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ABSTRACT: One of the drawbacks of nanozyme catalytic functions
rests in their moderate catalytic activities due to the lack of effective
binding sites concentrating the reaction substrate at the nanozyme
catalytic interface. Methods to concentrate the substrates at the
catalytic interface are essential to improving nanozyme functions. The
present study addresses this goal by designing uric acid (UA)
molecular-imprinted polyaniline (PAn)-coated Cu-zeolitic imidazolate
framework (Cu-ZIF) nanoparticles as superior nanozymes, “poly-
nanozymes”, catalyzing the H2O2 oxidation of UA to allantoin
(peroxidase activity) or the aerobic, uricase mimicking, oxidation of
UA to allantoin (oxidase activity). While bare Cu-ZIF nanoparticles
reveal only peroxidase activity and the nonimprinted PAn-coated Cu-
ZIF nanoparticles reveal inhibited peroxidase activity, the molecular-
imprinted PAn-coated Cu-ZIF nanoparticles reveal a 6.1-fold enhanced peroxidase activity, attributed to the concentration of
the UA substrate at the catalytic nanoparticle interface. Moreover, the catalytic aerobic oxidation of UA to allantoin by the
imprinted PAn-coated Cu-ZIF nanoparticles is lacking in the bare particles, demonstrating the evolved catalytic functions in
the molecularly imprinted polynanozymes. Mechanistic characterization of the system reveals that within the UA molecular
imprinting process of the PAn coating, Cu+ reactive units are generated within the Cu-ZIF nanoparticles, and these provide
reactive sites for generating O2

−• as an intermediate agent guiding the oxidase activities of the nanoparticles. The study
highlights the practical utility of molecular-imprinted polynanozymes in catalytic pathways lacking in the bare nanozymes,
thus broadening the scope of nanozyme systems.
KEYWORDS: nanozyme, superoxide radical anion, nanoparticle catalysis, sensor, artificial enzyme

INTRODUCTION
Substantial recent research efforts are directed to the
development of nanoparticle-based catalysts, nanozymes.1−3

Diverse inorganic nanoparticles, such as metal nanoparticles,
such as Pt,4,5 Pd,6 or Au7 nanoparticles, metal oxide
nanoparticles, such as CeO2,

8,9 MoO3,
10 or V2O5,

11 carbon-
based materials,12,13 such as C-dots, graphene oxide, and
composite nanoparticles or clusters, e.g., C3N4,

14 or Prussian
blue15,16 were reported to catalyze different chemical trans-
formations. Also, organic nanoparticles composed of polydop-
amine17 or melanin18 were reported to reveal catalytic
properties. Moreover, metal−organic framework nanoparticles,

NMOFs, provide versatile catalytic nanozyme frameworks,19

where the ions linked to the ligands composing the
nanoparticles,20,21 metal ions anchored to the cross-linking
ligands22 or catalytic particles,23 or enzymes24 incorporated in
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the porous structure of NMOFs yield the catalytic nanozyme
functions of the frameworks. Diverse chemical transformations
were catalyzed by nanozymes including peroxidase,25,26

oxidase,27,28 catalase,29 superoxide dismutase,30 hydrolase,31

and isomerase32 processes emulating native enzymes. Different
applications of nanozymes were reported, including their use
for sensing,33 electrochemical sensing,34 imaging and ther-
apeutic agents for various diseases including cancer,35,36

Parkinson’s36 and Alzheimer’s37 diseases, and wound healing.38

Also, nanozymes were applied to antibacterial agents39,40 and
catalysts for degradation of environmental pollutants and
wastes.41,42 In addition, chemically modified nanozymes were
used as bioreactor systems driving catalytic cascades.43

While substantial progress in the development of nanozymes
and their applications have been demonstrated, the systems are
not free of limitations: (i) their catalytic activities and catalytic
turnovers are still low as compared to native enzymes. This
may be attributed to the lack of binding sites, concentrating the
reactive substrate in the spatial proximity of the catalytic sites
(“molarity effect”). (ii) The selectivity of the nanozymes
toward specific substrates, particularly stereoselectivity and
enantioselectivity, is scarce. Again, the lack of selectivity might
be attributed to the lack of specific binding sites or chiral
binding sites for the substrate. Different methods to overcome
these limitations were reported including the functionalization
of nanozymes, e.g., Cu2+-modified C-dots44 or Au nano-
particles,45 with nucleic acid aptamer strands acting as
sequence-specific substrate binding sites, “aptananozymes”,
and the covalent modification of Cu2+-ion-functionalized C-
dots with β-cyclodextrin receptor units as supramolecular
nanozymes for the enhanced oxidation of dopamine.14 Also,
the integration of nanozymes in molecularly imprinted
polymers was suggested as a means to concentrate the
substrate in spatial proximity to the catalytic sites, thereby
enhancing the catalytic activity and selectivity of the nano-
zymes.46 Two general strategies to imprint molecular
recognition sites in polymer matrices were reported.47,48 By
one method, polymerizable monomers containing functional
groups complementary to ligand functionalities associated with
the template substrate (i.e., H-bonds, electrostatic interactions,
or donor−acceptor complexes) were polymerized in the
presence of the guest substrate, yielding after polymerization
and washing-off of the guest substrate, molecular contours
revealing relative binding affinities for the imprinted substrate.
By a second approach, polymerizable monomers form
supramolecular complexes with the guest substrate (e.g.,
boronate complexes). Polymerization of the supramolecular
structures, followed by chemical cleavage of the bridging
bonds, led to the size of functionally confined sites for binding
of the guest substrate. Selective and chiroselective imprinted
polymer frameworks for the association of the imprinted
substrate were demonstrated, and diverse applications of the
imprinted matrices for separation,49,50 catalysis,51,52 sens-
ing,53,54 and controlled release55,56 applications were reported.
While diverse chemical transformations of nanozymes were
demonstrated, broadening the scope of chemical reactions
driven by nanozymes and their applications is essential.
Moreover, the chemical modification of nanozymes into a
hybrid structure revealing catalytic functions absent in the bare
nanoparticles is challenging.
Within the diverse NMOFs, the metal-ion imidazolate ligand

bridged zeolitic imidazolate framework (ZIF) family is an
important subclass of NMOFs.57 The assembly of the ZIF

NMOFs in an aqueous system at ambient temperature is
particularly important, as integration and protection of
temperature-sensitive biomaterials, such as enzymes, antibod-
ies, or nucleic acids, in these frameworks is feasible while
retaining their biological functions. Moreover, different metal
ions such as Zn2+, Co2+, Cu2+, and more were employed to
cross-link the imidazolate ligand,58,59 and diverse metal ions
used to dope the basic Zn2+-cross-linked ZIF-8 framework60,61

were reported to yield different catalytic ZIF frameworks. Also,
the use of chemically modified imidazolate ligands with
functional carboxaldehyde,62 amine,63 and more64 enhanced
the secondary functionalization of the ZIF NMOFs, yielding
hybrid structures exhibiting broad catalytic activities and
versatile applications. The highly porous structure of ZIF
NMOFs enabled the integration of molecular agents, nano-
particles, or proteins in the ZIF NMOF frameworks,65 and the
hybrid structures were used for sensing,66 drug delivery,67 and
NMOF-guided catalytic transformations.24,68 Also, chemical
modification of the imidazolate composing the ZIF frameworks
enabled the engineering of ZIF frameworks acting as
bioreactors driving catalytic cascades of enhanced complex-
ities.69 Recently, Co2+-ZIF-67 was reported70 as a peroxidase-
mimicking nanozyme catalyzing the H2O2 oxidation of
dopamine to aminochrome, the oxidation of NADH to
NAD+, and the catalyzed generation of chemiluminescence
in the presence of luminol/H2O2. Also, Co2+-ZIF-67 catalyzed
the oxidation of aniline to polyaniline, and molecularly
imprinted polyaniline-coated Co2+-ZIF-67 NMOFs demon-
strated chiroselective oxidation of L/D-DOPA in the presence
of H2O2.

70

The catalyzed oxidation of uric acid, UA, to allantoin attracts
substantial research efforts due to the therapeutic significance
of the process. Gout is a common inflammatory arthritis
disease reflected by the deposition of monosodium urate in
peripheral joints and tissues.71,72 Inflammatory arthritis
originates from hyperuricemia, uricase deficiency catalyzing
the aerobic oxidation of uric acid to allantoin.73 The current
treatment of gout involves the use of anti-inflammatory drugs
and uricase-substituting agents.74 Not surprisingly, substantial
efforts are directed to the development of uric acid-sensing
platforms75 and catalytic agents to degrade uric acid deposits76

and to understand the basic mechanistic features of native
uricase.77 Indeed, recent studies have reported the application
of nanozymes as sensing and therapeutic materials for gout
control.78,79

Here we report on the synthesis of a Cu-ZIF nanoparticle/
nanofiber composite as a nanozyme catalyzing the H2O2
oxidation of UA to allantoin. Moreover, we find that Cu-ZIF
NMOFs catalyze the H2O2 oxidation of aniline to polyaniline,
PAn. This allowed the catalytic coating of the Cu-ZIF NMOFs
with a film of PAn. The PAn-coated Cu-ZIF NMOFs
demonstrate low catalytic activity toward the oxidation of
UA as compared to the bare Cu-ZIF NMOFs. The molecular
imprinting of the PAn coating with UA-imprinted sites yields,
however, a highly efficient UA-imprinted PAn-coated Cu-ZIF
nanozyme (“polynanozyme”) catalyzing the H2O2 oxidation of
UA to allantoin. The UA-imprinted PAn-coated Cu-ZIF
polynanozyme reveals substantially enhanced catalytic proper-
ties, as compared to the bare Cu-ZIF NMOFs. The enhanced
catalytic activities are attributed to the concentration of UA at
the imprinted sites (“molarity effect”), in the proximity of the
NMOF catalytic sites. Moreover, we find that the imprinted
PAn-coated Cu-ZIF polynanozyme reveals uricase-mimicking
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activities, catalyzing the aerobic oxidation of UA to allantoin.
While the bare Cu-ZIF NMOFs lack uricase mimicking
activities, the imprinted PAn-coated Cu-ZIF NMOFs reveal
effective UA oxidase activities, demonstrating new catalytic
functions of the “polynanozyme”, which are absent in the bare
NMOF nanozyme. Besides introducing Cu-ZIF NMOFs as
nanozymes catalyzing the oxidation of UA, the importance of
the present study is reflected by demonstrating that molecular
imprinting of polymer-coated NMOFs yields hybrid NMOFs,
revealing effective catalytic activities absent in the bare
NMOFs.

RESULTS AND DISCUSSION
Synthesis, Characterizations, and Catalytic Perox-

idase Functions of the Cu-ZIF NMOFs. The Cu-ZIF
NMOFs were prepared by mixing CuCl2 with 2-methylimida-
zole in the presence of hexadecyltrimethylammonium bromide
at room temperature following the reported procedure.58 The
NMOFs were analyzed by different spectroscopic and
microscopic methods. Figure 1A depicts the scanning electron
microscopy (SEM) image, Panel (i), and the transmission
electron microscopy (TEM) image, Panel (ii), of the Cu-ZIF
NMOFs. The images reveal that the NMOFs appear as a
mixture of flakes and fibers, consistent with previous reports.
The flakes reveal an “egg”-shaped structure with a length of
522 ± 260 nm and a middle width of 244 ± 88 nm, and the
fibers reveal a length of 2 μm or longer (Figure S1).
(Moreover, the mixture of flakes and fibers can be transformed
into pure flake composition, without changing the function-

alities of the flakes by cyclic treatment of the mixture with
acetone/water; see Figure S2 and accompanying discussion.)
The high-resolution TEM (HR-TEM) images are displayed in
Panels (iii and iv). The accompanying fast Fourier trans-
formation (FFT) image of the full area of Panel (iii) is
displayed in the Panel (iii) inset. The powder X-ray diffraction
(PXRD) spectrum corresponding to the NMOFs is displayed
in Figure S3 (the detailed diffraction peaks and corresponding
d-spacing are provided in Table S1). The Brunauer−Emmett−
Teller (BET) specific surface area of the Cu-ZIF NMOFs
corresponds to 486.4 m2 g−1, and the pore-size distribution is
in the range of 1.7−5.5 nm (Figure S4). Moreover, Figure 1B
depicts the deconvoluted Cu 2p X-ray photoelectron spec-
troscopy (XPS) spectra of the NMOFs, demonstrating that the
Cu2+-ionic state is present in the Cu-ZIF NMOFs (for the XPS
spectra of the other elements composing the NMOFs, see
Figure S5).
Figure 1C depicts the time-dependent concentration

changes upon oxidation of UA to allantoin by H2O2 in the
presence of variable concentrations of the Cu-ZIF NMOFs. As
the concentration of the NOMFs increases, the oxidation
process is enhanced. Figure 1D shows the rates of UA
oxidation in the presence of Cu-ZIF NMOFs, 50 μg mL−1, and
H2O2, 5 mM, using variable concentrations of UA. As the
concentration of the substrate increases, the rate of UA
oxidation is higher and it reaches a saturation level at the UA
concentration of ca. 6 mM. From this curve, the derived KM
and Vmax values corresponding to 1.2 mM and 37.8 mM min−1

were derived. Moreover, we found that the Cu-ZIF NMOFs

Figure 1. Structure, composition, and catalytic functions of Cu-ZIF NMOFs. (A) SEM image (i), TEM image (ii), HR-TEM image (iii), FFT
image (10 nm−1); inset, (iii), and enlarged domain of the HR-TEM section (iv) of Cu-ZIF NMOFs. (B) Deconvoluted Cu 2p XPS spectra of
Cu-ZIF NMOFs. (C) Time-dependent concentration changes of UA upon the catalyzed oxidation of UA by H2O2 to allantoin in the presence
of different concentrations of Cu-ZIF NMOFs: (i) 25 μg mL−1; (ii) 50 μg mL−1; (iii) 75 μg mL−1. In all experiments, UA, 75 μM, and H2O2,
5 mM, were used. Inset, time-dependent absorbance changes of UA upon the Cu-ZIF NMOFs catalyzed oxidation of UA by H2O2: Cu-ZIF
NMOFs, 50 μg mL−1; UA, 75 μM; H2O2, 5 mM. (D) Rates of UA oxidation by H2O2, 5 mM, in the presence of Cu-ZIF NMOFs, 50 μg mL−1,
and variable concentrations of UA. (E) Time-dependent absorbance changes upon the Cu-ZIF NMOFs, 100 μg mL−1, catalyzed oxidation of
aniline, 1.2 mM, by H2O2, 2 mM, to form polyaniline, PAn. Inset: time-dependent spectra of PAn upon oxidation of aniline, 1.2 mM, in the
presence of H2O2, 2 mM, using Cu-ZIF NMOFs, 100 μg mL−1.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c16272
ACS Nano 2025, 19, 9981−9993

9983

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c16272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


acted as nanozymes catalyzing the H2O2 oxidation of aniline to
polyaniline, PAn, eq 1.80 Figure 1E, inset, shows the temporal

absorbance spectra of PAn in the solution, and Figure 1E
depicts the temporal absorbance changes of PAn in solution (λ
= 427 nm) upon formation of PAn. The results demonstrate a
saturation kinetic, and under the specific experimental
conditions after a time interval of ca. 80 min, the catalyzed
polymerization process is blocked. Blocking of the polymer-
ization process is attributed to the concomitant coating of the
Cu-ZIF NMOFs, a process that blocks the catalytic sites on the
nanoparticles toward oxidation of aniline in solution. The
coating of the Cu-ZIF by PAn is visually observed by particles
turning from light brown to dark brown. The coating of the
Cu-ZIF NMOFs with the PAn provided, however, the basis for
the study to be described below. (For characterization of the
PAn-coated NMOFs, vide infra.)
Uric Acid Peroxidase/Oxidase Catalytic Functions of

the Imprinted/Nonimprinted PAn-Coated Cu-ZIF
NMOFs vs the Bare Cu-ZIF NMOFs. We examined, first,
the possible catalytic H2O2 oxidation of UA by the PAn-coated
Cu-ZIF NMOFs (Figure 2A). Figure 2B, Panels (i) and (ii),
shows the absorbance changes upon H2O2 oxidation of UA to

allantoin by the bare Cu-ZIF NMOFs and the PAn-coated Cu-
ZIF NMOFs, respectively. Figure 2C depicts the temporal
concentration changes of UA upon oxidation by H2O2 yielding
allantoin, in the presence of the bare Cu-ZIF NMOFs, curve
(i), and the PAn-coated Cu-ZIF NMOFs, curve (ii). Evidently,
the oxidation of UA to allantoin by the PAn-coated Cu-ZIF
NMOFs is substantially retarded as compared to the bare Cu-
ZIF NMOFs. These results are consistent with the fact that
coating of the Cu-ZIF NMOFs with PAn blocks the catalytic
sites of the nanozyme. Nonetheless, we argued that within the
catalytic coating process of the Cu-ZIF NMOFs, we could
imprint specific UA sites that serve as recognition binding sites
for the association of UA in spatial proximity to the catalytic
sites of the nanozyme. That is, the molecular imprinting
process could yield a hybrid composite mimicking the active
site/binding site cooperative functions of native enzymes,
thereby providing an effective catalytic interface for the
oxidation of UA. We argued that within the catalytic coating
of aniline to polyaniline and in the presence of UA as a guest
substrate, supramolecular interactions between the amino
functionalities of PAn and amine/keto functionalities of UA
could yield, after washing off of the UA, the UA molecular-
imprinted sites in the PAn-coating on the Cu-ZIF NMOFs.
These imprinted sites could yield a superior hybrid nanozyme
catalyzing the oxidation of UA�a “polynanozyme” (Figure
2D).
Accordingly, UA was imprinted into the PAn coating of the

Cu-ZIF NMOFs upon the catalyzed polymerization of aniline.
Figure 2B, Panel (iii), shows the absorbance changes upon the
catalyzed oxidation of UA by H2O2 to allantoin, and Figure 2C,
curve (iii), depicts the temporal concentration changes upon

Figure 2. Uric acid peroxidase catalytic functions of UA-imprinted/nonimprinted PAn-coated Cu-ZIF NMOFs vs bare Cu-ZIF NMOFs. (A)
Equation of the catalyzed H2O2 oxidation of UA to allantoin. (B) Absorbance spectra changes upon catalyzed H2O2 oxidation of UA by bare
Cu-ZIF NMOFs (i), PAn-coated Cu-ZIF NMOFs (ii) and UA-imprinted PAn-coated Cu-ZIF NMOFs (iii). In all experiments, catalysts, 50
μg mL−1, UA, 75 μM, and H2O2, 5 mM, were used. (C) Time-dependent concentration changes of UA upon oxidation of UA, 75 μM, by
H2O2, 5 mM, to yield allantoin in the presence of bare Cu-ZIF NMOFs, 50 μg mL−1 (i), PAn-coated Cu-ZIF NMOFs, 50 μg mL−1 (ii), and
UA-imprinted PAn-coated Cu-ZIF NMOFs, 50 μg mL−1 (iii). (D) Schematic imprinting UA binding sites into polyaniline-coated Cu-ZIF
NMOFs. (E) Rates of UA oxidation by H2O2, 5 mM, at variable concentrations of UA: (a), UA-imprinted PAn-coated Cu-ZIF NMOFs, 50 μg
mL−1; (b), nonimprinted PAn-coated Cu-ZIF NMOFs, 50 μg mL−1.
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H2O2 oxidation of UA to allantoin by the imprinted
polynanozyme. In the experiment displayed in Figure 2C,
curve (i−iii), the same concentrations of bare Cu-ZIF
NMOFs, curve (i), PAn-coated NMOFs, curve (ii), and UA-
imprinted PAn-coated NMOFs, curve (iii), were used. Figure
2E compares the rates of UA oxidation by the UA-imprinted
PAn-coated Cu-ZIF NMOFs at different concentrations of UA,
curve (a), with the rates of UA oxidation by the nonimprinted
PAn-coated Cu-ZIF NMOFs, curve (b). As the concentration
of UA increases, the rate of oxidation of UA by the imprinted
PAn-coated Cu-ZIF NMOFs is higher and reaches a saturation
value at a concentration of 4 mM, Vmax = 106 mM min−1. The
saturated rate is attributed to the saturation of the imprinted
sites associated with the polymer coating (for estimation of the
average number of imprinted sites associated with a particle,
vide infra). The imprinted PAn-coated Cu-ZIF NMOFs
revealed a 6.3-fold enhanced oxidation rate of UA as compared
to the nonimprinted PAn-coated Cu-ZIF NMOFs. Figure S7
compares the rates of catalyzed UA oxidation by H2O2 using
the bare Cu-ZIF NMOFs, the nonimprinted PAn-coated Cu-
ZIF NMOFs, and the imprinted PAn-coated Cu-ZIF NMOFs
at different concentrations of UA. The catalyzed H2O2
oxidation of UA by the UA-imprinted PAn-coated NMOFs
reveals a ca. 4.1-fold enhancement as compared to the bare Cu-
ZIF NMOFs. That is, the imprinting of molecular recognition
sites into the polymer coating of the hybrid PAn/Cu-ZIF
NMOFs yielded a hybrid nanozyme (“polynanozyme”),
exhibiting superior catalytic functions as compared to the
bare nanozyme. The superior catalytic activity of the UA-
imprinted PAn-coated Cu-ZIF composite is attributed to the
concentration of the UA substrate in the imprinted sites in
spatial proximity to the catalytic sites of the NMOF
frameworks.
In nature, the oxidation of UA to allantoin is driven by

uricase under aerobic conditions, where uricase reveals oxidase
(rather than peroxidase) functions (Figure 3A). In fact, native
uricases are Cu2+-dependent enzymes or Cu2+-independent
catalysts.81 Accordingly, we probed the possible functions of
the Cu-ZIF NMOFs or the different PAn-coated Cu-ZIF
NMOFs as possible catalysts mimicking the catalytic function
of native uricase catalyzing the aerobic oxidation of UA. We
find that the bare Cu-ZIF NMOFs or the PAn-coated Cu-ZIF

NMOFs lack catalytic activities toward the aerobic oxidation of
UA to allantoin. However, the UA-imprinted PAn-coated Cu-
ZIF NMOFs reveal effective catalytic functions toward the
aerobic oxidation of UA. Figure 3B shows the temporal
concentration changes of UA upon aerobic oxidation of UA to
allantoin in the presence of the UA-imprinted PAn-coated Cu-
ZIF NMOFs, curve (i), in comparison with the reference
systems, the catalyzed aerobic oxidation of UA by the bare Cu-
ZIF NMOFs, curve (ii), or the nonimprinted PAn-coated Cu-
ZIF NMOFs, curve (iii). While the bare NMOFs or the PAn-
coated NMOFs do not show any significant catalytic function
toward the aerobic oxidation of UA to allantoin, the imprinted
polynanozyme reveals an oxidase catalytic activity. Figure 3C
shows the temporal depletion of UA as a result of aerobic
oxidation to allantoin, in the presence of a variable
concentration of the imprinted polynanozyme. As the
concentration of the UA-imprinted PAn-coated Cu-ZIF
NMOFs increases, the aerobic oxidation of UA is enhanced.
Figure 3D depicts the rates of aerobic oxidation of UA to
allantoin by the UA-imprinted PAn-coated Cu-ZIF NMOFs at
different concentrations of UA. The kinetic features, KM = 0.5
mM, Vmax = 4.1 μM min−1, of the polynanozyme were derived.
The results demonstrate the assembly of a novel nanozyme
hybrid structure. While the Cu-ZIF NMOFs (or PAn-coated
Cu-ZIF NMOFs) lack catalytic activity toward the aerobic
oxidation of UA, the hybrid nanostructure consisting of the
UA-imprinted PAn-coated Cu-ZIF NMOFs reveals effective
activity toward the aerobic oxidation of UA. Besides mimicking
the oxidase functions of the native uricase, the imprinted
polynanozyme introduces an unprecedented phenomenon in
nanozyme catalysis where a hybrid structure composed of an
imprinted polymer-coated nanozyme demonstrates catalytic
functions that are lacking in the bare nanozyme framework.
A further important aspect related to the peroxidase/oxidase

catalytic activities of the imprinted PAn-coated Cu-ZIF
NMOFs involves the stability and recyclability of the
polynanozyme. We find that the catalyst is stable for at least
three months upon storage at 4 °C (<5% loss in activity).
Moreover, Figure S10 demonstrates the repeated oxidase
activity of the imprinted PAn-coated Cu-ZIF nanoparticles
upon application of the same batch of particles for four
repeated cycles. A gradual stepwise “loss” of the activity

Figure 3. Uric acid oxidase catalytic functions of UA-imprinted/nonimprinted PAn-coated Cu-ZIF NMOFs vs bare Cu-ZIF NMOFs. (A)
Equation of the catalyzed aerobic oxidation of UA to allantoin. (B) Time-dependent concentration changes of UA upon aerobic oxidation of
UA, 75 μM, to allantoin in the presence of UA-imprinted PAn-coated Cu-ZIF NMOFs, 50 μg mL−1 (i), bare Cu-ZIF NMOFs, 50 μg mL−1

(ii), and nonimprinted PAn-coated Cu-ZIF NMOFs, 50 μg mL−1 (iii). (C) Time-dependent concentration changes of UA upon aerobic
oxidation of UA, 75 μM, to allantoin in the presence of different concentrations of UA-imprinted PAn-coated Cu-ZIF NMOFs: (i) 25 μg
mL−1; (ii) 50 μg mL−1; (iii) 75 μg mL−1. (D) Rates of aerobic oxidation of UA catalyzed by UA-imprinted PAn-coated Cu-ZIF NMOFs, 50
μg mL−1, in the presence of variable concentrations of UA.
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corresponding to ca. 20% is observed. This apparent decrease
in activity is due to the loss of catalyst particles upon
regeneration for the cyclic process. In fact, keeping the
polynanozyme nanoparticles in an aqueous solution for at least
one month at room temperature does not affect their activity.
Selectivity of Peroxidase/Oxidase Activities of the

UA-Imprinted PAn-Coated Cu-ZIF NMOFs. The imprint-
ing of UA binding sites in the PAn polymer coating suggests
that selectivity toward binding of the UA substrate should
exist. Moreover, the quantitative assessment of the average
number of imprinted sites should be considered. Figure S11
and the accompanying discussion present the method to
estimate the average number of imprinted sites associated with
the imprinted PAn coating of a single NMOF particle. We find
that about 6.45 × 109 imprinted sites per particle are
generated. The shape selectivity issue associated with the UA
imprinted sites and the oxidation of UA is, however, an
important, yet difficult issue to address since we could not
identify a UA structural analogue that can be oxidized by the
Cu-ZIF NMOFs. Nevertheless, hypoxanthine could provide a
shape analogue of UA that could bind to the imprinted sites.
Although the hypoxanthine is not oxidized by the imprinted
PAn-coated Cu-ZIF NMOFs in the presence of H2O2 or O2,
we find that hypoxanthine significantly inhibits the catalyzed
oxidation of UA by polynanozyme, Figure S12A,B. That is,
competitive binding of hypoxanthine to the UA-imprinted sites
inhibits binding of the UA substrate to the catalyst coating,
thus deconcentrating the UA shape-like binding sites present
within the polymer coating. Moreover, the distribution of the

imprinted sites on the polymer coating has a significant effect
on the activity of the resulting polynanozyme. As the
concentration of the imprinted sites is controlled by the
concentration of UA employed in the imprinting process, the
catalytic performance of the polynanozyme should be dictated
by the distribution and content of the imprinted sites within
the polymer coating. This is demonstrated in Figure S13,
where the imprinting process was performed in the presence of
variable concentration of the imprinting ligand.
Mechanistic Pathways Associated with the Cu-ZIF

NMOFs and Polynanozymes. To further characterize the
system, a comprehensive set of microscopic, spectroscopic, and
mechanistic studies were performed. The high-angle annular
dark field scanning transmission (HAADF-STEM) image and
the accompanying energy-dispersive X-ray spectroscopy (EDS)
element mapping images of UA-imprinted PAn-coated Cu-ZIF
NMOFs are displayed in Figure 4A (for analogue images of the
bare Cu-ZIF NMOFs and the nonimprinted PAn-coated Cu-
ZIF NMOFs, see Figures S14 and S15, respectively). The UA-
imprinted PAn-coated Cu-ZIF NMOFs, Panel (i), reveal a
length of ca. 740 nm and a width of ca. 330 nm, which is
slightly larger than the length/width of the bare Cu-ZIF
NMOF flake, Figure S14, Panel (i), consistent with the coating
of the particles by PAn. The BET specific surface area of the
UA-imprinted PAn-coated Cu-ZIF NMOFs corresponds to
797.0 m2 g−1 (Figure S16). The coating of the NMOFs by
imprinted PAn is further supported by the morphological
mapping of the elements composing the hybrid particles. The
core of the particle, Panel (ii), shows the Cu constituent.

Figure 4. Compositional and functional features of UA-imprinted PAn-coated Cu-ZIF NMOFs in comparison with bare Cu-ZIF NMOFs. (A)
HAADF-STEM image (i) and accompanying EDS element mapping images of the UA-imprinted PAn-coated Cu-ZIF NMOFs: (ii) Cu; (iii)
N; (iv) S; (v) overlay of (ii−iv). (B,C) Deconvoluted Cu 2p XPS spectra of the nonimprinted PAn-coated Cu-ZIF NMOFs (B) and the UA-
imprinted PAn-coated Cu-ZIF NMOFs (C). (D) Cu K-edge XANES spectra of the bare Cu-ZIF NMOFs (i), nonimprinted PAn-coated Cu-
ZIF NMOFs (ii), CuO (iii), UA-imprinted PAn-coated Cu-ZIF NMOFs (iv), Cu2O (v), and Cu foil (vi). (E) EPR spectra generated by the
UA-imprinted PAn-coated Cu-ZIF NMOFs in the presence of air and added BMPO, 25 mM (i), and by the UA-imprinted PAn-coated Cu-
ZIF NMOFs in the presence of air, BMPO, 25 mM, and added superoxide dismutase, SOD (ii). (F) Intensities of the EPR spectra at 3357 G
generated by the UA-imprinted PAn-coated Cu-ZIF NMOFs in the presence of added BMPO, 25 mM, and variable concentrations of UA
under air. (G) EPR spectra generated by the bare Cu-ZIF NMOFs under aerobic conditions and added BMPO, 25 mM, in the absence of UA
(i), in the absence of UA and added SOD (ii), and in the presence of UA, 250 μM, and in the absence of SOD (iii).
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Panels (iii and iv) show the distribution of the N and S
elements throughout the particle coating, consistent with the
formation of the poly(styrenesulfonate)-integrated PAn coat-
ing. Panel v depicts the merged image of the constitutional
elements composing the hybrid NMOFs. A clear core Cu-
element domain, coated with the polymer coating, about 212
nm thick, is visible, supporting the constituents composing the
hybrid structure (for comparison, the element mapping images
of the bare Cu-ZIF NMOFs, Figure S14, reveal only the core
Cu/N elements with no contribution of the elements
composing the coating domain). The XPS results correspond-
ing to the Cu 2p of the Cu-ZIF NMOFs, the PAn-coated Cu-
ZIF NMOFs, and the UA-imprinted PAn-coated Cu-ZIF
NMOFs are displayed in Figures 1B and 4B,C, respectively
(for the XPS spectra of the other elements composing the
PAn-coated Cu-ZIF NMOFs and the UA-imprinted PAn-
coated Cu-ZIF NMOFs, see Figures S17 and S18). While the
bare Cu-ZIF NMOFs and the PAn-coated Cu-ZIF NMOFs
demonstrate the existence of Cu2+ in the structure, the UA-
imprinted PAn-coated NMOFs show a Cu2+/Cu+ composition
in the NMOF structure. That is, presumably, during the UA
imprinting process of the PAn-coating on the NMOFs, the
Cu2+ composing the NMOFs is partially reduced to yield a
Cu2+/Cu+ mixture (87.30%/12.70%) in the NMOF frame-
work. The copper valences in the bare Cu-ZIF NMOFs, the
PAn-coated Cu-ZIF NMOFs, and the UA-imprinted PAn-
coated Cu-ZIF NMOFs were further evaluated by Cu K-edge
X-ray absorption fine structure (XAFS) measurement. The X-
ray absorption near edge structure (XANES) spectra in Figure
4D display that the adsorption edge of the Cu-ZIF nanozyme,
curve i, and the PAn-coated Cu-ZIF NMOFs, curve ii, overlay
the adsorption edge of the reference CuO sample, curve (iii),
indicating that copper in the bare NMOFs and the PAn-coated
NMOFs exhibits pure Cu2+ valence. In turn, the absorption
edge of the UA-imprinted NMOFs, curve (iv), is shifted and
positioned between the reference CuO, curve (iii), and Cu2O,
curve (v), implying that the copper in the UA-imprinted PAn-
coated NMOFs includes a mixture of Cu2+ and Cu+ valences,
which is consistent with the XPS measurements. Indeed, the
existence of Cu+ in the framework assists us in understanding
the catalytic activity of the UA-imprinted PAn-coated Cu-ZIF
NMOFs toward the aerobic oxidation of UA by the
polynanozyme (vide infra). In addition, the significance of
the Cu+ constituent in the aerobic oxidation of UA is further
demonstrated by a control experiment in which the Cu+,
generated within the imprinted process is chemically depleted,
Figure S19. In the experiment, the as-prepared imprinted PAn-
coated hybrid NMOFs (at the Cu2+/Cu+ ratio: 87.3%/12.7%)
were oxidized with Na2S2O8 yielding a hybrid with negligible
Cu+ content. As is evident from Figure S20, the oxidase activity
of the resulting NMOFs was significantly inhibited, demon-
strating the significance of the Cu+ units in the aerobic
oxidation of UA.
Moreover, the kinetic results demonstrating the superior

peroxidase activity of the UA-imprinted PAn-coated Cu-ZIF
NMOFs toward the oxidation of UA by H2O2, as compared to
the substantially lower activities of the bare Cu-ZIF NMOFs or
the nonimprinted PAn-coated NMOFs, were attributed to the
binding affinity of UA to the imprinted sites and the spatial
concentration of UA in proximity to the Cu2+-catalytic sites
(“molarity effect”). Indeed, isothermal titration calorimetry
(ITC) measurements confirmed the binding affinity of UA for
the imprinted PAn-coated NMOFs, Figure S21. While the bare

Cu-ZIF NMOFs or the PAn-coated NMOFs did not show
binding affinities toward the UA, Figure S21A−D, the
imprinted PAn-coated NMOFs revealed a high binding affinity
curve, KD ∼ 120 μM, Figure S21E,F, consistent with the
presence of imprinted binding sites for UA in the hybrid
framework.
Finally, mechanistic aspects related to the oxidation of UA in

the presence of H2O2 or O2 are introduced. Particularly, the
discovery that the UA-imprinted PAn-coated Cu-ZIF NMOFs
are effective catalysts catalyzing the aerobic oxidation of UA to
allantoin, while the bare catalyst lacks this catalytic activity, is
addressed. In fact, previous reports suggested possible
mechanistic paths for the aerobic oxidation of UA by uricase,
and participation of the reactive superoxide radical (O2

−•)
intermediate was suggested,82,83 and recently, the participation
of O2

−• in the aerobic oxidation of UA by nanozyme was
reported.84,85 In the present study, we introduce experimental
data that provide insight into the mechanism of UA oxidation
under aerobic conditions or in the presence of H2O2, and we
suggest a possible mechanistic path for the oxidation processes.
First, we address the aerobic oxidation of UA by the UA-
imprinted PAn-coated Cu-ZIF NMOFs. Figure 4E shows that
the UA-imprinted PAn-coated NMOFs yield in the presence of
air a ROS product that can be assigned to O2

−• [curve (i)]. The
formation of O2

−• is confirmed by the addition of superoxide
dismutase (SOD) that depletes the signal, curve (ii).
Furthermore, the electron paramagnetic resonance (EPR)
signal of O2

−• increases in the presence of added UA, Figures
4F and S22, suggesting that it participates in the catalytic
formation of O2

−• (vide infra). The nonimprinted PAn-coated
NMOFs lead to a negligible O2

−• signal, implying that the
catalytic activity toward the generation of O2

−• is inhibited. In
turn, the bare Cu-ZIF NMOFs show a substantially lower EPR
intensity of the O2

−•, suggesting lower catalytic activity toward
the generation of the O2

−•, and no effect of UA on the signal
was observed, Figure 4G. The effective formation of O2

−• by
the imprinted PAn-coated NMOFs suggests that oxygen was
slowly reduced by a constituent in the system. Moreover,
toward the significance of O2

−• as a reactive intermediate in the
catalyzed aerobic oxidation of UA by the imprinted PAn-
coated Cu-ZIF NMOFs, we examined the reaction in the
presence of different concentrations of SOD that depletes the
O2

−•, Figure S23. Evidently, as the concentration of SOD
increases, enhanced inhibition of the process is observed, and
at an SOD concentration of 0.2 units L−1, the process is fully
inhibited. To summarize the results presented in this section,
we emphasize the following issues: (i) The XPS and XANES
experiments (Figures 1B and 4B−D) demonstrated the
presence of Cu+ as a coconstituent in the imprinted
polynanozyme, yet this constituent is absent in the non-
imprinted PAn-coated particles or the bare particles. (ii) The
EPR experiments indicated that under aerobic conditions, O2

−•

were formed in the imprinted polynanozyme-catalyzed
reaction. Moreover, the results indicated that the content of
the O2

−• depended on the concentration of added UA, and at
higher UA concentrations, the content of the O2

−• increases,
Figure 4E,F, suggesting that UA coparticipated in the
formation of the O2

−•. (iii) The links between the O2
−• and

the catalyzed aerobic oxidation of UA by the imprinted
polynanozyme were demonstrated by the inhibition of the
process with SOD, Figure S23. (iv) The intermediate
formation of the UA+ within the aerobic oxidation of UA by
the imprinted polynanozyme was suggested by the EPR
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experiment, Figure S24. This analysis allows us to formulate a
possible pathway for the oxidation of UA to allantoin by the
imprinted PAn-coated Cu-ZIF NMOFs, Figure 5. The
suggested mechanism includes the concomitant generation of
O2

−• by the Cu+ constituent generated within the imprinting
procedure and by the UA+ generated by the catalyzed UA
oxidation by the imprinted PAn-coated Cu-ZIF NMOFs. The
addition of O2

−• to the UA+ yields a peroxy radical intermediate
where the peroxy constituent reduces Cu2+ to Cu+, and
concomitantly, the intermediate radical is oxidized by Cu2+ to
form the hydroxy-substituted UA that is hydrolytically ring-
opened to carboxycarbonate undergoing decarboxylation and
tautomerization, yielding the allantoin product.
The participation of UA in the formation of O2

−• and the
efficient aerobic oxidation of UA catalyzed by the imprinted
PAn-coated Cu-ZIF NMOFs polynanozyme still raise some
questions: (i) Why is the activity of the bare Cu-ZIF NMOFs
negligibly low? (ii) What causes the polynanozyme hybrid to
be highly active in catalyzing the oxidation of UA? We reason
that within the imprinting procedure of the UA sites, a high
concentration of UA exists in close proximity to the Cu-ZIF
framework, leading to the formation of O2

−•. The formation of
O2

−• in the first step of the mechanism shown in Figure 5 is due
to the primary Cu2+ oxidation of UA to UA+ and the
concomitant formation of Cu+ that reduces O2 to O2

−•. The
concentration of UA at the particle sites enhances this electron
transfer process, yielding the crucial Cu+ intermediate, which is
the key intermediate for the oxidase activity of the
polynanozyme. (Note that the appearance of Cu+ in the
framework was confirmed by XPS and XANES only in the
imprinted NMOFs and further suggested by the relation of the
Cu+ content and the concentration of UA in the imprinted
sites, see Figure S25.) The resulting O2

−• is presumably
stabilized by hydrogen bonds within the PAn framework,
thereby being protected from diffusing to the bulk solution by
the hybrid structure. Accordingly, in the presence of the
imprinted PAn hybrid NMOFs framework, a functional
nanoparticle module for the concentration of the UA in the
imprinted sites is formed, allowing the effective process
outlined in Figure 5 to proceed where efficient UA-driven

formation and stabilization of the oxidation of the O2
−• in the

supramolecular nanostructure assembly is followed by the
oxidation of UA, yielding allantoin. These conditions are
absent in the diffuse configuration of the bare NMOFs, where
the diluted O2

−• and UA result in a very low level of oxidation
of UA and competitive depletion of the unstable O2

−• reactant.
Moreover, the peroxidase activities of the catalyzed

oxidation of UA by H2O2 are further rationalized by the
reaction outlined in eq 2. Realizing that the O2

−• is generated
by the reaction between Cu-ZIF NMOFs and H2O2, Figure
S26, the catalyzed oxidation of H2O2 by the Cu-ZIF NMOFs
to form O2

−• and the formation of Cu+, eq 2, is suggested as a
key step in the peroxidase activity of the nanozyme.86 The
resulting Cu+ can further react with oxygen as described before
or be depleted by H2O2. However, the O2

−• generated
following eq 2 is suggested as the main source acting as the
active reaction intermediate participating in the oxidation of
UA, following multistep reactions suggested in Figure 5. The
effective peroxidase activity of the imprinted polynanozyme is,
then, attributed to the stabilization of O2

−• at the catalytic
interface by the polymer coating, and the concentration of the
UA substrate within the imprinted sites.

+ + ++ + • +Cu ZIF H O Cu ZIF O 2H2
2 2 2 (2)

CONCLUSIONS
The peroxidase functions of the Cu-ZIF metal−organic
framework nanoparticles, Cu-ZIF NMOFs, toward the
catalyzed H2O2 oxidation of uric acid, UA, to allantoin were
introduced. In addition, the Cu-ZIF NMOFs catalyzed the
H2O2 oxidation of aniline to polyaniline, PAn, and the coating
of the NMOFs with the PAn was demonstrated. The latter
process was employed to imprint UA molecular binding sites
into the polymer coating. While the nonimprinted PAn-coated
Cu-ZIF NMOFs were inhibited toward the catalyzed oxidation
of UA by H2O2, the UA-imprinted PAn-coated Cu-ZIF
NMOFs hybrid revealed enhanced catalytic activities toward
the catalyzed H2O2 oxidation of UA. The enhanced catalytic
activities of the imprinted PAn-coated Cu-ZIF NMOFs were

Figure 5. Suggested mechanism for the aerobic oxidation of UA to allantoin by the UA-imprinted PAn-coated Cu-ZIF NMOFs.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c16272
ACS Nano 2025, 19, 9981−9993

9988

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16272/suppl_file/nn4c16272_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16272?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c16272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


attributed to the binding and concentration of the UA
substrate by the imprinted sites in close proximity to the
catalytic sites of Cu-ZIF NMOFs (“molarity effect”). The
binding affinity of UA for the imprinted sites was confirmed by
ITC measurements. Moreover, the imprinted PAn-coated Cu-
ZIF NMOFs, polynanozymes, were demonstrated with the
function of catalyzing the aerobic oxidation of UA to allantoin.
While the imprinted PAn-coated Cu-ZIF NMOFs demon-
strated effective catalytic aerobic oxidation of UA, the bare Cu-
ZIF NMOFs showed negligible catalytic functions toward the
aerobic oxidation of UA. This is an unprecedented example
where the imprinted NMOFs hybrid demonstrated catalytic
functions absent in the bare nanozyme. Moreover, attempts to
characterize the mechanistic pathway involved with the oxidase
and peroxidase activities of the imprinted polynanozyme
revealed the participation of superoxide radicals, O2

−•, as active
reaction intermediates, allowing us to suggest possible
mechanistic circuits for the catalytic oxidase/peroxidase
catalytic processes. While the results introduce new dimensions
to the area of nanozymes, important challenges are ahead of us.
The development of other imprinted PAn-coated nanozymes,
such as other NMOFs or metal-functionalized carbon
nanomaterials, and particularly the development of other
nanozyme-catalyzed imprinted polymer coatings, such as
polypyrrole or polypyridine, are certainly important paths to
follow. Moreover, the application of the imprinted poly-
nanozymes to catalyze other catalytic transformations and
particularly to identify practical uses of the composites would
be interesting scientific goals.

EXPERIMENTAL METHODS
Chemicals. Copper(II) chloride dihydrate (CuCl2·2H2O), hex-

adecyltrimethylammonium bromide, 2-methylimidazole, uric acid
(UA, ε292 nm = 12,600 M−1 cm−1), hydrogen peroxide solution
(H2O2, 30% w/w), aniline (purified by steam-distillation before use),
superoxide dismutase from bovine (SOD, ≥ 2500 units/mg protein),
and phosphate-buffered saline (PBS) were purchased from Sigma-
Aldrich (USA). Poly(styrene sulfonic acid sodium salt) (MW 70,000)
was obtained from Polysciences, Inc. (USA). 5-Tert-butoxycarbonyl-
5-methyl-1-pyrroline-N-oxide (BMPO) was bought from Dojindo
laboratories (Japan). P-(3,4-Dihydro-2-methyl-1-oxido-2H-pyrrol-2-
yl)-phosphonic acid, diethyl ester (DEPMPO) was purchased from
Cayman Chemical (USA). All the chemicals were used without
further purification unless otherwise specified. Ultrapure water (18.2
MΩ cm) from NANOpure Diamond (Barnstead Int., USA) was used
in all the experiments.
Characterizations. The UV−vis absorption spectra were

measured by a UV-1900 UV−vis spectrophotometer (Shimadzu,
Japan), and quartz cuvettes with path lengths of 1 and 0.3 cm were
used for the spectra and Michaelis−Menten kinetic features,
respectively. The scanning electron microscopy (SEM) images were
taken from a cryo high-resolution scanning electron microscope
Apreo 2S (Thermo Fisher Scientific, USA). The transmission electron
microscopy (TEM) image, high-resolution TEM (HR-TEM) images,
high-angle annular dark field scanning transmission (HAADF-STEM)
images, and the accompanying energy-dispersive X-ray spectroscopy
(EDS) element mapping images were taken on an aberration probe-
corrected scanning transmission electron microscope Themis Z
(Thermo Fisher Scientific, USA). The powder X-ray diffraction
(PXRD) spectrum was obtained on an X-ray powder diffractometer
D8 ADVANCE with a 2.2 kW Cu Kα X-ray source mounted into the
TWIST-TUBE assembly (Bruker, USA). The N2 adsorption−
desorption (77 K) isotherms were measured by a NOVA1200e
(Quantachrome, USA). The X-ray photoelectron spectroscopy (XPS)
spectra were collected by a Kratos AXIS Supra spectrometer with an
Al Kα monochromatic radiation X-ray source (1486.6 eV) as the

excitation source (Kratos, UK). The X-ray absorption near-edge
structure (XANES) spectra were collected at room temperature in the
transmission mode at the Shanghai synchrotron radiation facility
(SSRF, China). The dissociation constants of the UA to the catalysts
were calculated based on the measured heat difference during the
binding events by isothermal titration calorimetry (ITC) on a
MicroCal PEAQ-ITC (Malvern Panalytical, UK), and one set of site
fitting models was used. The particle number was counted with a
TC20 automated cell counter (USA). The electron paramagnetic
resonance (EPR) spectra were taken on a Bruker ELEXSYS 500 X-
band spectrometer equipped with a Bruker ER4102ST resonator at
room temperature with a microwave power of 20 mW, a 0.1 G
modulation amplitude, and a 100 kHz modulation frequency (Bruker,
USA).
Synthesis of Cu-ZIF NMOFs. The Cu-ZIF NMOFs were

prepared in the aqueous condition following the reported procedure58

with slight modifications. Briefly, 2-methylimidazole (1 M, 10 mL)
and hexadecyltrimethylammonium bromide (1 mM, 10 mL) were
added simultaneously to copper(II) chloride (50 mM, 10 mL) under
stirring conditions (300 rpm) at RT. After being stirred for 1 min, the
solution was left unstirred for 45 min. Then, the brownish precipitates
were collected and purified by centrifugation (7000 rcf, 15 min). The
resulting products were redispersed with ultrapure water (8 mL) and
stored at 4 °C. To evaluate the concentration of the products, 1 mL of
the dispersions was freeze-dried, and the residue was weighed.
Synthesis of PAn-Coated Cu-ZIF NMOFs and UA-Imprinted

PAn-Coated Cu-ZIF NMOFs. For the synthesis of PAn-coated Cu-
ZIF NMOFs or UA-imprinted PAn-coated Cu-ZIF NMOFs, aniline
(120 mM, 50 μL), poly(styrenesulfonate) (120 mM, 50 μL), PBS
(200 mM, 50 μL, pH 7.4), and ultrapure water (120 μL) were was
first mixed with stirring (300 rpm) for 5 min at RT. Then, Cu-ZIF
NMOF dispersions (5 mg mL−1, 100 μL) were added with stirring
(300 rpm) for 10 min, followed by adding 80 μL of ultrapure water
(80 μL of UA, 50 mM, instead of ultrapure water to synthesize the
UA-imprinted PAn-coated Cu-ZIF NMOFs). The catalyzed polymer-
ization and coating (or imprinting) processes were initiated by the
addition of H2O2 (200 mM, 50 μL), and the reaction was left under
constant stirring for 4 h. The PAn-coated Cu-ZIF NMOFs or UA-
imprinted PAn-coated Cu-ZIF NMOFs were finally obtained after
purification by centrifugation (12,000 rpm, 10 min) with ultrapure
water (2 mL each time) 4 times. The UA-imprinted PAn-coated Cu-
ZIF NMOFs obtained with different concentrations of UA were
synthesized following a similar procedure (note: the UA-imprinted
PAn-coated Cu-ZIF discussed throughout the paper was synthesized
with 8 mM UA unless otherwise specified). The particle number of
UA-imprinted PAn-coated Cu-ZIF NMOFs was determined by using
a TC20 automated cell counter. To estimate the average number of
imprinted sites associated with the imprinted PAn coating of a single
particle, 50 mM UA was incubated with variable concentrations of
particles (0.5 mg, 1 mg, and 1.5 mg particles in 200 mL of solution) at
a N2 condition for 5 min. Subsequently, gentle centrifugation was
performed, and the absorbance of the supernatant was measured to
calculate the concentration of the residual UA. The number of
imprinted sites of a single particle was estimated by calculating the
number of UA molecules associated with the imprinted sites of the
particle.
Catalytic H2O2 Oxidation of Aniline to Polyaniline by Cu-ZIF

NMOFs. The catalytic activity and kinetic feature of Cu-ZIF NMOFs
toward the H2O2 oxidation of aniline to polyaniline were monitored
by the time-dependent absorbance changes of polyaniline. Briefly,
PBS (pH 7.4), aniline, poly(styrenesulfonate), H2O2, and Cu-ZIF
NMOFs were mixed in sequence with the final concentrations of 10
mM, 1.2 mM, 1.2 mM, 2 mM, and 100 μg mL−1, respectively. Repeat-
scan mode with a time interval of 10 min was carried out immediately
to record the absorbance spectra of obtained polyaniline by a UV-
1900 UV−vis spectrophotometer at RT. For better presentation, the
background absorbance of the Cu-ZIF NMOFs was subtracted from
the results.
Catalytic H2O2 Oxidation of Uric Acid to Allantoin by Cu-ZIF

NMOFs, PAn-Coated Cu-ZIF NMOFs, and UA-Imprinted PAn-
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Coated Cu-ZIF NMOFs. Typically, PBS (pH 7.4), UA, H2O2, and
Cu-ZIF NMOFs were mixed in sequence with the final concentrations
of 10 mM, 75 μM, 5 mM, and 50 μg mL−1, respectively. Immediately,
repeat-scan mode with a time interval of 2 min was started to record
the time-dependent absorbance changes upon the Cu-ZIF NMOF-
catalyzed oxidation of UA by H2O2 using a UV-1900 UV−vis
spectrophotometer at RT. The time-dependent absorbance changes
upon oxidation of UA to allantoin by H2O2 in the presence of variable
concentrations of the Cu-ZIF NMOFs (25, 75 μg mL−1) were
conducted with the same procedure. The catalytic activities of PAn-
coated Cu-ZIF NMOFs and UA-imprinted PAn-coated Cu-ZIF
NMOFs toward the H2O2 oxidation of UA to allantoin were
monitored following the same procedure with the final concentrations
of PBS (pH 7.4), UA, H2O2, and polynanozyme to be 10 mM, 75 μM,
5 mM, and 50 μg mL−1, respectively. For a better presentation, the
background absorbance of the Cu-ZIF NMOFs was subtracted from
the results.

The Michaelis−Menten kinetics feature of Cu-ZIF NMOFs, PAn-
coated Cu-ZIF NMOFs, and UA-imprinted PAn-coated Cu-ZIF
NMOFs toward the H2O2 oxidation of UA to allantoin were
performed by measuring the absorbance changes at 292 nm in the
presence of variable concentrations of UA (0 μM, 50 μM, 100 μM,
and 200 μM) by kinetic mode using a UV-1900 UV−vis
spectrophotometer at RT. The concentrations of PBS (pH 7.4),
H2O2, and catalysts are 10 mM, 5 mM, and 50 μg mL−1, respectively.
The initial rates were calculated by the slope of the initial linear
portion of the kinetic curve. The initial rates of the catalyzed H2O2
oxidation of UA to allantoin by these nanozymes at high
concentrations of UA (500 μM, 1000 μM, 2000 μM, 4000, μM,
and 6000 μM) were obtained by incubating the reaction solution in a
tube and then centrifuging it at fixed time intervals. Immediately, the
resulting supernatant was diluted to measure the absorbance of UA
and the oxidation rates were evaluated by the time-dependent
concentration changes of UA. The plot of initial rates against the
concentrations of UA was fitted to the Michaelis−Menten equation to
get KM and Vmax.
Catalytic Aerobic Oxidation of Uric Acid to Allantoin by Cu-

ZIF NMOFs, PAn-Coated Cu-ZIF NMOFs, and UA-Imprinted
PAn-Coated Cu-ZIF NMOFs. PBS (pH 7.4), UA, and catalysts were
mixed in sequence with final concentrations of 10 mM, 75 μM, and 50
μg mL−1, respectively. Immediately, repeat-scan mode with a time
interval of 10 min was started to record the time-dependent
absorbance changes upon the catalyzed aerobic oxidation of UA
using a UV-1900 UV−vis spectrophotometer at RT. The time-
dependent absorbance changes upon the aerobic oxidation of UA to
allantoin in the presence of variable concentrations of the UA-
imprinted PAn-coated Cu-ZIF NMOFs (25 μg mL−1, 75 μg mL−1)
were conducted with the same procedure. For a better presentation,
the background absorbance of the Cu-ZIF NMOFs was subtracted
from the results.

The Michaelis−Menten kinetics feature of UA-imprinted PAn-
coated Cu-ZIF NMOFs toward the aerobic oxidation of UA to
allantoin was performed by measuring the absorbance changes at 292
nm in the presence of variable concentrations of UA (0 μM, 25 μM,
50 μM, 100 μM, 150 μM, 200 μM, 250 μM, and 300 μM) by kinetic
mode using a UV-1900 UV−vis spectrophotometer at RT. The
concentrations of PBS (pH 7.4) and UA-imprinted PAn-coated Cu-
ZIF NMOFs are 10 mM and 50 μg mL−1, respectively. The initial
rates were calculated by the slope of the initial linear portion of the
kinetic curve. The initial rates of the catalyzed aerobic oxidation of
UA to allantoin by UA-imprinted PAn-coated Cu-ZIF NMOFs at
high concentrations of UA (500 μM, 1000 μM, 2000 μM, 4000 μM,
and 6000 μM) were obtained by incubating the reaction solution in a
tube and then centrifuging it at a fixed time interval. Immediately, the
resulting supernatant was diluted to measure the absorbance of UA
and the rates of UA oxidation were evaluated by the time-dependent
concentration changes of UA. The plot of initial rates against the
concentration of UA was fitted to the Michaelis−Menten equation to
get KM and Vmax.

Binding Affinity of Uric Acid to Cu-ZIF NMOFs, PAn-Coated
Cu-ZIF NMOFs, and UA-Imprinted PAn-Coated Cu-ZIF NMOFs.
The binding affinity (KD) of UA to Cu-ZIF NMOFs, PAn-coated Cu-
ZIF NMOFs, and UA-imprinted PAn-coated Cu-ZIF NMOFs was
calculated based on the measured heat difference during binding
events on a MicroCal PEAQ-ITC. 280 μL of catalyst dispersions (100
μg mL−1) in PBS (pH 7.4, 100 mM) and 280 μL of the same buffer
were loaded in the sample cell and the reference cell, respectively. 40
μL of fresh UA (5 mM) in the same buffer was loaded in the syringe.
Then, the titration curve was recorded at 25 °C by injecting UA (13
injections) into the sample cell with an injection volume of 3 μL (0.4
μL for the first injection), an injection duration of 6 s (0.8 s for the
first injection), an injection spacing of 150 s, a reference power of 41.9
μW, and a stirring speed of 750 rpm. The control sample was
measured by injecting UA into the sample cell containing only the
same buffer following the same procedure. To calculate the KD of UA
to the catalysts, the resulting isotherm of the control sample was
subtracted by the point-to-point method from the resulting isotherm
of the samples, and one set of site fitting models was used.
Selectivity of Peroxidase/Oxidase Activities of UA Im-

printed PAn-Coated Cu-ZIF NMOFs. The selectivity of perox-
idase/oxidase activities of UA-imprinted PAn-coated Cu-ZIF NMOFs
was studied by competitive binding of hypoxanthine to the UA-
imprinted sites. PBS (pH 7.4), hypoxanthine, and Cu-ZIF NMOFs
were mixed in sequence with the final concentrations of 10 mM, 75
μM (or 375 μM), and 50 μg mL−1, respectively. After incubating for
10 min, UA and H2O2 (no addition in the case of the aerobic
oxidation of UA) were added with the final concentrations of 75 μM
and 5 mM, respectively. Immediately, repeat-scan mode with a time
interval of 2 min (10 min, in the case of aerobic oxidation of UA) was
started to record the time-dependent absorbance changes upon the
Cu-ZIF NMOF-catalyzed oxidation of UA by H2O2 using a UV-1900
UV−vis spectrophotometer at RT.
Identification of Reactive Oxygen Species and Urate

Radicals. The EPR spectra were taken to identify the reactive
oxygen radical (ROS) upon the possible activation of O2 or H2O2 by
Cu-ZIF NMOFs, PAn-coated Cu-ZIF NMOFs, and UA-imprinted
PAn-coated Cu-ZIF NMOFs, and BMPO was used as the trapping
agent to trap both the superoxide radical (O2

−•) and hydroxyl radical
(•OH). Briefly, 50 μL of the mixture was prepared by mixing PBS
(pH 7.4), BMPO, H2O2 (no addition in the case of the activation of
O2), and catalysts in sequence with the final concentrations of 10 mM,
25 mM, 1 mM, and 50 μg mL−1, respectively, and was then loaded in
glass capillary tube with an internal diameter of 1 mm. The EPR
spectra of the mixture were recorded at a fixed time for each sample
on an ELEXSYS 500 X-band spectrometer at RT. As the BMPO-O2

−•

adduct is unstable and spontaneously decays into the BMPO-•OH
adduct, the other set of experiments with the addition of superoxide
dismutase (SOD) were conducted to distinguish the ROS following
the same procedure. The effect of the UA on the EPR signal of the
BMPO-O2

−• adduct upon the activation of O2 by UA-imprinted PAn-
coated Cu-ZIF NMOFs was studied in the presence of variable
concentrations of UA (25 μM, 125 μM, 250 μM, and 500 μM) with
the same procedure. The concentrations of PBS (pH 7.4), BMPO,
and UA-imprinted PAn-coated Cu-ZIF NMOFs were 10 mM, 25
mM, and 50 μg mL−1, respectively. To identify the urate radical,
DEPMPO was used as the trapping reagent, and EPR spectra were
obtained following the same procedure with the final concentration of
PBS (pH 7.4), DEPMPO, UA (or allantoin; no addition in the
control experiment), and UA-imprinted PAn-coated Cu-ZIF NMOFs
to be 10 mM, 20 mM, 0.5 mM, and 50 μg mL−1, respectively.

The involvement of O2
−• in the aerobic oxidation of UA by UA-

imprinted PAn-coated Cu-ZIF NMOFs was further explored by
monitoring the activity of UA oxidation in the presence of SOD-
depleting O2

−•. Briefly, PBS (pH 7.4), UA, SOD, and the catalyst were
mixed in sequence with the final concentrations of 10 mM, 75 μM, 0.1
units L−1 (or 0.2 units L−1), and 50 μg mL−1, respectively.
Immediately, repeat-scan mode with a time interval of 10 min was
started to record the time-dependent absorbance changes upon the
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catalyzed aerobic oxidation of UA using a UV-1900 UV−vis
spectrophotometer at RT.
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