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Design and investigation of a new
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Antibiotic pollution poses a significant threat to global health and ecosystems. It is highly demanding to
detect the trace amounts of antibiotics in food and biological samples. Thus, there is a critical need for rapid
and sensitive sensors with real-time monitoring capabilities to address this challenge. In this regard, porous
materials such as metal—organic frameworks (MOFs) with unique and tailorable properties can serve as highly
sensitive sensors for the detection of targeted analytes. Here, a new two-dimensional cobalt MOF (2D-Co
MOF) has been designed and studied for the detection of nitrofurazone (NFZ), a nitrofuran class antibiotic.
The 2D-Co MOF sensor demonstrates exceptional sensitivity in detecting NFZ, achieving a remarkably low
detection limit of 0.04 pM. The MOF system also displayed excellent selectivity towards NFZ in the presence
of potential interferants, thus acting as a potent sensor for the detection of NFZ. Additionally, the sensor
exhibits excellent reliability and stability. To further demonstrate the practical applicability, the MOF sensor has
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1. Introduction

Globally, the production and utilization of antibiotics have signifi-
cantly spiked due to the outburst of COVID-19,"* thus leading
to more pharmaceutical waste. Lack of consumer education on
the disposal of expired medicines and unregulated manufacturing
of antibiotics lead to improper disposal of antibiotics to the
surroundings. These antibiotics enter the wastewater systems
affecting marine life and causing severe antibiotic pollution.
Antibiotics also suffer from degradation difficulty, inducing
detrimental effects on the environment. Antibiotics are also
administered to farm animals to treat diseases and increase
productivity, thus leading to the contamination of food products.
Antibiotic pollution is highly associated with antibiotic resistance
increasing the risk of humans to multiple health issues and
diseases.>* In this regard, the nitrofuran class of antibiotics, such
as nitrofurazone (NFZ), have been widely used to treat bacterial,
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been explored for the detection of NFZ drug residues in food and biological samples.

microbial and protozoan infections in farm and veterinary
animals.>® Nevertheless, the utilization of these substances has
been prohibited due to the observed occurrence of tumor devel-
opment in livestock and the potential carcinogenic effects. Also,
the use of NFZ in food-producing farm animals will eventually
leave traces of the drug in the meat, milk, and other products they
produce. Additionally, there have also been reports of cancer,
functional impairments, and mutagenic hazards in human con-
sumers as a result of the consumption of these animal products
via the food chain.”® Highly sensitive, selective, and rapid meth-
ods of analysis are typically necessary for studying quantities at
such low levels.

To date, several analytical techniques and spectroscopy meth-
ods including UV-visible spectroscopy, fluorescence spectro-
scopy, Raman spectroscopy, and mass spectrometry have been
employed for the detection of NFZ.°™* However, these tech-
niques demand time-intensive procedures and laborious sample
preparations. Additionally, substances should adhere to the
strict analytical method protocols to meet the instrument
requirements. On the contrary, electrochemical methods are
highly preferred for the detection of NFZ due to their high
sensitivity, wide signal range, quick detection time, convenient
portability, and simple preparation methods.">™"”

The incessant pursuit in the field of electrochemical sensor
manufacturing warrants designing an efficient sensor
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with high sensitivity, stability, and selectivity towards low
analyte levels in real samples. Electrochemical sensors based
on nanomaterials, metal oxides, reduced graphene oxides,
carbon nanotubes, and boron-based materials have been exten-
sively studied to detect NFZ.'®® Metal-organic frameworks
(MOFs), a class of advanced porous materials, have emerged as
versatile and effective sensors, owing to their exceptional sur-
face areas and distinct properties. Moreover, due to their
structural diversity, high stability, and controlled porosity,
MOFs are desirable candidates for diverse applications.**°
Significant research efforts have been made to design MOF
materials with preferred structural environments and desired
properties for targeted applications. Furthermore, structuring
MOFs with customizable pore sizes by carefully selecting inor-
ganic and organic building units enables efficient adsorption
and selective recognition of target analytes, which ultimately
enhances MOF’s affinity and sensitivity towards an analyte even
at low concentrations. Herein, we have synthesized a new
2D-Co MOF by a mixed-linker approach under solvothermal
conditions and studied it for the detection of NFZ antibiotic.

2. Experimental details
2.1 Materials

Cobalt nitrate hexahydrate [Co(NOs),-6H,O] was purchased
from SRL chemicals, 2,6-naphthalene dicarboxylic acid, 1,4,5,8-
naphthalene tetracarboxylic dianhydride, 4-aminopyridine, and
nitrofurazone was purchased from TCI chemicals. All the solvents
were purchased from SRL chemicals and used as such without
further purification.

2.2 Synthesis of DPNDI

The ligand N,N’-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxy-
diimide (DPNDI) was synthesized according to the reported
procedure with some modifications.’® 3 mmol of 1,4,5,8-
naphthalene tetracarboxylic dianhydride and 6 mmol of 4-
aminopyridine were mixed in 25 ml of N,N-dimethylfor-
mamide (DMF) and allowed to reflux for 12 h. A crystalline solid
precipitated out on cooling to room temperature. The obtained
solid was collected by filtration and was further purified by
recrystallization from DMF. The recrystallized product was filtered
and dried in a vacuum oven at 80 °C for 8 h to obtain crystalline
DPNDI ligand (81% yield). The purity of the obtained product was
confirmed by "H NMR and mass spectroscopy. "H NMR of DPNDI
was recorded in a mixture of DMF and DMSO-dg solvent at 298 K.
'H NMR (400 MHz): 6 = 8.81 (d, 4H), 8.75 (s, 4 H) and 7.59 (d, 4H)
ppm. DMF: ¢ = 7.95, 2.89 and 2.73 ppm. DMSO-dg: 6 = 2.50 ppm
(Fig. S1, ESIf). MS-m/z: calculated for C,4H,;,N,0,4, exact mass:
420.09, found: 420 (Fig. S2, EST}).

2.3 Synthesis of 2D-Co MOF

A mixture of [Co(NO;),-6H,0] (0.4 mmol), 2,6-naphthalene
dicarboxylic acid (2,6-NDC) (0.2 mmol) and N,N’-di(4-pyridyl)-
1,4,5,8-naphthalenetetracarboxydiimide (DPNDI) (0.2 mmol) in
3:1 (v/v) ratio of DMF and methanol was taken in a vial and
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sonicated for 30 min to obtain a clear solution. The reaction
mixture was heated at 80 °C for 5 days. The obtained light brown
crystals were washed and analyzed for further characterization.

2.4 Single-crystal X-ray diffraction (SC-XRD) analysis

SC-XRD studies of the crystals were performed on a Rigaku XtaLAB
P200 diffractometer with Cu-Ko radiation (4 = 1.54184 A) at 100 K.
The crystallographic data collection and reduction were performed
using the CrysAlisPro software program. Olex2 with the ShelXT
structure solution program was used to solve the structure and
further refined with the help of the ShelXL refinement package
using least squares minimization. The crystallographic data is
tabulated in Table S1, ESL¥

2.5 Electrochemical measurements

Cyclic voltammetry (CV) measurements were carried out using
Origaly’s France-OGF 0500 Model electrochemical workstation
with OrigaMaster5 software. CVs were recorded using a three-
electrode electrochemical set-up, where a MOF-coated glassy
carbon electrode (GCE) acts as the working electrode, platinum
wire as the counter electrode, and Ag/AgCl as the reference
electrode. The electrolyte used for the study was 0.1 M phos-
phate buffer solution (PBS).

To obtain a MOF-coated GCE, the MOF sample was gently
ground and a uniform MOF suspension was prepared in
ethanol. 10 pL of the MOF suspension was drop cast onto
the polished bare GCE and dried, followed by the addition of
3 pL Nafion as a binder and allowed to dry at room tempera-
ture. The MOF-coated GCE was used for the electrochemical
measurements.

2.6 Characterization techniques

Powder X-ray diffraction (PXRD) analysis was performed using a
Rigaku Ultima-IV diffractometer with Cu-Ka radiation (40 kv,
40 mA). The PXRD patterns were acquired in the 26 range
of 5°-40° with a step size of 1° min . Thermogravimetric
analysis (TGA) was performed using the Shimadzu DTG-60
instrument. The analysis was carried out under a N, atmosphere
by maintaining a heating rate of 10 °C min™" in the temperature
range of 30 °C to 800 °C. N, sorption studies were carried out using
a Microtrac Bel - BEL SORP mini II model surface area analyzer.
The MOF sample was activated at 200 °C before proceeding to the
N, adsorption measurements. Field emission scanning electron
microscopy (FE-SEM) analysis was performed using the FEI Apreo
LoVac instrument. X-ray photoelectron spectroscopy (XPS) studies
were performed with the help of a Thermo Scientific K-o instru-
ment [Al K-o source, X-ray source 1486.8 eV]. "H NMR was recorded
on a Bruker AV NEO 400 MHz instrument. Mass spectral data was
obtained using an LCMS-8040 (Shimadzu) mass spectrometer.

3. Results and discussion
3.1 Structural details and characterization of the MOF

The MOF crystals were synthesized solvothermally by
using a mixed-linker approach by reacting the metal salt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Coordination environment around the Cof(i) metal in the 2D-Co MOF. (b) The MOF displays the connectivity of 2,6-NDC2~ and DPNDI ligands
to form a 2-D layered structure. C, H, N, O and Co atoms are shown in grey, white, blue, red and plum colours, respectively. Solvent molecules have been

removed for clarity.

[Co(NO;),-6H,0], acid linker (2,6-NDC) and N-based linker
(DPNDI) in DMF and methanol at 80 °C. SC-XRD analysis
revealed that the MOF crystallizes in the triclinic P1 space
group. The asymmetric unit consists of two cobalt atoms, two
2,6-NDC?>~ ligands, four DPNDI ligands, and two nitrate groups
attached to the metal cluster. Fig. 1a depicts that each Co(u)
center is six coordinated by two nitrogen atoms from DPNDI
ligands, one oxygen atom each from two 2,6-NDC>~ ligands
and a nitrate group via two oxygen atoms. The Co-O and Co-N
bond distances are in the range of 1.987(0)-2.194(6) A
and 2.133(2)-2.561(6) A, respectively. Fig. 1b depicts the 2D
layer structure.
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After the careful crystallographic examination of the MOF
system, the bulk purity of the as-synthesized MOF sample was
checked with the help of PXRD analysis. The obtained PXRD
patterns were compared with the simulated patterns and
the analysis shows that the experimental PXRD patterns are
consistent with the simulated patterns confirming the phase
purity of the as-synthesized MOF sample (Fig. 2a). Furthermore,
the thermal stability of the MOF sample was examined in the
temperature range of 30 °C to 800 °C. The framework exhibited
weight loss of 25% until 200 °C corresponding to the loss of
solvent molecules and the framework collapsed beyond 350 °C.
The framework has good stability up to 350 °C (Fig. S3, ESIt).
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(a) Simulated and as-synthesized PXRD patterns of 2D-Co MOF. (b) and (c) FE-SEM images of 2D-Co MOF. (d) Elemental mapping of 2D-Co MOF.
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Fig. 3 XPS analysis of 2D-Co MOF depicting deconvoluted spectra of
(@) Co 2p, (b) N 1s, (c) C 1s, and (d) O 1s.

The porosity of the framework was analysed with the help of N,
adsorption measurements. The framework exhibited a surface
area of 203.97 m” g and a pore volume of 0.144 cm® g~ * (Fig. S4,
ESIt). Fig. 2b, ¢ and Fig. S5, ESIf obtained from FE-SEM
clearly show that the MOF crystals are block-shaped with sizes
ranging from 50 pm to 250 um. Fig. 2d depicts the elemental
mapping of the framework confirming the presence of Co, C, N
and O elements.

The elemental composition is further supported by energy
dispersive X-ray spectroscopy (EDAX) analysis as shown in
Fig. S6 and Table S2, ESL{ Furthermore, XPS analysis of the
framework confirmed the elemental composition and their
chemical environment. Fig. S7, ESIf depicts the XPS survey
spectrum displaying the characteristic binding energy peaks of
the elements present in the framework. The deconvoluted XPS
spectra of Co 2p, N 1s, C 1s and O 1s are represented in Fig. 3a—d.
The deconvoluted Co 2p spectrum demonstrated the character-
istic binding energy peaks of cobalt 2p,,, and 2p3/, at 798.5 eV and
782.85 eV, respectively, confirming the presence of cobalt as Co*".
Binding energies of 284.3 eV, 285.5 eV and 287.9 €V, in the C 1s
spectrum can be ascribed to C—C, C—=N and N—(C); or N-C—0
bonds, respectively.’! The O 1s spectrum is fitted with two peaks
corresponding to the Co-O bond at 531.2 eV and C—0 or O—C-O
bond at 532 eV.** Similarly, the deconvoluted N 1s spectrum
displays binding energy peaks at 399.8 eV, 402.6 €V and 406.3 eV,
which can be assigned to the C=N-C bond, tertiary nitrogen
N—(C); groups and N-O bond of the nitrate group, respectively.*?

3.2 Electrochemical studies

To investigate the electrochemical behaviour of the MOF, cyclic
voltammetry (CV) of the bare GCE and MOF-coated GCE was
recorded in PBS buffer (pH 7.02) in the potential window of
—1 to +1.6 V with a sweep rate of 100 mV s~ *. The CV curve of
the MOF exhibits an oxidation peak at a potential of +1.22 V
due to the synergistic effect of redox-active linker DPNDI and
cobalt metal (Fig. 4a). To determine the oxidation potential of
NFZ, 300 uL of NFZ was added to the bare GCE, and an anodic
peak at 1.1 V with a very small current response was observed.
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Fig. 4 (a) CV curve of the bare GCE and MOF/GCE on the addition of NFZ
and (b) bar diagram representing the current response of the bare GCE and
MOF/GCE towards NFZ.

Furthermore, the electrochemical sensing capability of the
MOF/GCE towards NFZ was checked by adding incremental
additions of NFZ. As depicted in Fig. 4a, on the addition of
50 pL of NFZ to the electrochemical cell, the MOF displays an
anodic peak at +1.2 V, indicative of the oxidation of NFZ on MOF/
GCE. This oxidation process leads to the generation of nitrogen-
ous free radicals, followed by subsequent dimerization.>* Fig. 4b
shows that the current response of the MOF increased 1.5 fold
from 185 pA to 278 pA on the addition of NFZ, whereas in the case
of the bare GCE, hardly any change in the current response was
observed. This clearly states that the MOF-modified GCE provides
more active sites and promotes a facile pathway for faster electron
transfer for the oxidation of NFZ on the electrode surface. Thus,
the MOF acts as a potent electrocatalyst for the oxidation of NFZ.

3.3 Influence of pH and scan rate

The optimization of the pH of the electrolyte is important due
to its significant effect on the electrocatalytic oxidation of the
analyte. The current response of NFZ oxidation was checked
with different pH electrolyte solutions (0.1 M PBS buffer)
ranging from acidic to basic such as 5.0, 7.0, and 9.0. CVs were
recorded in the above pH solutions in the presence of 50 puL
NFZ at a scan rate of 100 mV s~ . Fig. 5a shows that the current
response started to increase from pH 5.0 to basic pH (pH 9.0),
with the anodic peak potential of NFZ shifting to a more
positive value. This shift illustrates the involvement of protons
in the oxidation reaction.® Thus, considering the parameters

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV curve of MOF/GCE recorded at different pH values, and

(b) CV curve of MOF/GCE at different sweep rates (20 to 200 mV s™%) in the
presence of 50 puL NFZ.

such as peak current, peak shape, and peak potential, pH 7.0
was chosen as the ideal pH condition of the buffer for effective
electrocatalytic oxidation of NFZ. The influence of scan rate on
the kinetics of an electrochemical reaction is studied with the
help of the CV technique. The effect of scan rate on the
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oxidation of NFZ was investigated by recording the current
response of the MOF in the presence of 50 pL of NFZ, as shown
in Fig. 5b. Fig. 5b and Fig. S8, ESIf clearly depict that the
oxidation peak current increased linearly on escalating the scan
rates from 20 to 200 mV s ' with excellent linear fitting of
current vs scan rate with an R> value of 0.99. This demonstrates
that the oxidation of NFZ on the MOF/GCE surface is an
adsorption-controlled process.

3.4 Square wave voltammetry (SWV)

Detailed electrochemical sensing studies were carried out using
more sensitive and dynamic techniques such as square wave
voltammetry (SWV). The sensing ability of the MOF towards low
concentrations of NFZ was checked in PBS buffer (pH 7.02) at a
sweep rate of 100 mV s~ . Fig. 6a shows that the current response
of the MOF increased gradually with an increase in the concen-
tration of NFZ. It is interesting to note that the MOF shows high
sensitivity even to low concentrations (0.49 uM) of NFZ. Fig. 6b
depicts that the oxidation peak current varied linearly with the
NFZ concentration in the range of 0-2.5 pM with the R* value
equal to 0.99. SWV studies of the MOF were also carried out with
other concentration ranges of NFZ, as depicted in Fig. 6¢ and d.
The current response of the MOF increased 3.5 fold with a very
small addition of 4.9 pM NFZ and also the anodic peak current
enhanced 5 fold from ~30 to ~160 upon the addition of 24.4 pM
of NFZ solution. The above results demonstrate that the MOF acts
as a highly efficient electrochemical sensor in detecting NFZ and
also shows good sensitivity towards NFZ in the wide linear
concentration range of 0-25 pM. The limit of detection (LOD)
was calculated by using the slope value derived from the linear
calibration plot mentioned above. This slope value was then
substituted into the provided equation, LOD = 3s/m, where m

| R*=0.99
Slope= 17.20 uM
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Fig. 6
(d) bar diagram for different concentrations of NFZ vs. anodic peak current.
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(a) and (c) SWV curve of 2D-Co MOF towards incremental additions of NFZ, (b) linear plot for NFZ concentration vs. current response and
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Table 1 Comparison of electrochemical sensors for the detection of NFZ
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Electrochemical Linear

Sensor Material type signal range (M) LOD (uM) Ref.
Hollow MIL-101/GCE MIL-101 modified electrode Oxidation 0.03-55 0.01 34
Pr,Sn,0, NPs/GCE Nanomaterial Reduction 0.01-24 0.004 35
Carboxylic multi-walled carbon nanotubes/GCE MWCNT Reduction 5-1090 224 36
Boron-doped diamond electrode Boron material Reduction 0.99-11 340 37
AuNPs/UiO-66-NH,/SPCE Nanoparticles Reduction 0.01-0.05 0.03 38

2D-Co MOF/GCE MOF Oxidation 0-25 0.04 This work

represents the slope and s denotes the standard deviation derived
from five blank readings of the MOF. The limit of detection (LOD)
was calculated to be 0.04 uM. The electrocatalytic performance of
the MOF towards NFZ was compared with different materials
such as composites, nanomaterials, carbon nanotubes, and
boron-based materials (Table 1). It is noteworthy that there are
hardly any MOF materials (pristine MOF without any composite
preparation) reported as electrochemical sensors for the detection
of NFZ and the MOF chosen for this study displayed excellent
LOD and good electrocatalytic activity without any addition or
modification with a secondary material.

3.5 Selectivity, repeatability and stability studies

Selectivity, repeatability, and stability are crucial parameters that are
required for wider applicability and accurate analysis of real samples
by a sensor. The repeatability and stability studies were carried out
on the MOF/GCE using the SWV technique in the presence of 5 uM
NFZ in PBS buffer (pH 7.02) at a sweep rate of 100 mV s . Fig. 7a
illustrates the repeatability studies conducted on the MOF for 10
consecutive runs. The relative standard deviation (RSD) of ~ 1% was
observed, indicating a consistent oxidation peak current response
from the MOF. The stability studies of the MOF/GCE sensor were
carried out and the current response of the MOF was examined
every day for 7 days. The sensor displayed an excellent current
response of 97% even after 7 days with an RSD of ~1.2% (Fig. 7b).
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Fig. 7 (a) Repeatability studies of MOF/GCE in the presence of NFZ,

(b) stability studies of MOF/GCE for 5 uM NFZ recorded for 7 days and
(c) chronoamperometric studies of MOF/GCE recorded on the addition of
NFZ and 100-fold excess concentration of possible interferents.
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Furthermore, the selectivity of the MOF sensor was studied
with the possible interferents that are found in real samples and
can interfere with the detection of NFZ. The possible interferents
chosen for the study include metal ions (Zn>*, Cd**), metal salts
(NaCl, NH,Cl, KCl), biomolecules released in urine such as uric
acid (UA), glucose (Glu) and common amino acids present in milk
samples such as r-lysine (1-Lys), t-aspartic acid (t-Asp), t-glutamic
acid (1-Glu) and i-phenylalanine (1-Phe). Selectivity experiments
were recorded in PBS buffer (pH 7.02) with the help of the
chronoamperometry technique. The amperometric response of
the MOF was recorded in the presence of 2.5 uM NFZ at an
applied potential of +1.2 V. The MOF sensor displayed a signifi-
cant increase in the current intensity upon the introduction of a
small concentration of NFZ. In contrast, the addition of a 100-fold
excess concentration of interferents did not yield any discernible
effect, as depicted in Fig. 7c. The above results confirm the
remarkable selectivity of the MOF sensor in detecting NFZ and
the feasibility of the MOF sensor for real-time studies.

3.6 Detection of NFZ in biological and food samples

To assess the practical feasibility of the MOF sensor in detect-
ing NFZ, real-time experiments were carried out. Biological
(human urine) and food (milk) samples were chosen for the
study. The human urine and milk samples were diluted
100 times and the pH was adjusted to 7.02 before proceeding
for analysis. The analysis was carried out using SWV and the
current responses were recorded on the addition of as-prepared
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Fig. 8 Representation of the current response for spiked NFZ amounts in
urine (A) and milk (@) samples for calculating recovery concentrations
using a calibration plot of NFZ.
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Table 2 Electroanalytical detection of NFZ in real samples

Spiked Found Recovery
Sample (uM) (uM) (%)
Urine 0.49 0.51 96.08
1.99 2.02 98.51
3.49 3.53 98.86
Milk 0.99 1.04 95.19
2.49 2.53 98.42
4.48 4.52 99.11

real samples. However, the real samples did not exhibit any
significant current change that might be attributed to the
absence of NFZ. Hence, both the samples were spiked with
known concentrations of NFZ, and the corresponding current
responses were recorded. The obtained current responses from
spiked samples were plotted and correlated with the calibration
plot of current vs. NFZ concentration, as depicted in Fig. 8. The
spiked amounts of NFZ and the recovered amounts were
calculated using the standard addition method and the results
are tabulated in Table 2. The observed recovery percentage of
spiked amounts of NFZ in the real samples falls in the range of
96-99% with a minimal relative error of 0.2% making the
sensor efficient in quantitative determination of NFZ. These
results indicate that the sensor demonstrates high efficacy in
accurately quantifying NFZ in biological and food samples.

4. Conclusions

To summarize, a novel 2D-Co MOF was synthesized using a
mixed-linker approach. A comprehensive structural investiga-
tion of the framework was carried out using XRD, TGA,
BET, FE-SEM, and XPS. Furthermore, the electrochemical
properties of the MOF were studied using CV and SWV
techniques. A MOF-based electrochemical sensor was devel-
oped and explored for the detection of NFZ. The MOF sensor
displayed high sensitivity towards NFZ with very low detection
limits of 0.04 uM. The sensor exhibited good repeatability and
stability towards NFZ for a period of 7 days. The sensor also
presents high selectivity towards NFZ even in the presence of
potential interferents that could practically hamper the ana-
lysis of NFZ in real samples. Additionally, the MOF sensor
demonstrated great potential towards the detection of NFZ
residues in human urine and milk samples. We strongly
believe that these results may open up new avenues for the
advancement of MOF sensors in the field of food safety and
offer solutions to combat antibiotic pollution and safeguard
public health.
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