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MXene-derived potassium titanate nanoribbon-
decorated electrode architecture for the
detection of ciprofloxacin: development of a
multipurpose sensing platform promoting

One Health

Arghya Chakravorty, (2 +° Sudip Das, (2 1% Aarcha Appu Mini, i Shikha Awasthi, 2 °
Sarvesh Kumar Pandey*“ and Vimala Raghavan (2 *°

Recent studies have highlighted the promise of MXene-derived titanate nanoribbons (KTNR) as electrode
materials for electrochemical sensing applications. This work investigates the electrochemical activity of
potassium titanate nanoribbons synthesized from MXene for the development of a voltammetric sensor
for ciprofloxacin detection. The sensor offers a sustainable approach for ciprofloxacin quantification,
addressing critical needs in food safety, environmental monitoring, and healthcare diagnostics, ultimately
contributing to the United Nations’ Sustainable Development Goals by mitigating antimicrobial resistance
and supporting the One Health initiative. To initiate the experiments, the structural, stability/energetics,
and electronic features of two dimer complexes, KTNR/ciprofloxacin and MXene/ciprofloxacin, had been
computationally inspected using two in silico tools, and some important electronic parameters such as
binding energy, HOMO-LUMO gap and dipole moment showed that the former one (KTNRs) was
significantly more sensitive than the MXene with ciprofloxacin. 2D TizC, MXene served as the precursor
for the synthesis of potassium titanate nanoribbons. X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM), high-resolution transmission electron microscopy (HRTEM), selected area
electron diffraction (SAED), elemental mapping, and energy-dispersive X-ray spectroscopy (EDX) techni-
ques were employed to confirm the crystallinity, surface morphology, and layered structure of the synthe-
sized nanoribbons. Atomic force microscopy (AFM), contact angle measurement and surface profilometry
were used to characterize the fabricated electrode surface. The electrochemical and sensing properties
of the materials were further evaluated using cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and electrochemical impedance spectroscopy (EIS). Subsequently, the nanoribbons were deposited
onto a glassy carbon electrode (GCE) surface. The electro-oxidation behaviour of ciprofloxacin was
then investigated using CV, DPV, and square wave voltammetry (SWV) in an optimized 0.1 M phosphate
buffer solution (pH 8). The developed sensor exhibited a remarkable linear detection range of 0.6 uM
(~0.03 pg mL™Y to 147.2 uM (x7.18 pg mL™) for ciprofloxacin. Additionally, the limit of detection (LOD)
achieved was 0.07, 0.0608, and 0.0264 uM for CV, DPV, and SWV, respectively. Notably, the electrodes
demonstrated excellent selectivity towards ciprofloxacin detection in complex matrices, including marine
water, river water, agricultural soil, organic fertilizer, milk, honey, poultry eggs, and simulated body fluids.

1. Introduction

Ciprofloxacin is a double-edged sword. While it is a crucial anti-
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biotic, its overuse and presence in the environment and food
contribute significantly to the global antimicrobial resistance
(AMR) crisis. It is an antibiotic with the ability to inhibit bacterial
DNA gyrase. It is used to treat humans with a variety of bacterial
infections, including urinary tract infections, respiratory tract infec-
tions, skin infections, and certain sexually transmitted diseases.
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It is also evident, that like the other broad-spectrum fluoroquino-
lone group of antibiotics, ciprofloxacin is also predominantly
effective in growth promotion and treating several deadly infections
in animal husbandry, including cattle farms, poultry farms, fish-
eries, and apiculture. However, overuse and misuse of antibiotics
like ciprofloxacin are responsible for the development of (AMR).
The relationship between AMR and ciprofloxacin lies in the
selective pressure exerted by the widespread use of this antibiotic.
When bacteria are exposed to ciprofloxacin, some of them may
possess genetic mutations or acquire resistance genes that enable
them to survive the antibiotic’s effects. Through natural selection,
these resistant bacteria can then proliferate and spread, leading to
the emergence of ciprofloxacin-resistant strains. Ciprofloxacin-
resistant bacteria pose a significant challenge. Infections caused
by them become more difficult to treat, requiring stronger anti-
biotics, alternative therapies, and precision dosing through ther-
apeutic drug monitoring. This can lead to longer hospital stays,
increased healthcare costs, and even higher mortality rates."™

The WHO reports show variations, but ciprofloxacin resis-
tance in bacteria like E. coli and Klebsiella pneumoniae can range
from 4% to 93% across countries.'® This highlights the growing
global problem. Traces of ciprofloxacin can end up in rivers and
marine environments through wastewater. Studies suggest that
even low concentrations of ciprofloxacin in the environment can
promote AMR in E. coli present there. In brief, it can affect the
whole marine and freshwater ecosystem. Through the food
chain, the resistant bacteria and the antibiotic residues enter
the human system, and even animal-based foods like eggs, meat,
milk, and honey also contain ciprofloxacin residues. This further
significantly complicates the same global challenges.*"®

As a diagnostic analytical approach to measuring the concen-
tration of different bio-analytes'’>° and antibiotics,”** specifi-
cally ciprofloxacin, several versatile and efficient analytical tools
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have been developed like ultra-high performance liquid chroma-
tography-mass spectrometry, quadrupole time of flight mass-
spectroscopy, and liquid chromatography-mass spectrometry,
which are recognized as a gold standard tool to measure cipro-
floxacin concentration in food (viz. milk, eggs, meat, fish,
honey), environmental (wastewater, river and marine water,
agricultural soils, organic fertilizers), and biomedical (viz. body
fluids like blood serum, urine) samples.>® Though these tools are
highly reliable, sensitive, and efficient in measuring a wide
concentration range, due to the high expenditure and mainte-
nance these techniques are unable to be installed in resource-
limited settings. In this context, the development of alternative
versatile technologies is highly required to measure ciprofloxa-
cin concentration in various real matrices. Thus, a cost-effective
electrode material has been reported (as shown in Scheme 1) by
using MXene-derived potassium titanate nanoribbons. Here, the
electro-catalysis of ciprofloxacin has been demonstrated as a
fundamental mechanistic approach.

In our study, we have already explored the potential of novel
nanoribbons derived from MXene (titanium carbide) as an
electrochemical sensing platform to provide food safety. These
nanoribbons like 2D MXene® possess several unique characteristics
that make them ideal for this application. Firstly, they possess
an intrinsic ability to amplify signals within the material itself,
eliminating the need for separate amplifiers. They exhibit
exceptional stability over time, ensuring reliable performance,
and demonstrate high sensitivity toward analytes crucial for
food safety, as reported by Mini and Raghavan (2024).”® The
specific structure of these nanoribbons, with their layered
morphology and abundant hydroxyl groups on the surface,
provides a large surface area, making them well-suited for
ciprofloxacin detection. In addition to that, the presence of
polar bonds in ciprofloxacin is due to the electronegativity
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Scheme 1 Schematic illustration of the KTNR fabricated multi-purpose electrochemical sensor for ciprofloxacin detection.
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difference between the atoms involved in its chemical structure.
Here, the presence of polar bonds leads to an uneven distribution
of electron density within the molecule, resulting in regions of
partial positive and partial negative charge. This polarity allows
ciprofloxacin to interact with other polar molecules or ions, which
is important for its mechanism of action as an antibiotic and for
its solubility in aqueous environments, as well as facilitating its
electrocatalytic behaviour."?*® Interestingly, our research
shows that ciprofloxacin, a molecule with polarity, triggers a
decrease in the resistance of these nanoribbons during the
catalytic events. This finding contributes to a deeper under-
standing of electrochemical sensing mechanisms that exploit
proton conduction. Our work highlights the promise of this
electrocatalytic approach for achieving ultra-low limits of cipro-
floxacin detection with exceptional selectivity even in different
real and complex matrices. These are again related to ciproflox-
acin sensing for food and environmental safety along with
biomedical purposes like therapeutic drug monitoring (TDM).

2. Experimental section

2.1. Computational methodology

Computational tools have an imperative role in understanding
and unraveling the quantum (atomic and molecular) level
features. Due to the large size of both dimer complexes (KTNR-
ciprofloxacin and MXene-ciprofloxacin) consisting of a large
number of heavy metals (like K and Ti in the KTNR and Ti in
the MXene), the calculations demanded high computational
costs. The optimization and frequency calculations have been
executed using the semiempirical approach; however, an ab initio,
Hartree-Fock (HF) functional and 6-31G basis set have been used
for single point calculations for the F, O, N, C, N, H, and K atoms
and SDD for the Ti (transition metal) atom. Thus, by keeping the
experimental facets, this report discusses some important geo-
metry, energetic/stability, and electronic parameters using mole-
cular modelling and electronic feature analyses in the framework
of semiempirical and ab initio modeling approaches. All quantum
chemical calculations have been executed using the immensely
used Gaussian 09 electronic structure calculations package.*”

2.2. Reagents and equipment

Ciprofloxacin (>99.0%; pharmaceutical secondary standard),
enrofloxacin (>99.0%), norfloxacin (>98%, TLC), ofloxacin
(>98%; Pharmaceutical Secondary Standard), Nafion, uric acid
(=99%, crystalline), urea (99.0-100.5%, ACS reagent), dopa-
mine hydrochloride (>98%; Pharmaceutical Secondary Stan-
dard), diclofenac sodium (>98%; Pharmaceutical Secondary
Standard), p-glucose (>99.5% - GC, BioXtra), 48% hydrofluoric
acid (>99.99% trace metals basis), titanium aluminium car-
bide MAX phase (910775; >90%, <40 pm particle size), and
ascorbic acid (>98%; Pharmaceutical Secondary Standard)
were purchased from Sigma Aldrich, India. Other supporting
reagents were procured from SD Fine Chemicals, Mumbai,
India; Avra Synthesis Pvt. Ltd, India. All the chemicals were
used without any further purification. 0.1 M NaH,PO, and
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0.1 M Na,HPO, were used to prepare a phosphate buffer
solution with the required pH.

Powder X-ray diffraction (XRD) (Bruker D8 Advance, Panaly-
tical X Pert3, Germany, Netherlands), field emission scanning
electron microscopy (FE-SEM), and energy-dispersive X-ray analysis
(EDAX) (Thermo Fisher, FEI QUANTA 250 FEG), high-resolution
transmission electron microscope (HR-TEM) and selected area
electron diffraction (SAED) (FEI - TECNAI, G2-20 TWIN - Operating
voltage 200 kV) have been used to characterize materials and
provided the high-resolution images of the internal structures of
the active electrode material, including details of its crystal lattice,
atomic arrangements, and defects down to the atomic level. The
CHI 660C electrochemical workstation has been used for all
electrochemical measurements including cyclic voltammetry (CV),
differential pulse voltammetry (DPV), square wave voltammetry
(SWV), and electrochemical impedance spectroscopy (EIS).
The fabricated electrode surfaces were characterized by an atomic
force microscope (Nanosurf AFM, Nanosurf, Switzerland), surface
profilometer (Marsurf XR20, Mahr), and wettability test (contact
angle metre HO-IAD-CAM-01A, HOLMARC). Throughout the
experiments, 0.3 um alumina slurty was used to polish the active
surface of a glassy carbon electrode (GCE) for use as a working
electrode, while Ag/AgCl (3 M KCI) and platinum wire performed as
a reference and counter electrode in a three-electrode system.

2.3. Synthesis of MXene and MXene-derived potassium
titanate nanoribbons (KTNRs)

MXene was synthesized by the priorly optimized HF etching of
the MAX phase and delaminated by DMSO0.***° Potassium
titanate nanoribbons (KTNRs) were synthesized via a well-
established methodology employing MXene as the precursor.*’
In the initial stage, 100 mg of MXene was incorporated into a
mixture composed of 30 mL of 1 M KOH solution and 0.68 mL of
30% H,0,. This resultant mixture was subsequently transferred
to a 50 mL Teflon-lined stainless-steel autoclave. The autoclave
underwent hydrothermal treatment at 150 °C for a duration of
16 hours, facilitating the transformation of MXene into KTNRs.
Following natural cooling of the autoclave to ambient tempera-
ture, the uppermost layer, containing a white suspension, was
isolated using vacuum filtration. The obtained KTNR sample was
then subjected to rigorous washing with deionized (DI) water
and ethanol to eliminate any residual byproducts from the
reaction. Finally, the purified KTNRs were desiccated in an oven
at 60 °C for 12 hours to remove any remaining solvent
molecules.”®*"*>

2.4. Preparation of complex matrices

The performance of the fabricated KTNR electrochemical sen-
sor was evaluated in various real-world matrices with clinical
significance for trace ciprofloxacin detection. These matrices
included simulated body fluid (SBF) to mimic physiological
conditions and animal-derived food samples (honey, milk, and
eggs) obtained from local markets in Kerala and Tamil Nadu,
India. Environmental water samples were also tested, encom-
passing river water (Ganga) and marine water (Bay of Bengal)
collected from West Bengal, India. Additionally, agricultural

© 2025 The Author(s). Published by the Royal Society of Chemistry
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soil and organic fertilizer were analyzed, and sourced from
local agricultural fields and farms in Vellore, India.

A standardized sample preparation procedure was employed
for food and environmental samples. Briefly, samples were homo-
genized and filtered using a 0.22 pm nylon filter. Subsequently,
they underwent a 10-fold dilution with phosphate buffer (pH 8)
before being spiked with ciprofloxacin to achieve a concentration
(including 15 uM). For agricultural samples, 1 g of the solid
material was ultrasonicated in 10 mL of deionized (DI) water,
followed by centrifugation at 3000 rpm for 10 minutes. The
resulting supernatant was collected, filtered with a 0.22 um nylon
filter, diluted 10-fold with phosphate buffer (pH 8), and spiked
with ciprofloxacin to reach a final concentration of 15 pM.

3. Results and discussion

3.1. Computational studies

Comprehensive computational studies on the structural, stability/
energetic, and electronic features of a variety of molecular systems
can be viewed in the reports along with biomaterials.**** All
optimized structures (monomer constituents and dimer com-
plexes) are shown in Fig. 1. Here in this report, a few chosen
structural/geometrical parameters (particularly, the bond distance
between the atoms of two interacting monomer constituents)
have been calculated for both dimer complexes (KTNR/ciproflox-
acin and MXene/ciprofloxacin) which are shown in Fig. 1. Having
a look into the first case as the KTNR/ciprofloxacin dimer
complex, a total of five nonbonding interactions between two
components (KTNR and ciprofloxacin) were shown in the dotted
line. The bond lengths of the two K- - -N (3.040 A and 2.919 A) and
three weak C-H---O (2.120 A, 2.162 A, and 2.489 A) H-bonding
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interactions involved in the KTNR/ciprofloxacin dimer complex
can be seen in Fig. 1. However, only two metal-nonmetal inter-
actions (Ti---O) could be discerned for the MXene-ciprofloxacin
dimer complex whose bond lengths are 2.029 A and 2.189 A. The
structural parameters appeared to indicate that the former one
(KTNR/ciprofloxacin) could be structurally more favorable than
the latter one (MXene/ciprofloxacin).

In order to inspect the sensitivity/binding feature (also,
linked to the structural features) of both dimer complexes
(KTNR-ciprofloxacin and MXene-ciprofloxacin), the binding
energies (BEs) were analyzed, which can be seen in Table 1.*°
The semiempirical approach (PM6) showed that the BE of the
KTNR-ciprofloxacin complex (254.6 kcal mol ") was found to be
five times greater than that of the MXene-ciprofloxacin complex
(=50.6 kcal mol™'). Very importantly and notably, the HF/
6-31G method also showed that the BE of the former one
(—501.8 keal mol ") was found to be 5.4 times stronger than that
of the latter one (—92.7 kcal mol™'). Such BE-based findings
clearly demonstrated that the KTNRs were more sensitive than the
MXene with ciprofloxacin, which also supports the experiment-
based outcomes in the later part of the research.

Moreover, as the Frontier molecular orbitals (FMOs), like
highest occupied molecular (HOMO) and lowest unoccupied
molecular orbital (LUMO), and the associated HOMO-LUMO
energy gap (Egap) are useful diagnostics of showing the sensi-
tivity/reactivity features, such parameters (HOMO, LUMO, and
Egap) were probed. A system having low Eg,p value showed that
the system was more sensitive/chemically reactive. The Eggp, of
both the KTNR-ciprofloxacin and MXene-ciprofloxacin com-
plexes was detected as 4.87 eV and 5.568 €V, respectively, which
further validated that the former one was more sensitive than
the latter one. Interestingly, a system consisting of a large

) i‘&z%

Mxene

KTNR-Ciprofloxacin

MXene-Ciprofloxacin

Fig. 1 Optimized structures of the monomer constituents (ciprofloxacin, KTNR, and MXene) and dimer complexes (KTNR-ciprofloxacin and MXene-

ciprofloxacin).
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Table 1 Some important and chosen electronic parameters of the KTNR-ciprofloxacin and MXene-ciprofloxacin dimer complexes

System KTNR-ciprofloxacin MXene-ciprofloxacin
BE (PM6) —254.6 keal mol ™! —50.6 kecal mol ™"
BE [HF (SP)/6-31G] —501.8 keal mol™* —92.7 keal mol ™"
HOMO —5.480 —5.818

LUMO —0.610 0.250

EGap 4.87 5.568

Dipole moment 32.1 23.8

Natural charge (e) KTNR (0.023¢) and ciprofloxacin

dipole moment (DM) indicated it’s more sensitivity/chemical
reactivity. Here, in this report the DMs of the KTNR- and
MXene-based complexes were computed as 32.1 Debye (D)
and 23.8 D which also assured the more sensitivity of the
former one. Additionally, the natural charges on each mono-
mer constituent of both dimer complexes were examined and it
was found that the ciprofloxacin consisted of negative charge
(—0.023¢) and KTNRs had a positive charge (+0.023¢). A similar
trend can be viewed in the case of the MXene-ciprofloxacin
complex where a significant large charge difference (MXene:
+0.415e and ciprofloxacin: —0.415¢) was found therein. Such
findings illustrate that the charge transfer (CT) took place from
KTNR/MXene to the ciprofloxacin component.

Finally, the FMOs such as HOMO, LUMO, and single-
occupied molecular orbital (SOMO) have had a significant role
in the electronic transition phenomenon.*® The HOMO of the
KTNR-ciprofloxacin complex was distributed over only some of
the Ti-metals of the KTNR component whereas importantly, a
SOMO appeared to be located near a single K-metal atom. Very
interestingly, the HOMO of the MXene-ciprofloxacin was spread
over the some of the Ti-C bonds while the LUMOs were

®
LUMO

®
-0.610 eV

4.870 eV
-5.480 eV

HOMO

5.818 eV |

(—0.023¢) MXene (0.415e) and ciprofloxacin (—0.415e)

revealed to be distributed over the C-atoms of two benzene
rings, which demonstrated a © to n* transition.

3.2. XRD analysis

The XRD pattern in the image is consistent with the conversion
of Ti;AlC, MAX phase to Ti;C,T, MXene followed by conversion
to KTNRs (Fig. 3(A)). The presence of a high-intensity peak of
the precursor TizAlC, MAX phase at an angle of 20 = 38.9° at
(104) signifies elemental Al. After being etched with HF, the
layers become more separated and the (104) peak disappears,
which denotes the removal of Al. The diffraction peaks at (002),
and (004) were assigned for Ti;C,T, MXene. This increases the
d-spacing of the (002) peak, which can be observed as a shift of
the peak to a lower angle in the XRD pattern.*” The successful
synthesis of delaminated MXene was followed by the hydro-
thermal synthesis of KTNRs.

To comprehend the structure in detail, K,Ti Oy crystallizes
in the monoclinic C2/m space group.*® There are two inequi-
valent K'* sites. In the first K** site, K'" is bonded in an
8-coordinate geometry to eight O~ atoms. There is a spread
of K-O bond distances ranging from 2.78-3.01 A. In the second

UMO

-0.250 eV

HOMO

Fig. 2 The three-dimensional (3D) HOMO-LUMO isosurface maps of the dimer complexes (left: KTNR-ciprofloxacin and right: MXene-ciprofloxacin)

(bottom: HOMO and top: LUMO).
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K'" site, K'" is bonded in a 6-coordinate geometry to six 0>~
atoms. There is a spread of K-O bond distances ranging from
2.68-3.08 A. There are four inequivalent Ti** sites. In the first
Ti*" site, Ti*" is bonded in a 6-coordinate geometry to six 0>~
atoms. There are a spread of Ti-O bond distances ranging from
1.76-2.27 A. In the second Ti*' site, Ti*" is bonded to six 0>~
atoms to form a mixture of distorted corner and edge-sharing
TiOe octahedra. The corner-sharing octahedral tilt angles are
32°. There is a spread of Ti-O bond distances ranging from
1.77-2.22 A. In the third Ti*" site, Ti** is bonded in a 6-
coordinate geometry to six O>~ atoms. There is a spread of
Ti-O bond distances ranging from 1.73-2.35 A. In the fourth
Ti** site, Ti** is bonded to six O®>~ atoms to form a mixture of
distorted corner and edge-sharing TiOg octahedra. The corner-
sharing octahedral tilt angles are 30°. There is a spread of Ti-O
bond distances ranging from 1.79-2.19 A. There are nine
inequivalent O®>~ sites. In the first O~ site, O~ is bonded in
a distorted rectangular see-saw-like geometry to two equivalent
K'" and two Ti*" atoms. In the second O*~ site, 0>~ is bonded

KTNR

(202)
(110)

‘» (020)

002)

MXene

MAX Phase

Intensity (A.U.)

(104)

10020 30 40 50 60 70 80 9
Diffraction Angle (260)

Fig. 3
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in a distorted single-bond geometry to six K'* and one Ti*"
atom. In the third O*>~ site, 0>~ is bonded to two equivalent K**
and two Ti** atoms to form distorted OK,Ti, tetrahedra that
share corners with two equivalent OK,Ti, tetrahedra, corners
with five OTi, trigonal pyramids, and an edge-edge with one
OTi, trigonal pyramid. In the fourth O~ site, 0>~ is bonded in
a distorted rectangular see-saw-like geometry to two equivalent
K'" and two Ti'" atoms. In the fifth O*>~ site, 0>~ is bonded in a
distorted linear geometry to two equivalent K** and two Ti**
atoms. In the sixth O®~ site, 0> is bonded in a 4-coordinate
geometry to four Ti*" atoms. In the seventh O~ site, O~ is
bonded to four Ti*" atoms to form distorted OTi, trigonal
pyramids that share corners with three equivalents OK,Ti,
tetrahedra, corners with three OTi, trigonal pyramids, and
edges with two equivalent OTi, trigonal pyramids. In the eighth
0" site, 0> is bonded in a 3-coordinate geometry to three Ti**
atoms. In the ninth O*~ site, 0>~ is bonded to four Ti*" atoms
to form distorted OTi, trigonal pyramids that share corners
with two equivalents OK,Ti, tetrahedra, corners with three OTi,

Ti

1pm 1pm

1pm

. Map Sum Spectrum
Wtk o
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398 08
153 03
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Powered by Tru-Q®

(A) XRD analysis of the KTNR, MXene and, MAX phase in the range of (20) 5-90°; FE-SEM images of (B) MXene, and (C) KTNRs; elemental mapping

of (D) all elemental compositions together in the KTNRs; atomic distribution of (D1) titanium, (D2) potassium, (D3) oxygen, and (D4) carbon in a selected
section of the matrix of the KTNRs; (E) EDAX spectrum of elements of K:Ti:O:C; HR-TEM of the KTNRs at (F) 100 nm, (G) 50 nm and, (H) 5 nm scales
showing different lattices including the multiring SAED pattern (1) to confirm its polycrystallinity.
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trigonal pyramids, an edge-edge with one OK,Ti, tetrahedra,
and edges with four OTi, trigonal pyramids.

The XRD also suggested a monoclinic phase indexing having
a Bravais lattice space group C2/m. The unit cell had para-
meters a = 18.25 A, b = 3.791 A, ¢ = 12.01 A, § = 106.4 A, and
volume A®. The diffraction angles with corresponding % k I
values and d-spacing were calculated as (2 0 2), 20 = 20.696, d =
4.2882 nm; (1 1 0), 20 = 23.997, d = 3.705 nm; (0 2 0), 20 =
47.953, d = 1.8955 nm. There are also some unidentified peaks
present in the XRD pattern, which could be due to impurities
or minor phases in the sample. It was evident that MXene
had been successfully converted to KTNRs after undergoing
oxidation and alkalization®® considering that the measured
peak positions and intensities are consistent with those of
JCPDS No. 32-0861 for K,Ti,Oy (KTNRS).

3.3. FESEM, EDAX, and mapping analysis

The surface morphology of the materials was confirmed using
FESEM performed for Ti;C,T, MXene which clearly showed
stacking between the multi-layered structure (Fig. 3(B)).** The
width of ultrafine layers corresponded to a range varying from
6.76 nm to 12.62 nm. The inter-spacing between the layers
ranged from 20 nm to 550. The FESEM images of the KTNRs
depicted a distinct webbed-like complex network of nanoribbons
having high surface area and porosity (Fig. 3(C)). The width/
diameter of the nanoribbons ranged from 9.7 nm to 16.4 nm
indicating the uniform morphology. Furthermore, the EDAX and
mapping were done to obtain the atomic weight distribution
(Wt%) of K, Ti, and O relating to 41.5%, 39.8% and 15.3%,
respectively, throughout the matrix correlating to the successful
synthesis of KTNRs. The uniform abundance of all procured
elements K, Ti, and O (Fig. 3(D and E)) makes it a perfect
candidate to achieve enhanced electrocatalytic activity of the
nanocomposite, especially due to the notable presence of bime-
tallic potassium and titanium in the matrix. The presence of
carbon (3.4 wt%) as recorded in EDAX was observed probably
due to some incomplete alkalization of the precursor MXene.

3.4. HRTEM and SAED pattern analysis

HRTEM images further revealed the structural evolution from
MXene nanosheets to KTNR nanoribbons. Due to the simulta-
neous oxidation and alkalization processes, the KTNRs were
assumed to have a diameter of around 10 nm (Fig. 3(F-H)).
As shown in Figure, HRTEM images validated the ultrafine
widths as low as ~2.3 nm and ultrathin thickness of ~1.6 nm,
while the lattice spacings averaged at 0.745 nm. The width or
thickness is comparatively less than that of the precursor Ti;C,
MXene, thereby demonstrating the advantages of the morpho-
logical advancement in the nano-scale. Also, the HR-TEM
results suggest that the KTNR exists in single or few layers,
which is practically impossible to achieve in MXene. In a
polycrystalline material having monoclinic phase, the electrons
will diffract at a range of angles, producing rings on the SAED
pattern. KTNR also showed a multiring SAED pattern that
confirmed the polycrystalline nanostructures with distinct
phases (Fig. 2(I)).
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3.5. Surface optical profilometry, AFM, and contact angles

Fig. 4(A1 and A2) show a line profile obtained from surface
profilometry, likely representing the height variations along a
specific line on the GCE surface. The provided data likely
corresponded to specific roughness parameters measured by the
profilometer. The roughness of the surface can influence the
performance of the electrode in electrochemical applications. A
moderately rough surface can provide more active sites for reac-
tions compared to a flat surface. The both MXene (41 319.6231 nm)
and KTNR (41249.6805 nm) showed similar R values, indicating
comparable overall roughness across the measured profiles. MXene
(44811.3649 nm) has a higher M value compared to KTNR
(43 641.228 um). A higher M value signifies more prominent height
variations throughout the profile. Both materials likely introduce
roughness, potentially increasing the surface area for improved
sensor performance. MXene might have had a surface with sharper
peaks and valleys compared to the KTNRs, based on the higher
M value. The width values (around 0.89 pm for both) might
represent the width measured at a specific height threshold and
may not reflect the actual width of the MXene sheets or the average
width of the KTNR nanoribbons. The position values (around
1.56 pm for both) corresponded to the location where the ASH
(average surface height) was measured. MXene (3491.74 nm) has a
higher ASH compared to the KINRs (2391.91 nm). This suggested
that the MXene layer sits higher on average relative to the reference
plane compared to the potassium titanate nanoribbons. Increased
surface roughness and higher ASH could be beneficial for electro-
chemical sensors by providing more sites for analyte molecules to
adsorb. This could potentially improve the sensitivity of the sensor.
However, the optimal surface characteristics depend on the specific
target analyte and the desired electrochemical process. Both MXene
and KTNR appeared to introduce roughness to the GCE surface,
which could be advantageous for sensor applications. MXene
might offer a slightly higher surface area due to its roughness
characteristics and higher average surface height. However, further
analysis and testing are necessary to determine how these surface
properties translate to sensor performance for specific target
molecules. However, excessively rough surfaces can hinder electron
transfer kinetics.

To consider AFM, both MXene and the KTNRs had an
image size of 2 pm, indicating the area scanned by the AFM
tip (Fig. 4(B1 and B2)). This allowed for a direct comparison
of the surface features within this defined area. The area
(4.031 pm?) was identical for both samples as it represents
the total analysed surface area by the AFM, which was likely the
same for both measurements. The surface topography para-
meters ie., Sa (surface area) for MXene (73.43 nm) had a
significantly higher Sa compared to potassium titanate nano-
ribbons (30.255 nm). This suggested a much larger projected
surface area for MXene within the scanned area. This might be
due to the inherent roughness of multi-layered MXene sheets
compared to the smoother surface of individual few-layered
KTNR nanoribbons. MXene (108.56 nm) also had a higher
Sq (root mean square roughness) value compared to the
KTNRs (42.233 nm). This confirmed that the MXene surface
exhibited more significant height variations, indicating a
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(B2) KTNRs; contact angle of 0.1 M phosphate buffer on the surface of the (C1) MXene and (C2) KTNR fabricated GCE; (C3) bar graph comparing

parameters for contact angle analysis.

rougher topography. A much higher Sy (skewness) value for
MXene (1057.6 nm) was compared to the KTNRs (332.57 nm).
Both values were positive, suggesting surfaces with more fre-
quent peaks than valleys. However, the significantly higher
value for MXene indicated a much stronger tendency towards
a peak-dominated surface profile. MXene (436.12 nm) also had
a higher Sp (peak area fraction) value compared to potassium
titanate nanoribbons (181.4 nm). This aligned with the other
parameters and suggested that the MXene surface has a larger
portion covered by peaks compared to valleys. Both Sv (valley
area fraction) values were negative, which might be an artifact
as discussed previously. However, the absolute value of Sv was
much higher for potassium titanate nanoribbons (—151.17 nm)
compared to MXene (—621.52 nm). It might also suggest that a

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

slightly higher portion of the scanned area for the potassium
titanate nanoribbons was covered by valleys compared to
MXene. The Sm (mean height) values were negative, indicating
that the surfaces were lower than the reference plane on
average. However, the MXene surface has a slightly more
negative Sm value (—10.028 pm) compared to potassium tita-
nate nanoribbons (—10.015 pm). The AFM data suggested a
clear difference in surface topography between MXene and
potassium titanate nanoribbons. MXene exhibited a signifi-
cantly rougher surface with larger height variations, a stronger
tendency for peaks, and a larger portion of the surface covered
by peaks. In contrast, the potassium titanate nanoribbons
appeared to have a smoother surface with less pronounced
height variations and a more balanced distribution of peaks
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and valleys (considering the uncertainty with Sv). The rougher
surface of MXene, characterized by its higher Sa, Sq, Sy, and Sp
values, could potentially offer a higher surface area for improved
performance in electrochemical sensor applications. This
increased surface area can provide more active sites for analyte
molecules to adsorb, leading to potentially higher sensitivity.
However, considering thin film formation, the higher surface
roughness of the MXene film suggested a potentially larger
effective surface area for applications like catalysis or electro-
chemical sensing. However, it might also hinder electron trans-
port in electronic devices. The flatter and smoother potassium
titanate nanoribbon film might offer less surface area but could
potentially allow for more efficient electron transfer across the
electrode surface. Further analysis and testing are necessary to
determine how these surface properties translate to sensor
performance for specific applications.

The provided Fig. 4(C1 and C2) presented the contact angles
measured between a drop of 0.1 M phosphate buffer electrolyte
and the surface of the MXene and KTNR fabricated GCE. The
average contact angle for MXene (122.39°) indicated a hydro-
phobic surface whereas the average contact angle of KTNR
(63.82°) suggested a hydrophilic surface. Generally, a moder-
ately hydrophilic surface was preferred for electrochemical
sensors. This allows for good wettability by the electrolyte
solution while maintaining some degree of control over the
adsorption/desorption processes of analyte molecules at the
electrode surface. A low contact angle like that of KTNRs
indicates good wettability, meaning the electrolyte can easily
penetrate the electrode pores and reach the active material.
This is essential for efficient ion transport and redox reactions.
Proper wetting ensures good contact between the electrolyte
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and the electrode surface, facilitating fast charge transfer and
improving the overall kinetics of the electrochemical process.
Highly hydrophobic surfaces can hinder electrolyte interaction and
limit sensor performance. Highly hydrophilic surfaces might allow
for excessive non-specific adsorption of molecules from the elec-
trolyte, leading to background noise and decreased sensor
sensitivity.>® Based on the contact angle data, KTNRs with a more
hydrophilic surface (average angle of 63.82°) appeared to be a
better candidate for an electrochemical sensor compared to
MXene (average angle of 122.39°). A bar graph is provided to
represent the parameters owing to the calculation of contact angle
(Fig. 4(C3)). The surface roughness could influence the effective
contact angle. Rougher surfaces could exhibit higher contact
angles even for hydrophilic materials like MXene in this case.
The specific target analyte and the desired electrochemical process
could also play a role in determining the optimal surface wett-
ability. Other factors like surface chemistry and charge distribution
could also influence the interaction between the electrode surface
and the analyte/electrolyte. While the contact angle data suggested
that KTNRs might be more favourable due to their hydrophilicity,
further testing with the target analyte and optimization of the
electrode surface properties would be necessary to achieve the best
performance for a specific electrochemical sensing application.

3.6. Material characterizations and electrochemical
techniques

3.6.1. Stability study for MAX phase, MXene, and KTNR
fabricated GCEs. An experiment was performed to compare the
stability of MAX phase, MXene and KTNR electrodes for 5 mM
K;[Fe(CN),] oxidation in 0.1 M KCl solution over multiple CV
cycles (10 and 100 cycles) (Fig. 5(A1 and A2), (B1 and B2) and
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Fig. 5 Stability study of (Al) and (A2) MAX phase/GCE, (B1) and (B2) MXene/GCE and KTNRs and (C1) and (C2) employing 10—-200 cycles in 5 mM
Kz[Fe(CN)gl; (D) error bar graph showing peak currents against 10 and 100 cycles for MAX phase, MXene and KTNRs.

2098 | Mater. Adv, 2025, 6, 2090-2109

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01245c

Open Access Article. Published on 24 February 2025. Downloaded on 1/14/2026 4:07:30 PM.

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

(cc)

Paper

(C1 and C2)).>' The current values and their standard devia-
tions were provided for each electrode at different cycle num-
bers. All electrodes fabricated with MAX phase, MXene, and
KTNRs showed a decreasing trend in current with increasing
cycle number. For MAX phase, MXene, and KTNRs, the current
value starts at 1.27 pA, 5.44 pA, and 5.51 pA in 10 cycles and
decreases to 1.15 pA, 4.24 pA and 4.37 pA at 100 cycles. This
suggests a loss of electrocatalytic activity for the KTNRs over
time. The MAX phase and MXene fabricated electrodes showed
a huge drop in current with consecutive cycles, but the change
in current at the oxidation peak is less pronounced when
compared to KTNRs, which showed a broad error bar. The
standard deviations for both electrodes are relatively small
compared to the current values, indicating good reproducibility
of the measurements. The alternate increase and decrease in
current density suggested a loss of electrocatalytic activity over
time, which could be due to several factors. The MAX phase,
MXene or KTNR nanostructures could be degrading during the
cycling process, which could be due to the electrochemical
breakdown of the materials or the dissolution of metal ions
from the electrode.®® The surface of the electrodes could be
fouled by reaction products or other impurities in the
electrolyte.”® This would block the active sites on the electrode
and hinder electron transfer. Lastly, the electrode-electrolyte
interface could be weakened over time. This would lead to an
increase in resistance and a decrease in current density. The
stability of KTNRs can be compared to the MXene and MAX
phase by comparing the decrease in current density for both
materials over the same number of cycles. A smaller decrease
in current density for the KTNRs indicated better stability.
However, if the anodic peak currents of KITNRs and MXene
are to be compared, the KTNRs show much more significant
current 4-5 folds greater than that of MXene and MAX phase
fabricated electrodes over multiple cycles (Fig. 5(D)). The catho-
dic current represents the reduction process. The cathodic current
was observed to be higher for KTNRs in both the 10-cycle and
100-cycle tests. The potential range for all three materials was
similar, suggesting that the differences in current are not due
to a wider electrochemical window for the KTNRs. The possi-
bilities, owing to large cathodic current, might be related to the
KTNRs, being nanoribbons, likely possessing a higher surface
area compared to the MXene and MAX phase fabricated GCE.
A larger surface area is ought to provide more active sites
for electrochemical reactions, leading to increased current.
The potassium ions in the KTNRs may interact with the redox
species (Fe(CN)¢’7) in the electrolyte, leading to a synergistic
effect that enhances the reduction process. The unique struc-
ture of the KTNRs might have facilitated faster charge transfer
during the reduction process, which could be due to efficient
ion diffusion within the nanoribbons or other factors related to
their crystal structure. Hence, the KTNRs exhibited better
electrochemical stability, especially over multiple cycles. This
would mean that the material could maintain the active sites
and charge transfer capabilities, resulting in sustained high
cathodic current even after repeated cycling.>*>> Also the broad
window of MAX phase and MXene suggested them to be energy
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storage materials, while KTNRs exhibit a much better catalytic
property as an electrode material.

3.6.2. Understanding the properties of electrode materials
using various electrochemical techniques. The intricate properties
of all electrode materials were subjected to electrochemical tech-
niques such as CV, DPV, and EIS in 5 mM K;[Fe(CN),] containing
0.1 M KCl. The electrocatalytic properties of the KTNRs, MXene,
and MAX phase were studied through CV and DPV. The CV
and DPV voltammograms suggest that the KTNR-fabricated
GCE exhibited the highest electron transfer compared to MXene
and MAX phase fabricated GCEs. The CV graph (Fig. 6(A)) was
observed to have a sharp peak of KTNRs having an I, almost
4 times the anodic peak current (I, = 3.96 pA), which demon-
strated faster reaction kinetics, while the MXene and MAX phase
having I,, = 0.69 pA and 0.38 pA, respectively, had much broader
peaks, indicating a slower reaction. It was also confirmed by DPV
(Fig. 6(B)) where a high peak current in the KTNR (I, = 1.15 pA)
curve was observed compared to MXene (I, = 0.98 pA) and MAX
phase (I, = 0.46 pA) indicating greater electrode activity for the
redox reaction of K;[Fe(CN)g]. A more positive peak potential for
KTNRSs (Ej, = 0.39 V) signified a lower overpotential, meaning that
the electrode requires less or optimal energy to drive the reduction
reaction compared to MXene (Ep, = 0.43 V) and MAX phase
(Epy = 0.16).>° The effective surface area by KTNRs, MXene and
MAX phase fabricated electrodes were calculated to be 3.47 x
1078 em? s7%, 1.054 x 1072 em? s~ ' and 3.196 x 107 cm? 57,
respectively. By considering all parameters, the MXene and
MAX phase as electrode materials ought to be better as energy
storage materials, while the KITNRs showed better electro-catalytic
performance.

The EIS Nyquist plots for the KTNR fabricated GCE show a
lower impedance compared to its precursors MXene and MAX
phase. This indicates that the KTNR electrode has a higher
ability to transfer charge at the electrode—-electrolyte interface.
In other words, it has better electrocatalytic activity.”” In the
Nyquist plot, the imaginary impedance (Z") is plotted on the y-
axis and the real impedance (Z') is plotted on the x-axis (Fig. 6(C)).
The equivalent circuit model simplified KTNR electrode-electro-
Iyte interface and the fitting method used was Randomize +
Simplex while the parameters were the values of the components
in the equivalent circuit (R, + Q1/(R, + Co/(Rs + C3/(Ry + W) +
Cs/Rs) that best match the experimental EIS data. The R; = 2.028 Q
or the solution resistance (R;) represented the resistance of the
electrolyte solution between the working and reference electrodes.
A lower Ry suggests a more conductive electrolyte solution. The
R, =195 Q and R; = 938.9 Q referred to charge transfer resistance
(R.t) that represented the resistance to electron transfer between
the electrode and the electrolyte. The Nyquist plot showed a
smaller semicircle diameter at low frequencies indicating a lower
R and faster charge transfer kinetics.>® In the image, the KTNR
electrode has a smaller semicircle diameter compared to the
MXene and MAX phase. The diameter of the semicircle for KTNRs
extends less towards the lower frequencies, and it could also
indicate faster mass transfer for the KTNR electrode. The value
of R, = 23601 Q suggested a Warburg impedance W, = 0.2033 x
10™° Ohm s™*? implying the resistance to mass transfer of ions
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Fig. 6
Ks[Fe(CN)gl in 0.1 M KCl electrolyte.

within the electrolyte, which in-turn was related to the rate of the
reaction at the electrode surface.® The possible film resistance
Rs = 271304 Q represented the resistance of the Nafion-stabilized
KTNR thin film formed on the electrode surface. The C, = 0.509 x
107° F or the double layer capacitance represented the capaci-
tance between the electrode-electrolyte interface. The C; =
0.2197 uF and Cs = 1.287 x 10** F represented capacitance
associated with the Nafion stabilized film on the electrode surface
or porosity of KINRs as electrode materials.® Lastly, the constant
phase element (Q; = 4.239 x 107 ° F s* ') was an element that
could be used to model a more complex capacitance where the
parameter “al = 0.7535” determined the deviation from ideal
capacitance behaviour of the equivalent circuit. The exchange
current density represents the rate of electron transfer at equili-
brium, where the forward and reverse reaction rates are equal.
It's a fundamental parameter that reflects the intrinsic
activity of the electrode material. The key relationship is
derived from the Butler-Volmer equation, and under condi-
tions of small overpotential (near equilibrium), it simplifies
to Io = RT/(nFR..); where I, = exchange current density (A cm™?),
R = ideal gas constant (8.314 ] mol ' K '), T = absolute
temperature (K), n = number of electrons transferred in the
redox reaction, F = Faraday constant (96 485 C mol ') and R =
charge-transfer resistance (Q). The R, values in this case were
calculated to be 938.9 Q, 230346 Q and 326328 Q for KTNRs,
MXene and MAX phase, respectively, which yielded the corres-
ponding I, values of 2.75 x 10> Aecm %, 1.22 x 107 Acm™>
and 7.92 x 10°® A em 2 The exchange current density

2100 | Mater. Adv., 2025, 6, 2090-2109

(A) CV, (B) DPV, (C) EIS Nyquist plots (inset: equivalent circuit) and (D) Bode plot for the KTNR, MXene and MAX phase fabricated GCE in 5 mM

showed that KTNR/GCE has much better intrinsic electrocata-
lytic activity.®'

A Bode plot (Fig. 6(D1 and D2)) typically shows two key
features for EIS data, one being the phase angle which indicates
the phase shift between the applied voltage and the resulting
current and the second is impedance magnitude (log | Z|) which
represents the overall resistance to current flow in the system.
At high frequencies, the phase angle typically approaches
towards 0 degrees, indicating minimal phase shift. As the
frequency decreases, the phase angle becomes more negative,
reflecting the increasing influence of capacitive behaviour.
At even lower frequencies, the phase angle might approach
—90 degrees for a purely capacitive response. At high frequen-
cies, the impedance magnitude was usually dominated by
solution resistance and shows a plateau in the log |Z| vs. log | f]
plot. As the frequency decreases, the impedance magnitude
might start to increase due to the influence of charge transfer
resistance and other processes. The provided information sug-
gested that a complex equivalent circuit model was used to
capture the EIS response of the KTNRs, MXene, and MAX phase
fabricated GCE.

3.6.3. Mechanism of electro-oxidation of ciprofloxacin on
the active working surface area of the KTNR fabricated electrode.
Ciprofloxacin is a fluoroquinolone antibiotic known for its broad-
spectrum activity. It is a zwitterionic molecule, meaning that it
can exist with both positive and negative charges depending on
the pH. KTNRs are a metal oxide material having surface charge,
which can influence the interaction with ciprofloxacin molecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The process of electrochemical oxidation involved the transfer of
electrons from ciprofloxacin molecules to the electrode surface,
resulting in the oxidation of ciprofloxacin. The steps involved were
diffusion, adsorption, electron transfer, desorption and diffusion,
which can be observed in Fig. 7(C). Ciprofloxacin molecules in
the bulk solution diffuse towards the surface of the potassium
titanate electrode. Ciprofloxacin molecules could interact with the
electrode surface through various forces like electrostatic interac-
tions, hydrogen bonding, or van der Waals forces. The net charge
of ciprofloxacin at pH 8 (likely negatively charged) and the surface
charge of the KTNRs (which could also be pH-dependent) would
influence this adsorption process. At the electrode surface, cipro-
floxacin molecules lose electrons to the electrode, undergoing
oxidation. The specific mechanism of electron transfer could
involve direct interaction with the electrode or the participation
of intermediate species formed on the electrode surface. The
oxidized ciprofloxacin molecules desorbed from the electrode
surface and get diffused back into the bulk solution. The factors
that could affect the process are pH, electrode potential and scan
rate. The pH of the solution could influence the net charge of
ciprofloxacin and the surface charge of the KTNR electrode.
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An optimal pH might exist for balancing the electrostatic interac-
tions and promoting efficient electron transfer. The applied
potential at the electrode can influence the rate of electron
transfer. A higher positive potential might be required to drive
the oxidation reaction. In cyclic voltammetry experiments, the
scan rate can affect the observed current response. At faster scan
rates, the diffusion process might become limiting, leading to a
deviation from the ideal behaviour. The electrochemical oxidation
of ciprofloxacin at a potassium titanate electrode ought to be a
complex process involving mass transport (diffusion), surface
interaction (adsorption/desorption), and electron transfer. The
efficiency of this process depends on various factors, like pH,
electrode potential, and surface properties, which were studied
and optimized in the later part of the research.

3.6.4. Optimization of pH for ciprofloxacin detection using
the KTNR/GCE. Ciprofloxacin is a zwitterionic molecule, meaning
it can exist with both positive and negative charges depending on
the pH. At lower pH (around 4), ciprofloxacin is likely mostly
protonated (positively charged) due to the acidic environment.
As observed in Fig. 7(A1 and A2), when the pH increases from 4 to
11, the solution becomes more basic, and ciprofloxacin loses its
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(A1) Study of pH to optimize the voltammetric detection of ciprofloxacin using KTNR/GCE, (A2) line + scatter plot to show the correlation of peak

potential (Ep,) and anodic peak current (/,,) vs. pH of the 0.1 M phosphate buffer electrolyte containing ciprofloxacin; study of different scan rate CV (B1)
0.01-0.01 mV s~ and (B3) 0.01-0.2 mV s~*in 0.1 M phosphate buffer at optimized pH = 8 and, their corresponding regression plots (B2) and (B4); (C)
illustration of the mechanism of electro-oxidation of ciprofloxacin at the active surface area of the KTNR/GCE.
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protons, becoming increasingly deprotonated (negatively charged).
To deal with surface charge interaction, KTNRs are a metal
oxide material that also exhibit a surface charge depending on
the pH. At lower pH, the KTNR active surface might be
positively charged. As the pH increased, the surface charge of
the KTNRs could become more negative. When the pH was
low (acidic), both ciprofloxacin (positively charged) and the
KTNR surface (positively charged) experienced electrostatic
repulsion. This repulsion could hinder the adsorption of cipro-
floxacin molecules onto the electrode surface and slow down
the electron transfer process. As the pH increased, ciproflox-
acin became increasingly deprotonated (negatively charged).
This could lead to attractive forces between the negatively
charged ciprofloxacin and the potentially negatively charged
KTNR surface at higher pH. This attraction could enhance the
adsorption of ciprofloxacin molecules and potentially promote
the electron transfer process, leading to a higher current at a
slightly less positive potential (anodic shift). The observed
optimal pH of 8 might be a balance between these two effects.
At pH 8, ciprofloxacin might be sufficiently deprotonated to
favour adsorption on the electrode surface while minimizing
any repulsion from the electrode surface itself. Since the pH 8 is
between the reference pK, values (pK,; = 5.17 and pK,, = 8.74),
ciprofloxacin will likely exist in a zwitterionic form in the 0.1 M
pH 8 phosphate buffer. The carboxylic acid group (pK,;) will
likely be deprotonated (negatively charged) as the solution’s pH
is higher than its pK,. The primary amine group (pK,,) might be
partially protonated (positively charged) due to the pH being
slightly lower than its pK,,. This could lead to the most efficient
electron transfer and the highest anodic peak current for
ciprofloxacin oxidation. The anodic peak shifted towards more
positive potentials with increasing pH suggesting a change in
the rate of the electro-oxidation reaction. The shift likely
reflected a slower reaction rate at lower pH (due to electrostatic
repulsion) and a potentially faster rate at higher pH (due to
enhanced adsorption). Ciprofloxacin might undergo multiple
redox reactions involving different electron transfers and pro-
tonations. This complex mechanism could lead to non-linear
behavior, as the relative contributions of these reactions can
vary with pH. Ciprofloxacin, like many drugs, exists in different
protonation states depending on the pH of the solution.®?
These different protonation states could also have varying
redox potentials, which might have led to non-linearity.®® The
nature of the electrode surface, including its composition and
roughness, can influence the adsorption of ciprofloxacin
and its redox behavior since the fabrication of an electrode
using the drop-casting method might always lead to handling
errors.®®® The ionic strength of the solution could also
influence the activity coefficients of the species involved in
the redox reaction, leading to deviations from the expected
linear relationship.®”"®° Temperature could also be a parameter
that might have influenced the kinetics of the redox reaction
and the stability of the redox species.””’" This can further
complicate the relationship between redox potential and pH.
3.6.5. Impact of scan rates on ciprofloxacin detection using
KTNR/GCE. The CV curves showed anodic peaks around 0.8 V
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to 1.0 V at pH 8, which corresponded to the oxidation of cipro-
floxacin. As the scan rate increased (from 1 mV s~ * to 200 mV s~ ),
the following trends were observed (Fig. 7(B1 and B3)). The anodic
peak current increased and the peak potential (where the current
is maximum) shifted slightly towards more positive potentials.
The linear regression plots of anodic current (I;,) vs. square root
of scan rate (V) for three scan rate ranges (1-10 mV s %, 10~
100 mV s ', and 100-200 mV s ') suggested a diffusion-
controlled electrochemical process for ciprofloxacin oxidation at
least for the lower scan rates (1-10 mV s~ '). The high R-squared
values 0.97012 and 0.94887 for the linear plots I, = 9.99826 x
1077 x v +2.69476 x 107 (Fig. 7(B2)) and I, = 7.4844 — 7 x
v"? +1.50171 x 10~ (Fig. 7(B4)), respectively, which indicated
good linear relationships between the I, vs. v"% in these two lower
scan rate ranges. The deviation from linearity observed at higher
scan rates (above 10 mV s~ ') might be due to limitations in the
diffusion process of ciprofloxacin molecules towards the electrode
surface at faster scan rates. The regression suggested a diffusion-
controlled process. The number of electrons transferred (n) was 1
for ciprofloxacin oxidation and the concentration (C) of analyte
was 90 uM. The electrode surface area (A) was calculated to be
0.071 cm” for the GCE. The diffusion coefficient (D) was calculated
using the Randles-Sevcik equation, with the formula: I, = (2.69 x
10°) x n*? x C x A x D"? x v, The calculated average diffusion
coefficient of 2.21 x 10~"" em” s~ was well consistent within a
reasonable range for ciprofloxacin in phosphate buffer electrolyte.
Diffusion-controlled reactions: at slower scan rates, diffusion
processes can become limiting, leading to a more reversible
behaviour. As the scan rate increases, the system may not have
enough time for the diffusion of reactants and products, leading
to a deviation from reversibility and a crossover of the anodic and
cathodic peaks.

The crossing of the CV curves at higher potentials in the
10 mV s~ to 200 mV s~ ' scan rate range suggested a change in
the electrochemical behaviour of the system (Fig. 7(B3)). If the
charge transfer kinetics were slow, increasing the scan rate
could lead to a shift in the peak potentials and a crossover of
the curves. At higher scan rates (>50 mV s~ '), the capacitive
current associated with double-layer charging became more
significant.”” This could contribute to the observed crossover,
as the capacitive current can mask the faradaic current asso-
ciated with the redox processes. At higher potentials beyond
1V, the electrode surface might undergo oxidation or reduction
processes that affected the electrochemical behaviour.”>”*
These changes could also lead to a shift in the peak potentials
and a crossover of the curves.”>’® PB electrolyte containing
ciprofloxacin could have caused a potential drop (IR drop)
across the electrolyte hemisphere, which might have distorted
the CV curves, especially at higher scan rates. This IR drop
could lead to a shift in the peak potentials and a crossover of
the curves.”’

Based on the observed behaviour, a possible mechanism for
ciprofloxacin oxidation at the KTNR/GCE could be proposed.
Ciprofloxacin molecules in the bulk solution diffused towards
the electrode surface. At the electrode surface, ciprofloxacin
underwent an electron transfer reaction, getting oxidized.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The oxidized ciprofloxacin got desorbed from the electrode
surface and diffused back into the bulk solution. At slower
scan rates, where the diffusion process was dominant, the
current increased as the scan rate increases since there was
more time for ciprofloxacin molecules to diffuse towards the
electrode surface and get oxidized. At faster scan rates, the
diffusion process might become limited. The ciprofloxacin
molecules might not be able to reach the electrode surface fast
enough to keep up with the electron transfer reaction rate. This
could lead to a deviation from the ideal linear relationship
between the current and the square root of scan rate. The CV
data suggested that the oxidation of ciprofloxacin at the KTNR/
GCE was an electrochemically active process. The slight shift in
the anodic peak potential with increasing scan rate might be
due to kinetic limitations or a combination of diffusion and
kinetic control at higher scan rates.

3.6.6. Electrochemical sensing studies of ciprofloxacin
using the KTNR/GCE. CV aimed to investigate the electroche-
mical response of ciprofloxacin at a KITNR/GCE in a linear
concentration range of 0.6 pM to 147.2 uM (Fig. 8(A1)). The
CV likely showed indistinguishable but linearly increasing
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oxidation peaks at a specific potential, indicating the electro-
chemical oxidation of ciprofloxacin at the KTNR/GCE. The
position of this peak could be determined at beyond 1.0 V as
observed in the voltammogram. It was also observed that the
oxidation peak current (I,,) increased as the concentration of
ciprofloxacin (C) in the electrolyte solution increased. Although no
clear peaks were formed, the voltammogram suggested that KTNR
was actively involved in catalysis, which indicated that more
ciprofloxacin molecules were being oxidized at the electrode with
higher concentrations. Ideally, the plot of peak current vs. cipro-
floxacin concentration exhibited a linear relationship having an
equation I, = 1.86503 x 10 ° x C +9.36571 x 10~/ with an R* =
0.94776 (Fig. 8(A2)) within a specific concentration range of
0.6 UM to 147.2 puM. The LOD was calculated to be 0.07 uM and
LOQ was 0.213 pM. The sensitivity of the KTNR/GCE for cipro-
floxacin sensing through CV was 0.282 pA uM ™" cm ™2,

DPV was used, which is a more sensitive technique compared
to CV for quantitative analysis. The potential range scanned was
from 0.6 V to 1.2 V (Fig. 8(B1)). The DPV plot showed a well-
defined peak at a specific potential, corresponding to the oxida-
tion of ciprofloxacin at the KTNR electrode. The E,, = 0.98 was
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Fig. 8
response and corresponding regression plot of KTNRs to obtain the linear

(A1) and (A2) CV response and corresponding regression plot; (B1) and (B2) DPV response and corresponding regression plot; (C1) and (C2) SWV

concentration range of ciprofloxacin in 0.1 M phosphate buffer pH = 8;

triplicate data on (A3) CV, (B3) DPV and (C3) SWV response curves with regression plots showing excellent replicability.
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the peak voltage that could be determined from the voltammo-
gram. The image showed that the peak current for the ciproflox-
acin oxidation peak increases with the concentration of
ciprofloxacin in the electrolyte solution. One could analyze the
linearity by plotting the peak current data points for different
concentrations and fitting a straight line through them I, =
1.53611 x 10°% x C + 2.32189 x 107 and I, = 5.38365 X
107° x C +5.36113 x 10’ (Fig. 8(B2)). The respective R* value of
the fit, i.e., 0.99273 and 0.9554, indicated how excellent the data
corresponded to a linear relationship. Through DPV, the KTNR/
GCE offered a sensitivity of 0.0986 uA uM ™~ cm ™2, while having an
LOD and LOQ of 0.0608 uM and 0.184 pM, respectively.

SWV being a variant of pulse voltammetry was employed to
confirm linearity observed in DPV. It also offers advantages like
higher sensitivity and lower background current compared to
CV. Each curve in the plot likely corresponded to the SWV
response for a different concentration of ciprofloxacin in the
electrolyte solution, which also relayed to the oxidation at the
KTNR active electrode surface (Fig. 8(C1)). The equation I,, =
8.14674 x 10™° x C +4.70117 x 10~ ° with an R* value = 0.91306,
shows its consistency with DPV results (Fig. 8(C2)). Also, the LOD
and LOQ were calculated, which were found to be 0.0264 uM
and 0.08 pM, respectively, while offering a sensitivity of
0.113 pA pM " em 2, The replicability showed consistent replicabil-
ity in data of CV, DPV and DPV, as shown in Fig. 8(A3, B3 and C3).

Overall, considering the highest sensitivity value and lowest
LOD. The DPV data suggested that the KTNR/GCE electrode
was a more promising tool for the quantitative detection of
ciprofloxacin within a certain concentration range of 0.6 pM
to 147.2 pM over CV and SWV. DPV and SWV minimize the
contribution of the charging current by measuring the current
at specific points after the potential step. This led to a sharper
and more well-defined peak compared to CV. The current
measured with DPV and SWV was constant throughout the
experiment, which reflected the faradaic current at specific
points in the potential waveform. This resulted in a more
prominent current response compared to the smooth regular
curve observed in CV. The observed increase in oxidation peak
current with increasing concentration indicated a linear
relationship that could be exploited for analytical purposes.
This dynamic range of micromolar concentration can be
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used for quantitative analysis of ciprofloxacin concentration
in unknown samples using the KTNR/GCE electrode. A com-
parison with previous reported non-enzymatic electrochemical
sensors for ciprofloxacin detection is tabulated in Table 2.

3.6.7. Reproducibility of KTNR/GCE for ultrasensitive
detection of ciprofloxacin. Ten freshly fabricated KTNR electro-
des were tested through CV, DPV and SWV (Fig. 9(A1, B1, and
C1)) in the same laboratory conditions and room temperature
(25 °C) to check the reproducibility of the electrodes towards
ciprofloxacin detection using the CV technique at a random
concentration. The system’s viability was confirmed by an error
bar graph (Fig. 9(A2, B2 and C2)) that practically demonstrates
the stability of the electrode. The peak currents averaged at
0.91 pA £ 0.15%, 0.484 pA £ 0.19% and 1.2 pA £ 0.12% were
obtained from CV, DPV and SWV. The results showed excellent
reproducibility owing to the novelty of the newly developed
KTNR-based electrochemical sensor. The variation estimated as
RSD values of 0.15%, 0.19% and 0.12% was calculated, which
could be owing to the handling error and manual fabrication of
the electrodes. However, if the sensor fabrication samples were
not stored properly after preparation, the electrode materials of
the sensor could be prone to oxidation and the performance
might degrade.

3.6.8. Selectivity of the KINR/GCE and effect of interfering
compounds against ciprofloxacin detection. To ensure selective
healthcare monitoring, the KINR-modified GCE was expected
to present a high selectivity for ciprofloxacin against other
antibiotics and drugs administered to humans and animals,
especially poultry and cattle. To confirm the selectivity of the
sensor, the CV was obtained in solutions containing 10 pM of
ciprofloxacin (CIP) against the same concentration of other
antibiotics like enrofloxacin (EF), enrofloxacin (NOR), ofloxacin
(OFL) and, diclofenac (DCF) (Fig. 10(A)). In addition to cipro-
floxacin detection, the selectivity of KTNR/GCE was investigated
using separate 0.1 M phosphate buffer pH = 8 containing
ciprofloxacin, norfloxacin, ofloxacin and diclofenac individu-
ally. The adsorption capacity and selectivity of the KTNR/GCE
for other drug analytes were almost three folds lower compared
to ciprofloxacin, which showed the highest peak current at a
particular 0.98 V potential window, indicating that the binding
selectivity of KTNRs was specific to the ciprofloxacin molecules.

Table 2 Reported literature on non-enzymatic electrochemical sensors for the detection of ciprofloxacin

Materials/electrode Method Linear range (uM) LOD (uM) Real samples Ref.
Co-MOFs/PLA DPV 0.5-150 0.017 Drug 78
GO/SPCE DPV 1-8 0.3 Milk 79
TiO,/PVA/GCE DPV 10-120 0.04 Rain water 80
f-MWCNTs/PANI/GCE LSV 0.1-1, 1-20 0.08 Pharmaceuticals 81
f-MWCNT-coated GCE SWV 5-100 0.16 Hospital effluent, wastewater, natural water 82
BaCuSi,0,¢/GCE DPV 0.05-150 0.0009 Pharmaceuticals 83
Pt-RGO/GCE DPV 10-25 1.53 Tap water, river water 84
CRGO/GCE SWV 6-60 0.5 Pharmaceuticals, milk 85
Ch-AuMIP/GCE DPV 1-100 0.21 Tap water, milk, mineral water, pharmaceuticals 86
BiPO,/GO-MMIPS/PGE SWSV 39-740 0.4 Blood serum, milk 87
Fe-g-C;N,/PGE DPV 0.001-1 0.0054 Blood serum 88
ChCl/CPE SWV 0.005-200 0.00036 CIP eye drops, eggs, river water 89
KTNR/GCE CV, DPV, SWV 0.6-147.2 0.07, 0.0608, 0.0264 Honey, milk, eggs, marine water, Ganga water, This work
organic fertilizer, soil, Simulated body fluid
2104 | Mater. Adv,, 2025, 6, 2090-2109 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Reproducibility of KTNR-fabricated GCEs based on CV (A1) and (A2), DPV (B1) and (B2) and SWV (C1) and (C2) towards efficient sensing of

ciprofloxacin.

The high selectivity can be explained by the unique morphology
and high catalytic properties of the KITNRs. However, the sensor
is not at par selective for ciprofloxacin when it was compared
with enrofloxacin which showed twice the amount of current
signal within the same potential window. Therefore, this result
has provided evidence that KTNR/GCE was selective to other
antibiotic classes and drugs but not enrofloxacin due to its
similar nature to ciprofloxacin oxidation. Both are zwitterionic
molecules that exhibit similar results when tested.
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The effect of common inorganic ions, compounds and,
drugs existing in various real matrices where ciprofloxacin is
detected were also investigated through CV. Compounds like
dopamine (DP), uric acid (UA), urea (UR), ascorbic acid (AA),
glucose (G), and ions, such as Ca>", Na*, K*, Mg>" and HCO;~
were chosen to test while their concentrations were a hundred
times higher than that of ciprofloxacin, i.e., by adding 1000 uM
of interfering compounds/ions and 10 pM ciprofloxacin in
0.1 M phosphate buffer pH = 8, and the results are shown in
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interference test for electrochemical ciprofloxacin (CIP), a determination under the influence of other co-existing compounds like dopamine (DP), uric

acid (UA), urea (UR), ascorbic acid (AA), glucose (G), and ions such as Ca®*, Na
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Table 3 Electrochemical trace detection of ciprofloxacin spiked in milk, honey and egg, Ganga water, marine water, soil and organic fertilizer samples

using the KTNR-modified electrochemical sensor

Samples Spiked (uM) Detected (uM) Variance STD RSD (%) Recovery (%)
Milk 0 0 0 0 0 0

15 6.02 40.3202 6.349819 60.41693 40.13333
Honey 0 0 0 0 0 0

15 15.3 0.045 0.212132 1.400211 102
Egg 0 0 0 0 0 0

15 14.6 0.08 0.282843 1.911099 97.33333
Marine water 0 0 0 0 0 0

15 6.56 35.6168 5.967981 55.36161 43.73333
Ganga water 0 0 0 0 0 0

15 18.6 6.48 2.545584 15.15229 124
Organic fertilizer 0 0 0 0 0 0

15 11.4 6.48 2.545584 19.28473 76
Soil 0 0 0 0 0 0

15 8.3 22.445 4.737615 40.66623 55.33333
SBF 0 0 0 0 0 0

15 15.1 0.005 0.070711 0.469838 100.6667

Fig. 10(B). Also to check the effects of the co-existence of other
drugs in real matrices, enrofloxacin, norfloxacin, ofloxacin and
diclofenac were taken into consideration in the same manner by
checking with 10 uM concentration along with 10 pM ciproflox-
acin. The only exception that occurred is in the case of enroflox-
acin where the interference could be seen to be quite high."® Other
than that, the response of the sensor towards bare 10 uM cipro-
floxacin solution is quite similar to that toward the mixture of
ciprofloxacin and interfering drugs, compounds and ions, suggest-
ing a very excellent anti-interfering ability of KTNR/GCE even in
the micro-environment where the amount of interference may be
remarkably higher than that of ciprofloxacin. The DPV results
indicate that the present interfering substances have negligible or
no influence on the ciprofloxacin detection in real matrices other
than enrofloxacin being present in them. This also shows that the
sensor has excellent recognition ability toward ciprofloxacin detec-
tion owing to the unique properties of the KTNRs.

3.6.9. Validation of KTNR/GCE for ciprofloxacin detection
in complex matrices. The ultrasensitive detection of trace cipro-
floxacin in complex matrices existing in animals, the environment
and humans was achieved by the standard addition method. The
results are tabulated in Table 3. The developed KTNR-based
ciprofloxacin sensor was successful in detecting the trace analyte
concentrations in the tested complex matrices of real samples.
Recoveries ranging between 40.13% to 124% are practically viable
analytical results for a potential electrochemical sensing device.
Spiked samples of milk and Ganga water showed low recovery rate
indicating the possibility of some interfering compounds being
adsorbed or there may be an incident of electro-polymerization of
pollutants that causes fouling at the electrode surface which in-
turn is hindering the current flow. However, honey, egg and most
importantly simulated body fluid (SBF) show excellent recovery
rate, indicating the efficacy of the proposed sensing device.

2106 | Mater. Adv, 2025, 6, 2090-2109

4. Conclusion

In conclusion, this research demonstrated the successful synth-
esis, characterization and fabrication of a novel 2D MXene-derived
potassium titanate nanoribbon-based electrochemical sensor for
the ultrasensitive detection of ciprofloxacin. The sensor exhibited
exemplary performance in all electrochemical voltammetric tech-
niques (CV, DPV, and SWV) achieving a remarkably low LOD and
LOQ while being highly selective for other antibiotics and inter-
fering species except enrofloxacin at the particular pH 8. Notably,
the sensor demonstrated practical reliability in complex matrices
mainly in egg, honey, and SBF, making it a promising candidate
for real-world applications in on-site food safety, environmental
monitoring, and healthcare diagnostics. Further studies could
focus on optimizing sensor stability and exploring miniaturiza-
tion techniques for technology readiness level (TLR) upgradation
and on-site detection to combat antimicrobial resistance against
ciprofloxacin, thus contributing to One Health and Sustainable
Development Goals.
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