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% Check for updates Iron-based nanozymes, recognized for their biocompatibility and peroxidase-

like activities, hold promise as catalysts in tumor therapy. However, their
concurrent catalase-like activity undermines therapeutic efficacy by convert-
ing hydrogen peroxide in tumor tissues into oxygen, thus diminishing
hydroxyl radical production. Addressing this challenge, this study introduces
the hemin-cysteine-Fe (HCFe) nanozyme, which exhibits exclusive
peroxidase-like activity. Constructed through a supramolecular assembly
approach involving Fmoc-1-cysteine, heme, and Fe?* coordination, HCFe dis-
tinctly incorporates heme and [Fe-S] within its active center. Sulfur coordi-
nation to the central Fe atom of Hemin is crucial in modulating the catalytic
preference of the HCFe nanozyme towards peroxidase-like activity. This
unique mechanism distinguishes HCFe from other bifunctional iron-based
nanozymes, enhancing its catalytic selectivity even beyond that of natural
peroxidases. This selective activity allows HCFe to significantly elevate ROS
production and exert cytotoxic effects, especially against cisplatin-resistant
esophageal squamous cell carcinoma (ESCC) cells and their xenografts in
female mice when combined with cisplatin. These findings underscore HCFe’s
potential as a crucial component in multimodal cancer therapy, notably in
augmenting chemotherapy efficacy.

Nanozymes, emerging as a specialized category of nanomaterials, are
noted for their enzymatic properties, synergizing the merits of tradi-
tional enzymes and chemical catalysts*”. They are renowned for their
ability to catalyze enzyme-substrate reactions under mild conditions,
attributed to their robust catalytic activity, stability, cost-effectiveness,
ease of modification, and potential for large-scale production®. These
attributes propel nanozymes as formidable alternatives to natural

enzymes in diverse applications including disease diagnosis and
treatment*”, analytical chemistry®®, biosensing®", and environmental
remediation>”®. However, nanozymes are often critiqued for their
diminished selectivity compared to natural enzymes, which boast of
high specificity for substrates and reaction pathways. Recent research
has aimed to overcome this challenge by enhancing their specificity. Li
et al. developed an oxidase-like MOF-818 nanozyme that mimics
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natural catechol oxidase, achieving high specificity for catechol
oxidation'. Wang et al. regulated the peroxidase-like specificity of
molybdenum single-atom nanozymes (MoSA-Nx-C) through coordi-
nation number adjustments”. Xu et al. introduced an “electron lock”
strategy in iron-doped carbon dot nanozymes to control catalytic
selectivity by manipulating electron transfer'®. These advancements
showcase promising approaches to fine-tune nanozyme selectivity,
broadening their potential applications in complex systems.

Iron-based nanozymes, characterized by their excellent bio-
compatibility and peroxidase-like (POD) activity, are particularly
potent in catalyzing the conversion of H,0, to hydroxyl radicals in the
tumor microenvironment, opening frontiers in tumor catalytic
therapy'”*®. Contrary to the inherent high catalytic selectivity of natural
PODs, these nanozymes present pH-dependent bifunctional enzymatic
activities encompassing both POD and catalase functions'”. In the
presence of hydrogen peroxide as a substrate, iron-based nanozymes
manifest diverse catalytic routes. The CAT activity specifically under-
mines therapeutic efficacy by converting available H,0, in tumor tis-
sues to oxygen, reducing hydroxyl radical formation. This complexity
necessitates refined strategies to harness the full potential of iron-
based nanozymes. The quest for iron-based nanozymes with a singular
POD activity is driven by the imperative to enhance the effectiveness of
nanozyme-based tumor catalytic therapy. The elimination of com-
peting CAT activity can potentially unshackle the full therapeutic
potential of these nanozymes.

Previous analyses of the active center architectures of natural
PODs and catalases have revealed that both enzymes inherently con-
tain the prosthetic group hemin**, As a crucial prosthetic group in
natural oxidoreductases, hemin features a central iron atom (Fe)
coordinated with four nitrogen atoms (Fe-N4), forming its basic
coordination environment. This environment plays a vital role in the
redox functionality of enzymes. However, we noted that the con-
tributory amino acid residues in the catalytic centers of natural PODs
and catalases differ significantly. This led us to hypothesize that
manipulating the coordination environment of hemin could poten-
tially modulate the catalytic selectivity and specificity of hemin-based
enzymes. Additionally, Iron-sulfur (Fe-S) structures also play a crucial
role in natural oxidoreductases® . These structures, comprising iron
and sulfur atoms, form the active centers and participate in substrate
binding and transformation. Fe-S structures are key inorganic cofac-
tors that facilitate the catalytic activity of various enzymes, including
dehydrogenases, hydrogenases, and certain monooxygenases. They
catalyze a wide array of chemical reactions, such as the breaking of
carbon-hydrogen bonds and various oxidation reactions, primarily by
participating in redox reactions and facilitating electron transfer. The
versatility of the iron atoms in iron-sulfur structures to switch between
different oxidation states enhances their effectiveness as electron
transfer mediators, and further facilitates the oxidation of substrates.
The crucial roles of hemin and Fe-S structures in redox reactions
suggest an approach: combining hemin and Fe-S structures to create
an active center, potentially enhancing the catalytic selectivity and
specificity of hemin-based nanozymes towards POD-like activity.

In this work, we develop a hemin-cysteine-Fe (HCFe) nanozyme
that exhibits catalytic selectivity and exclusive POD-like activity. Our
approach involved integrating sulfhydryl groups to coordinate with
the iron atom in hemin, forming an ancatalytic center. Using a supra-
molecular assembly process with Fmoc-L-cysteine, heme, and Fe2*
coordination, we synthesized an HCFe nanozyme. The HCFe nano-
zyme demonstrated exclusive POD-like activity in mildly acidic con-
ditions, attributed to the electron-donating influence of sulfur in its
coordination with the iron atom in hemin. The absence of catalase-like
activity amplifies HCFe’s potential in ROS-mediated tumor therapy.
Our study further explores the synergy of HCFe with cisplatin (CDDP)
to overcome CDDP-resistance in esophageal squamous cell carcinoma
(ESCC), offering insights into molecular mechanisms, including

enhanced ROS generation, reduced drug efflux, and cellular glu-
tathione depletion. These findings highlight HCFe’s potential as a key
component in multimodal cancer therapies, especially in improving
the efficacy of chemotherapy in resistant cancers (Fig. 1).

Results and discussion

Creation of HCFe nanozyme by the integration of heme and Fe-S
structures

To synthesize a nanozyme that incorporates heme and Fe-S at its
active site, we employed a supramolecular assembly approach. This
approach involved fabricating biomimetic self-assembled iron-based
nanozymes, capitalizing on the m-m stacking interactions between
Fmoc-modified L-cysteine and heme. Additionally, Fe?* was introduced
to coordinate with carboxyl groups, ensuring nanostructure stability
(Fig. 2a). Consequently, the HCFe nanozyme was successfully synthe-
sized. To elucidate its assembly process and quantify the interactions
among key structural units, density functional theory (DFT) calcula-
tions were performed. As depicted in Fig. 2b, the initial step involves
the binding of Fmoc-i-cysteine and hemin through coordination
interactions to form the hemin-Fmoc-i-cysteine complex, exhibiting a
binding energy of —52.6 kcal/mol. This is followed by the coordination
of Fe?* with two carboxylate groups, resulting in a stabilized tetra-
coordinated structure with a binding energy of —402.3 kcal/mol. This
significantly strong interaction force implies that the incorporation of
Fe* facilitates the assembly of HCFe nanozymes, thereby enhancing
the stability of the nanostructures. Ultimately, two Fe**~hemin-Fmoc-
L-cysteine monomers are combined to form HCFe nanozymes through
Tr-Tt stacking interactions, with an interaction energy of -9.3 kcal/mol.
The existence of two conjugated fragments, the coplanar conjugation
in Fmoc-1-cysteine and the porphyrin ring, enables various stacking
modes. Here, we demonstrate a specific mode where the stacked
portion is the coplanar conjugated ring within Fmoc-L-cysteine. The
interaction energy of -9.3 kcal/mol corroborates the assembly of
Fe*~hemin-Fmoc-L-cysteine monomers into nanoparticles through
weak Ti-Tt interactions. To explore the unique properties of the HCFe
nanozyme, a comprehensive array of biomimetic iron-based nano-
zymes was generated using the remaining 19 distinct Fmoc-L.-amino
acids, as demonstrated in Fig. 2c. Transmission electron microscopy
(TEM) imaging was employed to characterize the synthesis of 20 dis-
tinct nanozymes. These images revealed that each nanozyme exhib-
ited nanostructured forms; notably, some displayed cross-linked
network structures, while others presented monodispersed spherical
morphologies. Dynamic light scattering (DLS) measurements indi-
cated that these nanozymes were monodispersed with homo-
geneously hydrated particle sizes ranging between 40 nm and 100 nm,
as shown in Supplementary Fig. S1. Additionally, the zeta potential
measurements of these nanozymes consistently demonstrated nega-
tive values (Fig. S2).

Subsequently, the nanozymes were assessed for POD-like activ-
ities at pH 4.5 and CAT-like activities at pH 7.4. The experimental
outcomes revealed that all these nanozymes exhibited the capability to
facilitate the oxidation of TMB by H,0, at pH 4.5, corroborating their
POD-like activity (Figs. 2d and S3a). In contrast, a notable deviation was
observed in their behavior at pH 7.4; the HCFe nanozyme uniquely
lacked the ability to expedite the decomposition of H,0, to oxygen,
denoting an absence of CAT-like activity, a characteristic unshared by
the 19 other variants and hemin (Figs. 2d and S3b). These 19 variants
and hemin showed both POD and CAT activities, indicating that the
unique lack of CAT-like activity in HCFe stemmed from the coordina-
tion of cysteine. Significantly, natural horseradish peroxidase (HRP)
showed a minor degree of catalase-like activity further illustrating the
HCFe nanozyme’s precise catalytic pathway selectivity and its exclu-
sive POD performance (Figs. 2d and S4).

The distinctiveness of HCFe nanozymes in catalyzing the gen-
eration of hydroxyl radicals from H,0,, without its decomposition to
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Fig. 1| Schematic illustration of synthesis and screening of HCFe nanozyme and
its applications in overcoming cisplatin resistance in esophageal squamous
cell carcinoma (ESCC) chemotherapy. The HCFe nanozyme is synthesized using a
supramolecular assembly approach that integrates Fmoc-.-cysteine, hemin, and
Fe?*. This process results in the formation of a catalytic center featuring the
structural integration of [Fe-S] and hemin, with sulfur coordination playing a cri-
tical role in selectively POD-like activity. The HCFe nanozyme overcomes cisplatin
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resistance by inducing excessive ROS, which suppresses CDDP efflux, depletes
intracellular GSH, and enhances DNA damage and cell apoptosis, thereby restoring
the chemotherapeutic sensitivity of resistant ESCC cells. Structural representations
for horseradish peroxidase (7AT)) and aldehyde oxidase (5Y6Q) were derived from
publicly accessible Protein Data Bank (PDB) data, illustrating enzymes with hemin
and [Fe-S] in their catalytic centers, respectively.

water and oxygen, necessitated a more nuanced evaluation. A com-
parative analysis of POD-like and catalase-like activities under identical
pH conditions was conducted. Given the relevance of a mildly acidic
milieu in the context of tumor catalytic therapy, a reassessment of the
nanozymes’ activities was executed at pH 6.5. The findings accen-
tuated the specialized catalytic orientation of HCFe nanozyme, mani-
festing exclusive mono-POD activity in a mildly acidic milieu (Figs. 2d
and S3c, d).

To thoroughly assess the CAT-like activity of the HCFe nanozyme,
we monitored the absorbance of H,0, under various pH conditions.
The results demonstrated that the HCFe nanozyme did not sig-
nificantly reduce H,0, absorbance, indicating a lack of CAT-like
activity across these pH settings (Fig. S5). Using a catalase assay kit, we
evaluated the CAT-like activity of HCFe nanozyme, HHFe nanozyme,

and HRP. The findings revealed that while HHFe nanozyme and HRP
exhibited CAT-like activity, HCFe nanozyme did not (Fig. S6).

Additionally, we investigated both POD-like and CAT-like activities
of 20 different nanozymes in deionized water. The results indicated
that none of the nanozymes displayed POD-like activity in the pH-
neutral environment of deionized water, suggesting that such activity
is absent under these conditions. Interestingly, of all the nanozymes
tested, only the HCFe nanozyme lacked CAT-like activity in deionized
water, whereas the remaining 19 nanozymes demonstrated significant
CAT-like activity, aligning with observations made at pH 6.5 and
pH 7.4 (Fig. S7).

In summation, HCFe nanozymes exhibit a distinct characteristic
marked by the exclusive POD-like activity, notably absent in the other
19 nanozyme variants and hemin that demonstrate both POD and CAT
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Fig. 2 | Construction of a biomimetic self-assembled iron-based nanozyme stick models, the orange, yellow, blue, red, and gray-white balls represent the Fe, S,
library and screening of iron-based mono-POD nanozyme. a Schematic diagram N, O, and C elements, respectively. ¢ Representative TEM images of 20 biomimetic
of the synthesis of biomimetic self-assembled iron-based nanozymes. b The self-assembled iron-based nanozymes. d Heat map for comparison of the normal-
assembly process of the HCFe nanozyme and the quantification of interactions ized reaction velocity of biomimetic self-assembled iron-based nanozymes. Data

among key structural units were determined through DFT calculations. £, refersto  are presented as mean + SD (n =3 independent experiments). Source data are
the binding energy between two molecules and is calculated as the energy differ-  provided as a Source Data file.
ence between the complex and the individual separated molecules. In the ball-and-
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activities. Remarkably, under conditions where hydrogen peroxide is
the only substrate, the HCFe nanozyme does not catalyze its decom-
position into water and oxygen. This unique property not only con-
firms HCFe nanozyme’s superior catalytic selectivity compared to
most catalysts but also highlights its advantage in preventing the
unwanted production of oxygen—a side reaction commonly asso-
ciated with natural HRP. This unique catalytic specificity warrants the
categorization of HCFe as an iron-based mono-POD nanozyme.

Structural analysis of HCFe mono-POD nanozyme

The comprehensive examination of HCFe nanozyme was extended,
unveiling intricate nuances of its structural and functional attributes.
TEM images illustrated a well-defined spherical morphology of HCFe
nanozyme (Fig. 3a). Energy dispersive spectroscopy (EDS) mappings
affirmed a homogenous dispersion of C, N, O, S, and Fe elements
across the entire spherical configuration (Fig. 3b, c). An aberration-
corrected high-angle annular dark field scanning TEM (AC HAADF-
STEM) analysis was conducted to provide direct observation of the
atomic structure of the HCFe nanozyme. A distinctly bright dot indi-
cated the atomic dispersion of single Fe atoms across the HCFe
nanozyme structure (Fig. 3d). Organic element analysis was employed
to quantify the composition of carbon (C), nitrogen (N), and sulfur (S),
while inductively coupled plasma mass spectrometry (ICP-MS) was
utilized for the assessment of iron (Fe) content within the HCFe
nanozyme. The analyses revealed that C, N, S, and Fe constituted
55.60%, 6.28%, 5.50%, and 10.93% of the composition, respectively
(Table S1). These findings provide evidence for the concurrent pre-
sence of N, S, and Fe within the structural composition of HCFe
nanozymes. The dynamic light scattering (DLS) assessment depicted a
particle size distribution of 63.19 £13.51nm and a Zeta potential of
-22.74 + 8.148 mV for the HCFe nanozyme (Figs. S1 and S2).

The surface composition of the HCFe nanozyme was explored
using X-ray photoelectron spectroscopy (XPS). Analysis revealed the
presence of carbon (C 284.8 eV), nitrogen (N 398.48 eV), oxygen (O
531.71eV), sulfur (S 164.13eV), and iron (Fe 711.12eV) (Fig. S8a).
Detailed inspection of the high-resolution Cls spectra unveiled four
distinct peaks corresponding to various functional groups: C=0
(289.04 eV), C-0O (287.13eV), C-N (285.69), and C-C (284.82¢eV)
(Fig. S8b). Similarly, the N1s spectra were deconvoluted into three
component peaks at 397.31eV, 398.72 eV, and 400.11 eV, aligning with
Fe-N, H-N, and C-N, respectively (Fig. S8c). This spectral data corro-
borates the retention of functional groups inherent to the hemin
precursor on the HCFe nanozyme surface. Examination of the Ols
spectra yielded peaks characteristic of Fe-O (530.6eV), C-O
(531.69 eV), and C=0 (533.3 eV) (Fig. S8d), providing evidence for the
specific coordination of iron with the carboxyl groups present in
hemin or cysteine.

A comprehensive analysis of the Fe2p XPS spectra identified
twelve distinct peaks ascribed to varied states and coordinations of
iron and sulfur, which are Fe** 2ps/, (708.3 eV), Fe** 2py/, (721.76 eV),
Fe? 2ps,. (712.78 eV and 725.73 eV), Fe* 2p;;, (710.52eV), Fe** 2p,;,
(723.64 eV), Fe* 2., (715.03 eV and 729.02 eV), Fe-S 25, (709.18 eV),
Fe-S 2py;, (722.48 eV), Fe-N 2p;,, (707.24), and Fe-N 2p,,, (Fig. 3e).
These data intimate the coexistence of iron in dual electronic states,
fostering an environment conducive for enhanced POD-like activity.
The elucidation of the Fe2p spectra accentuates the complex interplay
between iron and sulfur, an assertion substantiated by the detailed S2p
spectra. As delineated in Fig. 3f, the S2p spectra are demarcated by six
distinct peaks, specifically Fe-S 2p;/, (161.44 eV), Fe-S 2p,,, (162.8 eV),
S 2p;/, (163.88¢€V), S 2py;, (165.2eV), S-0 2p;,, (166.78 V), and S-O
2p,;, (168.64 eV). This array of peaks underscores the coordination of
sulfur and iron, amplifying our understanding of its possible influence
on the catalytic specificity exhibited by the HCFe nanozyme.

To elucidate the iron coordination environment and the interac-
tion between Fe and S in the HCFe nanozyme, the Mossbauer

spectrums of the HCFe nanozyme and hemin were detected. IS is an
isomeric shift, which reflects the information of electrons in the
nucleus, including electron density, valence state, chemical shift, etc.
QS is a quadrupole split, which reflects the degree to which the nucleus
deviates from the spherical symmetry, including the distortion,
expansion, collapse, lattice, etc. As shown in Fig. 3g, h and Table S2,
hemin has only one single peak (Singlet), its IS is 0.01 mm/s, but no
QS, which indicates that hemin is a highly symmetrical planar
structure. HCFe has a quadrupole Doublet, its IS is 0.37 mm/s, and QS
is 0.78 mm/s, which indicates that the Fe in HCFe is in a three-
dimensional structure that deviates from the spherical symmetry.
This indicates that the Fe-N4 square-planar structure of hemin within
HCFe nanozymes has been altered to a three-dimensional structure.
This alteration supports the formation of the Fe-N,4S structure.

Additional insights into the HCFe nanozymes were gleaned
through X-ray absorption fine structure spectroscopy (XAFS), illumi-
nating the dispersion and coordination milieu of Fe elements. The
X-ray absorption near edge structure (XANES) spectra, benchmarked
against Fe,Oj3 references, unveil the Fe K-edge attributes of the HCFe
nanozymes, as illustrated in Fig. 3i. Edge energy absorption (Eb) deli-
neations suggest the Fe atoms are in specific oxidation states, with the
pre-edge peak of HCFe markedly aligning with that of Fe,Os. In the
Fourier-transformed realm (R space), extrapolations from the k*-
weighted EXAFS data (Fig. 3j) were adeptly maneuvered to yield
quantitative EXAFS analyses. Structural parameters, encapsulated in
Table S3, unveil a distinct Fe-N, and Fe-S coordination within HCFe
nanozymes. The Fe atoms are proximally situated at 2.069 A from the
four N atoms (Fe-N) and at a 2.270 A expanse from the one S atom
(Fe-S). A conspicuous phase shift underpins the divergences between
peak positions in R space and the fitting table. The congruence of
fitting graphs with original data in both K and R spaces attests to the
robustness and credibility of the fitting outcomes, as corroborated in
Fig. S9. Figure 3k-o illustrates the wavelet transform (WT) of the
EXAFS spectra. Fe,05 displays intensity peaks at approximately 4.5 A™
(Fig. 3I), attributable to the Fe-O coordination path. Hemin shows
similar intensity peaks at around 4.5 A™, which are ascribed to the Fe-N
coordination path (Fig. 3m). In contrast, FeS, exhibits its intensity
maxima at about 7.9 A, indicative of the Fe-S coordination path
(Fig. 2n). The HCFe nanozyme, however, demonstrates intensity peaks
at 5.5A", distinctly shifted to the right compared to hemin, signifying
the formation of Fe-S bonds along the axial direction of hemin within
the HCFe nanozyme structure (Fig. 30). Consequently, both WT and
Fourier-transformed EXAFS (FTEXAFS) analyses substantiate the pre-
sence of Fe-N/O coordination and Fe-S bonds in the HCFe nanozyme.

We further conducted theoretical XANES simulations of the Fe-K
edge using the full multi-scattering (FMS) approach within the fra-
mework of the Muffin-tin approximation for potential in real space?*.
The FeN,S configuration was subjected to near-edge simulation cal-
culations, and we compared the resulting data with experimental
measurements. As shown in Fig. S10, the synchrotron radiation-based
near-edge calculation results align well with the experimental data,
thereby validating the rationality of the proposed FeN,S configuration
presented in HCFe nanozyme. We then conducted a detailed analysis
of synchrotron radiation data. The valence state of Fe was accurately
determined from the first-order derivative of the Fe K-edge XANES
(Fig. S11a). The average oxidation states of Fe in HCFe and hemin were
found to be +2.51 and +2.77, respectively (Fig. S11b). Further, the Fe
K-Edge EXAFS and Mossbauer spectrum analyses suggest that the
decrease in the average oxidation state of Fe in HCFe is attributable to
strong electron transfer from the Fmoc-1-cysteine to the Fe atom,
caused by bridging S on the Fe-N, plane structure of hemin (Fig. 3g, j).
This supports the formation of the FeN,S structure, which is consistent
with the results of DFT calculations (Fig. 2b).

Additionally, we conducted X-ray absorption spectroscopy (XAS)
tests to evaluate the structural stability of HCFe nanozymes before and
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Fig. 3 | Structural characterization of HCFe iron-based mono-POD nanozyme.
Representative TEM image (a), Electron image (b), and EDS element mapping (c) of
HCFe nanozyme. Scale bar = 50 nm. d Representative AC HAADF-STEM image.
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fitting analysis of HCFe nanozyme (g) and hemin (h). i Normalized Fe K-edge
XANES. j FTEXAFS spectra. WT images of the Fe K-edge from Fe-foil (k), Fe,O5 (1),
hemin (m), FeS, (n) and HCFe nanozyme (0). Source data are provided as a Source
Data file.
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after the enzyme-like reaction. The Fe K-edge XANES analysis revealed
no significant changes in the oxidation state of Fe atoms before and
after the reaction (Fig. S12a). The Extended X-ray absorption fine
structure (EXAFS) analysis of the electronic structure of the central Fe
atom showed consistent results, with no significant shifts in the Fe-N/
O bonds at 1.6 A and Fe-S bonds at 2.2 A (Fig. SI2b, c). EXAFS fitting
analysis confirmed the specific coordination mechanism of the central
iron, demonstrating that the coordination numbers remained
unchanged, as shown in Table S4. This underscores the robust struc-
tural stability of HCFe nanozymes’ key units throughout the catalytic
process.

Furthermore, we measured the Fe content in the supernatant after
the POD-like activity assay using ICP-MS to monitor any potential Fe
ion leakage. The results suggested negligible Fe ion leakage during the
catalytic activity of HCFe nanozymes (Table S5). These findings further
support the conclusion that HCFe nanozymes maintain excellent
structural stability during the catalytic reaction process.

Characterization of the catalytic performance of HCFe mono-
POD nanozyme

The investigative focus then transitioned to the enzymatic activity,
where it was discerned that the isolated components of the HCFe
nanozyme—hemin and Fe?', as well as the combined mixture of hemin,
Fe*, and Fmoc-L-cysteine—demonstrated significant catalytic cap-
abilities for the oxidation of the POD substrate TMB. However, their
activities were lower than that of the complete HCFe nanozyme when
compared at equivalent mass concentrations under either pH 4.5 or pH
6.5. This observation underscored that the exhibited enzymatic
activity was attributed not to individual elements or the liberation of
iron ions in the solution, but to the synergistic constitution of the
composite structure. The HCFe nanozyme’s composite structure
facilitates a more effective integration of components, enhancing its
POD-like activity (Fig. 4a, b).

Additionally, we assessed the CAT-like activity of the HCFe
nanozyme, hemin, Fmoc-L-cysteine, Fe?, the supernatant of HCFe, and
the mixture of hemin, Fmoc-L-cysteine, and Fe?* at both pH 6.5 and pH
7.4. The results showed that while the hemin component within the
HCFe nanozyme exhibited significant CAT activity at these pH levels,
the HCFe nanozyme itself did not demonstrate any CAT activity
(Fig. 4c, d). This observation supports the conclusion that the HCFe
nanozyme modifies the coordination microenvironment of hemin,
effectively eliminating its CAT-like activity and instead, displaying
solely POD-like activity. It's worth noting that the mixture of hemin,
and Fmoc-i-cysteine showed CAT activity similar to that of hemin
alone (Fig. 4c, d). This suggests that the catalytic properties of the
HCFe nanozyme arise from the composite structure of its components
rather than from a simple mixture.

Furthermore, we evaluated the activity of HCFe nanozymes at
various concentrations and subsequently calculated their specific
activity. As demonstrated in Fig. S13, there is a linear relationship
between the activity and the mass of the HCFe nanozyme. The specific
activity of the HCFe nanozyme was determined to be 1.332 U/mg. The
kinetic behavior of this nanozyme, when interacting with substrates
TMB or H,0,, adhered to the Michaelis-Menten kinetics, underscoring
the POD-like activity of HCFe (Fig. S14). As detailed in Table S6, we
calculated the catalytic rate constant (K.,,) and the catalytic efficiency
(Kcat/K,y,) for reactions using TMB and H,0, as substrates. These cal-
culations were performed using the formula Kcac = Vinax/[Ecl, Where [E]
represents the total nanozyme concentration. These results indicate
that the catalytic behavior of HCFe nanozyme conforms to the enzy-
matic characteristics.

A comparative analysis of the POD-like and CAT-like activities was
conducted under conditions mimicking the tumor's acidic micro-
environment (pH 6.5) and the normal physiological environment (pH
7.4). Data evidenced an absence of CAT-like activity and a pH 6.5-

constrained manifestation of POD-like activity for the HCFe nanozyme
(Fig. 4e, f). These observations intimate a pH-responsive activation
state of the nanozyme, being inert at physiological pH and becoming
enzymatically active in the acidic tumor milieu (Fig. 4g). Electron spin
resonance (ESR) corroborated these findings, showcasing the cap-
ability of HCFe nanozyme to instigate -OH production from H,0, at
pH 6.5, whilst remaining inactive at pH 7.4 (Fig. 4h). Such pH-dependent
enzymatic behavior augments the biosafety profile of the HCFe nano-
zyme in tumor therapy. In the normal physiological context, its inert
state ensures biocompatibility, whilst its activation within the acidic
tumor microenvironment underpins its therapeutic efficacy via the
generation of «OH to eradicate tumor cells.

To delineate the superior efficacy of HCFe nanozyme in tumor
catalytic therapy, a comparative analysis was conducted with HHFe
nanozyme serving as a reference. The latter, though exhibiting analo-
gous POD-like activity to HCFe, possesses pronounced CAT-like
activity as well (Fig. 4i). Electron spin resonance (ESR) was employed
to quantify the «OH radicals produced from H,0, catalyzed by both
nanozymes at pH 6.5. The quantitative data affirmed that HCFe facili-
tated a greater yield of +OH radicals compared to HHFe at identical
H,0; concentrations (Fig. S15). Intracellular ROS levels, as quantified in
EC109 cells, underscored a heightened ROS generation in cells treated
with HCFe nanozymes relative to those exposed to HHFe counterparts
(Fig. 4j). This distinction accentuates HCFe’s superior efficacy in
inducing ROS generation within tumor cells. Consistently, cytotoxicity
assays revealed a marked reduction in cell viability in EC109 popula-
tions treated with HCFe, attesting to its potent cytotoxic impact rela-
tive to HHFe (Fig. 4k). Collectively, these insights unveil HCFe's
enhanced proficiency in facilitating H,O, catalysis to yield *OH radi-
cals, engendering elevated ROS levels within tumor cells, thereby
amplifying its cytotoxic effects relative to HHFe, which exhibits both
POD and CAT activities (Fig. 4I).

An extended comparative analysis juxtaposed HCFe with other
established iron-based nanozymes (including Fe;04, hemin-Fe;0,,
FeN,C, and a-FeNC)"*° under the acidic tumor microenvironment (pH
6.5). HCFe emerged as the exclusive nanozyme showcasing singular
POD-like activity and demonstrated superior efficacy in the oxidation
of TMB by H,0, (Fig. S16e, f). ESR analyses reiterated HCFe’s enhanced
capacity for «OH radical generation from H,0, under analogous con-
ditions (Fig. S16g). Interestingly, despite HCFe not showcasing the
pinnacle of POD-like activity at pH 4.5 among the iron-based nano-
zymes (Fig. S17), its distinguished efficacy in catalyzing OH generation
from H,0, was attributed to its intrinsic catalytic selectivity. This
nuanced insight accentuates the pivotal role of catalytic selectivity in
augmenting the efficiency of HCFe as a mono-POD nanozyme in tumor
catalytic therapy.

Unraveling the selective catalytic mechanism of HCFe nanozyme
Theoretical calculations provide insights into physicochemical prop-
erties, chemical reaction thermodynamics, and kinetics. These ana-
lyses are pivotal in elucidating the regulation mechanisms of hemin’s
catalytic activity by various amino acids. Notably, our findings indicate
that cysteine coordination significantly reduces the CAT activity of
hemin-cysteine, leading to a predominant POD activity, as illustrated
in (Fig. 2d).

The core of CAT-like catalytic reaction is the disproportionation
of H,0,, which is fundamentally a process where electrons are trans-
ferred between H,0, molecules. The equations for the overall reaction
and its associated two half-reactions are detailed in Fig. 5a. Gao et al.
postulated that for a catalyst to participate in the electron transfer of
this disproportionation, it must possess an accessible frontier orbital
with a reduction potential lying between the potentials of the two half-
reactions: specifically, between ¢(O,, H/H,0,) of 0.29V and ¢(H,0,,
H'/H,0) of 1.36 V*'**, This mediating frontier orbital can either be the
highest occupied molecular orbital (HOMO) or the lowest unoccupied
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molecular orbital (LUMO). Here, we determined the energy levels of aforementioned half-reaction potentials ¢(O,, H'/H,0,) and ¢@(H,0,,
HOMO and LUMO for hemin coordinated with 20 amino acids and H/H,0). This electron transfer process, as depicted by arrows in
converted these levels to potentials relative to a normal hydrogen Fig. 5a, comprises two steps. The first step is that HOMO donates
electrode (Enyg), and the results are presented in Fig. 5a. Our results, electrons to H,0,, reducing it to water. In the second step, HOMO
presented in Fig. 5a, show that the hemin-based nanozymes in our gains electrons from another H,O, molecule to oxidize it to O,. An
study utilizes its HOMO to facilitate H,O,’s disproportionation. Thisis  intriguing observation is depicted by the blue dashed line in Fig. 5a,
evident as the reduction potentials of their HOMOs lie between the two ~ which signifies Hemin’s native HOMO. Amino acids influence the
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Fig. 4 | Catalytic performance of HCFe mono-POD nanozyme. a, b Reaction-time
curves of the TMB colorimetric reaction catalyzed by HCFe nanozyme,

hemin + cysteine + Fe*" mixture, HCFe supernatant, hemin, Fmoc-L-cysteine or Fe*"
at pH 4.5 (a) and pH 6.5 (b) (n =3 independent experiments). ¢, d O, produced in
H,0, solution containing HCFe nanozyme, hemin + cysteine + Fe?* mixture, HCFe
supernatant, hemin, Fmoc-i-cysteine or Fe*" at pH 6.5 (¢) and pH 7.4 (d) (n=3
independent experiments). e Reaction-time curves of the TMB colorimetric reac-
tion catalyzed by HCFe nanozyme at pH 6.5 or pH 7.4 (n =3 independent experi-
ments). f Dissolved O, generated in H,0; solution after being catalyzed by HCFe
nanozyme at pH 6.5 or pH 7.4 (n=3 independent experiments). g Schematic dia-
gram of the HCFe nanozyme to catalyze the formation of -OH from H,0, only at pH

6.5, created in BioRender. Jiang (2024) BioRender.com/n42pli4. h ESR spectra of
HCFe nanozyme by using DMPO as spin-trapping agents for detecting -OH at pH 6.5
and pH 7.4. i Comparison of Pod-like activity and CAT-like activity between HCFe
and HHFe at pH 6.5. j ROS generation in EC109 cells treated with PBS, 200 pg/mL
HCFe nanozymes, and 200 pg/mL HHFe nanozymes for 4 h. k Cell viability of EC109
cells treated with HCFe and HHFe nanozymes for 48 h (n =3 independent experi-
ments, p values are determined with two-way ANOVA). I Schematic diagram of the
HCFe nanozyme and HHFe nanozyme to catalyze H,0, in the tumor cell, created in
BioRender. Jiang (2024) BioRender.com/v51i451. Data are presented as mean + SD.
Source data are provided as a Source Data file.

hemin’'s HOMO level through electron-donating or withdrawing
effects. Of particular note, cysteine coordination raises the HOMO of
hemin-cysteine, decreasing its reduction potential to 0.27V. This
value is slightly below the half-reaction potential ¢(O,, H’/H,0,) of
0.29 V. Consequently, this impedes the second electron transfer step,
explaining the diminished CAT-like activity of hemin-cysteine. In
contrast, the HOMOs of hemins coordinated with amino acids other
than cysteine lie between the reductive potentials of the two half-
reactions, facilitating the disproportionation of H,0,, This observation
aligns with our experimental data.

Cysteine may influence the HOMO of hemin by facilitating elec-
tron transfer to hemin’s Fe atom. To substantiate this proposition, we
calculated charges on Fe atoms across 20 distinct nanozymes via
natural population analysis (NPA). Figure 5b displays the calculated
NPA charges. Notably, the NPA charge of Fe in hemins coordinated by
amino acids other than cysteine averages around 1.26. In contrast,
cysteine promotes significant electron transfer to the Fe atom, redu-
cing the NPA charge of Fe to 0.63. To elucidate the interaction
dynamics between cysteine and hemin, and to discern the direction-
ality of electron transfer, we employed the ETS-NOCV method®. As
illustrated in Fig. 5b’s lower panel, hemin-cysteine can be segregated
into two components: Hemin and cysteine. Two primary orbital
interactions emerge between these fragments: the interaction
between the 3p, orbital of S in cysteine and the 3d,, orbital of Fe in
hemin, and the interaction between the 3p, orbital of S and the 3d,,
orbital of Fe. The deformation charge density distribution (Aporp)
corresponding to this orbital interaction denotes the charge flows
from cysteine to hemin. Interaction energy contributions from these
interaction modalities amount to -126.0 kJ/mol and -125.7 kJ/mol,
respectively. Collectively, the data underscores cysteine’s pronounced
electron-donating propensity to hemin. The Fe K-Edge EXAFS analysis
also indicates a decrease in the average oxidation state of Fe in HCFe,
consistent with the NPA results (Fig. 3j). These evidence collectively
demonstrate electron transfer from Cysteine to hemin, thereby ele-
vating the HOMO of hemin. The elevation of hemin’s HOMO hinders its
ability to mediate the electron transfer in the H,0O, disproportionation
reaction, resulting in a loss of its CAT-like activity.

We further delved into the POD- and CAT-like catalytic mechan-
isms of hemin-amino-acids nanozyme systems through the lens of
chemical reaction thermodynamics and kinetics. Figure 5c delineates
the HOMO-mediated mechanisms underpinning the POD- and CAT-
like activities of nanozymes, extrapolated from our preceding
research®*®, Intriguingly, the HOMO-mediated mechanisms for both
POD and CAT activities share a common initial step: electron transfer
from the nanozyme to H,0,, generating monatomic oxygen O* (*
denotes the adsorbed state). The divergence occurs in the subsequent
step, where the substrate dictates the activity—TMB leading to POD-
like activity, and H,0, to CAT-like activity. For the POD-like nano-
zymes, an energy-based descriptor, the adsorption energy of hydroxyl
radical E,gs0n, Was introduced to predict the POD-like activities of
nanozymes.*. In previous work®, Gao and collaborators combined the
Brgnsted-Evans-Polanyi (BEP) relationship with chemical reaction
kinetics principles to develop a “volcano model” for nanozymes’ POD-

like activity. They identified E,4s on, the adsorption energy of hydroxyl
radicals on nanomaterials, as a key descriptor. They proposed a uni-
versal mechanism that involves H,0, dissociating on the nanomaterial
surface to form two adsorbed OH* species (step 1), which then
abstracts hydrogen atoms from organic substrates (steps 2 and 3). The
rate-determining step varies between steps 1 and 3, with adsorbed OH*
as the critical intermediate. This model quantitatively aligns with the
Sabatier principle, explaining why highly reactive nanomaterials can
become poisoned by strong OH* adsorption, while inert catalysts
cannot activate the O-O bond. The highest apparent reaction rates
occur with moderate OH* adsorption. By calculating E,q4s op, this model
can predict H,0, activation activity and rate-determining steps for
various materials, providing a simple and universal theoretical basis for
nanozyme design and screening. This descriptor subsequently facili-
tated the strategic design of POD-like nanozymes*-, In our study, we
calculated the adsorption-free energies of hydroxyl radical (Gagson)
for the 20 amino acid-coordinated hemin nanozymes, aiming to dis-
cern the correlation between G,q4son, and POD-like activities. As
depicted in Fig. 5d, there is a conspicuous ‘volcano’ trend in the
nanozyme’s POD-like activity, with Gpgs0n ranging from -1.38 eV to
-0.17 eV. This trend intimates that amino acids have the potential to
modulate the G,g4son Of hemin, subsequently influencing its POD
activity. This observation underscores the predictive utility of G,4s on:
excessively weak adsorption to «OH impedes the O-O bond cleavage in
H,0,, curtailing POD-like activity, while excessively strong adsorption,
although promoting O-O bond breakage in H,0,, hinders desorption
from the active center, similarly compromising POD-like activity.
Optimal POD-like activity is attained when adsorption strength is
moderate. Notably, within the scope of our study, hemin-Asn mani-
fested the most pronounced POD-like activity at a pH of 6.5, corre-
sponding to a G,4s,0n Of —0.58 €V.

To delve deeper into the thermodynamics and kinetics of
HOMO-mediated mechanisms underlying the POD- and CAT-like
activities of hemin-Cysteine, we calculated the corresponding
energy profiles. Figure 5e presents the catalytic cycles alongside the
derived energy profiles. Our calculations indicate that electrons
transfer from hemin-cysteine to H,0,, resulting in the formation of
O* is exothermic, and possesses an activation energy barrier of
0.81eV. This reaction is feasible at ambient temperature, aligning
with the findings in Fig. 5a. However, during the second step in the
CAT mechanism, O* faces challenges in capturing a hydrogen atom
from the adjacent H,0, due to a substantial energy barrier of 1.57 eV.
This phenomenon can be attributed to the HOMO potential being
inferior to that of half reaction 1. However, for the second step in the
POD mechanism, both O* and OH* exhibit the capability to seize
hydrogen atoms from TMB, given their energy barriers of 0.76 eV
and 0.89 eV, respectively. The rate-determining step (RDS) in the
POD mechanism is the last step, wherein OH* captures hydrogen
from TMB. As evidenced in the volcano plot, hemin-cysteine is
situated on the left, indicating that its rate-determining step (RDS)
involves hydroxyl desorption. Given the energy barrier for this pro-
cess is a mere 0.89 eV, it underscores hemin-cysteine’s prominent
POD-like activity.
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Fig. 5| The selective catalytic mechanism of HCFe nanozyme. a The equations of
the overall reaction and the two half-reactions for H,0, disproportionation reac-
tion and the potentials of HOMO and LUMO energy levels of the 20 amino acid-
coordinated hemin relative to a normal hydrogen electrode. b The calculated NPA
charges on Fe atoms in 20 amino acid-coordinated hHemin based on natural

population analysis. ¢ The HOMO-mediated mechanisms for POD- and CAT-like
activities of nanozymes. d The volcano plot of POD-like activities of 20 amino acid-
coordinated hemin along with G,q4s0n in €V. e The catalytic cycles and the corre-
sponding free energy profiles (in eV) for the CAT and POD mechanisms of
hemin-cysteine. Amino acids are represented by single-letter abbreviations.
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In conclusion, our DFT analyses elucidate why hemin-cysteine
predominantly exhibits POD-like activity. The electron transfer from
cysteine to hemin elevates its HOMO. This elevation impairs its ability
to mediate electron transfer in the H,0, disproportionation reaction,
leading to the cessation of its CAT-like activity. The modulation of the
hemin’s adsorption energy towards the hydroxyl radical by various
amino acids further shapes its POD-like catalytic properties.

Combining the results of DFT calculations (Fig. 2b), XPS, and Fe
K-Edge EXAFS (Fig. 3), we determined that there are two iron centers in
the HCFe nanozyme: Fe-N,S and Fe-O4. The sulfur (S) of
Fmoc-cysteine bridges with the iron (Fe) in hemin to form Fe-N,S,
while the iron ion coordinates with the carboxyl group to form Fe-0,.
To investigate whether Fe-Oy, is a catalytically active site, we synthe-
sized a control nanozyme, referred to as CFe, assembled using Fmoc-L-
cysteine and Fe*. Unlike HCFe, CFe lacks the hemin component and,
therefore, does not contain the Fe—N,S structure. However, theoreti-
cally, CFe should retain the Fe-0, structure due to the coordination
between Fe?* and carboxyl groups. We evaluated both the POD-like and
CAT-like activities of CFe and observed that CFe exhibited neither
activity, suggesting that the Fe-O, structure does not serve as a cata-
Iytic active site (Fig. S18a, b).

DFT calculations were also conducted to investigate the CAT- and
POD-like activities of CFe. The CFe model, shown in Fig. S18c, consists
of one Fe?* ion coordinated with four cysteine anions. As illustrated in
Fig. Se, the initial steps for both CAT and POD activities involve the
adsorption and decomposition of H,0,. The energy profiles for these
steps at the Fe-O, site in the CFe model revealed that the H,0,
adsorption energy was 0.23 eV, while the decomposition energy bar-
rier was 2.16 eV (Fig. S18d), significantly higher than that at Fe-N, sites.
This indicates the poor ability of Fe-Oy sites to activate H,0,, leading
to the low CAT- and POD-like activities of CFe. These results support
experimental observations and provide detailed insights at the atomic
level to suggest that the Fe-O, structure does not serve as a catalytic
active site.

Furthermore, we employed ICP-MS to analyze the Fe content in 20
biomimetic iron-based nanozymes, including HCFe. The results indi-
cate that the Fe content across these nanozymes is relatively con-
sistent, with the HCFe nanozyme displaying a Fe content of
approximately 10.5026%, placing it in the median range among the
tested nanozymes (Table S7). This consistency suggests that the Fe
content does not influence the catalytic selectivity of these biomimetic
iron-based nanozymes. These findings suggest that the unique cata-
lytic properties of the HCFe nanozyme are related to the Fe-N4S
structure formed by the interaction of Fmoc-1-cysteine with hemin.

HCFe nanozyme combined with CDDP overcame the CDDP-
resistance in esophageal squamous cell carcinoma cells

After deciphering the mechanism by which the nanozyme exhibits
POD-like catalytic specificity, we proceeded to evaluate its application
in tumor catalytic therapy. The inherent heterogeneity and multi-
faceted nature of tumors have rendered single-treatment strategies
ineffectual, necessitating a paradigm shift towards multimodal ther-
apeutic regimens in oncological management®. Chemotherapy is a
pivotal modality in cancer treatment, yet its efficacy is severely hin-
dered by the pervasive challenge of resistance***'. This resistance is
intricately linked with the modulation of reactive oxygen species (ROS)
in tumor cells, augmentation of ROS levels within tumor cells emerges
as a strategy to amplify chemotherapeutic responsiveness***,
Remarkably, the nanozyme remains inert in a neutral pH physiological
environment and exhibits specific POD-like activity in the mildly acidic
tumor microenvironment, catalyzing the generation of ROS to destroy
tumor cells. This distinct operational modality not only underscores its
biosafety but also accentuates its therapeutic potency. Against this
backdrop, integrating nanozymes with chemotherapy is proposed as a
viable strategy, promising enhanced efficacy. To substantiate this

proposition, our investigation employed a model comprising cisplatin-
resistant esophageal squamous cell carcinoma (ESCC), utilizing cis-
platin (CDDP) as a representative chemotherapeutic agent. This
approach facilitated an in-depth exploration of the synergistic effects
elicited by the concomitant application of nanozymes in a che-
motherapeutic context, potentially offering a nuanced understanding
and avenues to surmount chemotherapy resistance.

Firstly, we established three CDDP-resistant ESCC cell lines from
parent ESCC cell lines EC109, EC9706, and TE1 (Fig. 6a). Cell viability
assays revealed a marked increase in drug tolerance in the resistant
lines compared to their parent counterparts (Fig. 6b-d), with IC50
values indicating enhanced cisplatin resistance (Table S8). RNA
sequencing of EC109 and EC109DDP cells identified 852 upregulated
and 854 downregulated genes in the resistant strain (Fig. 6e). Notably,
the overexpression of genes associated with platinum efflux (ABCC2
and ABCC3) and glutathione-mediated detoxification (Nrf2, GPX4, and
GST) was observed (Fig. 6f), hinting at a multifaceted resistance
mechanism. Analyses of intracellular platinum concentrations show-
cased significant reductions in ECI09DDP, EC9706DDP, and TEIDDP
cells post-cisplatin exposure (Fig. 6g), aligning with an augmented
glutathione content (Fig. 6h). Western blot analyses corroborated the
RNA sequencing data, showing elevated levels of MRP2, Nrf2, and
GPX4 proteins in resistant cell lines (Fig. 6i). Enhanced DNA repair and
reduced apoptosis in the resistant cells were further demonstrated by
the subdued expression of y-H2AX and Cleaved-caspase 3, following
cisplatin treatment, compared to the pronounced responses in the
parent cells (Fig. S19). The concomitant reduction in apoptotic rates in
resistant cells underpins the enhanced tolerance to cisplatin-induced
oxidative stress and cell injury (Fig. S20). In essence, the augmented
cisplatin tolerance in ESCC is potentially orchestrated by enhanced
platinum efflux, increased glutathione-mediated detoxification, and
bolstered antioxidant defenses, collectively mitigating oxidative
stress-induced cellular damage and apoptosis.

We subsequently investigated the cytotoxic effects of HCFe
nanozyme in combination with CDDP on CDDP-resistant ESCC cells.
Quantitative analysis revealed that this combination elicited a mark-
edly higher cytotoxic response compared to either HCFe nanozyme or
CDDP alone across all three ESCC cisplatin-resistant cell lines
(Fig. 7a-c). The combination indexes (CI) underscored a synergistic
effect between HCFe nanozyme and CDDP (Fig. 7d). Furthermore, cell
apoptosis analyses corroborated the synergistic impact of this com-
bination, showing enhanced apoptosis in both the cisplatin-resistant
ESCC cells and their corresponding parental cells (Figs. S21 and S22).
Additionally, the ROS scavenger NAC was able to counteract the
enhanced cytotoxic response and increased cell apoptosis of the
CDDP + HCFe treatment. This further substantiates that the synergistic
effect between HCFe nanozyme and CDDP relies on ROS generation by
HCFe nanozymes.

RNA sequencing data elucidated minimal changes in gene
expression in EC109DDP cells post-5uM CDDP treatment for 48h,
highlighting the cells’ resilience against CDDP (Fig. 7e). In stark con-
trast, combined HCFe and CDDP treatment instigated significant
modulations in gene expressions, marking a potential mechanistic
shift imparted by HCFe (Fig. 7e). Notably, downregulation of
chemotherapy-resistant genes in the ABC family hinted at HCFe’s
inhibitory action on CDDP efflux (Fig. 7f).

An upsurge in ROS levels was observed in ECLO9DDP cells treated
with HCFe, both as a standalone treatment and in combination with
CDDP, as indicated in Figs. 7g and S11. NAC, employed as a free radical
scavenger, effectively nullified ROS augmentation induced by HCFe,
corroborating the ROS-centric action of HCFe (Figs. 7g and S23).

In parallel, HCFe instigated a discernible decline in mitochon-
drial membrane potential, as evidenced by JC-1 fluorescence imaging
(Figs. 7h and S24), implicating mitochondrial damage as a con-
sequence of elevated ROS. The combined HCFe and CDDP treatment
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Fig. 6 | Characteristics of esophageal squamous cell carcinoma CDDP
resistant cells. a The schematic illustration of establishments of CDDP-resistant
ESCC cell lines, created in BioRender. Jiang (2024) BioRender.com/q47h357. Cell
viability of b EC109 and EC109DDP, ¢ EC9706 and EC9706DDP, and d TE1 and
TEIDDP cells treated with CDDP for 48 h (n =3 independent experiments). e The
differentially expressed genes (DEGs) of ECLO9DDP and EC109 cells were measured
by RNA-seq (n =3 independent experiments). f The DEGs of interest between
EC109DDP and EC109 cells (n =3 independent experiments, p values are deter-
mined with two-tailed unpaired student’s t-test. FPKM fragments per kilobase of

exon model per million mapped fragments). g The intracellular Pt concentrations
of CDDP-resistant cells (EC109DDP, EC9706DDP, and TEIDDP) and parent cells
(EC109, EC9706, and TE1) incubated with CDDP (10 puM) for 5 h were determined by
ICP MS (n=3 independent experiments, p values are determined with two-tailed
unpaired student’s -test). h Cellular GSH levels in CDDP-resistant cells and parent
cells (n=3 independent experiments, p values are determined with two-tailed
unpaired student’s t-test). i Western blot analysis of MRP2, Nrf2, and GPX4
expressions in CDDP-resistant cells and parent cells. Data are presented as

mean + SD. Source data are provided as a Source Data file.

precipitated increased cytoplasmic cytochrome C levels, an upsurge
nullified by NAC, while concomitantly depleting ATP content, a
decrease also counteracted by NAC (Figs. 7i and S25). This outcome
underscores the capability of HCFe nanozyme to inflict mitochon-
drial damage and reduce ATP content via the amplification of cel-
lular ROS.

It is well documented that an increase in ROS can suppress the
expression of multidrug resistance protein (MRP), thereby enhancing
cellular responsiveness to chemotherapy drugs**‘. Given the asso-
ciation between multidrug resistance protein 2 (MRP2) and ESCC cis-
platin resistance™*’, we observed a significant reduction in MRP2
expression following HCFe treatment (Figs. 7j and 6k), suggesting a

Nature Communications | (2024)15:10605

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54868-w

a EC109DDP b EC9706DDP
200
EEEP 200 CDDP
e HCFe
S 1504 CDDP+HCFe @ 150 —*— CDDP+HCFe
< CDDP+HCFe+NAC = CDDP+HCFe+NAC
2 2z
Z 100 T 100-;
2= 8
> . >
= 50— T 50—
[0} Q
(&) (@]
A

T T T T T T 1 T T T T T 11
CDDP (uM)1.25 25 5 10 20 40 80 CDDP (uM)125 25 5 10 20 40 80
HCFe (ug/mL) 10 25 50 100 150 300 450 HCFe (ug/mL)25 50 100 150 300 450 600

c TE1DDP d Cl of CDDP and HCFe
200 20— -
chDP = Angatonism Cl > 1
—— e o —e— EC109DDP
£ 150 CDDP+HCFe e |
< ODDP+HOFe+NAC | % 57| —=— EC9706DDP
=2 ° —— TE1DDP
T 100 = 10— Additive CI = 1
g S
2 E
g 50 — £ o5
g S ismCl <1
- ynergism Cl <
o771 T 1T T 1T 171 °©

O——T1 1 T 1T

DDP (M
c (MM)1.2525 5 10 20 40 80 40 50 80

HCF (ug/mL) 10 25 50 100 150 300 450

30

e g h Drug effect level (%)
_——:;I 2 80T Bs CcDDP
- CDDP+HCFe 1 5
1 omos ;
= 40— 1PBs =
| = < <8
= |1 X € {copp 5]
- ;:EI o p<0|_|0001 = IS
— L 50— peooor p<00001 o
== R poom | 3 JHCFe S
<0001 p<0.0001 ] o g
proon n n CDDP+HCFe -
— 0 Mali I i 1 O
N ' CDDP+HCFe+NAC -
e —Ea N R LR G e I
K . " .
Ko RSP O R
PBS CDDP CDDP+HCFe PR EEEE S DCFH-DA
i k
3.0 PBS CDDP J cbpP - + - - - + 4+ ° PBS CDDP + HCFe
s HCFe HCFe+CDDP) HCFe - - + + + + o+ = coop SDDE 1 HoFe + JStH:23
c“ HCFe+CDDP+NAC JSH23 - - - + - + - c= 4 HCFe + JSH-23
0} <0.0001 ) 28 HCFe + NAC <0.0001
© 2.0- p=. @ 9<0.0001 p<0.0001 p<0.
€ <0.0001 Fi ———— _p<0.0001
) [
2 154 . 180kD %g p<0.0001 PE2:0001 p<?'—0|001p<0.0001 p<0.0001
3 130kD @ @ 9 000@:0.0001
= < £ N 2~ pooodirs
= 1.0 p<0.0001| p-NF-kB | —— - — — — — ‘.|70 kD Lc p<0.0001
5 SE |—
= 05— NF-kB 70kD Q2
<o EET T e
_ 55 kD 0
0.0 ACt|n|-——--—-—|40kD [ [ [
| n MRP2 p-NF-kB NF-kB
= 20 CDDP copp -+ - 4
o] CDDP+HCFe HCFe - - + +
8 15 CDDP+HCFe NAC - - - + P 3
S +*NAC 25 kD [
S |, ks V-H2AX [ B - - 150 e
E) p=0.0196 Cleaved- 25 kD L\Ailochondrig /_, » MRP2 |7 Sy
~ i o lama up
& os| p=0.0057 Caspase 3 B . w15 kD g@
= i 55 kD /
> B-Actin |—————|40 KD
= @ — B Ap
i oo T —~@
m fgg ¢ PBS o 8 PBS CDDP+HCFe I e
n CDDP = coDP
< 160 HCFe c = CDDP CooreHeRe inactivation
T a0 CDDP+HCFe 28 6 HCFe p<0.0001
S CDDP+HCFe+NAC A ch p<0.0001 01
o 120— p=0.0001 05 ™ p<0.0001
i
° 100 — 8=y p<0.0001
3 p=0.0003 p=0.0002 3 3 — p<0.0001
£ 80— c N p<0.0001 |_|
=3 - =
= 60— Lo, | MRP2
T ol g E 2 @-
O 20 o E
0 0 T T
y-H2AX Cleaved-
caspase 3

Fig. 7 | HCFe nanozyme combined with CDDP overcame the CDDP resistance in
esophageal squamous cell carcinoma cells. a-c Cell viability of ECI09DDP,
EC9706DDP, and TEIDDP cells with different treatments for 48 h. d Combination
index (CI) of CDDP and HCFe nanozyme against ECI09DDP, EC9706DDP, and
TEIDDP cells (CI <1: synergism; Cl =1: additive effect; CI > 1: antagonism).

e Differentially expressed genes (DEGs) of ECI09DDP cells treated with PBS, 5 uM
CDDP, 75 pg/mL HCFe, and 5 pM CDDP + 75 pg/mL HCFe for 48 h, measured by
RNA-seq. f Expression levels of ABC transporter family genes in ECI09DDP cells
after different treatments (p values are determined by one-way ANOVA. FPKM
fragments per kilobase of exon model per Million mapped fragments). g ROS
generation in ECI09DDP cells with different treatments for 6 h. h Mitochondrial
membrane potential (MMP) changes in ECLO9DDP cells treated with 150 pg/mL
HCFe for 6 h, 12 h, and 24 h, assessed by JC-1 staining (red: JC-1 polymer; green: JC-1
monomer). Scale bar = 50 pm. i ATP content analysis in ECIO9DDP cells after 24 h of

treatment. (p values are determined by two-way ANOVA). j, k Western blot analysis
() and quantitative assessment (k) of phosphorylated NF-kB, NF-kB, and MRP2 in
EC109DDP cells (p values are determined by two-way ANOVA). I Platinum efflux and
m intracellular GSH levels in ECLIO9DDP cells (p values are determined by one-way
ANOVA). n, o Western blot and quantitative analysis of y-H2AX and Cleaved-
caspase 3 expressions in EC1I09DDP cells after 24 h of treatment (p values are
determined by two-way ANOVA). p Schematic illustration of the mechanism by
which excessive ROS overcomes cisplatin resistance, created in BioRender. Jiang
(2024) BioRender.com/p01k654. Cells were treated with PBS, 10 uM CDDP, 150 pg/
mL HCFe, 10 pM CDDP +150 pg/mL HCFe, or 10 uM CDDP +150 pg/mL HCFe +5
mM NAC in panels (g, i, I, m, and n). n = 3 independent experiments in panels (a-c),
(f), (i-0). Data are presented as mean + SD. Source data are provided as a Source
Data file.
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potential inhibition of cisplatin efflux. This assertion is substantiated
by the data demonstrating a marked reduction in CDDP efflux in
EC109DDP cells subjected to combined HCFe and CDDP treatment
(Fig. 71). Furthermore, this reduction in CDDP efflux in EC1I09DDP cells
could be counteracted by NAC treatment.

NF-kB, which is influenced by ROS, may drive MRP2
downregulation*®, High ROS levels are known to activate NF-kB*.
Based on these insights, we propose that treatment with CDDP + HCFe
could generate excessive ROS, thereby enhancing NF-kB expression
and contributing to MRP2 downregulation. This theory is corrobo-
rated by transcriptomic sequencing results showing an increase in NF-
kB mRNA and a decrease in MRP2 mRNA levels following treatment
(Fig. S26). Protein expression analyses revealed that both HCFe and
CDDP + HCFe treatments increased NF-kB activation and reduced
MRP2 protein levels (Fig. 6j, k). Using the NF-kB inhibitor JSH-23 and
the ROS scavenger NAC, we confirmed that these changes were due to
ROS influencing the NF-xB/MRP2 pathway. These interventions
reversed the changes in protein expression, reducing elevated phos-
phorylated NF-kB levels and MRP2 depletion. Thus, HCFe nanozyme
likely enhances NF-kB activation by inducing excessive ROS, which
suppresses MRP2 expression.

Acknowledging the elevated GSH levels characteristic of cisplatin-
resistant ESCC cells and the ROS-reducing capacity of GSH, we eval-
uated cellular GSH levels in ECI09DDP cells administered with CDDP
alone or in combination with HCFe nanozyme. A marked depletion in
GSH levels was noted in the combination treatment group, an effect
reversible by NAC (Fig. 7m), underscoring the ROS-inducing and GSH-
scavenging properties of HCFe nanozyme. Furthermore, this com-
bined treatment strategy augmented the expression of y-H2AX and
cleaved-caspase 3, indicative of enhanced DNA damage and apoptosis,
effects partially reversible by NAC (Figs. 7n and 60), as confirmed by
apoptosis assays (Figs. S21 and S22).

Consequently, we deduced that HCFe nanozyme primarily ame-
liorates ESCC cisplatin resistance by instigating excessive ROS, which
in turn curtails CDDP efflux, depletes cellular GSH, and augments DNA
damage and cell apoptosis (Fig. 7p).

HCFe nanozyme combined with CDDP for CDDP-resistant ESCC
tumor therapy in vivo

To evaluate the biodistribution of HCFe nanozyme, ECIO9DDP tumor-
bearing female BALB/c nude mice were administered HCFe-Cy5.5 via
tail vein injection. The in vivo imaging system showcased the nano-
zyme’s pronounced tumor enrichment, revealing an extended reten-
tion compared to free Cy5.5 (Fig. S27a). Quantitative fluorescence data
confirmed elevated signals in the tumor area for the HCFe-Cy5.5
group, persisting for 96 h post-injection (Fig. S27b). Ex vivo imaging
further supported the nanozyme’s effective tumor targeting and
retention capabilities (Fig. S27c, d).

Safety assessments were performed to explore the biosafety
profile of HCFe nanozyme and CDDP. Female BALB/c mice treated with
various doses of HCFe nanozyme (20 mg/Kg, 50 mg/Kg, and 100 mg/
Kg) exhibited stable body weight, confirming its safety (Fig. 8a). In
contrast, higher CDDP doses resulted in significant weight loss, indi-
cating toxicity, while a dose of 2.5mg/Kg CDDP was deemed safe.
Combining 2.5 mg/Kg CDDP with different concentrations of HCFe
nanozyme, administered via tail vein, presented no significant change
in body weight, further attesting to the combined treatment’s biosaf-
ety (Fig. 8a).

The comprehensive safety profile was supplemented with blood
biochemistry and routine blood analyses, wherein all indices from
various treatment groups remained within normal parameters
(Fig. 8b-e and Table S9). Histological examinations, employing H&E
staining of principal organs (heart, liver, spleen, lung, and kidney),
revealed no discernible tissue damage, substantiating the combined
treatment’s biological safety (Fig. S28).

The in vivo antitumoral efficacy was explored by treating
cisplatin-resistant ESCC xenografts with saline, 2.5mg/Kg CDDP,
50 mg/Kg HCFe nanozyme, or a combination of 2.5 mg/Kg CDDP and
50 mg/Kg HCFe nanozyme every three days, thrice (Fig. 8f). The
cisplatin treatment group did not exhibit a significant reduction in
tumor growth compared to the saline group, confirming the cisplatin
resistance of EC1I09DDP cell-derived xenografts (Fig. 8g, h, and i). In
contrast, the co-administration of HCFe nanozyme and CDDP
markedly suppressed the proliferation of cisplatin-resistant ESCC
xenografts, suggesting the potential of this combined approach to
counteract cisplatin resistance (Fig. 8g-k). At the end of the experi-
ment, on the 21st day after the initial treatment, tumor tissues were
collected, photographed, and weighed. The tumor volume and
weight in the combined treatment group were significantly lower
compared to the control group and the groups treated with a single
drug, as shown in Fig. 7I, m.

Moreover, akin to the safety profile observed in prior experi-
ments, no substantial weight loss was recorded across the treatment
groups, underscoring the biosafety of the HCFe and CDDP combina-
tion (Fig. 8n). Notably, female tumor-bearing mice receiving the
combined therapy exhibited a significant extended survival duration.
By the 28th day, while all female tumor-bearing mice in the other
treatment cohorts succumbed, an 80% survival rate was observed in
the combined treatment group (Fig. 80), highlighting the treatment’s
biosafety and effectiveness. Histological analyses via H&E staining and
TUNEL assays revealed pronounced tissue necrosis and apoptosis in
tumors from female tumor-bearing mice subjected to the combined
HCFe nanozyme and CDDP regimen (Fig. 8p).

Collectively, these findings affirm that the integration of HCFe
nanozyme with CDDP not only effectively impedes the growth of
cisplatin-resistant ESCC xenografts but also enhances survival rates and
biosafety, laying a promising foundation for future therapeutic
applications.

In this study, employing a supramolecular assembly approach
involving Fmoc-L-cysteine, heme, and Fe?* coordination, we intro-
duced sulfur coordination to the iron atom in hemin, leading to the
synthesis of the HCFe nanozyme. This nanozyme uniquely combines
heme and Fe-S structures within its catalytic active center. Utilizing a
set of 19 Fmoc-modified amino acids as comparative controls, we
constructed a comprehensive library of iron-based nanozymes.
Subsequent enzymatic activity analysis confirmed HCFe’s unique
mono-POD activity, distinguishing it from the other 19 variants and
hemin with both POD and catalase activities. This analysis further
demonstrated that HCFe exceeds the catalytic selectivity of the
natural HRP enzyme, which exhibits a slight CAT-like activity. These
findings categorize HCFe as a specialized iron-based mono-POD
nanozyme.

The HCFe nanozyme was closely examined to understand its
structural and functional attributes. HCFe’s distinct mono-POD
activity and enhanced proficiency in facilitating H,O, catalysis were
established against other iron-based nanozymes under an acidic
tumor environment, underscoring its unique role and efficiency in
tumor catalytic therapy attributed to its intrinsic catalytic selectivity.
Using X-ray photoelectron spectroscopy (XPS) and X-ray absorption
fine structure spectroscopy (XAFS), we delved deeper into HCFe’s
structural composition. The results uncovered a complex interplay
between iron and sulfur within the nanozyme’s structure. The ana-
lyses enhanced our grasp of its unique catalytic specificity. Theore-
tical computations shed light on the role of sulfur coordination in
skewing hemin’s catalytic inclination towards predominant POD
activity.

In the scenario of CDDP-resistant ESCC, HCFe proved its mettle,
enhancing chemotherapeutic responsiveness, validated through
comprehensive in vitro and in vivo experiments. The synergy of HCFe
and CDDP not only proved efficacious but also showcased a
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commendable safety profile, as evidenced in studies involving
cisplatin-resistant ESCC xenografts.

HCFe nanozyme, characterized by its unique mono-POD activity
and the integration of heme and Fe-S structures within its catalytic
active center, emerges as a cornerstone for devising innovative ther-
apeutic strategies in cancer therapy. As a type of single-atom nano-
zyme, HCFe nanozymes also inherit the efficient catalytic

capabilities characteristic of previously reported single-atom
nanozymes’°**, which are utilized in catalytic medicine applications.
Our study is comprehensive, offering a deep dive into the enzymatic
activity of HCFe and exploring its potential to boost the effectiveness
of chemotherapy. We delve into avenues for enhancing the catalytic
selectivity and specificity of nanozymes. These advancements high-
light HCFe’s pivotal role in the evolving field of oncology.
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Fig. 8 | HCFe nanozyme combined with CDDP for CDDP-resistant ESCC tumor
therapy in vivo. a Body weight changes of healthy female BALB/c mice after
intravenously administered with CDDP, HCFe nanozyme, and CDDP + HCFe nano-
zyme at 2.5 mg/kg, 5 mg/kg, 10 mg/kg CDDP equivalent or 20 mg/kg, 50 mg/kg,
100 mg/kg HCFe nanozyme equivalent (n =3 mice per group). b-e Serum bio-
chemistry data of healthy female BALB/c mice after injected with Saline, 2.5 mg/kg
CDDP, 50 mg/kg HCFe nanozyme, or 2.5 mg/kg CDDP + 50 mg/kg HCFe nanozyme
for 14 d. AST and ALT represent liver function, and UREA and CREA represent
kidney function (n = 3 mice per group). f Schematic illustration of the establishment
of CDDP-resistant ESCC tumor models and the corresponding therapeutic regi-
mens, created in BioRender. Jiang (2024) BioRender.com/p01k654. g-k Tumor

growth curves after first administration (n =5 mice per group, p values are deter-
mined with two-way ANOVA). | Tumor photographs and m weights of different
treatment group (n=>5 mice per group, p values are determined with one-way
ANOVA). n Body weight changes after the first administration of saline, 2.5 mg/kg
CDDP, 50 mg/kg HCFe nanozyme, or 2.5 mg/kg CDDP + 50 mg/kg HCFe nanozyme
(n=S5 mice per group). o Survival curves of female tumor-bearing mice from dif-
ferent treatment groups (n =5 mice per group, p values are determined with log-
rank Mantel-Cox test compared with Saline group). p TUNEL and H&E staining
images of tumor tissue slices collected from female tumor-bearing mice with dif-
ferent treatments after execution. Scale bar =100 um. Data are presented as
mean + SD. Source data are provided as a Source Data file.

Methods

Ethical regulations

All research complied with the relevant ethical regulations. The animal
studies were conducted in accordance with the ethical standards set by
the Animal Ethics Committee of Zhengzhou University (approval
number: ZZUIRB2022-144). Female BALB/c nude and healthy mice,
aged 6-8 weeks, were sourced from SPF (Beijing) Biotechnology Co.,
Ltd. All mice were group housed 5 mice per cage in a specific pathogen-
free environment temperature (22-26°C) and humidity (40-70%)
house rooms on a 12 h light, 12 h dark cycle. The Animal Ethics Com-
mittee permits a maximum tumor size of 2000 mm?®, we terminated
the in vivo therapy assay when the tumor arrived at this size in this
work. According to the Animal Ethics Committee guidelines, mice that
experience weight loss exceeding 20% or display symptoms such as
hunched posture, impaired locomotion, or respiratory distress should
be promptly euthanized using CO, gas. Otherwise, the mice were
euthanized at the conclusion of the experiment. In the 10 mg/kg CDDP
group, one mouse exceeded the permitted weight loss limit of 20% on
Day 4, with a recorded body weight of 79.81% of its initial weight. The
mouse was observed to be in good health with normal behavior, so
euthanasia was not performed, and observation continued under the
guidance and approval of the veterinarian. In the Saline group, one
mouse exceeded the permitted tumor burden limit of 2000 mm3 on
Day 18, with a tumor volume of 2139.29 mm?. However, the mouse was
in good health, without signs of distress, and all other mice in the same
group had tumor volumes below 1500 mm?®. Based on these observa-
tions, and under the veterinarian’s approval, we continued monitoring
these mice to maintain data integrity, as this decision was necessary to
capture comprehensive data on the effects of treatments under
investigation. Monitoring included daily health checks, weight mea-
surements, and behavioral assessments to ensure animal welfare.

Cell lines

EC109 cell line and TEI cell line were purchased from BeNa (Henan,
China) Culture Collection Co., Ltd. EC9706 cell line was donated by the
Laboratory of Cell Engineering Transformation, College of Life Science,
Zhengzhou University. Resistant derivatives, ECI09DDP, EC9706DDP,
and TEIDDP, were developed from their respective parent cells through a
10-month exposure to incrementally increased concentrations of CDDP.
Cells were maintained in RPMI-1640 medium, supplemented with 10%
FBS and 1% penicillin/streptomycin, and incubated at 37 °C in a 5% CO,
humidified atmosphere. The resistant cell lines were sustained in 1.2 pg/
mL CDDP to preserve their resistant characteristics.

Preparation of biomimetic self-assembled iron-based
nanozymes

The 0.05 mmol hemin and 0.1 mmol Fmoc-1-AA were dissolved in 1 mL
DMSO, and 0.1mmol FeCl,-4H,0 was dissolved in 20 mL ultrapure
water. The pre-mixed DMSO solution containing hemin and Fmoc-1-AA
was added to the aqueous solution containing FeCl,-4H,O under slow
stirring. After adjusting the pH to about 7.0 with 0.1M NaOH, the
resulting suspension was dialyzed overnight in ultrapure water using a
dialysis bag with a molecular weight cut-off of 8k-14k to remove

unassembled molecules and ions. Then, the suspension was cen-
trifuged at 15,777xg for 10 min and the precipitate was resuspended
with 5 mL ultrapure water. After precooling at =80 °C for 30 min, the
suspension was lyophilized in a vacuum freeze dryer.
Hemin-Fmoc-AA-Fe self-assembled nanozymes were obtained as
powder solids after freeze-drying, and their particle sizes and zeta
potential were measured via dynamic light scattering (DLS, Zetasizer
pro, Malvern, United Kingdom).

Determination of POD-like activity

The POD-like activity of hemin-Fmoc-AA-Fe nanozymes was assessed
using TMB as the substrate in the presence of H,0,. Briefly, 10 pL of
hemin-Fmoc-AA-Fe nanozymes was added into 90 pL of acetate
buffer solution (0.2 M, pH4.5) or phosphate buffer solution (50 mM,
pH 6.5 or 7.4) containing 1 pL TMB (20 mg/mL in DMSO) and 5 pL H,0,
(10 M). The absorption value at 652nm of oxidized TMB was con-
tinuously recorded via a Tecan Spark multimode reader.

To characterize the kinetic of HCFe nanozyme with H,0, as sub-
strate, the H,O, was added into the reaction at the final concentrations
of 0 mM, 7.8125 mM, 15.625 mM, 31.25 mM, 62.5 mM, 125 mM, 250 mM,
and 500 mM. The absorbance values at 652 nm were continuously
detected by a microplate reader to calculate the initial reaction speed
at different H,O, concentrations.

To characterize the kinetic of HCFe nanozyme with TMB as sub-
strate, the TMB was added into the reaction at the final concentrations
of 0 mM, 0.05mM, 0.1mM, 0.2mM, 0.4 mM, 0.8 mM, and 1.6 mM
TMB. The absorbance values at 652 nm were continuously detected by
a microplate reader to calculate the initial reaction speed at different
TMB concentrations.

Kinetic constant Ky and V,.x were determined using GraphPad
Prism 7.0 software. The initial reaction rate (v) and substrate con-
centration [S] were fitted to the Michaelis—-Menten equation, expres-
sed as: v = (Vimax % [SN/(Km + [SD).

Determination of CAT-like activity

The catalase-like activity was characterized by measuring the rate of
dissolved oxygen production in the reaction system using a dissolved
oxygen meter. Briefly, Nanozymes and H,0, were mixed in 2mL of
phosphate buffer solution (pH 6.5 or 7.4), and the dissolved oxygen
concentrations were detected continuously by a dissolved oxygen meter.

Nanozymes-induced «OH generation measured by ESR

The generation of *OH was quantified using electron spin resonance
(ESR) spectroscopy with DMPO as the spin-trapping probe. Briefly,
10 pL of nanozyme solution (0.5 mg/mL) was mixed with 85puL of
phosphate buffer (50 mM, pH 6.5 or 7.4) containing DMPO (5 pL, 1 M),
then 5 pL of H,0, (400 mM) were added to start the reaction. The
formation of spin-trapped DMPO--OH adducts was subsequently
recorded to confirm the generation of «OH.

Characterization of HCFe nanozyme
The morphology of the HCFe nanozyme was analyzed using TEM
(Thermoscientific/Talos L120CG2). The surface elemental distribution
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was evaluated via X-ray energy disperse spectroscopy (EDS). High-
resolution atomic structure visualization was achieved through
aberration-corrected high-angle annular dark-field scanning TEM (AC
HAADF-STEM, Titan Cubed Themis G2 300). Hydrodynamic size and
zeta potential measurements were performed using dynamic light
scattering (DLS, Zetasizer Pro, Malvern, United Kingdom). The iron
content was quantified using inductively coupled plasma mass spec-
trometry (Agilent ICP-MS 7850 instrument), chlorine content was
measured through oxygen bomb combustion ion chromatography,
and the contents of carbon, nitrogen, hydrogen, and sulfur were
determined using organic elemental analysis.

Elemental and chemical bonding information was obtained via
X-ray photoelectron spectroscopy (XPS, Thermo EscalLab 250Xi). The
coordination environment of the iron center was studied using X-ray
absorption near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy, performed at the BL16U1
beamline at the Shanghai Synchrotron Radiation Facility (SSFR,
3.5 GeV, 250 mA). Data processing, including reduction, analysis, and
EXAFS fitting, was carried out using the Athena and Artemis programs
from the Demeter data analysis suite*, utilizing the FEFF6 program for
EXAFS fitting™. Energy calibration was performed using standard Fe
foil measured simultaneously as a reference. The pre-edge background
was subtracted with a linear function, and the edge jump was nor-
malized with Athena software. The x(k) data were extracted by sub-
tracting a smooth third-order polynomial simulating the atomic
absorption background. The k*-weighted x(k) data were Fourier
transformed using a HanFeng window function (4k=1.0). For EXAFS
modeling, global amplitude parameters (CN, R, ¢ and AEy) were
obtained via nonlinear least-squares fitting of the EXAFS equation in R-
space using Artemis. The amplitude reduction factor S,° derived from
Fe foil fitting (0.703) was applied to estimate coordination numbers
for Fe-N, Fe-S, and Fe-Fe paths in the sample.

Méossbauer spectroscopy was conducted in transmission mode at
room temperature using a ¥Co (Rh) radioactive y-ray source. The
isomer shifts were calibrated with o-Fe foil. Powdered samples were
pressed into a pancake-like shape within a plastic mold and analyzed in
the Mossbauer instrument. The spectra were fitted using the least-
squares method with a Lorentzian function.

Theoretical calculation characterization of HCFe nanozyme

All the geometric optimizations and free energy calculations were
conducted using the Gaussian 09 D.01 package®®. The B3LYP hybrid
functional® in conjunction with 6-31G(d,p) basis sets*® for non-metal
elements and SDD pseudopotential and basis sets™ for Fe element was
applied. The charges were obtained using the natural population
analysis method®. The orbital interaction between cysteine and hemin
moieties was analyzed using the extended transition state—natural
orbitals for chemical valence (ETS-NOCV) theory®’. The Becke-Perdew
exchange-correlation functional BP86°°* with the TZ2P basis sets as
implemented in the ADF2014.10. package®* was used.

Cytotoxicity assay
To evaluate the resistance of EC109DDP, EC9706DDP, and TEIDDP
cells to CDDP, the CDDP-resistant cells (EC109DDP, EC9706DDP, and
TEIDDP) and parent cells (EC109, EC9706, and TE1) were respectively
seeded in 96-well plates at a density of 6000 cells per well and cultured
overnight for adherence. Then, the cells were treated with CDDP at
400 puM, 200 pM, 100 pM, 50 pM, 25 pM, 12.5 pM, 6.25 pM, 3.125 puM,
1.5625 M, and O puM for 48 h. The viability of cells was determined
using a CCK-8 assay. The cisplatin resistance index was calculated to
determine the degree of tolerance of the resistant cell lines to cisplatin.
Cisplatin resistance index (RI) = ICsg resistant cells/ICs0,parent ceits, Rl values
higher than 1 indicate that the cell has become resistant to cisplatin.
To determine the cytotoxicity of CDDP combined HCFe nano-
zyme in EC109DDP, EC9706DDP, and TEIDDP cells, the cells were

respectively seeded in 96-well plates at a density of 6000 cells per well
and cultured overnight for adherence. Then, the cells were treated
with CDDP at 160, 80 uM, 40 pM, 20 uM, 10 pM, 5 puM, 2.5 uM, 1.25 uM,
and O pM, and HCFe nanozyme at 600 pg/m, 450 pg/m, 300 pg/m,
150 pg/m, 100 pg/m, 50 pg/m, 25 pg/m, 10 pg/m, 5 pg/m, and O pg/mL
for 48 h. Cell viability was determined using a CCK-8 assay. Combina-
tion index (CI) values for CDDP and HCFe nanozyme in EC109DDP,
EC9706DDP, and TEIDDP cells were calculated. CI values less than 1
indicate a synergistic effect, values equal to 1 represent an additive
effect, and values greater than 1 suggest antagonism.

RNA-sequencing analysis

To explore the characteristics of cisplatin-resistant ESCC cells, the
EC109 and EC109DDP cells were respectively seeded in 6-well plates at
adensity of 5 x 10° cells. After the density of cells reached 90%, the cells
were collected for RNA-sequencing analysis.

To explore the mechanism of CDDP combined HCFe nanozyme
overcame cisplatin resistance in ESCC cells, the ECI09DDP cells were
seeded in 6-well plates at a density of 2 x10° cells and cultured over-
night for adherence. Then, the cells were treated with PBS, 5 uM CDDP,
75 pg/mL HCFe nanozyme, and 5puM CDDP + 75 pg/mL HCFe nano-
zyme for 48 h. Finally, the cells were collected for RNA-sequencing
analysis.

Cellular Pt content determination

To compare intracellular CDDP concentrations between CDDP-
resistant and parent cells after being treated with CDDP, CDDP-
resistant cells (EC1I09DDP, EC9706DDP, and TEIDDP), and parent cells
(EC109, EC9706, and TE1) were seeded in 6-well plates at a density of
5x10° cells per well and cultured overnight to allow adherence. Sub-
sequently, the cells were treated with 10 uM CDDP for 5 h. Following
treatment, the cells were washed five times with PBS, collected, and
counted. The cell pellets were digested in 0.2 mL aqua regia at 115°C
for 30 min. After cooling, the digests were diluted to a fixed volume,
and the platinum (Pt) content was quantified using inductively coupled
plasma mass spectrometry (ICP-MS).

To investigate CDDP efflux, ECI09DDP cells were seeded in
6-well plates at a density of 5x10° cells per well and cultured
overnight for adherence. The cells were then treated with either
10 uM CDDP alone or 10pM CDDP combined with 150 pg/mL
HCFe nanozyme for 12 h. After incubation, the cells were washed
three times with PBS. Half of the EC109DDP cells were harvested
to determine the initial intracellular CDDP concentration using
ICP-MS. The remaining cells were further incubated in a fresh
medium for an additional 12 h. These cells were then washed,
harvested, and analyzed to measure the final intracellular CDDP
concentration using ICP-MS. The amount of effluxed CDDP was
calculated by subtracting the final intracellular CDDP concentra-
tion from the initial concentration.

Cellular GSH content detection

To compare the cellular GSH content between CDDP-resistant and
parent cells, the CDDP-resistant cells (ECI09DDP, EC9706DDP,
TEIDDP) and parent cells (EC109, EC9706, and TEl) were seeded in
6-well plates at a density of 5x10° cells. After the density of cells
reached 90%, the cells were collected and the cellular GSH content was
detected by a GSH detection kit.

To examine the depletion of GSH content in ECI09DDP cells by
CDDP combined HCFe nanozyme, the EC109DDP cells were seeded
in 6-well plates at a density of 2 x 10° cells and cultured overnight for
adherence. Then, the cells were treated with PBS, 10 uM CDDP,
150 pg/mL HCFe nanozyme, 10 uM CDDP + 150 pg/mL HCFe nano-
zyme, and 10 uM CDDP + 150 pg/mL HCFe nanozyme +5 mM NAC for
24 h, and collected for cellular GSH content analysis using a GSH
detection Kit.
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Western blot assay

To explore the characteristics of cisplatin-resistant ESCC cells, and
verify the results of RNA-sequencing, total protein was extracted from
cisplatin-resistant cells (EC109DDP, EC9706DDP, and TEIDDP) and
parental cells (EC109, EC9706, and TEIl), and protein concentrations
were measured using a BCA kit. For each sample, 30 pg of protein was
separated via sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto a 0.22 um polyvinylidene
difluoride (PVDF) membrane. The membranes were incubated over-
night at 4 °C with MRP2 antibody (ab187644), Nrf2 antibody (ab62352),
GPX4 antibody (ab125066), and B-actin antibody (ABclonal, AC028)
After three washes, the membranes were incubated with secondary
antibodies at room temperature for 1 h, washed five times, and visua-
lized using enhanced chemiluminescence reagents. The images were
obtained using a MiniChemi 610 chemiluminescent imaging system,
and analyzed by ImageJ 1.53q software.

To compare the expression levels of DNA damage- and apoptosis-
related proteins between CDDP-resistant and parent cells, after being
treated with CDDP, the CDDP-resistant cells (ECI09DDP, EC9706DDP,
and TEIDDP) and parent cells (EC109, EC9706, and TE1), were seeded
in 6-well plates at a density of 2x10° cells per well and cultured
overnight for adherence. The cells were treated with PBS or 20 pM
CDDP for 24 h, followed by protein extraction as described above.
PVDF membranes containing separated proteins were incubated with
y-H2AX antibody (Abcam, ab81299), Cleaved-caspase 3 antibody
(Abcam, ab32042), and B-Actin antibody (ABclonal, AC028). Second-
ary antibody labeling and chemiluminescence imaging were per-
formed as described.

To analyze the phosphorylated NF-kB, NF-kB, and MRP2
expressions in ECI09DDP cells, cells were seeded and cultured for
24 h, followed by treatment with PBS, 10 uM CDDP, 150 pg/mL HCFe
nanozyme, 150 pg/mL HCFe nanozyme +10 pM JSH-23, 150 pg/mL
HCFe nanozyme + 5 mM NAC, 10 pM CDDP + 150 pg/mL HCFe nano-
zyme, 10 pM CDDP +150 pg/mL HCFe nanozyme + 10 uM JSH-23, and
10 pM CDDP +150 pg/mL HCFe nanozyme +5mM NAC for another
24 h. Proteins were extracted and analyzed as described above. PVDF
membranes were incubated with Phospho-NF-kB p65 (Ser536) anti-
body (CST, 3033), NF-kB P65 antibody (CST, 8242), MRP2 antibody
(ab187644), and B-Actin antibody (ABclonal, AC028). Secondary
antibody labeling and chemiluminescence imaging were conducted
as described.

To analyze the y-H2AX and Cleaved-caspase 3 expressions in
EC109 and EC109DDP cells, cells were seeded and cultured for 24 h and
treated with PBS, 10 uM CDDP, 150 pg/mL HCFe nanozyme, 10 pM
CDDP +150 pg/mL HCFe nanozyme, and 10 uyM CDDP +150 pg/mL
HCFe nanozyme+5mM NAC for another 24 h. Protein extraction,
separation, and analysis were performed as described above. PVDF
membranes were incubated with y-H2AX antibody (Abcam, ab81299),
Cleaved-caspase 3 antibody (Abcam, ab32042), and B-Actin antibody
(ABclonal, AC028), followed by secondary antibody labeling and che-
miluminescence imaging.

To analyze the released Cytochrome C in the cytoplasm of
EC109DDP cells, treated cells were harvested, and cytoplasm proteins
without mitochondria were extracted via a Mitochondrial Extraction
Kit. The protein samples were processed as described above. PVDF
membranes were incubated with Cytochrome C antibody (ab133504)
and B-Actin antibody (ABclonal, AC028), followed by secondary anti-
body labeling and chemiluminescence imaging.

Apoptosis analysis

CDDP-resistant cells (EC109DDP, EC9706DDP, and TEIDDP) and par-
ent cells (EC109, EC9706, and TE1) were seeded in 6-well plates at a
density of 2x10° cells per well and cultured overnight to allow
adherence. The cells were then treated with PBS or 20 uM CDDP for
48 h. Following treatment, the cells were harvested, washed three

times with PBS, resuspended in 100 pL of binding buffer, and stained
with 5pL Annexin V-FITC and 10 pL PI for 15 min at 37 °C, protected
from light. Subsequently, 400 pL of pre-cooled binding buffer was
added to each sample, and the stained cells were analyzed using flow
cytometry (Becton Dickinson Accuri C6). Data analysis was performed
using NovoExpress 1.5.6 software.

Cellular ROS assay

Intracellular ROS levels were assessed using flow cytometry with a
DCFH-DA probe. Briefly, ECI09DDP cells were seeded in 6-well plates
at a density of 5x10° cells per well and cultured overnight for adher-
ence. The cells were treated with PBS, 10 uM CDDP, 150 pg/mL HCFe
nanozyme, a combination of 10uM CDDP and 150 pg/mL HCFe
nanozyme, or a combination of 10 uM CDDP, 150 pg/mL HCFe nano-
zyme, and 5mM NAC for 6 h. After treatment, the medium was
removed, and the cells were detached and washed three times with
PBS. The cells were then incubated with a 10 uM DCFH-DA fluores-
cence probe for 30 min at 37 °C in the dark. Fluorescence intensity was
measured using flow cytometry (Becton Dickinson Accuri C6) with
excitation at 488 nm and emission at 530 nm. Data were analyzed using
NovoExpress 1.5.6 software.

Mitochondrial membrane potential assay

The loss of mitochondrial membrane potential was evaluated using a
laser scanning confocal microscope (Wetzlar, Germany) and a JC-1
assay kit from Beyotime Biotechnology (Shanghai, China). ECI09DDP
cells were seeded in 6-well plates at a density of 2 x 10° cells per well
and cultured overnight for adherence. HCFe nanozymes (150 pg/mL)
were added to the wells and incubated for 6 h, 12 h, and 24 h, respec-
tively. Subsequent steps were performed according to the manu-
facturer’s protocol.

Cellular ATP content determination

Cellular ATP content was quantified using an enhanced chemilumines-
cence assay with a commercial kit from Beyotime Biotechnology
(Shanghai, China). Briefly, ECLO9DDP cells were seeded in 6-well plates at
a density of 2 x10° cells per well and cultured overnight for adherence.
The cells were then treated with PBS, 10 uM CDDP, 150 pg/mL HCFe
nanozyme, 10uM CDDP +150 pg/mL HCFe nanozyme, and 10 pM
CDDP +150 pg/mL HCFe nanozyme +5mM NAC for 24 h. Subsequent
steps were performed according to the manufacturer’s protocol.

In vivo experiments

To establish a subcutaneous CDDP-resistant ESCC tumor model in
mice, 5x10° EC109DDP cells were subcutaneously implanted into the
lower right flank of 6-week-old female BALB/c nude mice. Tumor size
was measured using Vernier calipers, and the tumor volume was cal-
culated using the formula: volume = length x width?/2.

To evaluate the biodistribution of HCFe nanozyme, when the
volume of subcutaneous tumors reached approximately 300 mm?,
female BALB/c-nude mice bearing ECI09DDP tumors were injected
with Free Cy5.5 or Cy5.5-labeled HCFe nanozyme via tail vein. The
distribution of Cy5.5 fluorescence was monitored at predetermined
time points (0.5h,1h,2h,4h,6h,8h,12h, 24 h, 36 h, 48 h, 72 h, and
96 h) using an in vivo imaging system (PerkinElmer, Waltham, MA,
USA). 96 h post-injection, major organs and tumors were harvested
and imaged to evaluate fluorescence distribution.

To evaluate the biosafety of CDDP combined HCFe nanozyme,
healthy BALB/c mice (female, 6-7 weeks) were injected with Saline,
2.5mg/kg CDDP, 5mg/kg CDDP, 10 mg/kg CDDP, 20 mg/kg HCFe
nanozyme, 50 mg/kg HCFe nanozyme, 100 mg/kg HCFe nanozyme,
2.5mg/kg CDDP +20 mg/kg HCFe nanozyme, 2.5 mg/kg CDDP +50
mg/kg HCFe nanozyme, and 2.5mg/kg CDDP +100 mg/kg HCFe
nanozyme via the tail vein. In the CDDP + HCFe nanozyme groups,
the HCFe nanozyme was injected 6 h earlier than CDDP. Body weight
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changes were recorded over two weeks. Fourteen days post-injec-
tion, blood samples were collected from mice injected with saline,
2.5 mg/kg CDDP, 50 mg/kg HCFe nanozyme, and 2.5 mg/kg CDDP +
50 mg/kg HCFe nanozyme for serum biochemical tests and blood
routine tests. Major organs (heart, liver, spleen, lung, and kidney)
were harvested and subjected to hematoxylin and eosin (H&E)
staining.

To evaluate the in vivo antitumor efficacy, tumor-bearing female
BALB/c nude mice with tumor volumes of approximately 50 mm? were
randomly divided into four groups (n=5 mice in each group) and
treated via tail vein injection with saline, 2.5 mg/kg CDDP, 50 mg/kg
HCFe nanozyme, or 2.5 mg/kg CDDP + 50 mg/kg HCFe nanozyme. In
the CDDP + HCFe nanozyme group, the HCFe nanozyme was injected
6 h earlier than CDDP. Body weight and tumor volume were measured
every other day. After euthanasia, tumors were collected for histolo-
gical analysis, including hematoxylin and eosin (H&E) staining and
terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining.

Statistics and reproducibility

The data here were presented as mean + standard deviation. The sta-
tistical analyses were performed using GraphPad Prism 8.0.1 software.
Differences between the two groups were analyzed by two-tailed
unpaired student’s t-test. Comparisons among three or more groups
were performed using one-way ANOVA or two-way ANOVA. The sur-
vival curve of female tumor-bearing mice was analyzed by log-rank
Mantel-Cox test. In all cases, statistical significance was considered
when p < 0.05. In the microscope and western blotting experiments, at
least three independent experiments were performed, and repre-
sentative images were shown.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA sequencing data generated in this study have been deposited
in the NCBI Sequence Read Archive (SRA) database under accession
code PRJNA1177349. This study utilizes publicly accessible data from
the Protein Data Bank (PDB) under accession codes: 7ATJ and 5Y6Q.
Data supporting the findings of this work are available within the paper
and its Supplementary Information files. Source data are provided with
this paper. The full image dataset is available from the corresponding
author upon request. Source data are provided with this paper.
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