.

B RESULTS/DISCUSSION

Synthesis, Characterization, and Catalytic Performance of
Nanozymes

Transmission electron microscopy (TEM) images revealed
that all nanozymes maintained a uniform polyhedral

morphology similar to MOF-808, with particle sizes ranging
from 30 to 50 nm, and that Au—Pd alloy nanoparticles were
successfully generated on the surface of the support (Figure
1A—C and S1). The corresponding energy-dispersive X-ray
(EDX) elemental mapping confirmed the homogeneous
distribution of C, Zr, Au, Pd, and Mn in GPMM (Figure
1D). X-ray diffraction (XRD) patterns showed that the major
diffraction peaks of GPMM and MM coincided well with those
of MOF-808, indicating that the crystalline framework of
MOF-808 was preserved throughout the synthesis process
(Figure 1E). A diffraction peak appearing at approximately 39°
was located between the characteristic reflections of Au (PDF
No. 04-0784) and Pd (PDF No. 46-1043), confirming the
successful formation of a Au—Pd alloy.”” To further analyze
the surface composition and valence states, X-ray photo-
electron spectroscopy (XPS) measurements were performed.
The survey spectrum of GPMM (Figure 1F) verified the
coexistence of all expected elements. In the high-resolution Au
4f spectrum (Figure 1G), two distinct peaks at 83.6 and 87.3
eV corresponded to Au’ 472 and Au® 4f'?, respectively. The
Pd 3d region (Figure 1H) was deconvoluted into six
components, where the binding energies of Pd 3d overlapped
with those of Au 4d, and the detected species included Pd°
3d%2, Pd® 3d%2, Pd** 3d*? and Pd* 34°2, indicating metallic
Pd as the dominant form. In addition, the Mn 2p*? spectrum
(Figure 1I) could be resolved into three peaks at 641, 642, and
644 eV, corresponding to Mn**, Mn®', and Mn*" species,
respectively, confirming the successful incorporation of Mn
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into the framework. The coexistence of multivalent Mn states
is expected to facilitate redox cycling and promote catalytic
activity.”® Furthermore, dynamic light scattering analysis
revealed that all samples exhibited hydrodynamic diameters
of approximately 100 nm, while the Mn-modified samples
(MM and GPMM) showed slightly smaller sizes, likely
attributable to structural contraction induced by Mn doping
(Figure S2 and Table S1).*

After successful synthesis of the nanozymes, including
GPMM, their enzyme-mimicking activities were systematically
evaluated to determine the optimal synthesis parameters. The
analysis revealed that the optimal metal loading and Mn feed
ratio were S and 7 wt %, respectively (Figures S3 and S4). In
assessing POD-like activity, the Au—Pd bimetallic nanozyme
GPM (Au—Pd/MOF-808) exhibited markedly enhanced
catalytic performance compared with its monometallic
counterparts (GM and PM) or their physical mixture,
confirming a clear synergistic interaction between Au and Pd
rather than a mere additive effect (Figure 1]).*° Moreover,
GPMM retained approximately 50% of its catalytic activity
under weakly acidic conditions (pH = 6.5), representative of
the TME, which was significantly higher than that of GPM
(Figure 1K). This improvement was attributed to the presence
of multivalent Mn species that facilitated H,O, activation in
mildly acidic media.>"** The catalytic reactions of all
nanozymes followed typical Michaelis—Menten kinetics
toward both H,0, and TMB substrates (Figure SS), and
steady-state kinetic analysis confirmed that GPMM possessed
higher V,,,. values for both substrates than the other samples
(Table S2). To further identify the ROS produced,
terephthalic acid (TA) was employed as a fluorescence probe
for®OH detection. The generation of 2-hydroxyterephthalic
acid (TPA—OH) resulted in a strong emission peak at 435 nm,
the intensity of which increased significantly in the presence of
nanozymes compared with the control group (Figure 1L).
Notably, GPMM produced a stronger fluorescence signal than
GPM, confirming its superior POD-like activity and enhanced
capability to catalyze the conversion of H,0O, into toxic *OH
species under tumor-relevant conditions (pH 6.5). To further
corroborate ROS generation and examine the role of Mn
incorporation, electron paramagnetic resonance (EPR) spec-
troscopy was performed using DMPO as a spin-trapping agent.
The control systems without the complete nanozyme/H,0,
combination did not show a comparable characteristic
DMPO-*OH signal. In contrast, GPMM produced a markedly
stronger DMPO-*OH signal than the Mn-free GPM control in
the presence of H,0, (Figure S6), indicating that Mn
incorporation enhanced *OH generation during H,O,
activation. Together with the mixed Mn?**/Mn?**/Mn** states
identified by XPS, these results support the involvement of
reversible Mn valence conversion in facilitating electron
transfer and H,O, activation under mildly acidic condi-
tions.”**

The phosphatase-like activity of the nanozymes was further
investigated using p-nitrophenyl phosphate (pNPP) as a model
substrate,” which is hydrolyzed to the yellow product p-
nitrophenol (pNP) displaying a characteristic absorbance peak
at 400 nm (Figure 1M and S7). Compared with pristine MOF-
808, both GPM and GPMM exhibited reduced phosphatase-
like activity, likely due to surface modification by the Au—Pd
alloy and Mn incorporation, which partially occupied the active
sites and pores of the MOF structure.”* Kinetic studies
revealed that the catalytic behavior followed typical Michaelis—

Menten kinetics (Figure S8 and Table S3). To further evaluate
the stability of GPMM under serum-containing conditions, the
nanozyme was incubated in media containing 5% or 10% FBS
for 7 days. In 10% FBS, the apparent hydrodynamic diameter
transiently increased to 213.8 nm on day 3 and subsequently
decreased to 166.9 nm by day 7, while the polydispersity index
remained at or below 0.27. The zeta potential also varied
during serum incubation, consistent with changes at the
particle—serum interface; however, neither the particle size nor
the dispersity showed a progressive increase (Figure S9).
Moreover, both the POD-like and phosphatase-like activity-
associated absorbance signals remained readily detectable and
showed no progressive decrease during the 7-day incubation in
10% FBS (Figure S10). These results indicate that GPMM
resisted progressive serum-induced aggregation and retained its
dual catalytic function under the tested conditions. Notably,
NADH, which contains a phosphate moiety,”” plays a central
role in cellular antioxidation and tumor-associated signaling
pathways.”’ Its consumption weakens the intracellular redox
defense system and enhances oxidative stress-induced damage.
Therefore, we further examined whether these phosphatase-
like nanozymes could catalytically deplete NADH. Upon
incubation with MOF-808, GPM, or GPMM, a pronounced
decrease in the characteristic NADH absorption at 340 nm was
observed, confirming catalytic NADH depletion/dephosphor-
ylation (Figure IN). Consistent with the pNPP-based
phosphatase-like activity results in Figure 1M, GPMM showed
a relatively weaker NADH-depleting ability than MOF-808
and GPM, which can be attributed to the partial occupation of
MOF active sites and pores by Mn incorporation and Au—Pd
alloy deposition. The NADH-consuming capability described
above was further verified by a concentration-dependent assay.
As the concentrations of MOF-808, GPM, and GPMM
increased from 0 to 0.3 mg mL™}, the characteristic NADH
absorption band at 340 nm gradually decreased, demonstrating
concentration-dependent NADH depletion/dephosphoryla-
tion by these nanozymes (Figure S11). Furthermore, the
depletion of NADH became more pronounced in the presence
of H,0, under acidic conditions (Figure $12), suggesting that
both the phosphatase- and POD-like activities of GPMM
contribute synergistically to NADH consumption, particularly
through the *OH generated during its POD-like catalytic
process.

Evaluation of the In Vitro Catalytic Performance of
Nanozymes

After confirming the enzymatic activities of GPMM, its
therapeutic performance in vitro was subsequently evaluated.
To enhance colloidal stability and reduce nonspecific
interactions, PEG was used to coat GPMM, yielding a
PEGylated nanozyme with improved biocompatibility, as
confirmed by hydrodynamic diameter and zeta-potential
analyses (Figures S13 and S14 and Table S4). The cytotoxic
effects of the nanozymes were assessed in MCF-7 human
breast cancer cells using the methyl thiazolyl tetrazolium
(MTT) assay. When cells were incubated with varying
concentrations of GPMM, MOEFE-808, or GPM under
simulated TME conditions, characterized by the presence of
H,0, and mildly acidic pH (6.5), cell viability changed in a
concentration-dependent manner, with GPMM showing the
strongest cytotoxicity, GPM showing moderate cytotoxicity,
and MOF-808 showing negligible toxicity (Figures S15—S17).
In contrast, under neutral pH or in the absence of H,0,, all
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Figure 2. (A) Relative viability of MCF-7 cells after incubation with nanozymes (100 gg mL™") under different conditions for 48 h. (B, C)
Intracellular levels of NADH (B) and GSH (C) in MCF-7 cells following treatment with different nanozymes. (D) Fluorescence microscopy
images of intracellular ROS assessed using the DCFH-DA probe after pretreatment with nanozymes (20 gg mL™") under pH 6.5 and 100 uM
H,0,. Scale bar: 100 gm. (E) Fluorescence images of mitochondrial membrane potential evaluated using rhodamine 123 staining under the
same treatment conditions. Scale bar: 50 um. (F) Western blot analysis of apoptosis-related proteins Bcl-2 and Bax in MCF-7 cells treated
with nanozymes (20 pg mL™"). (G) Western blot analysis of p-AKT and p-NF-kB in MCF-7 cells following nanozyme treatment (20 pg
mL™). (H) Relative nRNA expression of SCAD, CPT1, ACOX1, CDK2, and PPAR«a in MCF-7 cells analyzed by real-time quantitative PCR
after treatment with nanozymes (20 ug mL™"). Data are presented as mean + SD (n = 3). Statistical significance: *p < 0.05, **p < 0.01, **¥p

< 0.001, ¥**¥*p < 0.0001.

nanozymes exhibited minimal cytotoxicity toward MCF-7 cells
even at concentrations up to 50 ug mL~}, demonstrating their
excellent biocompatibility under normal physiological con-
ditions. Notably, under TME-simulated conditions, GPMM
displayed significantly enhanced cytotoxicity, resulting in
approximately 50% cell death at a concentration of 100 ug
mL™!, which was substantially higher than that observed for
MOF-808 or GPM (Figure 2A).

To further elucidate the functional impact of the nanozymes,
changes in intracellular NADH levels in MCE-7 cells were
examined. Following incubation with the different nanozymes,
a marked reduction in NADH concentration was observed in
all treatment groups, with GPMM producing the most
pronounced decrease compared with MOF-808 and GPM
(Figure 2B). Although GPMM exhibited relatively weaker
phosphatase-like activity, its superior POD-like activity also
contributed to NADH consumption, resulting in a more
substantial overall decline. This effect was concentration-
dependent, with higher GPMM doses leading to greater
NADH depletion (Figure S18). Because NADH depletion
limits the regeneration of reduced glutathione (GSH), the
primary intracellular antioxidant, it consequently promotes the
accumulation of ROS.>**” Consistent with this mechanism,
cells treated with nanozymes displayed a significant decrease in
GSH content relative to the untreated control (Figure 2C),
aligning with the NADH depletion trend observed in Figure
2B. To further assess the influence on cellular redox balance,

the oxidizing agent diamide was used to probe changes in
antioxidant capacity.”” Cells pretreated with GPMM exhibited
markedly reduced viability even at low diamide concentrations,
indicating an increased sensitivity to exogenous oxidative stress
(Figure S19). The intracellular ROS levels were next quantified
using the 2’,7’-dichlorofluorescein diacetate (DCFH-DA)
probe, which is oxidized by ROS to form fluorescent 2',7’'-
dichlorofluorescein (DCF). As shown in Figure 2D, nano-
zyme-treated cells displayed enhanced green fluorescence
intensity under simulated TME conditions, confirming
elevated ROS accumulation. Among all groups, GPMM
induced the strongest fluorescence signal, demonstrating its
superior ROS-generating ability. In contrast, negligible
fluorescence was detected under neutral conditions (pH 7.4)
or in the absence of H,0, (Figure S20), indicating that ROS
production by GPMM is TME-dependent, thereby reducing
potential damage to normal cells. Furthermore, rhodamine 123
staining was employed to evaluate mitochondrial membrane
potential, which can be disrupted by excessive ROS.** GPMM
treatment led to pronounced depolarization of the mitochon-
drial membrane, evidenced by diminished green fluorescence
in the cytoplasm (Figure 2E). Collectively, these findings
demonstrate that GPMM effectively perturbs the intracellular
redox equilibrium by depleting antioxidants and enhancing
ROS generation, thereby compromising mitochondrial integ-
rity and amplifying oxidative damage within tumor cells.
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Figure 3. In vitro evaluation of the therapeutic efficacy of Dox@GPMM. (A) Relative viability of MCF-7 cells after treatment with various
concentrations of Dox@GPMM under pH 6.5 and 100 uM H,0, for 24 h. (B) Comparison of cell viability following treatment with free Dox
or Dox@GPMM at different Dox-equivalent concentrations under pH 6.5 and 100 uM H,0, for 24 h. (C) Cell viability of MCF-7 cells
treated with GPMM (20 pg mL™'), Dox (1.4 ug mL™'), or Dox@GPMM (20 pug mL™') under the same conditions. (D) Live/dead
fluorescence staining of MCF-7 cells in the Control, GPMM (20 ug mL™"'), Dox (1.4 pg mL™"), and Dox@GPMM (20 ug mL™") groups
under pH 6.5 and 100 uM H,0, for 12 h (green: live cells; red: dead cells). (E) Flow cytometric analysis of apoptosis and necrosis in
Control and Dox@GPMM-treated MCF-7 cells under pH 6.5 and 100 gM H,0,. (F) Quantification of apoptotic and necrotic cell
populations corresponding to panel (E). Data are presented as mean + SD (n = 3). Statistical significance: *p < 0.05, **p < 0.01, ¥*¥*p <

0.001, ****p < 0.0001.

To elucidate the mechanism underlying nanozyme-induced
cell death, Western blot analysis was performed to examine the
expression levels of apoptosis-related proteins Bcl-2 and Bax,
which are associated with antiapoptotic and pro-apoptotic
signaling pathways, respectively.”” Overexpression of Bax
promotes apoptosis by antagonizing pro-survival proteins,
whereas Bcl-2 protects cells from programmed cell death. As
shown in Figure 2F, GPMM treatment markedly down-
regulated Bcl-2 expression while upregulating Bax expression
compared with other groups, indicating the activation of the
apoptotic pathway. Given the pivotal role of ROS in
modulating the AKT signaling cascade,”® we further inves-
tigated whether GPMM affected AKT/NF-kB signaling in
MCE-7 cells. Western blot analysis showed that, among the

tested nanozymes, GPMM produced the most pronounced
decrease in p-AKT and the downstream phosphorylated
nuclear factor «kB (p-NF-kB) levels (Figure 2G). A
concentration-dependent Western blot assay further confirmed
that increasing GPMM concentrations progressively sup-
pressed p-AKT and p-NF-kB expression under pH 6.5 and
100 yM H,0, (Figure S21). To further examine the
relationship between oxidative stress and AKT/NF-xB signal-
ing, ROSUP and NAC control conditions were included in an
additional Western blot experiment (Figure $22). ROSUP
treatment decreased p-AKT and p-NF-xB levels, whereas NAC
treatment did not produce a comparable reduction. Together
with the enhanced intracellular ROS accumulation and the
GPMM -associated inhibition of p-AKT and p-NF-kB observed
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in Figure 2G and S21, these findings are consistent with redox-
sensitive modulation of the AKT/NF-xB signaling axis.
Therefore, ROS accumulation is considered a contributing
factor to GPMM-mediated pathway suppression, although the
present results do not establish it as the sole upstream
mechanism. Immunofluorescence imaging further confirmed
diminished p-NF-kB staining intensity across the cytoplasm
and nucleus in GPMM-treated cells (Figure S23). As aberrant
NF-«B activation is closely associated with tumorigenesis and
reduced chemotherapy efficacy,”** the concurrent down-
regulation of p-AKT and p-NF-xB indicates that GPMM
suppresses a critical survival signaling axis linked to cancer cell
proliferation and chemoresistance.

To gain deeper insight into the molecular alterations
induced by GPMM, we analyzed the expression of metabolism-
and cell-cycle-related genes using real-time quantitative PCR
(QPCR) (Figure 2H). The results revealed a significant
decrease in the mRNA levels of SCAD, CPTla, and ACOXI,
which are key enzymes involved in lipid and fatty acid
oxidation, ™% along with a pronounced downregulation of
CDK2, a central regulator of cell-cycle progression.*>*’
Additionally, the expression of PPARa was markedly increased
following GPMM treatment, consistent with its reported role
in promoting apoptosis and enhancing chemosensitivity in
cancer cells.” Collectively, these findings demonstrate that
GPMM, through its dual enzymatic activities, not only
produces ROS in response to the TME but also modulates
the AKT/NF-kB pathway and reprograms metabolic and cell-
cycle-related gene expression, thereby promoting oxidative
stress-mediated apoptosis and improving chemosensitivity.

In Vitro Evaluation of the Therapeutic Effect of
Dox@GPMM

The significant regulatory effect of GPMM on the AKT
pathway prompted further investigation into whether this
nanozyme could enhance the chemosensitivity of cancer cells
and thereby improve therapeutic efficacy. To this end, Dox was
encapsulated into GPMM to form Dox@GPMM. The Dox
loading content was quantitatively determined by UV—vis
spectroscopy at 480 nm using a standard calibration curve,
giving a loading capacity of 70 ug mg™", corresponding to 0.07
mg Dox per mg nanozyme carrier. The loading stability was
further evaluated by monitoring Dox leakage from Dox@
GPMM after 24 h of incubation. Only a slight change in the
supernatant absorbance was observed, indicating limited Dox
leakage and stable drug retention during the experimental
period (Figure S24). After 24 h of incubation, a pronounced
reduction in MCF-7 cell viability was observed, declining to
approximately 30% at a Dox@GPMM concentration of 100 ug
mL™" (Figure 3A). To further verify the chemosensitizing
capability of GPMM, the dose-dependent cytotoxic effects of
free Dox and Dox@GPMM were compared. Under physio-
logical pH (7.4), both exhibited similar cytotoxicity, reflecting
the minimal POD-like catalytic activity of GPMM under
neutral conditions (Figure S25). However, under tumor-
mimicking conditions (pH 6.5, presence of H,0,), Dox@
GPMM exhibited markedly enhanced cytotoxicity (Figure 3B).
Specifically, 3.5 ug mL™' of Dox in the Dox@GPMM
formulation achieved a 65% cell-killing rate, whereas free
Dox at double the concentration (7 ug mL™") resulted in only
54% cell death. These results demonstrate that GPMM
significantly improves the therapeutic potency of Dox, enabling

dose reduction and minimizing side effects associated with
high-dose chemotherapy.

Given the inherent cytotoxicity of GPMM at concentrations
above 50 ug mL™", a lower concentration (20 ug mL™!) was
selected to confirm that the observed improvement originated
from enhanced chemosensitivity rather than additive toxicity.
As shown in Figure 3C, GPMM alone exhibited negligible
cytotoxicity, while the cell-killing efficiencies of free Dox and
Dox@GPMM were 28% and 39%, respectively. These findings
indicate that Dox@GPMM effectively enhances the chemo-
sensitivity of MCEF-7 cells, thereby amplifying the chemo-
therapeutic efficacy of Dox. Live/dead cell staining further
corroborated these results, revealing extensive cell death in the
Dox@GPMM:-treated group compared with other treatments
(Figure 3D). To further evaluate mitochondrial respiratory
dysfunction and energy metabolism after combination treat-
ment, mitochondrial complex I activity and intracellular ATP
levels were measured in MCF-7 cells treated with Control,
Dox, GPMM, or Dox@GPMM. Mitochondrial Complex I is a
key component of the electron transport chain responsible for
NADH oxidation and is closely associated with cellular oxygen
consumption, while intracellular ATP levels provide an
indicator of cellular energy status. Compared with the control
group, Dox or GPMM alone induced moderate decreases in
Complex I activity and ATP levels, whereas Dox@GPMM
caused the most pronounced reduction in both parameters
(Figure S26). These results indicate that Dox@GPMM
synergistically impairs mitochondrial electron transport and
energy production, further supporting mitochondrial dysfunc-
tion as an important mechanism underlying the enhanced
chemotherapeutic effect. Flow cytometric analysis confirmed
that Dox@GPMM induced both apoptosis and necrosis, two
distinct modes of cell death.*” The proportions of apoptotic
and necrotic cells reached 45% and 54%, respectively (Figure
3E and 3F). Mechanistically, GPMM-mediated suppression of
the AKT/NF-kB survival pathway promoted apoptosis, while
the combination of increased chemosensitivity and Dox
exposure further induced necrosis. Collectively, these results
demonstrate that GPMM markedly enhances the chemo-
sensitivity of cancer cells, augmenting the antitumor efficacy of
Dox through AKT/NF-kB pathway inhibition and the
induction of both apoptotic and necrotic cell death.

To preliminarily explore whether Dox@GPMM treatment
was accompanied by molecular changes associated with
immunogenic stress, cellular CRT and HMGB1 were
examined. Western blot analysis showed treatment-dependent
changes in cellular CRT abundance, with the strongest CRT
band observed in the Dox@GPMM group (Figure $27).°°
Immunofluorescence imaging further revealed altered intra-
cellular HMGBL staining and distribution following GPMM
and Dox@GPMM treatments (Figure $28).”" These observa-
tions suggest that GPMM-containing treatments may induce
molecular changes associated with ICD; however, they do not
by themselves establish DAMP release, downstream immune-
cell activation, or systemic antitumor immunity.

In Vivo Evaluation of the Therapeutic Efficacy of
Dox@GPMM

Encouraged by the in vitro therapeutic performance of GPMM,
we further evaluated its efficacy and biosafety in vivo. The
hematological and histological safety profiles of GPMM were
first examined to ensure suitability for animal studies.
Hemolysis assays demonstrated excellent blood compatibility,
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Figure 4. In vivo evaluation of the therapeutic efficacy of Dox@GPMM. (A) Schematic illustration of the treatment schedule using a
subcutaneous MCF-7 xenograft model in nude mice. (B) Body-weight profiles of mice in the four treatment groups (Control, GPMM, Dox,
and Dox@GPMM) over the 14-day study period. (C) Photographs of excised tumors from each treatment group. “X” indicates mice that did
not survive the treatment period. (D) Relative tumor volumes of different treatment groups following the single-dose treatment. (E) H&E-
stained histological images of tumor tissues collected after treatment. Scale bar: 50 ym. All formulations were administered via a single
intratumoral injection. The dosage was 25 mg kg™' for GPMM and Dox@GPMM, and 1.75 mg kg™" for free Dox. Data are presented as mean

+ SD (n=5).

showing no evident red blood cell lysis even at high GPMM
concentrations (Figure $29). Subsequently, a biosafety assess-
ment was conducted by intravenously administering GPMM to
Kunming mice. Throughout the observation period, no
significant changes in body weight or behavioral abnormalities
were detected compared with the control group, and
histological analysis of major organs revealed no pathological
alterations (Figures S30 and S31). These findings confirmed
that GPMM possesses favorable biocompatibility and systemic
safety, thereby supporting its feasibility for subsequent in vivo
therapeutic evaluations.

The in vivo antitumor efficacy of the nanozyme system was
next evaluated using an orthotopic MCF-7 breast tumor model
established in nude mice (Figure 4A). Mice were randomly
assigned to four groups: control, GPMM, Dox, and Dox@
GPMM. Among the surviving mice, body-weight profiles
showed no obvious treatment-related loss during the 14-day
observation period (Figure 4B), and end point histological
examination of the major organs available for analysis,
including the heart, liver, spleen, lung, and kidney, revealed
no overt pathological abnormalities (Figure S32), suggesting
no evident organ toxicity under the tested conditions. Notably,
Dox@GPMM induced a marked suppression of tumor growth,
outperforming free Dox as evidenced by tumor photographs
and quantitative tumor volume measurements (Figure 4C and
4D). Although GPMM alone exerted moderate antitumor
activity, its efficacy was significantly lower than that of the
Dox@GPMM combination. Hematoxylin and eosin (H&E)
staining further confirmed extensive cellular damage and
necrotic regions within tumors treated with Dox@GPMM, in
sharp contrast to the control group (Figure 4E). Moreover,
immunoblotting analysis revealed a pronounced reduction in

p-AKT levels in tumor tissues from the Dox@GPMM group,
consistent with the regulatory effects observed in cultured
MCF-7 cells (Figure S33). Collectively, these results
demonstrate that Dox@GPMM retains its catalytic activity in
vivo and provides potent therapeutic efficacy against solid
tumors through the synergistic integration of ROS amplifica-
tion, NADH depletion, and AKT pathway inhibition.

Evaluation of the Therapeutic Efficacy of AP-Dox@GPMM
against Drug-Resistant Tumors

A major challenge in chemotherapy is the inevitable develop-
ment of chemoresistance after prolonged dru% exposure, which
severely compromises treatment outcomes.”> Restoring the
chemosensitivity of drug-resistant cancer cells is therefore
critical for improving therapeutic efficacy. To extend the
applicability of our nanozyme system to drug-resistant tumors,
we functionalized GPMM with a MUCI-binding aptamer,
denoted as AP, to enhance tumor targeting, yielding AP-
GPMM, and investigated its performance in Dox-resistant
MCEF-7-ADR cells. We first verified that MUCI1 aptamer
functionalization did not compromise the functional activity of
GPMM. Under tumor-mimicking conditions, AP-GPMM
produced a concentration-dependent cytotoxic response
comparable to that of unmodified GPMM, indicating that
the aptamer-modified nanozyme retained the activity of the
GPMM catalytic core (Figure SA). Consistently, fluorescence
microscopy showed that both GPMM and AP-GPMM
markedly increased intracellular ROS accumulation and
reduced mitochondrial membrane potential in MCF-7-ADR
cells, indicating that MUC1 aptamer functionalization did not
compromise the redox-modulating catalytic activity of GPMM
(Figure S34). We further evaluated whether Dox loading could
restore the chemosensitivity of MCF-7-ADR cells. Free Dox
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Figure S. Evaluation of the therapeutic efficacy of AP-Dox@GPMM against MCF-7-ADR drug-resistant cancer cells and tumors. (A) Relative
viability of MCF-7-ADR cells after incubation with different concentrations of GPMM or AP-GPMM under pH 6.5 and 100 uM H,O, for 24
h. (B) Relative viability of MCF-7-ADR cells treated with free Dox or AP-Dox@GPMM at varying Dox-equivalent concentrations under pH
6.5 and 100 yM H,0, for 24 h. (C) Fluorescence microscopy images showing intracellular ROS levels and mitochondrial membrane
potential changes in MCF-7-ADR cells treated with Control, Dox, AP-GPMM, or AP-Dox@GPMM under pH 6.5 and 100 uM H,0,. ROS
levels were detected using DCFH-DA staining, and mitochondrial membrane potentials were evaluated using rhodamine 123 staining. Scale
bars: 100 um. (D) Body-weight curves of MCF-7-ADR tumor-bearing mice receiving Control, Dox, AP-GPMM, or AP-Dox@GPMM over
the 14-day treatment period. (E) Photographs of excised tumors from the Control, Dox, AP-GPMM, and AP-Dox@GPMM groups. (F)
Relative tumor volumes corresponding to the four treatment groups shown in panel (E). (G) H&E-stained tumor tissue sections from the
Control, Dox, AP-GPMM, and AP-Dox@GPMM groups. Scale bar: 100 gm. All formulations were administered via a single intravenous
injection. AP-GPMM and AP-Dox@GPMM were administered at 15 mg kg™', and free Dox was administered at a Dox-equivalent dose of
1.05 mg kg™". Data are presented as mean = SD (n = 3).

induced only limited cytotoxicity, confirming the resistant
phenotype of MCF-7-ADR cells, whereas AP-Dox@GPMM
markedly reduced cell viability at equivalent Dox concen-
trations (Figure SB).

To visualize the cellular effects of AP-GPMM and AP-Dox@
GPMM on cells more directly, we examined whether AP-
GPMM and AP-Dox@GPMM could disrupt redox homeo-
stasis and mitochondrial function in drug-resistant cells using
the therapeutically relevant four-group design (Figure SC).
Under tumor-mimicking conditions, free Dox caused only
weak ROS accumulation and negligible mitochondrial
membrane depolarization, reflecting the reduced sensitivity of
MCE-7-ADR cells to Dox. AP-GPMM treatment substantially
increased intracellular ROS levels and decreased mitochondrial

membrane potential, confirming that the aptamer-function-
alized nanozyme retained its redox-disruptive activity in
resistant cells. Notably, AP-Dox@GPMM induced the most
pronounced ROS accumulation and mitochondrial depolariza-
tion, suggesting that Dox delivery and nanozyme-mediated
catalytic stress cooperatively disrupt redox homeostasis in
resistant tumor cells. Consistent with this redox-disruptive
effect, Western blot analysis showed that AP-GPMM reduced
p-AKT expression under tumor-mimicking conditions (Figure
S35), further linking nanozyme-induced oxidative stress to
suppression of the AKT survival pathway. Moreover, AP-
Dox@GPMM exhibited stronger cytotoxicity than AP-GPMM
alone under tumor-mimicking conditions (Figure $36),
indicating that Dox delivery and nanozyme-mediated oxidative
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Figure 6. Whole genome RNA expression sequencing analysis. (A) Calculating the intersection of the number of expressed genes with a
Venn diagram of control, Dox, AP-GPMM and AP-Dox@GPMM groups. (B) Volcano plot of all gene expression in comparison between
Dox and AP-Dox@GPMM groups. (C) GSEA analysis to ranked expression genes by their Log,FC between Dox and AP-Dox@GPMM
groups. (D) GO terms enrichment of the downregulated genes between Dox and AP-Dox@GPMM groups, top 30 minimum Q value GO
terms were shown in the dot plot. (E) GO annotation of differentially expressed genes between Dox and AP-Dox@GPMM groups. Bar graph
representing level 2 GO annotation into three categories: biological processes, molecular functions, and cellular components.

stress amplification act cooperatively to overcome Dox
resistance. Live/dead staining further corroborated these
findings, showing a substantial increase in dead cells and a
corresponding decrease in live cells in the AP-Dox@GPMM
group (Figure S37). Collectively, these in vitro results
demonstrate that AP-GPMM induces redox disruption,
mitochondrial membrane depolarization, and p-AKT suppres-
sion in MCF-7-ADR cells, while AP-Dox@GPMM further
enhances Dox-mediated cytotoxicity through concurrent drug
delivery and nanozyme-mediated oxidative stress amplification.
These findings support the cooperative contribution of POD-

like ROS generation and phosphatase-like NADH depletion to
the resensitization of drug-resistant tumor cells to Dox. To
determine whether this catalytic synergy is retained in vivo in
the drug-resistant setting, we next assessed the therapeutic
performance of AP-Dox@GPMM in MCF-7-ADR xenograft
models. For the in vivo therapeutic evaluation, MCF-7-ADR
tumor-bearing mice were randomly assigned to four groups:
Control, Dox, AP-GPMM, and AP-Dox@GPMM, and each
formulation was administered by a single intravenous injection.
During the 14-day treatment period, mice in the Control and
AP-GPMM groups maintained relatively stable body-weight
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profiles, whereas free Dox caused reduced body-weight gain,
consistent with the systemic toxicity associated with intra-
venously delivered Dox (Figure SD). Consistently, H&E
staining of major organs revealed mild hepatic injury in the
Dox-treated group, whereas AP-Dox@GPMM caused no
obvious histological damage in major organs (Figure S38).
By contrast, AP-Dox@GPMM produced the strongest
antitumor effect among the four groups, as shown by excised
tumor images, tumor-volume measurements, and H&E
staining of tumor tissues (Figure SE—G). As expected for
this drug-resistant model, free Dox exhibited negligible
therapeutic benefit, with tumor progression comparable to
the control group. Notably, AP-Dox@GPMM treatment
resulted in no observable tissue damage, and major organs
remained histologically normal. The combination of substantial
tumor suppression and minimal systemic toxicity highlights the
in vivo therapeutic synergy between the catalytic nanozyme and
Dox, effectively recapitulating the dual redox regulatory effects
demonstrated in vitro. To further characterize the in vivo
pharmacological behavior of the PEGylated GPMM-based
carrier, we performed ICP-MS analysis to quantify Au
concentrations in blood and major organs after intravenous
injection. GPMM was detectable in the blood and examined
organs at 1 h postinjection, followed by a marked time-
dependent decrease from 1 h to S days, with only low residual
signals remaining at day S (Figure $39). These biodistribution
and clearance profiles indicate transient systemic distribution
followed by progressive clearance from major tissues, thereby
reducing the potential risk of long-term tissue retention.
Because Dox@GPMM and AP-Dox@GPMM share the same
PEGylated GPMM scaffold, this Au-based tracing result
reflects the in vivo fate of the nanoparticle carrier component
of both Dox-loaded formulations and supports the necessity of
PEGylation for systemic delivery.

To gain deeper insight into the molecular mechanisms
underlying the therapeutic effects of AP-Dox@GPMM on
MCE-7-ADR cells, RNA sequencing was performed to identify
differentially expressed genes. The Venn diagram identified
127, 239, 207, and 430 group-specific expressed genes in the
Control, Dox, AP-GPMM, and AP-Dox@GPMM groups,
respectively, together with 14,619 genes shared among all
four groups (Figure 6A). Given the strong impact of AP-
GPMM on drug resistance and the synergistic enhancement
observed with Dox, we focused on comparing AP-Dox@
GPMM with free Dox. As shown in Figure 6B, AP-Dox@
GPMM induced substantial transcriptional changes, with 995
genes upregulated and 2325 genes downregulated relative to
Dox alone. To identify the pathways associated with these
regulated genes, Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) enrichment analyses were
performed. KEGG pathway classification showed that the
differentially expressed genes were distributed across categories
related to cellular processes and metabolism, including cell
motility, cell growth and death, energy metabolism, and signal
transduction (Figure S40). Gene Set Enrichment Analysis
(GSEA) included the PI3K—AKT signaling pathway among
the examined gene sets and showed changes in the ranked
distribution of pathway-associated genes, including PPP2R2B,
NTEF3, and CCNE2 (Figure 6C).>*>> However, the displayed
enrichment was not statistically significant; therefore, these
transcriptomic findings should be interpreted as exploratory
rather than confirmatory evidence of AKT-pathway regulation.
GO enrichment (top 30 terms) indicated predominant

involvement in RNA biosynthesis and cellular metabolic
processes, both essential for cancer cell survival and apoptosis
(Figure 6D).>7 Additionally, GO annotation classified the
differentially expressed genes into biological-process categories
including cell killin§, proliferation, metabolism, and develop-
ment (Figure 6E).” Parallel transcriptomic comparisons of
AP-GPMM versus Control in nonresistant MCF-7 cells and
drug-resistant MCF-7-ADR cells (Figures S41—S46) further
demonstrated that AP-GPMM modulates gene expression
programs governing cell growth and survival in both models.
Collectively, these results establish AP-Dox@GPMM as a
potent therapeutic platform capable of suppressing diverse
tumor types by reprogramming cellular signaling and metabolic
pathways. These findings also clarify the mechanistic basis of
the nanozyme’s therapeutic action: the synergistic interplay
between POD- and phosphatase-like activities generates a self-
reinforcing loop of oxidative stress. The POD-like conversion
of H,0, into ROS initiates inhibition of the AKT pathway,
while phosphatase-like NADH depletion weakens the anti-
oxidant defense system, sustaining ROS accumulation. This
coordinated redox disruption resensitizes drug-resistant cancer
cells to Dox, effectively overcoming chemoresistance without
any auxiliary therapeutic intervention. Importantly, the strong
agreement between cellular assays and xenograft studies
confirms that this nanozyme-driven redox synergy is preserved
across biological scales, from in vitro tumor cells to in vivo
drug-resistant tumor models.

B CONCLUSIONS

In conclusion, we present a GPMM-based nanozyme-enabled
synergistic strategy that simultaneously mitigates chemo-
therapy-associated toxicity and overcomes acquired drug
resistance by coordinating ROS generation and NADH
depletion, ultimately achieving precise inhibition of the AKT
pathway and enhanced chemosensitivity in MCF-7 tumors
using Dox@GPMM and in MCF-7-ADR tumors using AP-
Dox@GPMM. In our biological evaluations, GPMM effectively
generated ROS under the acidic conditions of the TME and
efficiently consumed intracellular NADH, thereby amplifying
oxidative stress. Distinct from conventional small-molecule
AKT inhibitors that directly block kinase activity and may
cause systemic pathway suppression, GPMM regulates AKT
phosphorylation indirectly through TME-responsive redox
modulation. By combining Mn-enhanced POD-like ROS
generation with MOF-808-mediated NADH depletion,
GPMM collapses the redox/metabolic buffering capacity that
sustains AKT signaling, thereby providing a complementary
strategy for AKT pathway regulation with improved tumor
selectivity. The comprehensive mechanistic studies presented
here elucidate the catalytic behavior, biological functions, and
signaling impacts of GPMM, highlighting its environment-
responsive and multifunctional characteristics that support its
safety and therapeutic potential. Beyond Dox, this redox-
modulating nanozyme platform is anticipated to potentiate
other chemotherapeutic agents whose efficacy is limited by
oxidative imbalance or drug resistance. Considering the central
role of AKT signaling in numerous malignancies, the
synergistic mechanism demonstrated here may be broadly
applicable across a variety of tumor types. Furthermore, the
robust consistency between cellular assays and xenograft
outcomes confirms that nanozyme-mediated redox modulation
is sustained across biological scales, reinforcing the transla-
tional promise of this approach. Collectively, this work
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establishes a strategy for enhancing chemosensitivity through
nanozyme-driven regulation of cellular signaling pathways,
offering valuable insights for the future design of effective
inhibitors and therapeutic strategies targeting cancer cell
survival mechanisms.

B METHODS/EXPERIMENTAL

Preparation of the Nanozyme and Drug-Loaded
Formulations

MOEF-808 was synthesized via a solvothermal method using Zr
precursors and 1,3,5-benzenetricarboxylic acid as the organic linker,
with acetic acid serving as a modulator, following a reported
procedure with minor modifications. Typically, ZrOCl,-8H,0
(1.208 g 3.7S mmol) and 1,3,5-benzenetricarboxylic acid (262.7
mg, 1.25 mmol) were added to a thick-walled glass vessel containing
50 mL DMF and 50 mL acetic acid. The mixture was heated at 130
°C for 24 h. The resulting solid was collected by centrifugation,
washed three times with DMF and methanol to remove residual
impurities, and dried in a vacuum oven at 40 °C overnight. To
prepare MM, 20 mg of MOF-808 was dispersed in 18 mL deionized
water containing MnCl,-4H,0 (5.2 mg) and disodium maleate (11.1
mg). The suspension was transferred into Teflon-lined stainless steel
autoclaves and heated at 160 °C for 1 h. After cooling, the product
was collected by centrifugation, washed three times with deionized
water to remove unreacted reagents, and dried in a vacuum oven at 40
°C overnight.

For the preparation of GM, PM, and GPM, MOF-808 was used as
the support; for the preparation of GPMM, Mn-decorated MOF-808
(MM) was used as the support. Typically, 10 mg of the corresponding
MOF support was fully dispersed in 10 mL of deionized water
containing 0.5 mg PVA. For GM and PM, HAuCl,-3H,0 or H,PdCl,
solution was added, respectively. For GPM and GPMM, HAuCl,-
3H,0 and H,PdCl, were added simultaneously. The mixture was
stirred vigorously for 30 min, followed by the immediate addition of
freshly prepared NaBH, solution (0.1 M, NaBH,/total metal = 4:1,
molar ratio) to initiate reduction. After 10 min, the resulting
nanozyme was collected by centrifugation, washed three times with
deionized water to remove excess ions and residual reductant, and
dried in a vacuum oven at 40 °C overnight. In this nomenclature, GM
refers to Au-loaded MOF-808, PM refers to Pd-loaded MOF-808,
GPM refers to Au—Pd alloy-loaded MOF-808, and GPMM refers to
Au—Pd alloy-loaded Mn-decorated MOF-808.

To improve colloidal stability and biocompatibility, GPMM was
coated with methoxy-terminated PEG—OH (mPEG—OH, Mw =~
8000 Da) through a noncovalent surface-coating process. Briefly,
GPMM (10 mg) was dispersed in 10 mL of deionized water or PBS,
followed by the addition of mPEG—OH (0.1 mg). The mixture was
gently stirred at room temperature for 24 h. The mPEG—OH coating
was formed through noncovalent adsorption on the GPMM surface,
likely involving hydrogen bonding/coordination with exposed surface
sites and adsorption onto the PVA-stabilized nanozyme surface.
Unbound mPEG—OH was removed by centrifugation and repeated
washing with deionized water. The successful PEG coating was
supported by hydrodynamic diameter and zeta-potential analyses.

For Dox loading, PEGylated GPMM (10 mg) was dispersed in 10
mL of Dox solution (concentrations ranging from 0 to 0.5 mg mL™")
and stirred at room temperature for 24 h in the dark. The product was
collected by centrifugation and washed to remove free Dox, yielding
Dox@GPMM. The unencapsulated Dox in the supernatant was
quantified by UV—vis spectroscopy at 480 nm using a Dox standard
calibration curve. The Dox loading capacity was calculated according
to the following equation:

Loading capacity ( mgmg ™) = (m,,,;Dox — mg, . Dox)/mgpyns

To evaluate loading stability, Dox@GPMM was incubated in PBS
for 24 h, followed by centrifugation to collect the supernatant. The
absorbance of the supernatant at 480 nm was measured to determine
Dox leakage.

AP-GPMM was prepared by anchoring a thiolated MUC1 aptamer
onto the Au—Pd alloy surface of PEGylated GPMM through Au—S§
bonding.*” Briefly, PEGylated GPMM was prepared as described
above and dispersed in a mixture of 10 mM PBS (pH 7.4) and ethanol
(v/v = 1:1). A thiolated MUCI aptamer solution was added to the
dispersion, and the mixture was gently shaken at 4 °C for 12 h. During
this process, the thiol groups of the aptamer formed stable Au—S
bonds with the Au—Pd alloy nanoparticles on the GPMM surface. No
EDC/NHS coupling chemistry was used in this aptamer-functional-
ization step. To block residual metal surface sites and reduce
nonspecific adsorption, mercaptohexanol (MCH, final concentration:
1 mM) was added and incubated for another 2 h. The resulting AP-
GPMM was collected by centrifugation at 10,000 rpm for 10 min,
washed three times with deionized water or PBS to remove excess
aptamer and MCH, and resuspended in PBS for subsequent use.

AP-Dox@GPMM was prepared by loading Dox into AP-GPMM
using the same Dox-loading procedure described above for Dox@
GPMM. Briefly, AP-GPMM was dispersed in Dox solution and stirred
at room temperature for 24 h in the dark. The product was collected
by centrifugation and washed to remove free Dox, yielding AP-Dox@
GPMM. The unencapsulated Dox in the supernatant was quantified
by UV—vis spectroscopy at 480 nm using a Dox standard calibration
curve, and the Dox loading capacity was calculated as described
above.

Catalytic Assays

The peroxidase (POD)-like activity of the nanozymes was evaluated
by monitoring the oxidation of TMB in the presence of H,0,. In a
representative experiment, nanozyme samples (S0 ug mL™") were
incubated in S00 pL of NaAc-HAc buffer (20 mM, pH 4.0)
containing 1 mM TMB and S mM H,O,. After incubation at 37 °C
for 15 min, the absorbance at 652 nm was recorded. To determine the
kinetic parameters toward H,0,, nanozymes (S0 ug mL™!) were
mixed with S00 uL of NaAc-HAc buffer (20 mM, pH 4.0) containing
1 mM TMB and varying concentrations of H,0, (0—2 mM). The
reaction proceeded at 37 °C for 15 min, after which the absorbance at
652 nm was measured. The Michaelis—Menten constant (Km) and
maximal velocity (V,,,,) were calculated using the Lineweaver—Burk
equation: 1/V = (K,,/V,...) X (1/C) + 1/V,,,,, where V is the initial
reaction velocity, C is the H,O, concentration, K,, is the Michaelis
constant, and V,,,. is the maximal reaction rate. Kinetic parameters
toward TMB were obtained similarly by fixing the concentration of
H,0, and varying the TMB concentration (0—1.5 mM).

The generation of hydroxyl radicals (*OH) was evaluated using
terephthalic acid (TA) as a fluorescence probe. In a typical
experiment, TA, H,0,, and the nanozyme were added to NaAc-
HAc buffer (20 mM, pH 6.5) to achieve final concentrations of 0.4
mM, 1 mM, and 100 ug mL7} respectively. The reaction mixture was
incubated at 37 °C for 4 h, after which fluorescence spectra were
recorded using an excitation wavelength of 315 nm.

Hydroxyl-radical generation was further examined by electron
paramagnetic resonance spectroscopy using DMPO as a spin-trapping
agent. The reaction mixtures contained 100 mM DMPO, 1 mM
H,0,, and 100 yg mL™' nanozyme in 20 mM NaAc-HAc buffer (pH
6.5), with a total volume of approximately 200 yL. Five groups were
examined: DMPO alone, DMPO + H,0,, DMPO + GPMM, DMPO
+ GPM + H,0,, and DMPO + GPMM + H,0,. After mixing at room
temperature, the samples were immediately transferred for EPR
measurement, and spectral acquisition was initiated within 30—60 s
using EPR200-Plus X-band continuous-wave EPR spectrometer
(CIQTEK Co., Ltd.).

The phosphatase-like activity of the nanozymes was evaluated using
a pNPP hydrolysis assay. In a typical experiment, 400 uL of CHES
buffer (10 mM, pH 9.0) containing nanozyme samples (0.5 mg mL™")
and pNPP (0.1 mM) was incubated at 37 °C for 1 h. Following
incubation, the absorbance at 400 nm was recorded to quantify the
formation of p-nitrophenol.

The catalytic degradation of NADH by the nanozymes was
evaluated in a 400 pL reaction system. NADH and the nanozyme
were sequentially added to Tris-HCI buffer (2.5 mM, pH 7.4) to
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achieve final concentrations of 0.1 mM and 0.5 mg mL™", respectively.
After thorough mixing, the reaction mixture was incubated at 37 °C
for 1 h, followed by measurement of absorbance spectra using a
NanoDrop spectrophotometer.

To investigate the combined contributions of POD-like and
phosphatase-like activities, NADH, H,0,, and the nanozyme were
added to NaAc-HAc buffer (10 mM, pH 6.5) to obtain final
concentrations of 0.1 mM NADH, 1 mM H,0,, and 0.2 mg mL™"
nanozyme. After complete mixing, the mixture was incubated at 37 °C
for 10 min, and the absorbance spectra were subsequently recorded
using a NanoDrop spectrophotometer.

Cellular Assays

MCEF-7 human breast cancer cells (FuHeng Biology, Shanghai,
China) were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS;
Biological Industries, Israel). The culture medium contained 100 U
mL™" penicillin and 100 U mL™' streptomycin. All cells were
maintained at 37 °C in a humidified incubator with 5% CO,.

Cell viability was evaluated using the MTT assay. Briefly, 2,000
cells were seeded into each well of a 96-well plate and allowed to
adhere. Nanozymes at various concentrations were then added,
followed by incubation for 24 or 48 h. After incubation, the MTT
assay was performed using a commercial kit (Beijing Solarbio Science
and Technology Co., Ltd.,, China) according to the manufacturer’s
instructions. The absorbance at 570 nm was recorded to determine
cell viability.

Protein concentrations were determined using a BCA protein assay
kit (Boster, Wuhan, China). Equal amounts of protein (35 ug per
sample) were separated by SDS-PAGE and transferred onto PVDF
membranes (Bio-Rad Laboratories, USA). Membranes were incu-
bated with primary antibodies at manufacturer-recommended
dilutions, with f-actin used as the loading control. Protein bands
were visualized using an enhanced chemiluminescence (ECL)
detection kit (Invitrogen, USA). For the ROS-control Western blot
experiment shown in Figure S22, MCF-7 cells were seeded in 6-well
plates and allowed to adhere overnight. The cells were then treated
with control medium, NAC (5 mM), ROSUP (0.5 ug mL™"), or
GPMM (20 pug mL™") under tumor-mimicking conditions (pH 6.5
and 100 uM H,0,) for 24 h. After treatment, total proteins were
extracted and analyzed by Western blotting using antibodies against p-
AKT, p-NF-kB, and f-actin.

MCF-7 cells (1 X 10° cells/well in 6-well plates) were treated with
control, GPMM (20 ug mL™"), Dox (1.4 ug mL™"), or Dox@GPMM
(20 ug mL™") for 24 h. Mitochondrial Complex I activity was
quantified using a Mitochondrial Complex I Activity Assay Kit. ATP
levels were measured with an ATP Assay Kit.

MCEF-7 cells were cultured to 70—80% confluence. Untreated
control cells and cells treated with Dox@GPMM for 24 h were
harvested, washed, stained using an Annexin V-FITC/PI Apoptosis
Detection Kit according to the manufacturer’s instructions, and
analyzed by flow cytometry.

Animal Experiments

Kunming mice and female BALB/c nude mice (6 weeks old) were
obtained from the Charles River Animal Company of China. All
animal experiments were conducted in accordance with the
Guidelines for the Care and Use of Laboratory Animals of the
Changchun Institute of Applied Chemistry (CIAC), Chinese
Academy of Sciences, and were approved by the Animal Ethics
Committee of CIAC (Approval No. 20230001).

Female BALB/c nude mice were used to establish the orthotopic
MCEF-7 breast tumor model. Briefly, MCF-7 cells were harvested
during the logarithmic growth phase and resuspended in PBS. A total
of 6 X 106 MCE-7 cells in 200 L suspension were injected into the
subcutaneous tissue of each mouse. When the tumor volume reached
approximately 10 mm,3 the mice were randomly divided into four
groups: Control, GPMM, Dox, and Dox@GPMM (n = S per group).
For the in vivo therapeutic study shown in Figure 4, all formulations
were administered via a single in situ injection into the tumor. The
Control group received PBS. The GPMM and Dox@GPMM groups

received formulations at a nanozyme dose of 25 mg kg™, and the free
Dox group received Dox at 1.75 mg kg™'. Based on the Dox loading
content of 0.07 mg Dox per mg nanozyme carrier, the Dox@ GPMM
dose corresponded to a Dox-equivalent dose of 1.75 mg kg™'. Body
weights and tumor sizes were recorded every 2 days during the 14-day
observation period. Tumor volume was calculated according to the
following formula:

V=0S5Sxaxb

where a is the longest tumor diameter and b is the shortest tumor
diameter. At the end point, surviving mice were euthanized, and
tumors and major organs were collected for further analysis.

To evaluate the therapeutic efficacy against Dox-resistant tumors,
female BALB/c nude mice were used to establish MCF-7-ADR
tumor-bearing models. Briefly, MCF-7-ADR cells were harvested
during the logarithmic growth phase and resuspended in PBS. A total
of 6 X 10° MCF-7-ADR cells in 200 yL suspension were injected
subcutaneously. The mice were randomly divided into four groups:
Control, Dox, AP-GPMM, and AP-Dox@GPMM (n = 3 per group).
Seven days after subcutaneous inoculation of tumor cells, all
formulations were administered via a single intravenous injection
through the tail vein. The Control group received PBS. AP-GPMM
and AP-Dox@GPMM were administered at a nanozyme dose of 15
mg kg™, and free Dox was administered at a Dox-equivalent dose of
1.05 mg kg™ Based on the Dox loading content of 0.07 mg Dox per
mg nanozyme carrier, the AP-Dox@GPMM dose corresponded to a
Dox-equivalent dose of 1.05 mg kg™'. Body weights and tumor sizes
were monitored every 2 days during the 14-day observation period.
Tumor volume was calculated as described above. At the end point,
mice were euthanized, and tumors and major organs were collected
for further analysis.

Data Analysis

All data are presented as mean + SD. Statistical comparisons were

performed using two-sided Student’s t tests or one-way ANOVA, as
appropriate. Statistical significance was defined as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.

Additional experimental details, reagent and instrument informa-
tion, and supporting measurements are provided in the Supporting
Information.
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