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The accurate, sensitive, and efficient detection of enrofloxacin (ENR) residues is critically important for

protecting public health and ensuring environmental safety. Herein, a novel electrochemical sensing

platform based on a TAPB—-PDA covalent organic framework integrated with reduced graphene oxide
(TAPB—PDA-COFs/RGO) for the sensitive and selective detection of ENR in agueous environments was

developed. The TAPB-PDA-COFs/RGO leverages the high surface area and ordered pore structure of

COFs alongside the excellent electrical conductivity of RGO, resulting in enhanced electrochemical

performance. Under optimized conditions, the sensor exhibited a wide linear detection range (0.01-150

umol L™, a low detection limit (0.028 pmol L™, and high selectivity even in the presence of structurally

similar fluoroquinolones. The sensor also demonstrated good stability and reproducibility. When applied
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to spiked tap water samples, the platform achieved satisfactory recoveries of 84.1-99.7% and

outperformed the conventional HPLC method at low ENR concentrations. These results highlighted the

DOI: 10.1039/d5ra07733h

rsc.li/rsc-advances antibiotic residues.

1 Introduction

The extensive and indiscriminate use of antibiotics has become
a significant global public health concern that demands urgent
attention.! Antibiotics, comprising natural, semi-synthetic, and
synthetic compounds, are widely employed to prevent and treat
infectious diseases in both human and veterinary medicine, as
well as in livestock farming to promote growth and enhance
productivity.>® However, a substantial fraction of administered
antibiotics is not fully metabolized and is excreted in unme-
tabolized or partially metabolized forms. These residues can
persist in environmental matrices, bioaccumulate through the
food chain, and ultimately present significant health hazards to
humans and animals.*® Among various classes of antibiotics,
fluoroquinolones are particularly prominent due to their broad-
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potential of the TAPB-PDA-COFs/RGO composite as a promising tool for environmental monitoring of

spectrum antimicrobial activity and mechanism of action,
which involves the inhibition of bacterial DNA synthesis.*®
Enrofloxacin (ENR), a third-generation fluoroquinolone, is one
of the most commonly used veterinary drugs for disease
management in livestock.” However, its widespread application
has led to the accumulation of residues in animal tissues and
aquatic environments, posing ecological and public health
hazards.®® To mitigate these risks, the Chinese Ministry of
Agriculture sets the maximum residue limits for ENR and its
metabolite ciprofloxacin at 100 ug kg™ in animal muscle and
fat." While the United States Food and Drug Administration
has banned the use of ENR in certain livestock and poultry.*
Consequently, the development of accurate, sensitive, and effi-
cient detection methods for ENR residues in environmental
samples is of paramount importance for safeguarding public
health and environmental integrity.

Conventional analytical techniques for the detection of ENR
residues in environmental and food matrices include high-
performance liquid chromatography (HPLC),"” gas chromatog-
raphy-mass spectrometry (GC-MS)," liquid chromatography-
mass spectrometry (LC-MS)," and capillary electrophoresis.*®
While these methods offer high accuracy and sensitivity, their
practical application is often limited by high operational costs,
time-consuming sample preparation, reliance on sophisticated
instrumentation, and the need for trained personnel. In recent
years, alternative methods such as enzyme-linked immunosor-
bent assays (ELISA)'*'” and aptamer-based biosensors'®'® have

RSC Adv, 2025, 15, 45333-45343 | 45333


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra07733h&domain=pdf&date_stamp=2025-11-19
http://orcid.org/0009-0001-8093-5513
http://orcid.org/0000-0003-4476-8700
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07733h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015053

Open Access Article. Published on 19 November 2025. Downloaded on 2/28/2026 2:38:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

garnered attention for their rapid response and relatively simple
operation. However, these approaches are hindered by the high
cost of reagents and technical challenges associated with
aptamer development and specificity.

Electrochemical sensing technology has emerged as
a promising alternative due to its advantages of portability,
automation, low cost, high sensitivity, and real-time detection
capabilities.>*** The electrochemical oxidation of ENR occurs at
the anode potential, facilitated by the ethyl group on the
piperazine moiety, which enhances the susceptibility of the
adjacent a-carbon to oxidation.>*** This oxidation process
results in the formation of acetaldehyde as a by-product and
generates ciprofloxacin.>®?*® ENR exhibits a characteristic
oxidation potential approximately 0.9 V relative to the Ag/AgCl
reference electrode. Nevertheless, direct detection of ENR using
bare electrodes is often constrained by poor electron transfer
efficiency and low sensitivity, underscoring the need for elec-
trode surface modification to enhance signal transduction.

Covalent organic frameworks (COFs) have recently been
recognized as a distinct class of crystalline porous materials,
succeeding the development of inorganic porous materials and
metal-organic frameworks (MOFs).””*® Constructed from light-
element-based organic units interconnected by robust covalent
bonds, COFs possess well-defined pore structures, high specific
surface areas, and excellent thermal and chemical stability.>**°
In contrast to amorphous polymers, which have irregular and
poorly controlled pore distributions, COFs offer ordered nano-
channels that facilitate molecular diffusion and charge trans-
port, thereby enhancing the performance of electrochemical
sensors through signal amplification and improved sensi-
tivity.>»*> However, a major limitation of COFs is their inher-
ently low electrical conductivity, which restricts their direct
application in electrochemical sensing.*® To overcome this
drawback, COFs are often combined with conductive materials
to form hybrid composites. Reduced graphene oxide (RGO),
owing to its large surface area, excellent electrical conductivity,
and minimal oxygen-containing functional groups, has been
extensively used in electrochemical applications.

In this work, a novel composite material, TAPB-PDA-COFs/
RGO (TAPB: 3,5-tris(4-aminophenyl)benzene, PDA: p-phthal-
aldehyde), was synthesized by integrating TAPB-PDA-based
COFs with RGO. The combination exploits -7 interactions
between the conjugated structures of COFs and the carbon
lattice of RGO to form a stable and conductive composite. The
TAPB-PDA-COFs/RGO composite exhibited synergistic proper-
ties, including the well-defined pore architecture of COFs for
efficient analyte diffusion and the excellent electrical conduc-
tivity of RGO for enhanced electron transfer, thereby improving
the sensitivity and detection performance for ENR. This method
not only enables rapid and efficient detection of ENR in aquatic
environments but also provides a versatile platform for the
development of electrochemical sensors targeting a broad range
of fluoroquinolone antibiotics.
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2 Experiments
2.1 Synthesis of TAPB-PDA-COFs/RGO composites

To prepare the TAPB-PDA-COFs/RGO composite, 10 mg of RGO
was suspended in 5 mL of ultrapure water (final concentration:
2 mg mL™") and sonicated in the dark for 30 min to yield
a uniform black suspension. Equal volumes of 2.0 mg mL "
TAPB-PDA-COFs and 2.0 mg per mL RGO suspensions were
then mixed at a 1:1 volume ratio and subjected to ultra-
sonication for an additional 30 min to form the composite. The
mixture was subsequently centrifuged at 10 000 rpm for 5 min,
and the precipitate was washed three times with ultrapure
water. The final product was vacuum-dried overnight and stored
at 4 °C in the dark until use.

2.2 Preparation of TAPB-PDA-COFs/RGO/GCE

The bare GCE was sequentially polished to a mirror-like finish
using 1.0 pm, 0.3 um, and 0.05 pm alumina slurry on a polish-
ing cloth. The electrode was then ultrasonically cleaned in
ethanol followed by ultrapure water to remove any residual
polishing agents. After drying at room temperature, 4.0 puL of
the TAPB-PDA-COFs/RGO dispersion was drop-cast onto the
surface of the cleaned GCE and allowed to dry under dark
conditions at ambient temperature. For comparison, TAPB-
PDA-COFs/GCE and RGO/GCE were fabricated following the
same protocol, substituting the composite suspension with
dispersions of the respective individual materials.
Electrochemical analyses were performed using a CHI660E
workstation configured in a standard three-electrode system,
consisting of the modified GCE as the working electrode, an Ag/
AgCl reference electrode (3.0 mol per L KCl), and a platinum
wire counter electrode. Cyclic voltammetry (CV) was conducted
at varying scan rates within a potential window of 0 to +1200
mV. Square wave voltammetry (SWV) measurements were
carried out from +400 mV to +1200 mV with a pulse amplitude
of 75 mV and a frequency of 20 Hz. All experiments were per-
formed in 5 mL of ENR solution. Prior to each measurement,
the working electrodes were incubated in the ENR standard
solution for 43 s to facilitate sufficient analyte adsorption.

2.3 Conditional optimization: response surface
methodology

Building on the results of single-factor optimization, a Box-
Behnken Design (BBD) was utilized to refine the experimental
parameters by investigating three variables at three levels. The
selected independent variables included the modification
volume of the composite material (4: X;), the pH of the PBS
solution (B: X,), and the incubation time (C: X3). The peak
oxidation current (i,) of ENR was used as the response variable.
The design matrix, including 17 experimental runs, including
five replicates at the center point to ensure model reliability, is
presented in Table S1. The experimental data were modeled
using a second-order polynomial equation as follows:

Y=00+> 06X+ Zﬁii)(iiz + > BXX;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where Y represents the predicted response (peak current), 8, is
the intercept, 8;, B;; and @ are the coefficients for the linear,
quadratic, and interaction terms, respectively, and X; and X; are
the coded levels of the independent variables.

Analysis of variance (ANOVA) was employed to assess the
statistical significance of the model and its constituent terms.
The significance of each regression coefficient and the inter-
actions among variables was determined based on the associ-
ated P-values. All response surface methodology (RSM) analyses
were conducted using Design-Expert software (version 8.0.6).

2.4 Detection of ENR in actual samples

To evaluate the practical applicability and reliability of the
TAPB-PDA-COFs/RGO-based electrochemical sensor for ENR
quantification in real samples, local tap water was employed as
the test matrix. Samples were diluted with PBS and spiked with
ENR (6 pmol L™, 18 pmol L™}, and 54 umol L™ "). Quantification
was carried out using the standard addition method. For vali-
dation, the same spiked samples were analyzed by high-
performance liquid chromatography (HPLC) following the
Chinese national standard GB 29692-2013. Recovery rates from
both techniques were calculated and compared to assess the
accuracy and reliability of the electrochemical sensing platform.

3 Results and discussion

3.1 Working principle of the proposed electrochemical
sensing platform

The electrochemical sensing platform based on TAPB-PDA-
COFs/RGO was illustrated in Scheme 1. TAPB-PDA-COFs were
synthesized using an ultrasonic method, followed by the
formation of TAPB-PDA-COFs/RGO composites via ultrasonic
blending of RGO and TAPB-PDA-COFs. The resulting TAPB-
PDA-COFs/RGO composite was subsequently drop-cast onto

View Article Online
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GCE to fabricate the TAPB-PDA-COFs/GCE working electrode.
Upon adsorption of ENR onto the TAPB-PDA-COFs, the peak
current was measured using cyclic voltammetry (CV). The
concentration of ENR was then quantified based on the
observed changes in peak current.

3.2 Characterization of the composites

The morphologies of RGO and TAPB-PDA-COFs/RGO compos-
ites were analyzed using TEM. As illustrated in the Fig. 1A and
B, RGO exhibited a wrinkled, thin-layered morphology, which
indicated a high specific surface area. The presence of wrinkles
is a typical structural feature of graphene.** Upon incorporating
RGO into the thin-sheet structure of TAPB-PDA-COFs, the
degree of wrinkling in the TAPB-PDA-COFs/RGO composite

Fig.1 SEM images of (A and B) RGO and (C and D) TAPB-PDA-COFs/
RGO.
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Scheme 1 Schematic diagram of (A) the preparation of TAPB—PDA-CO
sensing platform based on TAPB—PDA-COFs/RGO.
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Fs/RGO composites, and (B) detection of ENR by an electrochemical
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material increased (Fig. 1C and D). This resulted in a material
with an expanded specific surface area, improved pore struc-
ture, and potentially enhanced conductivity.

To investigate the synthesis of TAPB-PDA-COFs/RGO
composites, FTIR spectroscopy was employed to analyze GO,
RGO, and TAPB-PDA-COFs/RGO composites, with the aim of
identifying relevant functional groups and examining the
synthesis process and structural characteristics of the
composites (Fig. 2A and B). The FTIR spectrum of GO revealed
several characteristic functional groups, including aromatic C-
Cbonds at 1620 cm ™, epoxy C-O groups at 1250 cm ™ *, carbonyl
C=O0 groups at 1725 cm ', carboxyl O=C-O groups at 1400
em ', and alkoxy C-O groups at 1066 cm ‘. The broad
absorption band at 3410 cm ™" corresponded to the stretching
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vibration of hydroxyl (-OH) groups. Upon reduction to RGO, the
peaks at 1725 cm™ ', 1400 cm ™', and 1066 cm™ " disappeared,
while the C-O bond (associated with epoxy or alkoxy groups)
remained at 1237 ecm . In the spectrum of TAPB-PDA-COFs,
the characteristic C=N peak appeared at 1622 cm ™+, and a peak
at 821 cm™ " was attributed to the skeletal vibration of the C-C
bond. The FTIR spectrum of the TAPB-PDA-COFs/RGO
composite closely resembled that of RGO, but a new peak
appeared at 821 cm™ ', consistent with the skeletal vibration of
C-C in TAPB-PDA-COFs, indicating the successful fabrication
of the composite. To further analyze the crystal structure of the
materials, XRD patterns were obtained for GO, RGO, TAPB-
PDA-COFs, and TAPB-PDA-COFs/RGO composites (Fig. S1). The
XRD pattern of GO revealed a strong peak at 11.49° and a weaker
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(A) FTIR of GO, RGO and TAPB-PDA-COFs/RGO. (B) FTIR of TAPB—PDA-COFs. (C) Raman of GO, RGO and TAPB-PDA-COFs/RGO. (D) C

1s XPS analysis of TAPB—PDA-COFs/RGO. (E) N, adsorption—desorption isotherm of RGO, TAPB—PDA-COFs, and TAPB-PDA-COFs/RGO. (F)
The pore size distribution of RGO, TAPB-PDA-COFs, and TAPB-PDA-COFs/RGO.
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peak at 43.02°, corresponding to the (001) and (100) crystal
planes, respectively.*® After reduction, the RGO pattern showed
a new peak at 23.01°, corresponding to the (002) crystal plane,
while the peak at 11.49° disappeared. The XRD pattern of the
TAPB-PDA-COFs/RGO composite closely resembles that of
RGO, suggesting that the incorporation of COFs did not
significantly alter the crystalline structure of RGO.

Moreover, Raman spectroscopy of GO, RGO, and TAPB-PDA-
COFs/RGO composites was performed using 532 nm excitation
light to investigate the carbon network and 2D structures of the
materials (Fig. 2C). The D peak and G peak of GO and RGO were
observed at 1348 cm ' and 1594 cm ™', respectively, which
aligned with existing literature.*® The D peak corresponded to
defects within the carbon structure, whereas the G peak was
characteristic of sp> hybridized carbon networks.*” Both the
RGO and TAPB-PDA-COFs/RGO spectra showed a slight
reduction in the intensity of these peaks compared to GO,
a result of the removal of oxygen-containing functional groups
in RGO and the partial restoration of the graphite structure. The
G peak intensity of TAPB-PDA-COFs/RGO is higher than that of
RGO, suggesting an increase in the sp® hybridized carbon
network, which indicated the successful incorporation of COFs
into the composite.”” The D-to-G peak intensity ratio in the
TAPB-PDA-COFs/RGO composite declined from 1.20 in RGO to
1.01, signifying that defects in the material have been partially
repaired and the aromatic structure of graphene has been
partially restored. Additionally, the 2D peak, observed at 2701
cm ! in the Raman spectrum of TAPB-PDA-COFs/RGO, further
confirmed the presence of a multilayer structure in the
synthesized composite.

Building upon the previous analyses, XPS was utilized to
investigate the chemical states of the TAPB-PDA-COFs/RGO
composite and to elucidate the principles underlying its
synthesis. The C 1s peak of TAPB-PDA-COFs/RGO was decon-
voluted into three distinct peaks at binding energies of 284.8 eV,
286 eV, and 287.98 eV, attributed to C-C, C-O, and C=0 bonds,
respectively (Fig. 2D).*® Similarly, the C 1s peak of RGO, upon
separation, also displayed three peaks at 284.8 eV, 286 eV, and
288.1 eV, confirming that the binding energies for C-C, C-O,
and C=0 in RGO align closely with those observed in TAPB-
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PDA-COFs/RGO (Fig. S2A). In contrast, the C 1s peak of TAPB-
PDA-COFs was resolved into two peaks at 284.8 eV and 285.9 eV,
attributed to the C-C and C-O binding energies, respectively.
The highest peak intensities at C-C and C-O for the composite
further support the successful synthesis of TAPB-PDA-COFs/
RGO. Additionally, a weak peak near 291 eV was observed in the
spectra of all three materials, which is attributed to the w-m*
vibrational satellite peak.’” Notably, the peak intensity corre-
lates with the presence of phenyl groups, with the TAPB-PDA-
COFs/RGO composite displaying the highest intensity, thereby
confirming m-7 conjugation between RGO and TAPB-PDA-
COFs within the composite.

The specific surface area and pore size of RGO, TAPB-PDA-
COFs, and their composite were evaluated via N, adsorption—
desorption isotherms at 77 K. As illustrated in Fig. 2E, RGO
exhibited a substantially larger pore volume (0.6943 cm® g™ ")
and BET surface area (404.1 m” g~ '). TAPB-PDA-COFs showed
a pore volume of 0.1589 cm?® g ! and a BET surface area of 54.91
m® g~', whereas the TAPB-PDA-COFs/RGO composite pre-
sented intermediate values of 0.2968 cm® g™ " and 142 m* g™,
respectively. The enhanced surface area of the composite,
primarily attributed to the high specific surface area of RGO,
promoted the accumulation of ENR during detection. Further-
more, the average pore size of RGO was 6.762 nm, while that of
TAPB-PDA-COFs was 3.195 nm. In the TAPB-PDA-COFs/RGO
composite, the average pore size increased to 9.612 nm (Fig. 2F).
This enlargement of the pore size enhances the material's
ability to facilitate electron transfer during electrochemical
reactions, thus improving the sensitivity of ENR detection.

TGA was conducted to assess the thermal stability of RGO,
TAPB-PDA-COFs, and TAPB-PDA-COFs/RGO (Fig. S3). The TGA
results indicated that all three materials exhibited significant
mass loss at temperatures above 400 °C. However, the TAPB-
PDA-COFs/RGO composite demonstrated the lowest mass loss
below 400 °C. This enhanced stability is attributed to the rela-
tively higher stability of RGO. Consequently, when combined
with TAPB-PDA-COFs, the TAPB-PDA-COFs/RGO composite
exhibits superior stability, making it more advantageous for
applications requiring thermal resilience.

=

250 mV s

2 40mvs’

Current (pA)

0.8 1.0 1.2
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(A) CV characterization of different modified electrodes with ENR. (B) CV image of TAPB—PDA-COFs/RGO/GCE at different scan rates.

The inset is a linear graph of redox peak current and the square root of the scan rate.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 45333-45343 | 45337


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07733h

Open Access Article. Published on 19 November 2025. Downloaded on 2/28/2026 2:38:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

3.3 Feasibility verification of the proposed electrochemical
sensing platform

To assess the current enhancement achieved by the TAPB-PDA-
COFs/RGO modified GCE electrode, a comparative experiment
was conducted, wherein the peak currents of various modified
electrodes were compared at the same concentration of ENR. As
illustrated in Fig. 3A and S4, the TAPB-PDA-COFs/RGO/GCE
electrode produced the highest peak current, demonstrating
superior electron-transfer capability of the TAPB-PDA-COFs/
RGO composite. This improvement can be ascribed to the
synergistic integration of the large specific surface area and
high porosity of TAPB-PDA-COFs with the excellent electrical
conductivity of RGO. Moreover, the extended w-conjugated
structures of both TAPB-PDA-COFs and RGO facilitate strong
-1 stacking interactions with the aromatic quinoline and
benzene rings of ENR molecules. In addition, hydrogen
bonding may occur between the imine (C=N) linkages of the
COF framework and the carboxyl (-COOH), carbonyl (C=0),
and fluorine (-F) functional groups of ENR, further enhancing
the adsorption and preconcentration of ENR at the electrode
surface. Furthermore, CV measurements at different scan rates
showed a distinct increase in anodic peak current (i,) with
increasing scan rate (v) (Fig. 3B). The inset of Fig. 3B further
showed a strong linear correlation between the peak current
and the square root of the scan rate (v'/?). The linear regression
equation was i, (MA) = —10.0299 + 2.27250"> (mV s~ )" (R* =
0.977). These findings indicated that the electrochemical reac-
tion of ENR on the TAPB-PDA-COFs/RGO/GCE was diffusion-
controlled, confirming its suitability for ENR detection.

3.4 Optimization of experimental conditions

The conductivity of the TAPB-PDA-COFs/RGO composite is
significantly influenced by the ratio of RGO to TAPB-PDA-COFs,
which in turn affects the peak current generated during the
electrochemical detection of ENR. To optimize the performance
of the TAPB-PDA-COFs/RGO composite, the concentration of
TAPB-PDA-COFs in the TAPB-PDA-COFs/RGO composite was
evaluated. As shown in Fig. S5A, an increase in the concentra-
tion of TAPB-PDA-COFs solution lead to a rapid enhancement
in the peak current for ENR detection. The peak current reaches
its maximum value when the concentration of TAPB-PDA-COFs
solution was 1.0 mg mL ™. However, further increased in the
concentration of TAPB-PDA-COFs result in a significant decline
in peak current. This behavior can be ascribed to the highly
ordered porous architecture of the TAPB-PDA-COFs, which
offers an extensive and accessible surface area conducive to the
enrichment of ENR molecules. Such structural characteristics
facilitate analyte accumulation near the electrode interface and
effectively shorten the diffusion pathway, thereby enhancing
electrochemical response. However, when the concentration of
TAPB-PDA-COFs becomes excessively high, the insulating
nature of the COF framework begins to impede the intrinsic
conductivity of RGO, resulting in a diminished current signal.
To achieve an optimal balance between electrical conductivity
and the structural advantages provided by the COF's porosity
and active sites, a TAPB-PDA-COF concentration of 1.0 mg
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mL ™! was selected for subsequent experiments. Subsequently,
the detection system conditions were optimized. The results
from the single-factor experimental optimization indicated the
optimal parameters were determined as follows: a modification
volume of 4 pL for the TAPB-PDA-COFs/RGO composite, a PBS
buffer pH of 7, and an incubation time of 80 s for the TAPB-
PDA-COFs/RGO/GCE electrode (Fig. S5B-D).

To further assess potential interactions between these
factors, the response surface methodology was employed for
additional optimization after the single-factor conditions were
established. Total 17 runs were carried out according to the
Box-Behnken design (Table S2). The peak current ranged from
12.70 pA to 21.38 pA. The final equations between tested factors
and response were presented as following:

Y = —239.8298 + 4.54854 + 64.277B + 0.60945C + 0.168754B
—0.028194C — 0.013625BC — 0.417314% — 4.67925B2
— 0.0037C>

The results of the variance analysis for the response surface
quadratic model were presented in Table S3. The model
exhibited an F-value of 22.28 with a corresponding P-value
below 0.05, indicating that the model was significant. The R is
0.9663, suggesting the good correlation between the predicted
and observed values. Furthermore, the lack-of-fit test yielded an
F-value of 1.86 and a P-value greater than 0.05, indicating that
the lack of fit is not statistically significant. The model also
demonstrated an adequate signal-to-noise ratio of 11.508, sug-
gesting that the signal was sufficient for reliable interpretation
and predictive analysis.

The 3D response surface plot visually illustrates the inter-
actions among the independent variables on the current
response (Fig. 4). In this model, composite modified volume (4),
pH (B), and incubation time (C) were not significant. The
quadratic terms (4%, B?, and C?) exhibited P-values less than
0.05, suggesting that their effects were significant. Among the
interaction terms, AB and BC were not significant (P > 0.05),
whereas AC was significant (P < 0.05). This indicated a syner-
gistic effect between the composite material modification
volume and the incubation time, which jointly influence the
peak current response. Based on BBD analysis and practical
application considerations, the optimal experimental condi-
tions for ENR detection were determined as follows: composite
material modification volume of 4.0 puL, pH of 7.0, and incu-
bation time of 78 s.

To validate the predictive accuracy of the model, three
replicate experiments were conducted under these optimized
conditions. The average peak current obtained was 20.39 A,
closely aligning with the model's predicted value. This result
confirmed the reliability of the model and the suitability of the
optimized conditions for practical application.

3.5 Detection performance of ENR

Following established experimental procedures, a TAPB-PDA-
COFs/RGO-based electrochemical sensing platform was
employed for the detection of various concentrations of ENR.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The square wave voltammetry (SWV) responsed corresponding
to varying ENR were illustrated in Fig. 5A. The peak current
exhibited a positive correlation with ENR concentration,
showing a gradual increase within the concentration range of
0.01 pmol L™* to 150 umol L™*. Two calibration curves were
established by plotting the peak current versus ENR concen-
tration (Fig. 5B). The corresponding linear regression equations
were: y = 0.504x + 0.6047 for the range of 0.01-8.0 pmol L™ * (R?
= 0.9913), and y = 5.1519x + 0.1293 for the range of 8.0-150
umol L™ " (R* = 0.984), respectively. The limit of detection (LOD)
calculated as 3S/K (S was the standard deviation of 11 blank
measurements and K was the slope of the calibration curve),
was determined to be 0.028 pmol L™ '. Compared to previously
reported methods, the TAPB-PDA-COFs/RGO-based electro-
chemical sensing platform demonstrated an extended linear
range and enhanced sensitivity for ENR detection (Table 1).
Interference resistance is a critical parameter for assessing
the performance of the TAPB-PDA-COFs/RGO-based electro-
chemical sensing platform. To assess the anti-interference
capability, equal concentrations (8 pmol L™ and 100 pmol L)
of ENR, ofloxacin, norfloxacin, ciprofloxacin, and a combined
solution of all four antibiotics (denoted as Mix) were tested. As

© 2025 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. 5C, the sensor exhibited the highest peak currents
for ENR and the mixture, with values that were closely aligned.
In contrast, the peak currents for ciprofloxacin, norfloxacin, and
ofloxacin were significantly lower. These results demonstrated
that the sensor possessed high selectivity for ENR, even in the
presence of structurally similar fluoroquinolone antibiotics,
indicating strong anti-interference performance. The preferen-
tial response to ENR suggested a specific interaction or molec-
ular affinity between the TAPB-PDA-COFs/RGO composite and
ENR molecules. This selective binding likely enhances the effi-
ciency of electron transfer during detection, thereby enabling
accurate and reliable quantification of ENR. However, while the
present study primarily focused on selectivity toward structur-
ally related fluoroquinolones, future work should systematically
evaluate the impact of natural organic matter to provide a more
comprehensive assessment of the sensor's anti-interference
performance in realistic environmental water matrices.

In addition, the stability of the electrode modification
method was systematically evaluated. TAPB-PDA-COFs/AuNPs/
GCE electrodes were fabricated under identical conditions for
the detection of ENR and stored at 4 °C. The peak current on the
first day was used as a reference to calculate the relative current

RSC Adv, 2025, 15, 45333-45343 | 45339
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ENR concentration and current response. The inset is an enlarged view of the calibration curve of the concentration range between 0.01 to 8
umol L™ (n = 3). (C) SWV current responses of TAPB-PDA-COFs/RGO-based sensor in ENR, ciprofloxacin, norfloxacin, ofloxacin, and mixture (n
= 3). (D) The stability of TAPB—PDA-COFs/RGO-based electrochemical sensing platform (n = 3).

Table 1 Comparison of TAPB—PDA-COFs/RGO-based electrochemical sensing platform with other methods for ENR analysis

Materials Signal Linear range (umol L) LOD (umol L) Ref.

Bare GCE Electrochemical 30.0-300.0 31.0 + 4.6 39

CdS@ENR-TPB/CWE Electrochemical 0.1-10000 0.095 40

AuNPs/MWCNT/PDDA-SGGT Electrochemical 0.3-30.0 0.01 41

CoCH-6 h/GCE Electrochemical 0.5-65.0 0.1 42

CeO,NHR/GCE Electrochemical 2.78-33.83 0.01 43

TAPB-PDA-COFs/AuNPs/GCE Electrochemical 0.05-10.0 0.041 24
10.0-120.0

TAPB-PDA-COFs/RGO/GCE Electrochemical 0.01-8.0 0.028 This work
8.0-150.0

responses over a 7 day period. As shown in Fig. 5D, the modified
electrodes retained 89% of their initial response within the first
three days. A gradual decline in current was observed from the
fourth day onward, with the electrodes maintaining 84% of the
original signal by the sixth day. On the seventh day, the current
response decreased more markedly to 75%, indicating that the

45340 | RSC Adv, 2025, 15, 45333-45343

modified electrodes exhibit good short-term stability under
refrigerated storage conditions.

3.6 Detection of real samples

The practical applicability of the TAPB-PDA-COFs/RGO-based
electrochemical sensing platform was evaluated through the
detection of ENR in tap water samples. These samples were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Developed sensing platform HPLC
Sample Added (pmol L™")  Detected (nmol L") Recovery (%)  RSD (%)  Detected (umol L™")  Recovery (%)  RSD (%)
Water sample 0 ND* — — ND* — —
6 5.83 £+ 0.52 97.1 8.9 ND* — e
18 15.14 £ 1.27 84.1 8.4 14.9 + 1.34 82.7 9.0
54 53.81 + 4.49 99.7 8.3 57.23 +4.43 102.2 7.7

“ Not detected.

spiked with three concentrations of ENR (6 pmol L™, 18 pmol
L', and 54 umol L™ ). As presented in Table 2, the TAPB-PDA-
COFs/RGO-based electrochemical sensing platform achieved
recoveries ranging from 84.1% to 99.7%, with relative standard
deviations (RSDs) between 8.3% and 8.9%, demonstrating
satisfactory accuracy and reproducibility. In comparison, the
HPLC method yielded recoveries between 82.7% and 102.2%,
with RSDs ranging from 7.7% to 9.0%. Notably, the HPLC
method was unable to detect ENR at the lowest tested concen-
tration (6 pumol L"), whereas the electrochemical sensor
successfully quantified ENR at this level. These results
demonstrated that the proposed electrochemical sensing plat-
form not only provided comparable or superior recovery rates
relative to the standard HPLC method but also offered advan-
tages in terms of operational simplicity, reduced analysis time,
and enhanced sensitivity for low-concentration ENR detection.
Therefore, the sensor shows significant potential for practical
application in environmental monitoring of antibiotic residues.

4 Conclusion

This work successfully developed a TAPB-PDA-COFs/RGO-
based electrochemical sensing platform for the efficient detec-
tion of ENR in water samples. The composite material synthe-
sized by integrating COF with RGO exhibited excellent
structural and electrochemical characteristics, including
increased surface area and improved analyte accessibility. The
sensor demonstrated a broad linear detection range, a low
detection limit, strong selectivity against interfering antibiotics,
and good stability over time. Moreover, when applied to real tap
water samples, the sensor provided accurate and reproducible
results with recoveries comparable to or exceeding those of
HPLC method, particularly at low ENR concentrations. Overall,
the proposed platform offers a simple, cost-effective, and highly
sensitive alternative for the monitoring of fluoroquinolone
antibiotics in environmental settings, showing great promise
for practical applications in environmental analysis and public
health protection.
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