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ABSTRACT

Nanocatalysts with enzyme-like catalytic activities, such as oxidase mimics, are extensively used in

biomedicine and environmental treatment. Searching for enzyme-like nanomaterials, clarifying the origins
of catalytic activity and developing activity assessment methodologies are therefore of great significance.
Here, we report that oxidase catalysis and oxygen reduction reaction (ORR) electrocatalysis can be well
bridged based on their identical activity origins, which makes facile electrocatalytic ORR activity

measurements intrinsically applicable to oxidase-like activity evaluations. Inspired by natural heme-copper
oxidases, Cu/Fe-doped single-atom catalysts (SACs) were first synthesized and used as model catalysts.
Chromogenic reactions, electrochemical voltammetric measurements and density functional theory
calculations further verified the linear relationship between the oxidase-like and ORR catalytic activities of
the catalysts; thus, an effective descriptor (| j,|) is proposed for rapid enzymatic catalyst evaluation.

Evidence suggests that the enhanced tumour therapeutic efficacy of SACs is a result of their

oxidase-like/ORR activities, which proves that numerous ORR electrocatalysts are promising candidates

for oxidase mimics and tumour therapy. The synergistic catalytic effect of the biomimetic heterobinuclear

Cu-Fe centres has also been thoroughly probed.

Keywords: nanocatalytic medicine, tumour therapy, oxygen reduction electrocatalysis, oxidase,

single-atom catalysts

INTRODUCTION

Nanomaterials with intrinsic enzyme-like char-
acteristics show broad application potential (for
example, in biosensors, immunoassays, disease
diagnosis, medicine development, antifouling and
environmental treatment) owing to their high sta-
bility, low cost, tunability and high catalytic activity
[1-4]. Among them, oxidases can catalyse the
oxidation of organic molecules using O,, a process
during which O, is concurrently reduced to water,
hydrogen peroxide or functional groups [5-8].
Catalysis of the oxidation of biomolecules by oxi-
dizing species such as O, and H, O, forms the basis
of diverse biomedical applications, such as tumour
therapy and antibiosis [9-11]. Unfortunately, H, O,
is generated from O, in a kinetically slow manner
in the preceding metabolic processes; thus, its in
vivo level is usually below a certain threshold, so the
therapeutic outcomes of using H,O, as a substrate

are undoubtedly limited [12,13]. Based on the prin-
ciple of direct matter conversion by using O, as the
reaction substrate, oxidases are the most promising
candidates for increasing oxidative stress owing to
the sustainable supply of O, via blood circulation
and their higher utilization efficiency with regard to
O, than H,0O,-involved pathways. Recent studies
have found oxidase-like properties of a number
of electrocatalysts that have been used in oxygen
reduction reactions (ORRs) [9,14], while some
natural oxidases have also been explored as oxygen
[15-17]. 'Therefore,
we hypothesize that the oxidase-like activities of
catalysts are in accordance with their ORR activities
in terms of their homology in activity origins. If

reduction electrocatalysts

this hypothesis is tenable, then we could efficiently
assess the oxidase-like activity of catalysts based on
mature and rather facile voltammetric techniques,
and great numbers of known oxygen reduction
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electrocatalysts, which have been widely employed
in fuel cells, dye-sensitized solar cells and metal-air
batteries [18,19], may have oxidase-like activities
and could be further applied in other fields.

To verify this hypothesis, single-atom catalysts
(SACs), in which single metal atoms as catalyt-
ically active sites are individually dispersed and
constrained on a support, were chosen as model
catalysts. SACs are ideal heterogeneous catalysts
featuring maximized utilization of metal atoms while
minimizing ion cytotoxicity without free-metal-ion
release into the media [20]. Additionally, the
well-defined and uniform structure of the catalytic
site provides an ideal model system for obtaining an
overall understanding of the reaction mechanisms
at the molecular level [21-24]. More importantly,
the catalytic activity of SACs clearly originates from
the active metal atom centres, so it does not depend
on the size or surface characteristics of the support.
Hence, we believe that mechanistic studies based
on SACs will be of general significance.

In nature, heme-copper oxidases (HCOs), such
as cytochrome c oxidases (Fig. la) containing a
heterobinuclear Cu-Fe centre, can efficiently catal-
yse the four-electron reduction of dioxygen to wa-
ter with minimal overpotential in the final step of
respiration [25]. The chemical energy released in
this reaction is subsequently stored in adenosine
triphosphate (ATP), which is a common energy
molecule in most forms of life [26]. As essential
micronutrients, small amounts of copper and iron
ions will have negligible side effects on tissues and
organs [27,28].

Therefore, based on the above considerations, we
have developed four types of model SACs with or
without Cu and/or Fe ions constrained on a carbon
matrix: (i) hollow N-doped carbon sphere (HNCS);
(ii) single atoms of Cu constrained on HNCS (C-
HNCS); (iii) single atoms of Fe constrained on
HNCS (F-HNCS); and (iv) heterobinuclear Cu—Fe
centres constrained on HNCS (CF-HNCS). In this
study, by using these model SACs and employing
chromogenic reactions, a voltammetric technique
and density functional theory (DFT) calculations,
we find that the oxidase-like and electrochemical
ORR activities of the catalysts are homologous in
nature and quantitatively show a good linear rela-
tionship with each other. Thus, a novel, facile and
general oxidase-like activity assessment methodol-
ogy based on the voltammetric technique could be
well developed to rapidly screen thousands of po-
tential catalysts as oxidase mimics. Furthermore, we
demonstrate the synergistic effect of Cu—Fe biatoms
in biomimetic CF-HNCS catalysts and their remark-
ably high catalytic activities in both organic oxida-
tion and tumour therapy.
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RESULTS AND DISCUSSION

Design, synthesis and characterization

Figure 1la illustrates the CF-HNCS synthesis
procedure. Briefly, $,10,15,20-tetra(4-(imidazol-
1-yl)phenyl)porphyrindine (TIPP), Cu-TIPP, Fe-
TIPP and ot “-dibromo-p-xylene were subjected to
quaternization reactions (Scheme S1) on the surface
of prepared SiO, nanospheres (Fig. S1a) to produce
SiO,@Cu/Fe-TIPP/TIPP-polymer (Fig. S1b).
Consequently, the SiO,@Cu/Fe-TIPP/TIPP-
polymer was pyrolysed in a hydrogen/argon
atmosphere. Moreover, Cu and/or Fe moieties
within the polymer would be carbothermally re-
duced to form isolated single metallic Cu or Fe and
bimetallic Cu—Fe sites coordinated with pyridinic N.
Finally, the SiO, core was etched off by NH,HF,,
leading to CF-HNCS formation. As shown in
Fig. 1b and Fig. Slc, CF-HNCS of ~390 nm in
diameter displays a uniform size distribution and
maintain a spherical SiO, morphology.

Figure 1c shows an aberration-corrected high-
angle annular dark-field scanning transmission
electron microscopy (AC HAADF-STEM) image
of CE-HNCS. The bright single dots in green circles
imply the possible existence of single Cu and Fe
atoms because both Cu and Fe atoms are much
heavier than the nitrogen-doped carbon support. A
number of coupled atom pairs are marked with red
circles. Although we tried to assign these possible
double-atom pairs to dual Cu-Fe atoms, unfortu-
nately we were not able to reach such a conclusion
unambiguously because they could also be Cu-Cu
or Fe-Fe dimers, and they may also be ascribed
to metal atoms that are separated by height in the
3D carbon support but almost overlap in the 2D
imaging projection. The high-resolution TEM (HR-
TEM) image and fast Fourier transform (FFT)
pattern show that a small part of the carbon matrix
has crystallized, and a graphite layer with a d-spacing
of ~0.35 nm can be clearly observed, which can be
attributed to the (002) lattice plane (Fig. 1d); this
result corresponds to the X-ray diffraction (XRD)
pattern (Fig. S2a) and the Raman spectra (Fig. S2b).
The HAADF-STEM results and the corresponding
energy-dispersive X-ray spectroscopy (EDS) map-
ping results demonstrate the uniform distributions
of N, Cu and Fe in the carbon matrix (Fig. le-i).

Fine structural characterization

To probe the chemical structures of the Cu and
Fe atoms in depth, X-ray absorption spectroscopy
(XAS) and X-ray photoelectron spectroscopy
(XPS) were adopted. The Cu 2p3/, and Fe 2p3)»
XPS spectra are shown in Fig. S3. The Cu peak is
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Figure 1. CF-HNCS synthesis and morphological characterization. (a) Procedure to synthesize CF-HNCS. (b) TEM image.
(c) AC HAADF-STEM image. Bright single dots are marked by green circles and dual dots are marked by red circles. (d)
HR-TEM image and corresponding FFT pattern (inset) of the marked area of CF-HNCS. (e) HAADF-STEM image and (f—i)
corresponding EDS mappings of CF-HNCS: (f) C, (g) N, (h) Cu and (i) Fe.

located at 934.9 eV, revealing the ionic Cu’ ™ (§ A~ 2)
nature of Cu in CF-HNCS and C-HNCS [29,30].
As shown in the Cu K-edge X-ray absorption near
edge spectroscopy (XANES) profiles, the solid red
line intensity and pre-edge peaks of CF-HNCS
and C-HNCS are located between those of Cu, O
and CuO, revealing that the valence of Cu is be-
tween +1 and 42 and the oxidation state is closer
to +2 (Fig. 2a and Fig. S4a). The Fe 2p spectrum
(Fig. S3b) exhibits a major peak at 710.7 eV,
suggesting that the metal species is in the oxidation
states in CF-HNCS and F-HNCS [31]. Further-
more, the oxidation state of Fe ions in CF-HNCS
and F-HNCS was determined to be between +2
and 43 from the Fe K-edge XANES profiles (Fig. 2b
and Fig. S5a). To examine the local coordination
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environment of Cu and Fe sites, we investigated the
extended X-ray absorption fine structure (EXAFS)
of the SACs. Fourier transformed EXAFS (FT-
EXAFS) analysis of the Cu K-edge in R space shows
that the peaks at 2.22 A (uncorrected) present in
the Cu—Cu shell of Cu foil are absent in CF-HNCS
and C-HNCS, implying that most Cu atoms are
isolated (Fig. 2c and Fig. S4b-d). Similarly, the
FT-EXAFS spectra of the Fe K-edge reveal that Fe
atoms are also atomically dispersed in CF-HNCS
and F-HNCS (Fig. 2d and Fig. SSb-d). However,
Cu-Fe bonding probably exists in CF-HNCS
according to the extracted accurate coordination
numbers (CNs) and bond lengths, suggesting that
some of the copper species chemically interact with
the Fe species (Fig. 2e and f, and Tables S1 and S2).
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Figure 2. Fine structure characterization of the active sites. (a and b) XANES spectra at the (a) Cu K-edge and (b) Fe K-edge of CF-HNCS. (c and d)
Fourier transforms at the (c) Cu K-edge and (d) Fe K-edge of CF-HNCS. (e and f) Corresponding (e) Cu K-edge and (f) Fe K-edge EXAFS fitting results of
CF-HNCS in R space. (g and h) Proposed arrangement of Cu—Fe dual sites formed on neighbouring but opposite graphite layers ((g) CF-HNCS-1) and on
the same carbon layer ((h) CF-HNCS-2). (i and j) WTs of the k?-weighted Cu K-edge EXAFS signals of (i) Cu foil and (j) CF-HNCS. (k and I) WTs of the
k?-weighted Fe K-edge EXAFS signals of (k) Fe foil and (I) CF-HNCS.

The CNs of Cu-Fe bonds in CF-HNCS samplesare  in CF-HNCS-2 (Fig. 2h), although this long-range
0.9 from both Cu K-edge and Fe K-edge EXAFS interaction is hard to detect.

fitting curves, confirming that the interacting metal Furthermore, wavelet transform (WT) analysis
atoms exist mainly in the form of bimetallic Cu-Fe =~ was performed to verify the backscattering atoms.
atomic clusters in Cu-Fe-N-C rather than in the  As illustrated in Fig. 2i and k, the first inten-
form of metal-based nanoparticles. The Cu-Fe  sity maximum of Cu-Fe-N-C at 1.40 A (uncor-
bond length is ~3 A in CE-HNCS, which is close  rected), correlated with a k-value of ~4.2 A7,
to the d-spacing of the graphite layer (3.5 A) inthe  and that at 1.45 A (uncorrected), correlated with
matrix. The CNs of Cu-N and Fe-N bonds in the  a k-value of ~4.9 A™!, could be ascribed to Cu-
first shell are similar and ~4 A, implying that similar N bonding and Fe-N bonding, respectively. Com-
Cu-Ny bonding and Fe-N, bonding forms in the = pared with the WT plots of Cu and Fe foils
N-doped carbon matrix. In summary, each Cu or  (Fig. 2i and k), the intensity maxima correspond-
Fe atom is coordinated with four N atoms to form  ing to Cu—Cu and Fe-Fe are absent, further con-
Cu-N, or Fe-Nj, sites in C-HNCS or F-HNCS, firming that there are no metal-based nanoparticles.
respectively (Figs S4f and SSf); while most metal ~ The second intensity maximum of Cu-Fe-N-C at
atoms are isolated in the form of metal-N4, a  2.66 A (uncorrected), correlated with a k-value of
small portion of the metal species are anchored on ~ ~7.0 A™! (Fig. 2j), and that at 2.75 A (uncorrected),
neighbouring graphite layers to form Cu-Fe dual  correlated with a k-value of ~7.9 A™! (Fig. 21),
atomic sites in CF-HNCS-1 (Fig. 2g). Because the  could be attributed to Cu-Fe bonding. Theoretical
Cu and Fe atoms anchored on the same carbon  spectra of the CE-HNCS-1 and CF-HNCS-2 struc-
layer may also have synergetic interactions, we  tural models are in good agreement with the exper-
propose an arrangement of Fe—~Cu dual atomic sites ~ imental data (Fig. $6), which further implies the
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Figure 3. Catalytic performance of CF-HNCS. (a) Velocity (v) of the chromogenic reaction in the presence of various samples
in deionized water. (b) LSV curves of various samples in 0;-saturated deionized water. (c) Linear fitting between the non-
dimensionalized velocity (v,) of the chromogenic reaction at various TMB concentrations in deionized water and the absolute
value of the normalized mean current density from 1 to 0 V in the ORR in 0,-saturated deionized water. (d—f) LSV curves of
CF-HNCS and reference samples in (d) O,-saturated 0.1 M HCIO, solution, (e) O,-saturated SBF solution and (f) 0,-saturated

DMEM solution.

formation of Fe-Cu bonds. Although the second
intensity maximum could also be speculated to be
due to Cu-Cu or Fe-Fe bonding, such a possibility
can be ignored due to the substantially higher cat-
alytic activity of the heteronuclear Cu-Fe dual-atom
catalyst presented in previous reports, and the for-
mation of an ideal structure in natural human cy-
tochrome c oxidase (PDB 5762) [25,32]. The WT
analysis demonstrates that Cu-Fe-N-C truly con-
tains dual atomic sites, consistent with the EXAFS
fitting parameters. These structural characterizations
show that CF-HNCS has Cu-Fe active sites similar
to those of HCOs.

Catalytic performance

The synergistic catalytic effect between copper and
iron atoms in the CF-HNCS catalysts may en-
dow the catalysts with excellent oxidase-like perfor-
mance. To investigate the oxidase-like activities of
the model catalysts, we employed the oxidation of
3,3,5,5'-tetramethylbenzidine (TMB) as a model
chromogenic reaction. In deionized water, the ve-
locities of the chromogenic reaction (Fig. 3a) show
the oxidase-like activity order of CF-HNCS > C-
HNCS + F-HNCS > F-HNCS > C-HNCS >
HNCS, indicating that the synergistic effect and the
active metal atom are two important factors for cat-
alytic activity.
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In fuel cells, the cathode receives oxidants (of-
ten oxygen ), and the anode receives reductants, such
as some organic molecules [33,34]. The ORR is
the half reaction in the oxidization of the reduc-
tant by O,. From a chemical reaction viewpoint, if
the ORR activity of the catalyst is elevated, then
its capacity for catalysing organic oxidation by O,
would be enhanced under the same reaction con-
ditions, especially when the rate-determining steps
(RDSs) are in the O, desorption and adsorption
processes. Considering the remarkable ORR activ-
ity of commercial Pt/C, Pt/C may exhibit excel-
lent activity in catalysing O, reduction to oxidize or-
ganic molecules. The velocity of the chromogenic
reaction in deionized water (Fig. 3a) and the time-
dependent absorbance of TMB in NaAc bufter so-
lution (Fig. S8a) show that the oxidase-like activity
of commercial Pt/C is significantly higher than that
of CF-HNCS. Nevertheless, notably, the calculated
turnover frequency of Cu-Fe in CF-HNCS is ~0.93
times that of Pt in Pt/C, revealing the outstanding
oxidase-like activity of CE-HNCS. Then, we investi-
gated the ORR activity of all samples by steady-state
linear sweep voltammetry (LSV) in various solu-
tions at room temperature (~25°C). The obtained
order of ORR activity is Pt/C > CF-HNCS > F-
HNCS > C-HNCS > HNCS in both O,-saturated
deionized water and O,-saturated NaAc buffer so-
lution (Fig. 3b and Fig. S8b), which is in excel-
lent agreement with the oxidase-like activity order
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identified by TMB (Fig. 3a and Fig. S8c), suggest-
ing that the oxidase-like and ORR activities may fol-
low the same mechanism and have the same active
sites. The non-dimensionalized velocity (v,) of the
chromogenic reaction at various TMB concentra-
tions and the absolute value of the normalized mean
current density (] j,|) from 1 to 0V in the ORR are
used to represent the oxidase-like and ORR activi-
ties of various catalysts, respectively. Figure 3b and
f show the excellent fitting linearity between v, and
|]_n| in both deionized water and NaAc buffer so-
lution, in which all Pearson correlation coeflicients
(Pearson’s r) are >0.98S. The slopes and intercepts
increase with increasing TMB concentration from
0.75 to 0.25 mM, indicating that the enzyme be-
comes saturated when the substrate concentration
increases. In particular, the linear relations at 0.25
and 0.125 mM are almost the same, demonstrat-
ing that yo 125 and yo,s could well describe the re-
lation between the oxidase-like and ORR activities
in the linear part of enzyme reactions. Thus, | jy|
is an effective descriptor for the catalytic activity
of oxidase mimics. The colorimetric reaction of o-
phenylenediamine (OPD) also shows a positive cor-
relation with | j,|, proving the generality of the de-
scriptor (Fig. S9). Based on the above analysis, we
propose that the oxygen reduction electrocatalysts
possess homologous oxidase-like activity by sharing
the same activity origins, so the conventional LSV
technique is readily applicable to describing oxidase-
like activity, especially when the RDS of oxidase-like
activity is in the oxygen activation process and the
catalysts used for comparison are of the same kind or
atleast have similar conductivities. Furthermore, the
ORR activities also follow the order of Pt/C > CF-
HNCS > F-HNCS > C-HNCS > HNCSinan O,-
saturated 0.1 M HCIO;, solution (Fig. 3d), imply-
ing that alarge number of reported oxygen reduction
electrocatalysts with remarkable activities might be
promising candidates for oxidase mimics.

The currently popular electron spin resonance
(ESR), fluorescence and chromogenic methodolo-
gies for assessing oxidase-like activity are difficult
to apply in high-glucose Dulbecco’s modified Ea-
gle medium (DMEM), which is used in cell cul-
ture but complicated in composition. However, the
LSV technique works well in DMEM. The ORR
activity order in O,-saturated simulated body fluid
(SBF) and O,-saturated DMEM solutions is CF-
HNCS > Pt/C > F-HNCS > C-HNCS > HNCS
(Fig. 3e and ). Interestingly, the ORR activity of CF-
HNCS here is higher than that of Pt/C in DMEM
and SBF solutions, indicating that glucose and an-
ions, such as chloride and phosphate anions, may
poison Pt/C [35,36] and that CF-HNCS could be
a better cancer therapeutic catalyst owing to the
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great anti-poisoning effect and high-performance
catalytic activity. To compare the stabilities of CF-
HNCS and Pt/C, a long-term cycling test between
0.1 and 1.0 V (vs. RHE) was performed in SBF
and DMEM. Figure S11 shows that the decrease
in the ORR electrocatalytic activity for CF-HNCS
is much slower than that for Pt/C, indicating the
much better anti-poisoning effect of CE-HNCS than
Pt/C. Cyclic voltammograms (CVs) at the CF-
HNCS electrodes were obtained to reveal the influ-
ence of solutions on electrochemical performance.
As shown in Fig. S12a, the numbers of oxidation and
reduction peaks differ in different solutions due to
the changed solute, revealing that the DMEM solu-
tion offers the maximum number of redox couples
and that these redox reactions can be catalysed by
CF-HNCS. Based on this, the CV technique could
be well used to identify redox couples catalysed by
oxidase mimics in different solutions.

From an electrochemical viewpoint, reactive
oxygen species (ROS) are generated as interme-
diates during the ORR [37], which is consistent
with the pathway of oxidase-based enzymatic
catalysis [14,38-40]. Therefore, we employed
ESR to monitor possible active intermediate
production. The six-band spectra originate from S-
tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO)/*OOH, and the band intensities follow
the order of CF-HNCS > F-HNCS > C-HNCS
> HNCS (Fig. S12b), demonstrating that the
ROS generation performance of these model SACs
corresponds well to the ORR catalytic activity
characterized by LSV and the oxidase-like activity
characterized by TMB. In addition, significant
dihydroethidium (DHE) fluorescence enhance-
ment was observed in the presence of CF-HNCS,
demonstrating the generation of O,* ~ (Fig. S12c¢).
Glutathione (GSH) is a reducing species in tumour
cell redox homeostasis [41], and the fluorescence
intensity reaches its maximum when adding both
CE-HNCS and GSH, suggesting that GSH can act
as a promoter in the oxidation of DHE. This result
also implies that GSH can be oxidized and may
promote CF-HNCS catalysis towards the oxidation
of biomolecules in cells.

DFT calculations

DFT calculations were performed to investigate
the mechanism and shared origins of the oxidase-
like/ORR activities. We hypothesize a 4e~ reduc-
tion pathway in which an O, molecule is first ad-
sorbed and protonated to form *OOH on top of cen-
tral Cu or Fe atoms. Then, *OOH associates with H
and dissociates into *O and H,O. Next, *O is pro-
tonated to form *OH. Finally, *OH associates with
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Figure 4. DFT calculations of the catalytic activity. (a) Proposed reaction pathways of
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1 bar). (c) Thermodynamic relation of the ORR overpotentials to the O, binding energies
at different active sites.

H™ to generate the final product H,O (Fig. 4a and
Fig. S13).

The free energy profiles in Fig. 4b show that
the ORR overpotentials for C-HNCS, CF-HNCS-
1-Cu (CF-1-Cu), CF-HNCS-2-Cu (CF-2-Cu), F-
HNCS, CF-HNCS-1-Fe (CF-1-Fe) and CF-HNCS-
2-Fe (CF-2-Fe) were estimated to be 0.96 V, 0.77 V,
0.82V,0.80V,0.59Vand 0.81V, respectively. Based
on the free energy values, the calculated ORR ac-
tivity order is CF-HNCS-1 > CF-HNCS-2 > F-
HNCS > C-HNCS, in accordance with the exper-
imental findings. Figure 4b shows that the first step
is the RDS on Cu, while the fourth step is the RDS
on Fe. Therefore, the superior ORR activity of dual-
atom CF-HNCS-1 compared to the other SACs is
ascribed to the enhanced adsorption of *OOH at the
Cu site, which facilitates the protonation of O, on
CF-1-Cu, and to the weakened adsorption of *OH
at the Fe site, which facilitates the removal of H,O
from CF-1-Fe. In CF-HNCS-2, the overpotential of
CE-2-Fe slightly increases compared to the Fe site
in F-HNCS, while that of CF-2-Cu significantly de-
creases to 0.77 V, which is even lower than that of
the Fe sites in F-HNCS and CF-HNCS-2. Therefore,
the dual Cu and Fe atomic system with the lowest
overpotential demonstrates the highest ORR activ-
ity compared to the corresponding single-atom Cu
or Fe systems.
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Figure 4c shows that the thermodynamic relation
between the ORR overpotentials and the O, bind-
ing energies roughly forms a volcano-type curve. On
the left side, the fourth step (*OH + Ht 4+ e~ —
H,0) is the RDS, suggesting that the excessively
high O, binding energy makes the adsorption and
dissociation of *OH species less favourable. In con-
trast, the first step (O, + H" 4+ e~ — *OOH) is
the RDS on the right side, revealing that the overly
weak adsorption and activation of O, molecules in-
crease the difficulty of the protonation of O,. CF-1-
Fe has an appropriate O, binding energy, endowing
the catalyst with the optimal ORR activity. These re-
sults imply that optimizing the binding strength of
O, on catalytic sites is an efficient way to achieve
excellent ORR activity. Finally, the free energy pro-
files of the ORR under different pH values (1.0, 4.5,
6.0,7.4) are given in Fig. S14. The most energetically
favourable pH value is 1.0, implying that a reason-
ably strong acidic environment is beneficial for im-
proving catalytic performance. Figure S14d shows
that the reaction process has a negative Gibbs free
energy (—3.17 eV) and a surmountable apparent en-
ergy barrier (0.17 eV), even at pH = 7.4. Accord-
ingly, the DFT results indicate that the ORR being
effectively catalysed at active sites is both thermo-
dynamically feasible and kinetically favourable from
pH=0to7.4.

We have probed the catalytic mechanism and the
shared origins of the oxidase-like/ ORR activities of
the model SACs at the atomic level and identified
that the metal active sites and the Cu-Fe synergis-
tic effect are two key factors for catalytic activity.
In addition, CF-HNCS-1 has the most favourable
catalytic structure, indicating that biomimetic syn-
thesis is an effective way to develop next-generation
oxidase-like/ORR catalysts.

In vitro catalytic therapeutic performance

The intracellular ROS generation capacity of CF-
HNCS was detected by flow cytometry with DHE.
The 4T1 cells treated with CE-HNCS exhibit the
strongest DHE fluorescence intensity (Fig. S15), in-
dicating that the catalysts are capable of catalysing
significant production in intracellular ROS. Encour-
aged by the excellent oxidase-like activity of CF-
HNCS catalysts for the generation of ROS and the
oxidation of organic molecules such as GSH, we fur-
ther explored the in vitro anticancer efficacy. First,
the Cell Counting Kit-8 (CCK-8) assay was used to
investigate catalytic therapeutic eficacy against 4T'1
tumour cells. As expected, a dose-dependent cellu-
lar killing effect was observed, as shown in Fig. 5a.
Moreover, the 4T1 tumour cell viability reduction
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after incubation with different concentrations of materials. (b) Annexin V-FITC/PI stain-
ing analysis of 4T1 cells incubated with different materials (200 ppm).

rates reached 58% and 69% at CF-HNCS concen-
trations of 50 and 200 ppm, respectively, in which
the metallic Cu and Fe concentrations were aslow as
0.93 and 3.72 ppm, respectively. More interestingly,
the cellular killing effects also follow the order of CF-
HNCS > F-HNCS > C-HNCS > HNCS, implying
that the oxidase-like activities of the catalysts are re-
sponsible for the significant anticancer effects. Due
to the relatively low redox potential of O,®~ and the
complicated cell environment, we were not able to
directly detect the oxidase-like activities of the cat-
alysts in the cell. Flow cytometric analysis was fur-
ther conducted to study the apoptosis of 4T1 can-
cer cells by staining with annexin V-FITC and PIL
Necrotic (Q; ), late apoptotic (Q,), early apoptotic
(Q3) and live (Qq) cells are presented in the four
quadrants in Fig. Sb. A similar trend is also obtained
for the cell apoptosis order. The sum of early and
late cellular apoptotic rates is up to 76.0% in the CF-
HNCS group, showing prominent therapeutic effi-
cacy in vitro.
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In vivo catalytic therapeutic performance

Compared to conventional injection methods, the
microneedle (MN) patch offers a painless and min-
imally invasive self-administration route, avoiding
the risk of bleeding and injury [42,43]. In this study,
we fabricated a polyvinyl pyrrolidone (PVP)-based
MN patch for delivery of CF-HNCS catalysts
(Fig. S16a—e). First, different doses of CF-HNCS
catalysts were confirmed to have excellent biocom-
patibility in healthy Kunming mice (Fig. S18a—c). A
more detailed analysis of the biocompatibility exper-
iment is given in the above discussion. Furthermore,
the therapeutic efficacies of these synthesized cat-
alysts for catalytic tumour therapy were assessed in
4T1 xenografted tumour-bearing mice. CF-HNCS-
MN was intratumourally injected, and then the MN
dissociated and released catalysts for cancer therapy.
There were slight fluctuations in the weights of these
tumour-bearing mice, demonstrating the good
biocompatibility of the MN (Fig. 6a). Importantly,
the CF-HNCS, F-HNCS and C-HNCS catalysts
show remarkable effects in suppressing tumour
growth (Fig. 6b). The relative tumour inhibition
(RTI) rates compared to the control group were
calculated to quantify the therapeutic performance.
The RTI rates of the experimental groups treated
with catalysts gradually increase and reach their
maxima at the end of the observations, indicating
the effective long-term suppression of tumour
growth by the catalysts (Fig. 6¢). In particular, the
RTI rate reaches 94% on day 14 in the CF-HNCS
group. In addition, the overall survival length in
the CF-HNCS group is more than twice that in the
control group, showing a significant elevation in
survival rates after catalyst treatment (Fig. 6d). The
therapeutic performance was also evaluated by his-
tological analysis using pathological haematoxylin
and eosin (H&E) (Fig. 6e), Ki-67 antibody (Fig. 6f)
and terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL) staining (Fig. 6g).
After catalytic therapy, the tumour tissues exhibit
prominent cell fibrosis, apoptosis and necrosis
(Fig. 6e), significantly suppressed proliferation
(Fig. 6f), serious cell apoptosis and fragmentation
of DNA (Fig. 6g). Most importantly, the catalytic
therapeutic outcomes in vivo also follow the order
of CF-HNCS > F-HNCS > C-HNCS > HNCS,
confirming that the oxidase-like/ORR activities
of materials are responsible for the inhibition of
tumours. These results demonstrate that we could
search for and screen effective therapeutic nanocata-
lysts by assessing their oxidase-like, i.e. ORR, activity
before in vivo experiments, which is expected to
accelerate the screening of potential therapeutic
nanocatalysts.
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CONCLUSION

In summary, we present a proof-of-concept study
bridging biological oxidase-like and electrochem-
ical ORR catalysis, both experimentally and
theoretically, by using model SACs (Scheme 1).
Importantly, the oxidase-like and electrochemical
ORR catalytic activities have been demonstrated to
be linearly correlated with each other based on their
shared identical activity origins. Therefore, electro-
catalytic characterizations, such as LSV technique,
1 could be reliable, facile and efficient techniques to
Linear sweep . : search for oxidase mimics, especially when the RDS
voltammetry g R o A
of oxidase-like activity is in the oxygen activation
ORR activity ©) process and the catalysts used for comparison are of
’:t. f‘i%' AT the same kind or at least have similar conductivities.
"\ i s & 1 Quantitatively, the normalized mean current density
*1‘. i | jn| of the cathodic ORR has been found to be an
B 3-! apparent descriptor for characterizing the oxidase-
like activity of the catalyst. As aresult, great numbers
Chromogenic ‘ ‘ of high-activity oxygen reduction electrocatalysts
EEER are expected to possess prominent oxidase-like
activity, which encourages us to find more types of
electrochemical catalysts and verify their enzyme-
like catalytic activity in the future. Meanwhile,

Scheme 1. Schematic diagram of the bridging between oxidase catalysis and ORR
electrocatalysis. Based on the identical activity origin and model single-atom catalysts,
a facile electrochemical methodology (linear sweep voltammetry) has been developed . . )
and a normalized mean current density has been proposed for rapid oxidase-like cat- the regulation strategies for enhancing the elec-
alyst evaluation. As a result, great numbers of high-activity ORR electrocatalysts are trocatalytic. ORR activity of metal-N-C SACs,
expected to be promising candidates for oxidase mimics. These findings are inspiring ~ such as modulating the central metal atoms, the
and useful in the search for oxidase mimics for tumour therapy, and encourage us to ~ coordinated atoms and the environmental atoms,
clarify the relationship between enzyme- and electrocatalysis in the future. are expected to have great potential for boosting
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the oxidase-like activity of catalysts. Furthermore,
both experimental and theoretical calculations
demonstrate that the biomimetic heterobinuclear
Cu-Fe centres are well balanced, i.e. in terms of the
optimal adsorption strength of oxygenated species
on the active sites and the significant synergistic
effect between the two kinds of metal atoms, which
is responsible for the outstanding catalytic activity.
Our findings highlight the prospect of designing
high-performance biomimetic enzymes by facilely
designing and synthesizing desirable metal centres
as active sites for the ORR, and pave the way for
biomedical and environmental applications of elec-
trocatalysts, such as in tumour therapy, antibiosis
and oxidation degradation of organic pollutants.
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