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Nucleobases are essential components of nucleic acids and provide multiple coordination sites, making
them useful ligands for metal-based catalysis. Purine-type nucleobases such as adenine and guanine
have been widely studied because of their rigid structures and strong metal-binding ability, whereas the
pyrimidine-type cytosine (Cyt) has seen far less use in catalysis. Here, we present a new catalyst: a Cu-
based metal-organic framework (MOF) modified with the biocompatible nucleobase Cyt. Silver ions are
chelated by the Cyt—Ag structure inside the MOF, forming a bimetallic nanozyme named HKUST-1-Cyt—
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Ag (HKUST = Hong Kong University of Science and Technology). This hybrid exhibits strong laccase-like
activity, driven by the synergy between the Cu-based HKUST-1 framework and the Cyt—Ag motif. To our
knowledge, this is the first demonstration of ligand-chelating metalation in HKUST-1, highlighting its
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Introduction

Nucleobases are nitrogen-rich heterocyclic biomolecules that
serve as the fundamental building blocks of nucleic acids such
as DNA and RNA."® In nucleic acids, nucleobases play a
unique role by forming complementary base pairs through
hydrogen-bonding interactions—most notably Watson-Crick
base pairing—thereby contributing to the formation of the
double helix structure. Beyond hydrogen bonding, the nitro-
gen- and oxygen-rich structures of nucleobases allow coordi-
nation bonding with various metal ions, making them widely
utilized as ligands in bioinorganic complexes. In particular,
nucleobases complexed with catalytically active metals have
been reported to act as effective catalysts in a variety of organic
and biochemical reactions.>"

Purine-based nucleobases such as adenine (Ade) and
guanine (Gua) possess multiple coordination sites and have
therefore been widely employed for the construction of metal
complexes, whereas the pyrimidine-based analogues like
thymine (Thy) and cytosine (Cyt) offer relatively fewer coordi-
nation sites and have received much less attention.”™® A broad
range of metal-purine complexes have been developed for
catalytic applications, while analogous Cyt-based catalytic
systems remain extremely rare. This imbalance is clearly
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potential to mimic multicopper oxidase activity for biocatalytic applications.

reflected in the comprehensive review by Nikoofar and co-
workers, who surveyed metal-nucleobase-based catalysts and
identified 33 catalytic systems for purine-based nucleobases,
but only 6 catalytic examples for pyrimidine nucleobases. This
pronounced discrepancy highlights that Cyt-based catalytic
systems remain significantly underexplored compared to their
purine counterparts.

In particular, existing studies on metal-Cyt complexes
focus on only a few isolated catalytic examples, underscoring
the lack of a systematic framework for Cyt-based catalysis.
Recently, the Hajjami group and the Nikoorazm group inde-
pendently immobilized Cyt-Pd and Cyt-Ni complexes on
mesoporous silica supports and applied them to organic trans-
formations (Fig. 1a).””® These isolated examples, however, rep-
resent rare exceptions within an otherwise sparsely developed
field. Meanwhile, we developed modular DNA hybrid catalysts
and demonstrated that Cyt exhibits distinct behavior com-
pared to other nucleobases.” Based on this observation, we
constructed a Cu-based DNA hybrid catalyst system that func-
tions without conventional ligands (e.g., bipyridine or phenan-
throline), incorporating a Cyt-Cu complex within the DNA
duplex as the catalytic center. This system exhibited high
activity and enantioselectivity in asymmetric Diels-Alder reac-
tions, providing a representative study where Cyt functions as
an effective coordinating ligand for metal-catalyzed organic
reactions."”

At the oligonucleotide level, structural changes and stabiliz-
ation effects induced by metal-pyrimidine interactions have
also highlighted the untapped potential of this area. Among
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Fig. 1 Cytosine incorporated HKUST-1 for laccase-mimicking catalysis.
(a) Reported metal—cytosine complex catalysts. (b) Previous silver—cyto-
sine complex in the literature. (c) Synergistic laccase-mimicking per-
formance of the Cu cluster and Cyt—Ag motif in HKUST-1-Cyt—-Ag.

these, Cyt-Ag complexes are particularly well known for their
strong interactions between Ag(i) ions and Cyt, affording
thermodynamically stable structures. In 2008, Ono et al
reported that Cyt-Ag-Cyt complexes in DNA duplexes exhibited
enhanced thermal stability compared with pristine DNA
(Fig. 1b)."" Kondo and co-workers developed Ag-DNA hybrid
nanowires, with their structures elucidated by X-ray crystallo-
graphy."” Cyt-rich i-motif structures have also served as useful
scaffolds for visualizing metal-base interactions (Fig. 1b)."* In
catalytic applications, recent studies have reported that the
unique binding affinity of the Cyt-Ag array confers enhanced
stability and efficiency in heterogeneous platforms such as
DNA hybrid catalysts, metal nanoparticles and covalent
organic frameworks (COFs)."*™'® Despite these developments,
no Cyt-Ag-based catalyst has yet been demonstrated to work
effectively in well-established Ag(1)-catalyzed reactions.'” ' To
make full use of the Cyt-Ag system’s properties, it must be
integrated into a solid support, and the incorporation and
function of Cyt-M-Cyt species in a robust catalytic platform
should be examined in detail.

Metal-organic frameworks (MOFs) are well-defined, crystal-
line hybrid materials, which are composed of inorganic metal
clusters and multi-topic organic linkers. The structural tun-
ability of MOFs, arising from the diverse combinations of
metal nodes and organic linkers, enables the rational design
of a wide spectrum of framework architectures and target-
oriented applications including gas separation, sensing and
catalysis.>**° In particular, recent applications of MOFs have
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moved toward bio-related fields, and a wide range of bio-
molecules and bioactive species have been incorporated into
MOFs.””*° In this context, we devised a system to incorporate
Cyt-Ag complexes into MOFs to achieve stable immobilization
and controlled coordination. Among various metal-based MOF
systems, Cu-based HKUST-1 (HKUST = Hong Kong University
of Science and Technology) MOFs were selected as the main
platform because Cu has been widely studied for DNA
catalysis.”'*'* HKUST-1 is one of the most well-studied MOFs
in the literature and shows good stability and processability
compared to other MOFs.>'** HKUST-1 is built from Cu(n)-
based paddle-wheel secondary building units (SBUs) and a tri-
dentate 1,3,5-benzenetricarboxylate (BTC) ligand. Moreover,
the catalytic activity and applications of HKUST-1 itself have
been widely explored for various catalytic reactions.**~°

Here, we introduce Cyt-Ag species into Cu-based HKUST-1
by anchoring Cyt onto the MOF ligand, followed by post-meta-
lation, producing HKUST-1-Cyt-Ag for laccase-mimicking reac-
tions (Fig. 1c). The hybrid material combines the structural
stability of HKUST-1 with the catalytic properties of Cyt-Ag,
showing strong activity in laccase-like oxidation and offering
new possibilities for MOF-based nanozymes in biocatalysis
and environmental applications.

Results and discussion
Synthesis of HKUST-1-Cyt-Ag

Cu-based HKUST-1 was synthesized under solvothermal con-
ditions from Cu(NO;), and H3BTC in an N,N-dimethyl-
formamide (DMF)-ethanol-water co-solvent system. By exchan-
ging the H3;BTC ligand with a functionalized ligand, the
desired functionality could be installed into the HKUST-1
MOF. Because H;BTC contains only sterically hindered posi-
tions on its benzene ring, Cyt incorporation was performed at
the 5-position of isophthalic acid (benzene-1,3-dicarboxylic
acid, meta-benzene dicarboxylic acid, H,mBDC). Mixed-ligand
systems composed of H;BTC and functionalized H,mBDC have
been widely explored to prepare functionalized HKUST-1.*”
The direct connection of Cyt to H,mBDC was achieved via a
Cu-catalyzed alkyne-azide cycloaddition reaction through a tri-
azole moiety (Scheme S1, SI). The molecular structure of
H,mBDC-Cyt was confirmed by nuclear magnetic resonance
(NMR), infrared (IR) spectroscopy, and high-resolution mass
spectrometry (HRMS).

Next, HKUST-1 was synthesized using the target ligand
H,mBDC-Cyt under solvothermal conditions. Owing to the
steric hindrance of the H,mBDC-Cyt ligand and structural
defects caused by replacing the tricarboxylate linker with a
dicarboxylate one, the ligand mixing ratio was adjusted, as
shown in Scheme 1. The incorporation ratio of H,mBDC-Cyt
was successfully controlled between 10% and 40% during
solvothermal synthesis (Fig. 2). Crystalline MOF formation was
not achieved when the H,mBDC-Cyt loading exceeded 50%.

Powder X-ray diffraction (PXRD) patterns of all HKUST-1-
(Cyt), samples fully matched the simulated patterns from the

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthesis of HKUST-1-(Cyt), under various mixed ligand
conditions. The ratio of H,mBDC-Cyt was 10/20/30/40%.

crystal structure of pristine HKUST-1, confirming that the
structure of HKUST-1-Cyt was identical to that of pristine
HKUST-1 (Fig. 2a). Successful target ligand incorporation was
confirmed by 'H NMR data after MOF digestion in acidic solu-
tion. The ratio between H;BTC and H,mBDC-Cyt matched the
mixing ratio used for solvothermal synthesis (Fig. 2b). In
addition, the porosity of HKUST-1-(Cyt), was examined
through N, adsorption experiments at 77 K. Generally, the
porosity and Brunauer-Emmett-Teller (BET) surface area
decreased with increasing H,mBDC-Cyt ligand ratio in the
HKUST-1 MOF (Fig. 2c¢ and Table S1). Furthermore, thermo-
gravimetric analysis (TGA) confirmed that HKUST-1-(Cyt), exhi-
bits thermal stability comparable to that of pristine HKUST-1.
The DTG curves clearly indicate that HKUST-1-Cyt undergoes
framework decomposition at 320-330 °C, slightly lower than
the decomposition temperature of pristine HKUST-1
(~340 °C). This minor decrease is attributed to the increased
defect sites introduced by the H,mBDC-Cyt ligand (Fig. S1).

Subsequently, Ag metalation of HKUST-1-Cyt was carried
out using a post-synthetic modification (PSM) approach.
HKUST-1-Cyt was treated with an Ag(i)-containing acetonitrile
solution for 48 h. The resulting Ag-installed HKUST-1-(Cyt),—
Ag was isolated by simple centrifugation and showed retained
crystallinity in PXRD patterns (Fig. 3a). A relative decrease in
peak intensity was observed for HKUST-1-(Cyt), 4—Ag, which
likely reflects the abundance of defect sites in HKUST-1-
(Cyt)o.4- Furthermore, scanning electron microscopy coupled
with energy-dispersive spectroscopy (SEM-EDS) mapping of
HKUST-1-(Cyt)o 3-Ag confirmed the uniform distribution of
Cuy, N, and Ag throughout the MOF sample, indicating that the
Cyt ligand and Ag metal were not aggregated within the frame-
work (Fig. 3b). The exact Ag content in HKUST-1-(Cyt),~Ag was
quantified by inductively coupled plasma optical emission
spectrometry (ICP-OES). The experimental ICP-OES values
were in good agreement with the predicted Ag wt% based on
the chemical formula of HKUST-1-Cyt-Ag (Table S2). The Ag
loading in the MOFs increased with the increasing content of
the Cyt ligand, and the experimental data closely matched the
values calculated from the Cyt-Ag-Cyt coordination ratio.

To more clearly confirm the coordination between Ag(i)
ions and cytosine, we conducted high-resolution X-ray photo-
electron spectroscopy (XPS) analysis targeting the direct

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Characterization data of HKUST-1-(Cyt),. (a) PXRD of HKUST-1-
(Cyt),, (b) 'H NMR of HKUST-1-(Cyt), after acid digestion, and (c) N, iso-
therm at 77 K for HKUST-1-(Cyt),.

binding sites within the MOF. In the N 1s spectra, the
HKUST-1-(Cyt),~Ag samples exhibited a slight increase in
binding energy compared to their corresponding HKUST-1-
(Cyt), samples (Fig. S2 and Table S3). This shift is consistent
with electron donation from cytosine to Ag(i), in accordance
with HSAB theory.”® In addition, the Ag 3d binding energies
observed for HKUST-1-(Cyt),~Ag differed from those reported

Dalton Trans., 2026, 55, 2817-2824 | 2819
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Fig. 3 Characterization data for HKUST-1-(Cyt),—Ag. (a) PXRD of
HKUST-1-(Cyt),—Ag after metalation and (b) SEM-EDS mapping of
HKUST-1-(Cyt)o 3—-Ag.

for Ag metal or Ag salts (Fig. S3 and Table S4), indicating a
modified electronic environment arising from coordination
between Ag and the N sites of cytosine.? Taken together, these
XPS results provide strong evidence for the formation of Ag-
cytosine coordination centers within HKUST-1-(Cyt),~Ag.

Laccase-mimicking reactions with HKUST-1-Cyt-Ag

Laccase is a multi-copper oxidase that catalyzes the oxidation
of various aromatic substrates, including phenol derivatives,
using molecular oxygen (O,) as the terminal electron acceptor
and producing water as the only byproduct. This eco-friendly
pathway has been widely investigated for pollutant
degradation.>"***! Although laccase is generally regarded as a
relatively stable oxidase under mild aqueous conditions, its
catalytic activity often decreases in more demanding environ-
ments such as elevated temperatures, organic media, or
repeated usage. As a result, limitations associated with oper-
ational stability, cost, and recyclability continue to restrict its
use in practical and large-scale processes. To address these
challenges, artificial nanozymes and MOF-based laccase
mimics have been developed as more robust alternatives for
designing durable catalytic systems. Consequently, these

2820 | Dalton Trans., 2026, 55, 2817-2824
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laccase-mimicking catalysts have emerged as promising nano-
zyme platforms capable of overcoming such drawbacks.**' >

As an initial study, the laccase-like activity of pristine
HKUST-1 was examined under various pH conditions. In the
absence of the MOF, the substrates 4-aminoantipyrine (4-AAP)
and 2,4-dichlorophenol (2,4-DP) showed no UV absorbance
between 400 and 600 nm. In contrast, catalytic reactions with
HKUST-1 produced a clear absorption peak at 510 nm, corres-
ponding to the oxidative coupling product, confirming its
intrinsic laccase-mimicking activity. The activity was pH-
dependent, with optimal performance observed at pH 7
(Fig. S4). In addition, the reaction time was optimized by
monitoring product formation through in situ UV-vis spec-
troscopy for the HKUST-1-(Cyt), 3-Ag catalyst. The time-course
profiles show a steady increase in absorbance, followed by a
clear plateau, indicating that the reaction proceeds to near
completion under the optimized conditions (Fig. S5).

The catalytic activities of HKUST-1-Cyt and HKUST-1-Cyt-
Ag were then compared. While HKUST-1-Cyt showed minimal
influence, HKUST-1-Cyt-Ag exhibited markedly enhanced
activity (Fig. 4a). The activity of HKUST-1-Cyt-Ag increased
with higher cytosine incorporation, which can be attributed to
the greater likelihood of forming Cyt-Ag—Cyt units at higher
cytosine site densities. These units act as the primary catalytic
motifs in the system and therefore directly contribute to the
observed improvement. However, when the cytosine incorpor-
ation reached 40 percent, the activity decreased, likely due to
partial pore blocking and restricted substrate diffusion within
the framework under aqueous conditions (Fig. S6). This
finding suggests that excessive loading of Cyt-Ag species can
lead to steric congestion or reduced accessibility of the active
sites. Accordingly, the optimal cytosine incorporation ratio for
HKUST-1-(Cyt),~Ag was determined to be approximately 30
percent.

Next, we sought to verify the difference in synergistic effects
between the case where the Cyt-Ag complex was freely dis-
persed in solution and the case where it was immobilized
within the pores of HKUST-1 (Fig. 4b). First, a homogeneous
Cyt-Ag complex was synthesized so that it could freely diffuse
under the reaction conditions. When used alone in aqueous
solution, this Cyt-Ag complex showed only low catalytic
activity. Interestingly, when the complex was simply mixed
with HKUST-1 without immobilization, a moderate synergistic
effect emerged and the activity exceeded that of pristine
HKUST-1.

However, the HKUST-1-Cyt-Ag composite exhibited signifi-
cantly higher activity than the physical mixture of HKUST-1
and the Cyt-Ag complex. This clearly indicates that the cata-
Iytic process is predominantly promoted within the hetero-
geneous MOF environment, where the confined pore space
stabilizes and enhances the active sites. The role of the Cyt-Ag
units inside the MOF can be interpreted as follows: within the
pore channels, Cyt-Ag motifs may act as auxiliary redox-active
centers that facilitate efficient electron transfer between the Cu
nodes and the substrate. In addition, the presence of Ag may
subtly modulate the electronic environment of the Cu paddle-

This journal is © The Royal Society of Chemistry 2026
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were selected from those reported to exhibit laccase activity.
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wheel nodes, providing a more favorable interface for substrate
activation and redox cycling. It should be noted that
HKUST-1 gradually decomposes in phosphate buffer; there-
fore, at extended reaction times, a minor homogeneous contri-
bution from leached Cyt-Ag species may arise. Nevertheless,
this solution-phase activity remains significantly lower than
that of the intact HKUST-1-(Cyt), ;—Ag composite and cannot
account for the high initial reaction rates.

To evaluate the effect of different metals, HKUST-1-(Cyt)o 3—
M (M = Ag, Mn, Cu, Co, Fe) was examined (Fig. 4c and S7).
Although Mn incorporation led to improved activity compared
to Cu and Fe, Ag provided the highest catalytic efficiency in the
oxidative coupling of 4-AAP and 2,4-DP. This can be attributed
to the strong HSAB interaction between the soft basic binding
site of cytosine and the soft Lewis acid Ag, which allows more
abundant and stable Cyt-M coordination sites to form com-
pared to harder or borderline metal ions. These richer Cyt-Ag
motifs can therefore work synergistically with the Cu nodes to
yield a more efficient catalytic system.?®

Lastly, the kinetic parameters of the laccase-mimicking
reaction were determined using the Michaelis-Menten
equation to quantitatively evaluate the catalytic performance of
HKUST-1-Cyt-Ag. The general calculation method followed
previous reports (see the SI for details).**" Specifically, the
values of K, and V;,,x were obtained and compared with litera-
ture data (Fig. S8 and Table 1). The results revealed that
HKUST-1-(Cyt)o 5-Ag exhibited a Vp,., approximately 4.5-fold
higher than that of pristine HKUST-1.

This enhancement is likely attributed to the strong oxi-
dation-promoting activity of the Cyt-Ag moiety, which facili-
tates efficient substrate oxidation. Previous literature has
reported that systems incorporating multi-copper centers or
functionalized ligands can diversify catalytically active
sites,*>*” thereby achieving high V,,., values despite exhibiting
substrate affinities comparable to those of natural laccase.
However, in this MOF system, in addition to the Cu cluster,
the incorporation of the Cyt-Ag motif introduces an additional
cooperative active center that operates in concert with the Cu
paddlewheel clusters. This dual-site configuration not only
enhances reactivity but also results in a marked improvement
in substrate affinity, as reflected by the substantial decrease in
K. Unlike pristine HKUST-1, which contains only mono-
nuclear Cu** paddlewheel clusters, the incorporation of the
Cyt-Ag motif enables the formation of multiple synergistic
active sites and pore environment engineering within the
framework. This combined synergy affords an approximately
4.5-fold enhancement in V., relative to pristine HKUST-1,
placing HKUST-1-(Cyt), 3-Ag among the more strongly acti-
vated laccase-mimicking platforms in comparison with repre-
sentative systems summarized in Table 1, while simul-
taneously improving substrate affinity.

Based on the ICP-OES data, HKUST-1-(Cyt),-Ag showed a
clear trend: higher Ag content within the MOF generally led to
greater reactivity. The H,mBDC ligand has fewer coordination
sites than H3;BTC, so its incorporation creates structural
defects in the framework. When the proportion of H,mBDC is

Dalton Trans., 2026, 55, 2817-2824 | 2821
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Table 1 Kinetic parameters of laccase-mimicking reactions (2,4-DP + 4-AAP) with various heterogeneous catalysts

Pristine catalyst/

Catalyst Ky (mM) Vinax (<107 mM min™") natural enzyme Ky (mM) Vimax (<10 mM min™") Ref.
HKUST-1-(Cyt)o 1-Ag 0.033 0.38 HKUST-1 0.36 0.22 This work
HKUST-1-(Cyt)o ,-Ag 0.086 0.65 This work
HKUST-1-(Cyt)o 3-Ag 0.072 0.98 This work
HKUST-1-(Cyt), 4-Ag 0.038 0.66 This work
Cu-SM MOF 0.073 — HKUST-1 0.116 — 47
Laccase 0.65 —

Cu/H3;BTC MOF 0.068 94 Laccase 0.062 5.8 41
Cu/GMP 0.59 830 Laccase 0.65 150 42
Cysteine-Histidine + Cu() 0.42 7.32 Laccase 0.41 6.41 49

“Not reported in the cited reference under the relevant experimental conditions.

moderate, these defects can facilitate Ag incorporation and
improve activity. However, excessive defects negatively affect
the structural integrity of the MOF. At the highest Ag loading,
HKUST-1-(Cyt)o 4—Ag, the catalytic activity decreased, likely due
to partial collapse of the MOF structure caused by abundant
defect sites, a phenomenon commonly observed in MOF-cata-
lyzed systems (Table S2 and Fig. 3a).>>* Therefore, HKUST-1-
(Cyt)o.3-Ag is regarded as the optimized MOF in this system.

This high reactivity was also reproduced in the oxidation of
a single chromogenic substrate, epinephrine. Michaelis—
Menten analysis of the adenochrome formation reaction con-
firmed that HKUST-1-(Cyt), 3-Ag exhibits a markedly higher
Vmax than pristine HKUST-1 as well as several reported laccase-
mimicking systems (Fig. S9 and Table S5). These results vali-
date that the catalytic efficiency of HKUST-1-(Cyt), 3-Ag is not
limited to the 2,4-DP/4-AAP assay but extends to single-sub-
strate laccase probes. The corresponding kinetic parameters
are summarized in Table S5.

Although the HKUST-1-Cyt-Ag catalyst exhibited excellent
laccase-mimicking activity under the MOF nanozyme concept,
the optimized reaction conditions were not fully compatible
with the HKUST-1 framework. HKUST-1 is known to exhibit
poor hydrolytic stability in aqueous media due to competitive
coordination,”*®> and its stability further decreases under
basic aqueous conditions.>® In this study, both pristine
HKUST-1 and HKUST-1-Cyt-Ag completely dissolved in pH 7
buffer within 1 hour, as evidenced by the disappearance of all
HKUST-1 diffraction peaks and the absence of any remaining
solid material after incubation (Fig. S10).

To mitigate structural decomposition, DMF was added as
an additive following a reported strategy to protect the open
metal sites of Cu in HKUST-1, thereby improving framework
stability.>® The coordinating ability of DMF blocks competitive
ligand exchange with water, slowing hydrolytic degradation,
and partial retention of PXRD intensity was observed when a
small amount of DMF was added (Fig. S10). However, although
DMF delayed the onset of framework collapse, the catalytic
activity was not fully preserved. Thus, while addition of an
SBU-protecting solvent such as DMF can improve the struc-
tural stability of HKUST-1-Cyt-Ag during reuse, this stabiliz-
ation occurs at the cost of reduced reactivity.
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Conclusions

In this study, a catalytically active Cyt-Ag complex was incor-
porated into a Cu-based MOF framework using a mixed-ligand
strategy. Cyt was introduced via a pre-synthesized H,mBDC-Cyt
ligand, and Ag(i) ions were anchored to the Cyt moiety through
post-synthetic metalation. Crystallinity was preserved while
controlling the functional ligand content, with 30 mol%
H,mBDC-Cyt (HKUST-1-(Cyt), 5) identified as the optimal ratio.
This composition enabled efficient Ag loading without intro-
ducing excessive structural defects arising from the lower
coordination number of H,mBDC compared to H;BTC.

HKUST-1-(Cyt)os-Ag exhibited synergistic reactivity from
both the Cu(u) cluster and Cyt-Ag complex in laccase-mimick-
ing oxidative coupling of phenols. Michaelis—-Menten analysis
revealed an approximately 4.5-fold increase in Vi, compared
to pristine HKUST-1, underscoring the catalytic role of the
Cyt-Ag motif. ICP-OES confirmed that Ag content increased
with higher Cyt loading; however, excessive incorporation gen-
erated abundant defect sites and reduced performance, as
observed for HKUST-1-(Cyt),4—Ag, where partial framework
collapse was likely responsible for the decline.

Despite its high activity, HKUST-1-(Cyt), ;—Ag showed poor
hydrolytic stability, decomposing in pH 7 buffer within 1 h.
Addition of DMF, following a reported strategy to protect open
Cu sites in the SBUs, partially preserved crystallinity but did
not maintain full catalytic activity. Overall, these findings
demonstrate that Cyt-Ag incorporation into MOFs can effec-
tively enhance nanozyme performance through synergistic
metal-ligand interactions and controlled defect engineering.
Future work will focus on improving aqueous stability through
linker hydrophobicity tuning, node-protecting ligands, and
alternative MOF topologies, thereby enabling broader appli-
cations in biosensing, environmental remediation, and selec-
tive oxidation catalysis.
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