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1 Introduction

Synergistic peroxidase-like activity of the Cu-Zn

MOF-incorporated g-CzN4 nhanozyme integrated

with a smartphone-based colorimetric sensor for
ciprofloxacin detection

Surendhar Sasikumar,? Arunjegan Amalraj® and Panneerselvam Perumal () *?

Antibiotic contamination in water has emerged as a serious global threat to environmental safety and
human health. Nanozyme-based optical sensors have demonstrated significant potential for the rapid and
highly sensitive detection of antibiotics in environmental samples. Therefore, herein, we have developed a
new synergistic hybrid nanozyme (Cu-Zn-MOF/g-CsN,4) based on Cu-Zn-MOF-incorporated g-CsN4
nanosheets. This hybrid nanozyme enables the oxidation of TMB through OH radical generation via a
Fenton-like reaction involving Cu?*/Cu* on the nanozyme surface, while the framework stability is
achieved through stabilization by Zn?*, and the conjugated g-CsN, enhances electron transfer for the
generation of reactive oxygen species. Importantly, the peroxidase-like activity of Cu-Zn-MOF/g-C3N4
was selectively and significantly enhanced in the presence of ciprofloxacin (CIP) owing to a specific inter-
action between the nanozyme and CIP. This interaction further accelerates electron transfer, thereby pro-
moting efficient oxidation of TMB. Furthermore, the proposed colorimetric CIP sensor exhibits a rapid
response toward CIP and a broad linear range of 2-200 pyM with a low detection limit of 0.66 M. To
meet the requirements for on-site colorimetric detection, the system was integrated with a portable
smartphone-assisted RGB platform, enabling the in situ determination of CIP in environmental water
samples. These findings highlight the critical role of bimetallic coordination in modulating the electronic
properties of hybrid nanomaterials, thereby establishing this system as a promising platform for rapid,
cost-effective, and sensitive visual detection in environmental monitoring applications.

growth and multiplication of bacteria.® Nevertheless, despite
its benefits, CIP has numerous drawbacks. In rare instances, it

At sub-therapeutic concentrations, antibiotics can adversely
affect non-target organisms such as algae, invertebrates, and
other aquatic species, influencing their growth, reproduction,
and overall community structure. A major concern is that con-
tinuous exposure to these low levels promotes the development
of antibiotic-resistant bacteria and resistance genes. These re-
sistance traits can spread through water, soil, and food chains,
eventually reaching humans and animals.'™ Ciprofloxacin
(CIP) is a broad-spectrum antibiotic belonging to the fluoro-
quinolone class that is frequently used to treat a variety of bac-
terial infections, such as respiratory, gastrointestinal, urinary
tract, and certain skin and bone infections. It is effective
against many resistant infections because it inhibits the
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may result in more serious side effects like tendon rupture,
nerve damage, or irregular heartbeat. Other side effects
include nausea, diarrhoea, headaches, and dizziness.””
Laxminarayan and Chaudhury et al. investigated fluoroquino-
lone resistance in Escherichia coli (E. coli), where the resistance
increased from 78% in 2008 to 85% in 2013. In comparison,
fluoroquinolone resistance in Salmonella typhi isolates
increased from 8% in 2008 to 28% in 2014. Dreyer et al. found
that, out of 331 multidrug-resistant isolates of the
Mycobacterium tuberculosis complex, 36% of the isolates were
resistant to fluoroquinolones, contributing to the increase of
pre-extensively drug-resistant isolates in Mumbai, India.'®""
Maximum residue levels (MRLs) have also been established by
several organizations and countries to regulate the illegal use
of antibiotics in many food products. The European Union has
also established maximum residue limits (MRLs) for certain
fluoroquinolones including CIP in certain edible animal
tissues (30 g kg™" in various edible animal tissues). In India,
the maximum residue limit of MOX in food samples has been
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fixed at 1.0 g kg~".">"® Different sensing methods have been
reported for CIP sensing, including high-performance liquid
chromatography (HPLC), liquid chromatography-mass spec-
trometry (LC-MS), electrochemical sensing, and fluorescence
sensing.'**° Although these techniques can achieve outstand-
ing sensitivity and accuracy, the requirements for sophisticated
instrumentation, complicated sample preparation, pretreat-
ment, and operational procedures hinder their practical appli-
cation. Colorimetric sensing has emerged as a promising
alternative due to its low cost, simple procedure, rapid
response, and highly sensitive detection capability. However,
the catalytic properties of nanozymes are crucial factors influ-
encing system performance, and highly efficient sensors are
still desirable.

Metal-organic frameworks (MOFs), comprising both in-
organic and organic components, have been employed in
optical sensors for decades. MOFs, made up of inorganic cat-
ionic nodes and organic ligands, are a novel class of porous
materials. Simple metal ions or clusters with organic linkers
form highly porous crystalline structures with various func-
tional groups. Many MOF-based detection methods, like
electrochemical, fluorescence, colorimetric and surface-
enhanced Raman scattering methods, have shown good sensi-
tivity and selectivity for the detection of many hazardous
chemicals in agricultural and environmental applications.>'
Recently, bimetallic MOFs have received extensive research
attention for colorimetric sensing because of their improved
catalytic performance compared to monometallic MOFs. In
these systems, two different metal ions are co-linked within
the same framework to generate synergistic interactions
similar to those of natural enzymes (e.g., peroxidase or
oxidase). The cooperative metal centres (e.g., Fe/Cu, Ni/Co, or
Mn/Fe) increase the abundance of active catalytic sites and
promote the rapid transfer of electrons, highly accelerating
‘OH decomposition and generating more reactive "OH radicals.
Consequently, chromogenic reactions (e.g., TMB oxidation)
can be strongly enhanced, producing a distinctive change in
color for affordable optical sensing. Therefore, it is believed
that these bimetallic MOFs are more sensitive, selective and
more catalytically stable than monometallic MOFs for the
optical detection of hazardous contaminants in the
environment.”®® Nevertheless, some aqueous metal-organic
framework systems have been extensively investigated. For
example, the Cu-Zn framework system has the potential to
show peroxidase-mimicking activity since Cu®" ions can
actively be involved in redox reactions, while Zn>* can efficien-
tly modulate the electronic and structural environment.
However, one of the limitations of MOFs in sensing appli-
cations is their poor electrical conductivity and charge-transfer
capability.?°

Two-dimensional (2D) materials, a class of crystalline
solids, consist of mono- or bi-layer structures. Since the
groundbreaking isolation of graphene in 2004, the 2D family
has drawn enormous research interest and enthusiasm due to
their extraordinary physical, chemical and electronic pro-
perties, which are radically different from those of their bulk
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forms.”> The strong quantum confinement effect, high
surface-to-volume ratio, and flexible band structure, which can
be widely modulated, benefit a broad spectrum of potential
applications. In addition to graphene, transition metal dichal-
cogenides, hexagonal boron nitride, MXenes and black phos-
phorus have been recognized as part of the 2D family. Among
these, graphitic carbon nitride (g-C;N,) has been identified as
a promising metal-free 2D material due to its high chemical
stability, visible-light response and low synthesis cost.** g-C;N,
has a moderately broad band gap of ca. 2.7 eV, a graphite-like
layered structure, and has been extensively studied for various
applications in photocatalysis, electrocatalysis, environmental
remediation and sensing. The nitrogen-rich constitution of
g-C;3N, offers numerous active sites and interfacial interactions
with metal-based materials while also acting as an electron
mediator for enhancing charge separation and transfer.
However, pristine g-C3;N, still has deficiencies like low electri-
cal conductivity, a fast charge recombination rate and an
agglomeration tendency, which are unfavourable for catalytic
activity. One of the approaches to overcome these disadvan-
tages is coupling g-C;N, with other functional materials
(especially MOFs), which could obviously enhance the catalytic
performance by promoting electron transport, facilitating elec-
troactive sites and enhancing interfacial coupling. Hence, the
combination of MOFs and g-C3;N, might be an ideal method to
construct an efficient catalytic sensing system.>*3°

Transition metals are characterised by variable oxidation
states and a strong propensity to form complex compounds.
Their partially filled d orbitals give them a wide range of
unique physical and chemical properties. These elements typi-
cally display various oxidation states, robust metal-binding
ability with a range of ligands, and the generation of complex
ions, in addition to distinguished characteristics such as opti-
mized electrical conductivity and thermal conductivity,
mechanical strength, and remarkable catalytic activity.
Transition metals are critical in many scientific and industrial
fields. They are important in metallurgy, chemical catalysis,
energy conversion and storage, environmental cleanup, elec-
tronics, and nanotechnology. Their adjustable electronic struc-
tures and adaptable chemical properties have prompted a lot
of research, leading to progress in green chemistry, sustainable
energy, and next-generation functional materials.**™*? Preeti
Sharma et al. have developed Cu-MOF@TMB-integrated test
strips to identify the critical biomarkers for metabolic and
renal disorders, with a limit of detection of 0.941 ppm.**
Komal et al. have developed a novel N-CND/PAni-modified
molecularly imprinted polymer for the detection of CIP using
fluorescence and colorimetric sensors. The limits of detection
are 70 pM for the fluorescent signalling platform and 3.5 nM
for the colorimetric probe, with a linear range of 0.038-200
nM.*

In this work, a bimetallic Cu-Zn-MOF/g-C3N, composite
was synthesized through a solvothermal method. As is shown,
the composite exhibits peroxidase-like activity, which was used
to establish a colorimetric sensing platform for the rapid and
precise detection of CIP. The synergistic interaction between

This journal is © The Royal Society of Chemistry 2026
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the Cu**/Cu” and Zn**/Zn" redox pairs significantly enhanced
electron transfer, thereby boosting the catalytic oxidation capa-
bility of the system. Strong coordination occurred between CIP
and Cu”* in Cu-Zn-MOF/g-C3N,, which triggered a Fenton-like
reaction and promoted the generation of "OH radicals. The
produced "OH efficiently catalysed the oxidation of the chro-
mogenic substrate 3,3',5,5-tetramethylbenzidine (TMB), con-
verting colourless TMB into blue oxidized TMB (0xTMB).
Notably, the resulting color transitions are discernible to the
naked eye for qualitative assessment; for precise on-site
quantification, this system was coupled with a smartphone-
assisted RGB colorimetric platform. This portable approach
enables real-time determination of CIP in environmental
matrices, including drinking, tap, and lake water, yielding
high recovery rates and excellent selectivity.

2 Experimental
2.1 Materials

Copper nitrate trihydrate (Cu(NOj3),-3H,0), zinc nitrate hexa-
hydrate (Zn(NOj3),-6H,0), 2-aminoterephthalic acid (BDC-NH,),
N,N-dimethylformamide (DMF) (99.98%), hydrogen peroxide
(H,0,), 3,3',5,5-tetramethylbenzidine (TMB), and other chemi-
cals were acquired from SRL Pvt Ltd. Each of the substances
listed above was of the highest purity and analytical grade.

2.2 Synthesis of g-C;N,

Melamine was used as a precursor, and following a described
process, g-C;N, was prepared by thermal polymerisation.*®
The melamine was transferred into a covered alumina crucible
and heated to 550 °C in a muffle furnace with a heating ramp
of 25 °C min~" under a static air atmosphere. The crucible was
held at this temperature for 4 h and allowed to cool naturally
to room temperature. The yellow solid obtained was then
ground to a fine powder to obtain bulk g-C;N,. The product
was then dispersed in 30 mL of deionized water and ultrasoni-
cated for 1 h. During ultrasonication, the particle size
decreased significantly, and the bulk was exfoliated to form a
stable aqueous suspension.

2.3 Synthesis of Cu-Zn-MOF

Initially, Cu(NO;),-3H,0 (1 mM) and Zn(NO;),-6H,O (1 mM)
were dissolved in 30 mL of DMF to prepare precursor solution
1. Meanwhile, precursor solution II was prepared by dissolving
BDC-NH,, (2 mM) in DMF (30 mL). Subsequently, 0.5 mL of
solution II was added dropwise to solution I under continuous
magnetic stirring to obtain a homogeneous mixture. After
that, the solution turned dark green upon stepwise addition of
solution II under continuous stirring. The resulting solution
was transferred into a 100 mL Teflon-lined stainless-steel auto-
clave and heated to 120 °C for 24 h. The powder was isolated
by centrifugation after cooling to room temperature and
washed repeatedly with DMF and ethanol to remove impuri-
ties. Then, the powder was dried overnight at 60 °C in a drying
oven to obtain bright green Cu-Zn-MOF powder.

This journal is © The Royal Society of Chemistry 2026
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2.4 Synthesis of Cu-Zn-MOF/g-C;N,

Cu-Zn-MOF/g-C;N, was prepared at a 0.7:1 ratio of
g-C3N, : Cu-Zn-MOF. Bulk g-C;N, was dispersed in 30 mL of
ethanol and ultrasonicated for 30 min to obtain solution
A. Then, 0.5 mL of the prepared Cu-Zn-MOF solution, denoted
as solution B, was added dropwise to solution A. The suspen-
sion was poured into a 100 mL stainless-steel autoclave lined
with a Teflon capsule. The autoclave was heated to 120 °C for
24 h. After the reaction, the autoclave was cooled to room
temperature. The precipitate was collected by centrifugation
and washed several times with solvents such as DMF and
ethanol. The powder was then dried in an oven at 60 °C over-
night. Finally, the greyish-green Cu-Zn-MOF/g-C;N, composite
powder was obtained (Scheme 1).

2.5 Peroxidase-like activity of the Cu-Zn-MOF/g-C;N,
nanozyme

The peroxidase-like activity of the Cu-Zn-MOF/g-C;N, nanozyme
was investigated using a typical TMB and H,O, colorimetric
system. In a standard reaction, 200 pL of 10 mM H,0,, 900 pL of
40 uM TMB, and 500 pL of acetate buffer (pH 4.0) were mixed,
followed by the addition of 200 pL of the Cu-Zn-MOF/g-C;N,
nanozyme dispersion. Upon incubation at room temperature, a
distinct blue color rapidly developed, accompanied by a strong
absorbance peak at 652 nm, confirming the oxidation of TMB.
In contrast, control experiments without the nanozyme showed
negligible color change. The higher catalytic activity of Cu-Zn-
MOF/g-C3N, than that of pristine g-C;N, and single-metal
systems evidences the synergistic effect of Cu and Zn species.
The peroxidase-like activity can be ascribed to the redox couple
of Cu**/Cu”’ in conjunction with the modification of the elec-
tronic structure induced by Zn species, which promotes the acti-
vation of H,0, and accelerates electron transfer on g-C;N,.

2.6 Real sample analysis

The applicability of the Cu-Zn-MOF/g-C;N, sensor for real
environmental analysis was evaluated using drinking water,
tap water, and lake water samples. The drinking water and tap
water samples were collected from the laboratory, and SRM
Lake water samples were purchased. All the samples were cen-
trifuged for 10 min, and insoluble impurities were eliminated
by filtration using a 0.22 M membrane filter. After that, the
water samples were mixed with the Cu-Zn-MOF/g-C;N,
analyte, and the reaction time was 2 min. The color change
was monitored using UV-vis absorption spectroscopy.

3 Results and discussion
3.1 Structural and morphological analysis

The analysis of p-XRD was carried out to identify the crystal-
line phase, structural formation and composition. Fig. 1la
reveals the g-C;N, pattern, and the diffraction peaks formed at
260 = 12.7° (1 0 0) correspond to the interplanar structural
packing of heptazine, while the peak at 26 = 27.2° (0 0 2)
relates to the characteristic interlayer stacking structure.’” The
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Fig. 1

characteristic peaks of Cu-Zn-MOF/g-C3N, at 10.2°, 16.5°, and
24.5° correspond to the planes of (2 2 0), (2 2 2), and (3 3 3),
with the main peak at 10.2° representing an intermediate
reflection between the two parent MOFs (9.1° and 10.4°). The
peak shift provides definitive evidence for the co-integration of
Cu”" and Zn>" to form a single, crystalline bimetallic frame-
work. Furthermore, the peaks present at 13.2° (0 0 1) and 27.3°
(0 0 2) confirm the successful incorporation of the g-C3N,
support.”® Fig. Sia displays the p-XRD patterns of Cu-MOF,
with characteristic peaks observed at 26 = 9°, 13.5°, 16.3°, and
24.5°, corresponding to the (1 1 0), (0 2 0), (3 3 3), and (2 2 2)
planes, respectively. In addition, Zn-MOF shows a character-
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(a) p-XRD patterns and (b) FTIR spectra of g-C3N4 and Cu-Zn-MOF/g-C3N,.

istic diffraction peak at 26 = 10.4°, which corresponds to the (2
2 0) lattice plane.**™!

FTIR spectroscopy was used to identify the functional
groups and confirm the chemical bonding in the synthesized
materials. The FTIR spectra of the Cu-Zn-MOF/g-C3N, compo-
site are presented in Fig. 1b. The Cu-Zn-MOF/g-C;N, compo-
site displays a broad vibrational band spanning in the range of
3400-3200 cm™!, which is attributed to the O-H and N-H
functional groups. The broadness and magnitude of this band
at 3380 cm™' suggest significant intermolecular H-bonding
between the amino groups of g-C;N, and the oxygen-based
linkers of the MOF. The broad band at 3400 cm™" can be

This journal is © The Royal Society of Chemistry 2026
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attributed to the O-H stretching vibration, which could be due
to adsorbed water. Such broad features are attributed to hydro-
gen-bonded O-H in porous materials.>>>® The stretching fre-
quency at 1551 cm ™, corresponding to the C=C functional
group, exhibits a blue shift, suggesting an increase in the
bond force constant, potentially resulting from the electronic
synergy between the dual metal centres (Cu/Zn). A similar blue
shift at 138 cm™" is assigned to the symmetric stretching mode
of the coordinated carboxylate (-COOH) group,’* suggesting
that the bimetallic environment alters the uniform electron
distribution within the metal-ligand coordination sphere. The
band at 1245 cm™*, which corresponds to the C-N stretching
vibration, suggests possible contact bonding at the heterojunc-
tion between the nanoparticles and the g-C;N, sheets. This
peak, along with changes in the benzene ring vibration at
768 cm™ ', confirms n-m stacking interactions and possible
electronic coupling between the MOF aromatic rings and the
2-C3N, layers. The bands at 1091 and 1052 cm ™" belong to the
C-O group. There is a red shift at 675 cm™" representing the
C=C bend vibration. Furthermore, the bands at 583 and
555 cm ', which correspond to the vibrational frequencies of
M-0O, also show a marked red shift. This shift to lower wave-
numbers implies a slight weakening of the metal-oxygen
bonds, potentially due to electron back-donation from the
nitrogen-rich g-C;N, sheets to the Cu/Zn d-orbitals. The
stretching vibrations of O-H in g-C3N, are within
3000-3600 cm ™, while aromatic C-N of the heterocyclic peaks
are observed at 1211, 1310, 1396, 1546 and 1624 cm™ . In
addition, the peak at 844 cm™" can be assigned to the stretch-
ing vibration of the s-triazine unit, indicating the chemical
stability of the tri-s-triazine ring in g-C;N,. FTIR spectra of Cu-
MOF and Zn-MOF are shown in Fig. S1b in the SI. A broad
absorption can be seen in the region of 3400-3200 cm™,
where the O-H and N-H stretching occurs. The band at
2976 cm™ is attributed to the stretching in the O-H group in
both Cu-MOF and Zn-MOF. The stretching at 1549 cm™" is
attributed to the C=C group, and the band at 1375 cm™"
corresponds to the symmetric stretching of the bound -COOH
group. The vibration of C-O occurs at 1052 cm ™", the benzene
ring C-H appears at 761 and 764 cm ™', and the C=C bending
vibrations are at 677 and 672 cm™. The reference bands for
the electronic shifts observed in the final composite can be
deduced from the M-O stretching frequencies at 598 and
595 cm ™" for Cu-MOF and Zn-MOF, respectively.

The structural morphology of Cu-Zn-MOF/g-C;N, was
examined using high-resolution scanning electron microscopy
(HR-SEM) and high-resolution transmission electron
microscopy (HR-TEM). As shown in Fig. 2(a and b), g-C3N,
reveals a rough surface composed of numerous stacked,
wrinkled, sheet-like structures that are often aggregated into
larger, irregular blocks. These sheets appear thin and partially
transparent at the edges, suggesting a nanosheet-like architec-
ture with a high degree of folding. Fig. 2(c and d) illustrate
that the outer morphology consists of large, irregular porous
sheets decorated with small spheres accumulated with clusters
of nanorods, which confirms the presence of Cu-Zn-MOF/

This journal is © The Royal Society of Chemistry 2026
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g-C3N,. The formation of these spherical clusters occurs
through a self-assembly process in which Cu and Zn ions
undergo competitive coordination with organic linkers, result-
ing in a hierarchical architecture instead of individual metal
phases. The composite confirms that the presence of Cu-Zn-
MOF is intercalated on the surface of g-C;N, sheets, where
g-C3N, provides nucleation sites that stabilize the bimetallic
nodes and prevent the uncontrolled growth of large crystals.
The HR-SEM image of Cu-MOF is represented in Fig. S2(a and
b), which shows the rectangular microcrystals with smooth
surfaces and sharp faceted edges, indicating high crystallinity.
Fig. S2(d and e) shows the well-defined cubic microcrystals of
Zn-MOF.

The HR-TEM study further evaluated the internal mor-
phology of Cu-Zn-MOF/g-C3N,, as shown in Fig. 2e, which
shows the typical layered and wrinkled structure of g-C3;Ny,
providing a large surface area for metal attachment. It further
reveals that the dense, high-contrast Cu-Zn-MOF nano-
structures consist of interconnected nanorods, which are inti-
mately associated with these semi-transparent sheets. The
absence of discernible metal particle aggregation suggests that
the Cu-Zn species are well dispersed. This template serves as a
crucial source of nucleation sites, thereby stabilizing the bi-
metallic constituents and inhibiting unregulated growth.
Fig. 2f exhibits well-distributed bimetallic areas with visible
lattice fringes, confirming the crystalline structure of the Cu-
Zn species and the strong contact between the MOF and the
carbon nitride support. This structural integration is attributed
to a self-assembly process. The g-C;N, structure illustrates how
metal centres and organic linkers interact to form a highly
porous framework. This structure has accessible active sites,
which improve the performance of colorimetric sensing.
Fig. 2g and h show the lattice fringes of Cu-Zn-MOF/g-C3N,
with interplanar spacings of 0.134 nm and 0.201 nm. As
shown by the SAED pattern (Fig. 2i), the observed diffraction
spots paired in a periodic lattice illustrate that the Cu-Zn-MOF
material exhibits semi-crystalline nature. These sharp reflec-
tions further imply that the long-range order within the MOF
extends into the combined material with the g-C3N,
nanosheets. Furthermore, the EDX spectrum confirmed that
the elements Cu, Zn, C, N and O are present in Cu-Zn-MOF/
2-C3Ny, as shown in Fig. S2(c, f and i) and S3.

XPS analysis was employed to examine the surface elemen-
tal chemical states of Cu-Zn-MOF/g-C;N,. As shown in Fig. 3a,
the survey spectrum of the composite material exhibits the
presence of elements. Cu 2p XPS region was deconvoluted to
reveal the chemical states of copper. The Cu” state is evidenced
by the characteristic peaks at 932.2 eV (2p;5,) and 951.8 eV
(2p1/2)- Additionally, the presence of Cu®* is identified by the
peaks at 933.4 eV (2p;/,) and 953.1 eV (2p,,). A distinct shake-
up satellite centered at 941.8 eV confirms the presence of Cu**
species, as shown in Fig. 3b. The Zn 2p spectrum displays a
characteristic doublet with binding energies at 1021.8 eV and
1044.8 eV, corresponding to the Zn 2ps, and Zn 2p,,, core
levels, respectively, and the spin-orbital splitting is AE = 23 €V,
as displayed in Fig. 3c. The high-resolution C 1s spectrum, as
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0.127 nm

Fig. 2
fringe analysis, and (i) SAED pattern of the Cu—Zn-MOF/g-C3N,4 hybrid.

depicted in Fig. 3d, was deconvoluted into three distinct com-
ponents at 284.4 eV, 285.3 eV, and 288.1 eV. These three peaks
are assigned to the C-C coordination of adventitious carbon,
N-C-N species and sp’>-hybridized C within the triazine rings
(N=C=N), respectively.'® As illustrated in Fig. 3e, the N 1s
spectrum was deconvoluted into three distinct components at
397.8 eV, 398.6 eV, and 399.8, assigned to the sp>-hybridized
nitrogen in the triazine rings (C=N-C), tertiary bridging nitro-
gen atoms (N-(C)3), and terminal amino groups (C-NH,),
respectively. The dominance of the peak at 397.8 eV confirms
the high degree of polymerization within the graphitic frame-
work. The O 1s spectrum, in Fig. 3f, shows that the peak at
530.9 eV is attributed to the lattice oxygen (M-O) within the
metal-organic framework. In comparison, the peak at 531.9 eV
corresponds to the oxygen in the carboxyl groups (C=O0).
Finally, the peak at 533.1 eV is assigned to surface hydroxyl

groups.>>>°
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(@ and b) HR-SEM images of g-C3N4 and (c and d) Cu-Zn-MOF/g-CsN,. (e and f) HR-TEM images of Cu—Zn-MOF/g-C3N,, (g) and (h) lattice

The nitrogen adsorption-desorption study of the Cu-Zn-
MOF/g-C3N, composite exhibits a distinctive Type IV isotherm
with an H3-type hysteresis loop, indicating a mesoporous
structure formed by plate-like aggregates. The composite
usually has an area of 90.2 m”> g™, as shown in Fig. 4a.
Barrett-Joyner-Halenda (BJH) pore size distribution verifies a
highly uniform and narrow porosity with a predicted pore dia-
meter of 1.1 nm, as shown in Fig. 4b. The observed structural
arrangement implies that, despite the material’s mesoporous
nature, a substantial portion of its internal volume is occupied
by diminutive pores situated at the mesopore boundary. This
homogeneous porosity facilitates a high density of active sites,
thereby substantially enhancing the material’s selective
adsorption capabilities and colorimetric response for anti-
biotic detection.

Zeta potential measurements were employed to investigate
the surface charge evolution during the assembly of the com-

This journal is © The Royal Society of Chemistry 2026
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posite and the subsequent sensing mechanism, as represented
in Fig. 4c. The pristine Cu-Zn-MOF exhibited a strongly nega-
tive zeta potential of —16.7 mV, whereas pure g-C;N, displayed
a positive value of +3.23 mV. Upon the formation of the com-
posite, the zeta potential shifted to an intermediate value of
—9.07 mV, confirming the successful electrostatic assembly of
the negatively charged MOF with the positively charged g-C3N,
sheets. While CIP alone presented a negative potential of
—13.7 mV, the introduction of the target analyte and TMB into
the catalytic system resulted in a significant charge reversal to
+4.73 mV. This positive shift is ascribed to the surface adsorp-
tion of cationic oxidized TMB species generated during the
catalytic reaction, indicating strong electrostatic interactions
within the sensing interface. The EPR spectrum of Cu-Zn-
MOF/g-C3N, shows a distinct resonance signal at a g-value of
2.07, characteristic of unpaired electrons associated with Cu**
centres. The paramagnetic nature of the catalyst is corrobo-
rated by the visible observation of the detected first-derivative
resonance signal, which is quite consistent with the local
coordination environment and further proves that these active
centers are directly responsible for the peroxidase-like cataly-
sis, as shown in Fig. 4d.”>”

3.2 Confirmation of "OH radicals and the conformation
study

The peroxidase-like activity exhibited by Cu-Zn-MOF/g-C;N, is
attributed to its capacity to catalyse the breakdown of H,O,.
This process produces ‘OH, which then oxidize the chromo-
genic substrate TMB, resulting in the formation of blue oxXTMB.
To confirm the generation of 'OH, terephthalic acid was uti-
lised as a fluorescent probe. While terephthalic acid is non-

This journal is © The Royal Society of Chemistry 2026

fluorescent, it reacts with "OH to form the highly fluorescent
2-hydroxyterephthalic acid. In Fig. 5(a and b), it can be seen
that the H,O0, + Cu-Zn-MOF/g-C;N, system exhibited strong
fluorescence from 350 nm to 550 nm. The control group, in the
absence of this catalyst, shows a negligible fluorescence spec-
trum. The results show that Cu-Zn-MOF/g-C;N, exhibits a
natural peroxidase-like activity and reacts with H,O, through a
Fenton-like pathway, giving rise to "OH. These reactive radicals
then oxidize the chromogenic substrate TMB, producing the
oxTMB for colorimetric detection. To further elucidate the reac-
tive species involved in the catalytic process, a series of scaven-
ger experiments were conducted. Specifically, p-benzoquinone
(PBQ), p-histidine (p-His), and isopropyl alcohol (IPA) were
employed as scavengers for superoxide radicals ("O,7), singlet
oxygen ('0,), and hydroxyl radicals ("OH), respectively. If any of
these species contributed significantly to the catalytic reaction,
the corresponding signal intensity would be expected to
decrease upon the addition of the respective scavenger. As
shown in Fig. 5c, the introduction of PBQ and p-His resulted in
negligible changes in catalytic activity, indicating that "O,~ and
'0, do not play a major role in the reaction. In contrast, the
presence of IPA led to a pronounced suppression of activity,
confirming that "OH radicals are the primary reactive species
responsible for the observed peroxidase-like behaviour.

3.3 Synergistic peroxidase-like activity in Cu-Zn-MOF/g-C3N,
relative to individual Cu and Zn-MOFs

As depicted in Fig. 5d, there is no apparent absorbance change
of the TMB + H,0, system without the Cu-Zn-MOF/g-C;N,
catalyst, and the solution is nearly colourless. After introdu-
cing Cu-Zn-MOF/g-C3N,, the solution rapidly develops an
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(a) N> adsorption—desorption isotherms, (b) pore size distribution of Cu-Zn-MOF/g-C3zN,, (c) zeta potential of Cu—Zn-MOF, g-C3N,4, Cu—

Zn-MOF/g-C3N,4, CIP, Cu—Zn-MOF/g-CsN,4 +CIP and (d) EPR spectrum of Cu—-Zn-MOF/g-C3N,.

intense blue colour, demonstrating the catalyst’s ability to
promote the oxidation of TMB. It is obvious that such a drastic
visual change has well confirmed the peroxidase-like catalytic
activity of Cu-Zn-MOF/g-C;N,. Meanwhile, a time-dependent
UV-vis spectrum was utilized to reveal the catalytic process.
The UV-vis spectra reveal a distinct absorption band centred at
approximately 654 nm, which is characteristic of oxidized
TMB. The absorbance at this wavelength increases rapidly
during the initial stage of the reaction and stabilizes within 2
to 4 min showing negligible variation upon prolonged reaction
time. To further elucidate the catalytic advantage of the com-
posite material, the peroxidase-like activities of Cu-MOF, Zn-
MOF and Cu-Zn-MOF were evaluated separately under identi-
cal conditions using TMB and H,0, as substrates, as shown in
Fig. 5e. Both Cu-MOF (1 mg mL™") and Zn-MOF (1 mg mL™")
show a moderate increase in absorbance at 654 nm as the reac-
tion time extends from 5 to 15 min. The peroxidase activity
assay was further extended using Cu-Zn-MOF as an additional
control to clarify the catalytic function of each individual com-
ponent. The data indicate that despite Cu-Zn-MOF having
some degree of peroxidase-like activity, it seems to still have
inferior performance than Cu-Zn-MOF/g-C3N,. This clearly

Analyst

shows that g-C;N, is indispensable in superior catalytic
efficiency that can present better electron transfer ability
during the catalytic reaction process to promote the redox
cycling process by accelerating the oxidation of TMB; mean-
while, g-C3N, featuring atomical two-dimensional morphology
would have a larger surface area and improved dispersibility of
active Cu-Zn-MOF sites. Therefore, the synergistic interaction
between Cu-Zn-MOF and g-C;N, greatly improves the gene-
ration of reactive oxygen species. Nevertheless, their catalytic
responses are markedly weaker than those of Cu-Zn-MOF/
g-C3N,, even when the composite is applied at a lower concen-
tration (0.5 mg mL™"). Additionally, previously published
nanomaterials containing copper and zinc ions, such as
Cu@Co-MOFs, MOF-808-EDTA-Cu, and Cu NCs@Zn-MOF,
serve as enzyme analogues. The copper and zinc in Cu-Zn-
MOF/g-C3N, are probably very important for the reaction that
breaks down TMB with H,0,.>®* % This enhanced performance
can be attributed to the synergistic coupling of Cu and Zn
active sites along with electron-transfer facilitation provided by
the g-C;N, framework, which together substantially improve
the overall peroxidase-like activity of the hybrid catalyst
(Scheme 2).

This journal is © The Royal Society of Chemistry 2026
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3.4 Role of Cu-Zn-MOF/g-C;N,

The Cu-Zn-MOF/g-C4N, composites are capable of producing
OH by adopting a Fenton-like reaction pathway to decompose
H,0,. In the catalysis system presented here, the H,O, mole-
cules are initially adsorbed onto the large surface area of the
Cu-Zn-MOFs and the support g-C3N, nanosheets, resulting in
0-0 bond cleavage and reactive OH generation. These radicals
then oxidize the TMB substrate, resulting in a blue charge-
transfer product. In this system, the Cu centres act as the main
active sites for breaking down H,0,, similar to the Fenton reac-
tion. The Zn ions and the nitrogen-rich g-C;N, structure help
substrate adsorption and facilitate electron transfer at the
interface of the two materials. The electronic interaction
between the bimetallic framework nodes and the graphitic
support in the Cu-Zn-MOF/g-C3N, structure reduces the
energy needed to create radicals. The synergistic effect of
copper and zinc ions in the g-C;N, network effectively potenti-
ates the peroxidase model activity toward H,O, and efficiently
facilitates the oxidation of TMB, as shown in Fig. 6.

Cu*" + H202 + H' —— Cu' + eOH + OH-

oOH + TMB —— 0oxTMB

Scheme 2 Illustration of the possible reaction mechanism of the Cu-
Zn-MOF/g-C3N4 nanozyme.

This journal is © The Royal Society of Chemistry 2026

3.5 Optimization of the colorimetric sensor

To improve the colorimetric detection of CIP, the experimental
conditions for the Cu-Zn-MOF/g-C;N, sensor were carefully
studied. Fig. 7a shows the acidity of the medium where pH
values from 2 to 8 were indicated. The optimal catalytic activity
appears at p H 4.0. Besides, as the concentration of Cu-Zn-
MOF/g-C3N, in the solution prepared increased from 0. 1 mg
mL™" to 0.6 mg mL™", the absorbance increased significantly.
When it was 0.4 mg mL™?, the signal became stable, which was
the optimal loading for better peroxidase-like activity, as shown
in Fig. 7b. In addition, the concentration of the TMB substrate
was adjusted to optimize analytical sensitivity. The absorbance
readings increased consistently, peaking at 40 uM, which was
determined to be the optimal concentration for the chromo-
genic reaction, as illustrated in Fig. 7c. The impact of tempera-
ture was investigated. It demonstrated that the UV light absorp-
tion by the sensor was highest at 35 °C (Fig. 7d) and over 35 °C,
its activity greatly decreased. Therefore, in all subsequent utiliz-
ation of the sensor, the chosen conditions were pH 4.0, 0.4 mg
mL™" of the catalyst, 40 uM TMB and 35 °C.

3.6 Catalytic mechanism of MOF-based peroxidase-like activity

The peroxidase-like activity of the Cu-Zn-MOF/g-C3N, nano-
zyme was examined with (TMB) as a chromogenic substrate
with H,0,. As shown in Scheme 2, the reaction proceeded
through concurrent Fenton-like processes between the Cu and
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Step 1: H,O; Activation via Peroxidase-Like Activity Table 1 Real sample analysis of CIP in water

Spiked Recovery

Cu-Zn-MOF/g-C3N4 + H2O2 — o¢OH + OH" Sample (nM) Detected CIP + SD (%)

. . . Unspiked drinking water 0 0 0
Step 2: Oxidation of TMB (Color Development) Drinking water 9 2.013+021SD  100.6
4 3.94 +0.41 SD 98.5
Unspiked tap water 0 0 0
. + —_— p p
OH +TMB oxTMB (Blue COIOI’) Tap water 5 4.89 +0.74 SD 99.2
10 10.15+0.34SD  101.4
Step 3: CIP-Induced Signal Enhancement Unspiked lake water 0 0 0
Lake water 50 48.74+0.87SD  97.7
100 100.12 + 0.75 SD  100.1

TMB + CIP = oxTMB (Dark Blue) CIP

Scheme 3 Schematic illustration of the sensing reaction of the pro-

posed colorimetric sensor. absorption peak at 654 nm. Interestingly, the peroxidase activi-
ties of Cu-Zn-MOF/g-C;N, were markedly enhanced by the
addition of CIP (Scheme 3). After the addition of CIP, the

the Zn metal centres of the MOF framework. Under acidic con- system displayed a color change from blue to dark blue with a

ditions, the metal sites provided by MOFs enable the homoly- remarkable increase in absorption intensity, indicating an

tic cleavage of H,0,, resulting in the formation of reactive excellent oxidation-stimulating effect. This enhancement

‘OH, which then oxidize colorless TMB to oXTMB, showing an could be ascribed to the facilitated electron transfer by the
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plots between the concentration of CIP and the absorbance intensity. (d) Selectivity analysis of the Cu-Zn-MOF/g-C3N4 nanozyme + TMB + H,0O,
colorimetric system with various interfering analytes for CIP detection.
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complexation of the Cu and Zn centres with the nitrogen
heterocyclic rings and piperazine groups of the CIP molecule.
Meanwhile, the carbonyl and carboxylate groups of the CIP
molecule could supply an anionic chelation site and further
stabilize the CIP molecule on the catalytic surface. The multi-
dentate interaction between the complex and the CIP molecule
benefited from the surface adherence, leading to efficient ROS
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generation and the amplification of the colorimetric response
for highly sensitive detection of CIP.

3.7 Sensitivity and selectivity analysis

The sensitivity and selectivity of the Cu-Zn-MOF/g-C;N, com-
posite toward CIP were rigorously evaluated using a colori-
metric sensing strategy, which facilitated rapid visual detection
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through a distinct, concentration-dependent color transition.
UV-vis spectroscopic analysis corroborated this visual change,
revealing a significant enhancement in absorbance intensity
as the CIP concentration increased from 2 to 200 pM within
the Cu-Zn-MOF/g-C;N, + TMB + H,0, system, as shown in
Fig. 8a. A robust linear correlation between the absorbance
response and the CIP concentration was observed across this
broad analytical range, signifying highly dependable quantitat-
ive detection, as illustrated in Fig. 8b. Specifically, a remark-
able linear correlation coefficient was achieved within the
2-10 pM range, as shown in Fig. 8c, and the LOD, determined
via the 3 per slope method, proved highly competitive com-
pared to various nanomaterial-based colorimetric and electro-
chemical sensors listed in Table S1. To assess the specificity of
the platform, selectivity studies were conducted against a suite
of potential interferents, including structural antibiotic
analogs, metal ions, and common organic compounds, as
shown in Fig. 8d. Compared to the robust signal triggered by
CIP, these interfering species produced negligible changes in
color intensity and absorbance, confirming the excellent
selectivity of the sensing platform. This high specificity is
likely attributed to the molecular structure of CIP, which pro-
motes preferential binding and subsequent signal amplifica-
tion. Collectively, these results demonstrate that the Cu-Zn-
MOF/g-C3N, composite functions as an efficient and reliable
colorimetric sensor. Fe*" and Cu®" interferences were success-
fully eliminated by employing their strong masking agents
NaF and Na,S,03, respectively. NaF and Na,S,0; played a role
in effectively masking the interference caused by Fe*" and
Cu*". Its rapid response time and high analytical performance
highlight its significant potential for real-world applications in
environmental monitoring, pharmaceutical quality control,
and wastewater analysis, offering a versatile tool for the sensi-
tive detection of antibiotic residues.

3.8 Determination of CIP in water samples

To examine the feasibility of the H,O, + TMB + Cu-Zn-MOF/
g-C;3N, to determine the CIP in real samples, drinking, tap and
lake water were collected from SRMIST. The contaminants
were removed by filtering the samples through a 0.2 um mem-
brane. The samples were spiked with various concentrations of
CIP ranging from 0 to 20 pM. Table 1 illustrates that the three
distinct concentrations of CIP in spiked actual samples were
measured, with recoveries ranging from 97.7 to 102%. These
results confirmed that H,0, + TMB + Cu-Zn-MOF/g-C;5N, is
accurate and dependable for CIP detection in water samples.

3.9 Cu-Zn-MOF/g-C;N,; nanozyme-based smartphone sensor
for the detection of CIP via RGB analysis

To enhance the colorimetric probe as an advanced analytical
tool, the study included an RGB analysis using a smartphone
(Fig. 9). Digital images of the blue solutions were captured
after the colorimetric reaction. These images were processed
using color detector software to quantify the Red (R), Green
(G), and Blue (B) components for each sample spanning a
spectrum of analyte concentrations. In order to account for

This journal is © The Royal Society of Chemistry 2026
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the effect of environmental lighting, a linear calibration curve
was plotted by comparing the normalized G/(R + G + B) green
channel ratio with the concentration of the analyte of interest.
These analyses demonstrated a robust linear relationship
across the concentration spectrum from 5 to 25 pM, and the
limit of detection (LOD) was 4.4 pM. Thus, the results confirm
that the proposed probe, using a smartphone as the detection
platform, is a suitable, easily accessible, and portable method
for the rapid detection of the analyte in real samples.

3.10 Recyclability and stability analysis

The stability and reusability of the prepared nanozyme Cu-Zn-
MOF/g-C3N, were also investigated. The Cu-Zn-MOF/g-C3N,
nanozyme was derived from the colorimetric measurement by
a regular centrifugation method and then dried at 60 °C for
the reusability test. After undergoing the same step as the per-
oxidase activity, the product reached a relative activity of
approximately 99.4% compared to the first-run sample.
Likewise, after 4 sequential runs, the activity dropped to
87.8%, as illustrated in Fig. S4(a). The peroxidase properties of
the sensor were recorded in the course of a 15-day stability
study, which exhibited a reduction in overall catalyst activity of
only 32%, as shown in Fig. S4(b).

4. Conclusions

In summary, a novel bimetallic Cu-Zn-MOF/g-C;N, hybrid
nanozyme was synthesized by a simple solvothermal method
showing excellent peroxidase-like activity for highly sensitive
CIP detection. Structural characterization showed that Cu-Zn-
MOF particles were uniformly dispersed on the surface of
g-C3N, nanosheets as the substrate. The outstanding catalytic
activity was derived from the synergistic Fenton-like catalytic
pathway, which oxidized TMB by ‘OH formed at the bimetallic
active sites of the Cu-Zn-MOF. The sensing system worked
through CIP-inhibited TMB oxidation with an LOD of 0.66 pM.
Beyond simple colorimetric sensing, this work also success-
fully introduced a handheld, smartphone-enabled analytical
platform. The visible color change was captured, and RGB data
were processed using a digital conversion model, which pro-
vided a practical LOD of 4.4 pM. The combination of a high-
performance nanozyme material and mobile-phone colorime-
try offers an inexpensive and accessible methodology that
bypasses the need for sophisticated laboratory instrumenta-
tion. By replacing costly, unstable natural enzymes with a
stable MOF-based composite, this study lays the foundation
for a flexible, rapid, on-site monitoring approach for the direct
quantification of antibiotic contamination in environmental
and clinical applications.
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