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Polypyrrole functionalized (TizC,T,—SnO, NPs)
nanocomposite-based hybrid capacitive electrode
for electrochemical detection of Klebsiella
pneumoniae
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Bacterial detection is crucial for accurate clinical diagnostics and effective environmental monitoring.
Particularly, Klebsiella pneumoniae, a pathogenic bacterium, can cause a wide range of infections,
including meningitis, bloodstream infections, pneumonia, urinary tract infections, and wound or surgical
site infections. Herein, a polypyrrole (PPy) functionalized TizC,T,—tin dioxide nanoparticle (SnO, NPs)
nanocomposite-based hybrid capacitive electrode for the electrochemical detection of Klebsiella
pneumoniae ATCC 700603 is developed. The PPy layer was coated onto the TizC,T,—SnO, NPs via
drop-casting, followed by immobilization of bacteriophages through a potentiostatic, charge-directed
chronoamperometric approach. The resulting TizC,T,—SnO, NPs/PPy/phage biosensor exhibited a wide
dynamic detection range of 10 to 10® CFU mL™?, with excellent linearity confirmed by differential pulse
voltammetry and electrochemical impedance spectroscopy. The nanocomposite was characterized by
using a suite of techniques including FTIR, XRD, elemental mapping, cyclic voltammetry, and
galvanostatic charge-discharge to wunderstand its composition, structure, and electrochemical
properties. The developed TisC,T,—SnO, NPs/PPy hybrid electrode demonstrated typical supercapacitor
behavior with a specific capacitance of 806.67 F gt at 2.0 A g~! of current density, and exhibited
exceptional cycling stability, storing 98.3% of its capacitance after 10% consecutive cycles. The selectivity
of the modified electrode to detect K. pneumoniae while minimizing interference from various bacterial
cells was assessed, exhibiting remarkable resilience, and remaining unaffected. Additionally, after eleven
successive weeks of storage, the proposed sensor showed no discernible reduction current (~98.1%),
demonstrating an excellent stability. Despite the presence of background bacterial interference in the
environmental sample, K. pneumoniae detection remained highly reliable and consistent with recovery
efficiency ranging from 99.75 to 99.90%.

1 Introduction

Klebsiella pneumoniae (K. pneumoniae), is an opportunistic
pathogen that causes severe infections, particularly in immu-
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nocompromised individuals, hospitalized patients, and those
with chronic conditions." The ATCC 700603 strain, originally
isolated from a hospitalized patient in Virginia, is known for
producing the SHV-18 B-lactamase enzyme, contributing to its
extended-spectrum p-lactamase (ESBL) activity. It serves as
a reference strain for ESBL detection and antimicrobial
susceptibility testing.” This strain commonly causes hospital-
acquired pneumonia, especially in chronic respiratory
patients, urinary tract infections, bloodstream infections, and
other conditions like meningitis and liver abscesses.> Other
types of disease, including wound infections, endophthalmitis,
and necrotizing fasciitis, are caused by these bacteria.*
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Symptoms vary by infection site and include fever, cough with
bloody sputum, shortness of breath, painful urination,
abdominal pain, chills, and confusion.® Therefore, there is
a critical need for fast and precise detection of K. pneumoniae
ATCC 700603 infections to enable timely antibiotic treatment.
Early detection is crucial because these infections, especially
those involving antibiotic-resistant strains, can be serious and
require prompt intervention to improve patient outcomes.
Furthermore, existing diagnostic methods often struggle with
issues like inadequate sensitivity, selectivity, and long detection
times.

Conventional detection of K. pneumoniae relies on microbi-
ological techniques involving isolation and identification,
which can be time-consuming and labor-intensive. DNA-based
biosensors offer an alternative but have limitations such as
complex fabrication, low stability, non-specific binding, high
costs, and poor performance in complex samples like blood or
environmental matrices.*” These challenges restrict their prac-
tical use in clinical diagnostics and environmental monitoring.
Enzyme-Linked Immunosorbent Assay (ELISA), widely used for
antigen and antibody detection, is prone to cross-reactivity,
which may cause false positives. Its accuracy depends heavily
on the specificity of antibodies and the quality of reagents.®
Similarly, polymerase Rhain reaction (PCR) is a highly sensitive
method for amplifying DNA, but DNA extraction from clinical
samples can be laborious.” Moreover, PCR cannot distinguish
between live and dead pathogens, reducing its reliability in
assessing active infections. In contrast, phage-based electro-
chemical biosensors present a promising alternative.’ These
biosensors leverage bacteriophages’ natural specificity for their
host bacteria, enabling rapid, sensitive, and cost-effective
detection of viable pathogens. They are also easier to fabricate
and can operate effectively in diverse sample conditions,
making them suitable for both clinical and environmental
applications.

Charge-directed immobilization of bacteriophages using
chronoamperometry is essential for biosensor fabrication. This
process enables the effective construction of bacteriophage-
immobilized biorecognition elements for detecting target
whole-cell bacteria.”*™** In this process, applying a positive
voltage to the sensor surface promotes the preferred orientation
and stable attachment of bacteriophages, particularly those
with positively charged tails and negatively charged heads."
Accordingly, the electrochemical capacitive properties promote
efficient bacteriophage attachment and ensure its stable
retention on the sensor surface.’ In this study, PPy-
functionalized capacitive electrode was engineered for effi-
cient bacteriophage immobilization to detect K. pneumoniae.
Similarly, Umer Farooq et al.,"” used a bacterial cellulose-carbon
nanotube nanocomposite modified with polyethyleneimine to
detect S. aureus in milk at a 5.0 CFU mL " limit. Another study
used a polyacrylonitrile-derived carbon nanofiber SPE to detect
E. coli, achieving a 36 CFU mL " detection limit across 10>-10°
CFU mL .*® In this study, the PPy-functionalized electrode
surface was modified with bacteriophages using a charge-
directed chronoamperometry method for targeting K
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pneumoniae. This approach offers a more straightforward
alternative to previously reported biosensors.

The PPy composites exhibit excellent electrical properties
and have been widely explored for applications in sensors,*
energy storage,” electromagnetic interference (EMI) shield-
ing,”* pharmaceuticals,” and catalysis.”®> Enhancing PPy's
electrochemical performance often involves “p-doping”-the
introduction of dopant anions to improve conductivity and alter
the material's morphology and physicochemical characteris-
tics.>* They are commonly synthesized by hydrothermal/sol-
vothermal,* in situ growth,*® solution mixing,*” electrochemical
deposition,”® and layer-by-layer assembly.” Among the large
family of 2D Ti;C,T, MXene, and owing to its large surface area,
high electrical conductivity, and unique surface chemistry,
Ti;C,T, is frequently cited as the most commonly used and
versatile Ti;C,T, material for sensor applications,* super-
capacitors,® Li-S batteries,* and Li-ion batteries*® because of
the active T, group (e.g., -O, -OH, and -F).** But, due to strong
van der Waals interactions between the layers and hydrogen
bonds, Ti;C,T, forms a stacking and aggregation film. Thus,
Ti;C,T, is usually used to form composites with transition
metals (e.g., SnO,, TiO,, ZnO) and other electrochemically active
materials.**?*® Tin dioxide (SnO,) is a key n-type semiconductor,
depicted by its wide band gap (3.6 eV), high electron mobility
(100-200 cm® V™' s, and large exciton binding energy (130
meV), making it suitable for optoelectronic and sensing appli-
cations.”” This research utilized hydrothermal methods to
synthesize the Ti;C,T,—SnO, nanocomposite. Ti;C,T, can act as
a buffer layer to help move electrons across the composite and
reduce the relatively low conductivity of SnO,."® Furthermore,
SnO, can enhance the structural integrity and cycle life of the
electrodes.

A TizC,T,—metal oxide-PPy hybrid composite enhances
supercapacitor flexibility and performance by combining high
conductivity with structural support. Ti;C,T, ensures conduc-
tivity and stability, while the metal oxide and PPy improve both
conductivity and flexibility.*® Ti;C,T, can achieve a specific
capacitance of ~245 F g~ ' in H,SO, due to pseudocapacitance
when stacking is avoided.***° However, its inherent capacitance
is limited and can be significantly enhanced by integrating
redox-active materials to form synergistic composites. For
instance, Liang Tong et al.,*' developed a PPy/Ti;C,T, composite
demonstrating exceptional electrochemical performance, with
a specific capacitance of 420.2 F g~' and remarkable cycling
stability (86% capacitance retention after 10" charge-discharge
cycles), representing a significant enhancement over the indi-
vidual components. Chen Zhao et al,* fabricated a Ti;C,T,/
SnO, composite via hydrothermal synthesis, achieving an
exceptional specific capacity of 904 mA h g™ . It shows that this
synthetic technique is beneficial for energy storage applica-
tions. As a result, numerous strategies have been explored to
improve the electrochemical performance of Ti;C,T,, particu-
larly targeting enhancement of its specific capacitance.

The Ti;C,T,—SnO, NPs/PPy hybrid nanocomposite is elec-
trochemically evaluated in this work as a hybrid capacitive
electrode for electrochemical biosensing targeting the detection
of K. pneumoniae. The formation mechanism of the Ti;C,T,~

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SnO, NPs nanocomposite involves several key steps, including
the preparation of Ti;C,T,, the synthesis or incorporation of
SnO, NPs. For this, pre-synthesized SnO, NPs were dispersed
with Ti;C,T, in a solvent (e.g., ethanol/water) and sonicated to
achieve homogeneity. The Sn-O-Ti covalent bonds were formed
between SnO, NPs and oxygen-terminated Ti;C,T,. Hydrogen
bonding was formed between -OH groups on SnO, NPs and
Ti;C,Ty, and Ti;C,T, acted as a support, inhibiting NPs
agglomeration. TizC,T, provided high conductivity, while SnO,
contributes to catalytic/adsorptive properties. Enhanced charge
transfer (SnO, NPs — Ti;C,T,) improves performance in
applications, like energy storage, electrochemical biosensors.
Therefore, Ti;C,T,—~SnO, NPs can enhance surface area for
electrochemical sensing, and these properties can be further
improved by integrating PPy functional materials.

In this study, Ti;C,T,~SnO, NPs nanocomposites were
synthesized and incorporated into PPy to fabricate an electro-
chemical capacitive electrode for biosensing applications. The
electrochemical capacitive nature of Ti;C,T,-SnO, NPs/PPy was
characterized by cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), electrochemical impedance spectroscopy
(EIS), and Dunn methods. The results revealed that Ti;C,T,—
SnO, NPs/PPy exhibited a capacitive (supercapacitor) electrode
type. The capacitive electrode (Ti;C,T,-SnO, NPs/PPy) was
modified with bacteriophage using charge-directed immobili-
zation by applying a potential of +1.0 V for 10 minutes. After-
wards, the  Ti3C,T,~SnO, NPs/PPy/Phage electrode
demonstrates effective infection and binding specificity toward
the host K. pneumoniae. The bacterial-infected electrochemical
response was measured via differential pulse voltammetry
(DPV) and impedance-increasing EIS techniques. This is the
first reported research on PPy functionalized capacitive elec-
trode for electrochemical detection of K. pneumoniae, explaining
the capacitive nature towards immobilization of bacterio-
phages. In this research, the developed hybrid capacitive elec-
trode proved to be an efficient, selective, and cost-efficient
sensor for quantifying K. pneumoniae to overcome the gap of
conventional detection methods.

2 Reagents & methods

2.1. Chemicals

Materials were all analytical grades, and they were used as
received with no extra purification. Ammonium persulfate (APS)
(98%), pyrrole monomer (99.7%), and stannous chloride di-
hydrate (SnCl,-2H,0) (99%) were obtained from Aladdin
Reagent Co. (China). TizAlC, MAX phase in powder form
(particle size smaller than 0.04 nm) was obtained from Y-
Carbon Ltd (Ukraine) as the TizAlC, precursor, which was
subsequently etched to produce Ti;C,T, following the previ-
ously reported protocol.” Potassium ferrocyanide (K4[Fe(CN)g])
(99.0%), potassium ferricyanide (Kj[Fe(CN)e])(99.0%), and
potassium chloride (KCI) (99.5%) were purchased from Merck
Life Science Pvt. Ltd Screen-printed carbon electrodes (SPEs,
3 mm diameter) were sourced from CH Instruments (Bee Cave,
TX, USA). Type I-ultrapure deionized water (DI) with a resistance
of 0.0182 Q cm at room temperature was utilized for all
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solutions in this work. All glassware was thoroughly cleaned
before use. K. pneumoniae was cultured by following the stan-
dard ATCC 700603. The SM buffer for bacteriophage storage was
made by sodium chloride NaCl, magnesium sulfate (MgSO,),
and tris-hydrochloric acid (pH 7.5), and 10% gelatin (w/v) ob-
tained from Aladdin Reagent Ltd (China). Furthermore,
nutrient agar and Luria-Bertani were acquired from Oxoid (UK).
0.85% of NaCl was used to dilute the K. pneumoniae.

2.2. Instrumentation and characterization

The topology of the Ti;C,T, flakes, SnO, NPs, and Ti;C,T,-SnO,
NPs/PPy nanocomposite modified electrode was examined
employing a scanning electron microscope (SEM, ZEISS Gemini
SEM 500, UK) operated at 15 kV of accelerating voltage. The
crystalline phases of Ti;C,T, were analyzed with an X-ray
diffractometer (D/teX Ultra2, EMPYREAN, PANalytical, Nether-
lands), using Cu Ko, radiation (A = 154 10> um) over a 26 range
of 10°-95° at a scan rate of 2° min~" with texture mode. The
working distance was maintained between 10.0 and 11.1 mm,
and the emission current ranged from 9000 to 10 100 nA. EIS,
CV, and DPV measurements were conducted utilizing two
electrochemical workstations: Corrtest CS350 (China) and AUT
53154 (Metrohm, Switzerland). Attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR, Perki-
nElmer, Waltham, MA, USA) was employed to analytically
characterize the structure of the synthesized materials. EIS
analysis was conducted across a frequency range from 0.1 MHz
to 0.1 Hz in 0.1 mol per L KCIl containing 0.005 mol per L
[Fe(CN)e]>"*~ to evaluate the resistivity. For the electrochemical
detection of Klebsiella pneumoniae, all media, buffers, and
glassware were thoroughly sterilized before their use with both
K. pneumoniae and its corresponding bacteriophage.

2.3. Fabrication of Ti;C,T,-SnO, NPs/PPy nanocomposite

SnO, NPs were fabricated via a modified, template-free hydro-
thermal method, adapted from previously reported
protocols.***¢ In a typical procedure, 800 mg of stannous chlo-
ride dihydrate (SnCl,-2H,0) was dissolved in a solvent mixture
of 0.04 L of ethanol and 80 mL of DI. The solution was mixed
continuously and heated to 50 °C for 60 minutes. The resultant
mixture was transferred to a Teflon-lined stainless-steel auto-
clave and was exposed to hydrothermal treatment at 180 °C for 8
hours. The white precipitate was collected by centrifugation,
washed repeatedly with DI and ethanol, and vacuum-dried at
50 °C for 48 hours. For enhancing their electrochemical prop-
erties, the dried SnO, nanoparticles (SnO, NPs) underwent
calcination in air at 600 °C for 3 hours, with a controlled heating
rate of 10 °C per minute.

The as-prepared SnO, NPs were ultrasonically dispersed with
Ti;C,T, for 45 minutes, followed by mixing for 30 minutes to
form the Ti;C,T,-SnO, NPs nanocomposite. The synthesis of
PPy was carried out based on previously reported
procedures.*”* Specifically, 1.369 g (60 mM) of APS was di-
ssolved in 0.1 L of DI, and 210.2 pL (0.03 M) of pyrrole monomer
was added while maintaining the reaction temperature at 10 °C
to obtain a black suspension. The solution was mixed for 8
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hours to guarantee complete polymerization. The resulting PPy
product was collected by filtration and purified using a Soxhlet
extractor with water and ethanol to eliminate residual oxidant.
Then, a vacuum oven set at 60 °C for 12 hours was used to dry
the purified PPy powder. A graphic illustration of the fabrication
and surface decoration strategy for the TizC,T,-SnO, NPs/PPy
nanocomposite is presented in Scheme 1. For the modifica-
tion of the SPE, the Ti;C,T,-SnO, NPs/PPy nanocomposite was
deposited onto the electrode surface using a drop-casting
technique. First, the Ti;C,T,~SnO, NPs nanocomposite was
dissolved in N,N-dimethylformamide and dropped-cast onto
the SPE. Subsequently, PPy was dispersed in N,N-di-
methylformamide, dropped-casted onto the SPE/Ti;C,T,—SnO,
NPs, and vacuum dried at 60 °C and stored for further usage.

2.4. Pneumoniae and phage preparation

2.4.1. Revival and preparation of K. pneumoniae. K. pneu-
moniae ATCC 700603, a well-characterized reference strain
known for its sensitivity to meropenem, as reported in previous
studies® was employed in this investigation. The strain was
provided by the Department of Microbiology at Jashore
University of Science and Technology. To revive the strain, 100
uL of glycerol stock was inoculated into 5 x 10° uL of trypticase
soy broth under standard conditions. Following enrichment,
the culture was streaked onto MacConkey agar plates and
incubated at 37 °C overnight to isolate individual colonies.
Morphologically distinct colonies were examined microscopi-
cally and subjected to a series of standard biochemical tests to
confirm their identity as K. pneumoniae before their use in
downstream experiments. K. pneumoniae was isolated from
hospital effluent water collected near a river in Jashore city,
Bangladesh. For the isolation process, 10 mL of filtered effluent
sample was inoculated into 0.9 L of Mueller-Hinton broth and
incubated at 37 °C overnight. Following incubation, the
enriched culture was spread onto MacConkey selective agar to
allow colony formation. Individual colonies were then purified
and subjected to microscopic examination and standard
biochemical tests. Presumptive K. pneumoniae isolates, inten-
ded as host bacteria for bacteriophage studies, were further

32044 | RSC Adv, 2025, 15, 32041-32055

Graphic representation of the preparation of PPy and TizC,T,—SnO, NPs powder for SPE/TizC,T,—SnO, NPs/PPy fabrication.

cultured in Mueller-Hinton broth and subsequently placed on
Mueller-Hinton agar to obtain pure cultures. Biochemical
characterization, along with SI data from a previously published
study, confirmed that the isolated strain is identical to Klebsiella
pneumoniae ATCC 700603.%°

2.4.2. Phage isolation and purification. For phage isola-
tion, several sewage samples were gathered from hospital
effluents. The samples were first centrifuged at 10* rpm for 15
minutes. The supernatant was then sieved through a 220 nm
syringe filter to isolate bacteriophages potentially targeting
unknown bacterial hosts. For phage enrichment, 0.005 L of the
filtered bacteriophage-containing solution was mixed with
10 mL of Luria-Bertani (LB) broth and inoculated with K.
pneumoniae strain ATCC 700603. The solution was incubated for
24 hours at 37 °C with gentle shaking. Next, the culture was
centrifuged for 15 minutes to lyse the bacterial cells, and the
supernatant was again sieved using a 220 nm syringe filter to
purify the bacteriophages. To enhance selectivity and purity,
this infection, centrifugation, and filtration cycle was repeated
ten times using fresh K. pneumoniae cultures. The presence of
Iytic bacteriophages was confirmed via spot tests, which
involved spotting phage suspensions onto bacterial lawns and
incubating overnight at 37 °C until zones of clearance were
observed. Each phage isolate was subjected to five successive
rounds of single plaque purification to obtain clonal bacterio-
phages. Then, the Bacteriophage titer was determined using the
double-layer agar plate technique. Serial dilutions of the phage
suspensions were prepared in SM buffer for accurate quantifi-
cation. Furthermore, the host range and spot test were
performed.

2.5. Electrode preparation and K. pneumoniae detection

The SPE was first activated via electrochemical pre-anodization
in 1.0 M H,SO, solution at +1.5 V for 15 minutes. Next, the
electrode was ultrasonicated in DI for 5 minutes and then dried
under a nitrogen stream. For surface modification, 5.0 uL of
a freshly prepared homogeneous suspension of Ti;C,T,—SnO,
NPs nanocomposite was drop-casted onto the SPE and dried at
60 °C in a vacuum oven. Then, the second drop-casting step was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performed using a PPy dispersion to complete the composite
layering. The total amount of deposited electrode material was
determined by direct weighing. The resulting SPE/Ti;C,T,~SnO,
NPs/PPy electrode was employed directly for supercapacitor
characterization and subsequently functionalized with bacte-
riophages for biosensor applications. For phage immobiliza-
tion, 5.0 pL of bacteriophage solution (10° PFU mL ™" in PBS)
was drop-casted onto the electrode and immobilized anodically
at +1.0 V for 15 minutes using a chronoamperometric method.
After immobilization, the electrode was washed with PBS to get
rid of unbound phages. To perform bacterial detection, the
biosensor was incubated in a solution containing K. pneumoniae
for 30 minutes, allowing sufficient interaction between the
immobilized phages and the target bacteria. The electrode was
then washed out again with PBS to eliminate nonspecifically
adhered bacterial cells. Finally, electrochemical signals of the
SPE/Ti;C,T,-SnO, NPs/PPy/Phage/K. pneumoniae biosensor
were measured in a [Fe(CN)s>*~ redox probe solution
utilizing DPV and EIS.

3 Results and discussion

3.1. Analytical characterization: FTIR & XRD investigation

Fig. 1 shows the ATR-FTIR spectra of TizC,Ty, SnO, NPs,
Ti;C,T,—SnO, NPs, PPy, and Ti;C,T,~SnO, NPs/PPy. In the
spectrum, the absorption bands at 1130, 822, and 505 cm ™"
correspond to C-O, C-F, and Ti-O stretching vibrations.** The
C-F and Ti-O were confirmed by following the etching and
exfoliation procedure, and they matched with previously pub-
lished research.** The spectrum of the annealed SnO, NPs
shows peaks at about 505 and 605 cm ™', showing the vibrations
connected to Sn—-O bonds.** For Ti;C,T,~-SnO, NPs, the peaks
around 609 cm ™' and 487 cm™" are for the vibration of Sn-O
and Ti-O bonds, respectively, confirming the presence of
Ti;C,T, and SnO, NPs. During analysis of PPy spectrum, the
peaks at 1689, 1552, and 1471 cm ™" are attributed to stretching
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vibration of the pyrrole ring (C=H, C-N). Additionally, those at
1296 cm ™" and 1042 cm ™" are due to the in-plane vibrations of
C-H.*** The sharp peak observed at 1181 cm ™' is because of
the C-N stretching vibrations, and 1042 cm ™" is for the in-plane
deformation vibration.*® The peak appearing at 901 cm *
relates to the C-C deformation vibrations, and the peaks at
788 cm™ ' and 675 cm™ ' are due to the aromatic ring bending
vibrations.*® Furthermore, PPy in Ti;C,T,~SnO, NPs shows the
symmetric peaks for PPy. However, all peaks are slightly shifted
to the left side with increasing wavenumber. These shifts
provide insight into interfacial bonding, the electronic envi-
ronment, or structural reorganization, thereby confirming the
successful formation of a composite. FTIR spectroscopy is
a powerful tool for detecting such interactions, as it reveals
changes in the vibrational environment of functional groups.
Shifts in stretching frequencies, for example, in -OH, -NH, or -
C=0 groups, may signify hydrogen bonding or covalent inter-
actions between the matrix and the filler.>® Additionally, the
appearance or disappearance of specific peaks can indicate new
chemical bonding or functionalization events during composite
formation. For instance, a redshift (shift to a lower wave-
number) in the -OH stretching band is typically associated with
hydrogen bonding between polymer chains and nanoparticles,
providing direct evidence of interfacial interaction.®”

The XRD patterns of TizAlC,, TizC,Ty, SnO, NPs, TizCyT,-
SnO, NPs, and Ti;C,T,~SnO, NPs/PPy are shown in Fig. 1(B).
The peaks of Ti;AlC, at 26 values of 9.54°, 19.1°, 34.04°, 38.86°,
41.8°, 48.38°, 56.32°, 60.02°, 70.18°, and 73.86° are assigned to
the (002), (004), (004), (104), (105), (107), (109), (110), (112),
(118), respectively, according to JCPDS no. 520875.%® The crys-
tallinity and structural order of Ti;AIC, changed by di-
sappearing the Al layers at 38.86° with HF etching for Ti;C, T,
synthesis.** In Ti;C,T,, the (002) peak is displaced to 5.46° for
the removal of Al atoms. This peak shift is a well-established
fingerprint of the successful Al layer removal and the forma-
tion of few-layered or delaminated Ti;C,T,, often indicating
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(A) ATR-FTIR of as-prepared (i) TisCaT,, (i) SNO, NPs, (jii) TizCaTx—=SnO, NPs, (iv) PPy, (v) TisCoT,—SnO» NPs/PPy, (B) XRD of (i) TizAlC,, (i)

TizC,T,, (iii) SNO2 NPs, (iv) TizCoTx—SnO, NPs, (v) TizC,T,—SnO, NPs/PPy.
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increased interlayer spacing due to surface functionalization or
intercalation. The XRD results of as-fabricated SnO, NPs shown
in Fig. 1(B), display the diffraction patterns peaks at (110), (101),
(200), (105), (211), (220), (202), and (321) at 26 diffraction angles
of 35.16°, 46.4°, 52.44°, 58.04°, 73.7°, 78.22°, 83.68°, and 89.22°,
consecutively. These peaks are found in the tetragonal rutile
structure of the cassiterite crystal phase (JCPDS no. 41-1445).5>%
In the Ti;C,T,-SnO, NPs spectrum, both Ti;C,T, and SnO, NPs
individually show the peak of diffraction planes; however,
Tiz;C,T, peaks overlap with SnO, NPs. The diffraction planes of
the peaks of (002), (004), (110), (101), (200), (105), (211), (220),
(202), and (321) are displayed in Ti;C,T,~SnO, NPs, which
confirms the successful mixing of Tiz;C,T,~SnO, NPs nano-
composite. Eventually, the XRD pattern of TizC,T,-SnO, NPs/
PPy indicates the reflection plane of Ti;C,T,-SnO, NPs with
a new (100) plane. The peaks at (100) with 26 diffraction angle
indicate the presence of PPy in Ti;C,T,~SnO, NPs/PPy. This
analysis supports the results obtained from the FTIR analysis,
indicating the successful formation of a composite among
Tiz;C, Ty, SNO, NPs, and PPy.

3.2. Morphological investigations

Field Emission Scanning Electron Microscopy (FE-SEM),
Energy-Dispersive X-ray Spectroscopy (EDX), and elemental
mapping were utilized to characterize the topology and
elemental analysis of the modified electrode. The FE-SEM
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images were collected from hydrothermally synthesized SnO,
NPs with a 100 nm scale, as shown in Fig. 2(A). The nanoparticle
is nanosphere-like, and the diameter was found to be 24.97 nm,
from the average of five particle sizes. The FE-SEM image
supports the FT-IR and XRD results of SnO, NPs. Fig. 2(B)
displays the microscopic image of PPy nanoparticles, which are
around five times greater than the particle size of SnO, NPs. The
FE-SEM images are like previously reported research work.®%
Fig. 2(C) displays a FE-SEM picture of multilayered, crystalline
Ti;C,T,. As demonstrated in previously reported work, each
flake has a thickness of around 1.25 nm and a hexagonal
structure.*® Fig. 2(D) displays the FE-SEM image of TizC,T,-
SnO, NPs nanostructure, confirming the insertion of SnO, NPs
in Ti;C,Ty, and increasing the porosity and surface area. The FT-
IR and XRD results, along with recently published research,
support the formation and electrochemical applications of
Ti;C,T,~SnO, NPs nanocomposite.®*** In Fig. 2(E), the FE-SEM
image of Ti;C,T,~SnO, NPs/PPy is presented, in which PPy is
covered on the Ti;C,T,-SnO, NPs nanostructure. The homoge-
neous dispersion of PPy confirms the successful attachment to
the Ti;C,T,~SnO, NPs structure. The SEM images in Fig. 2(A-E)
demonstrate a progressive increase in surface porosity, attrib-
uted first to the incorporation of SnO, NPs into TizC,T,, as
evident in Fig. 2(D), and further enhanced by the subsequent
drop-casting of circular PPy structures, as illustrated in
Fig. 2(E). Therefore, this modification strategy led to the
successive increase of active surface area.

Spectrum C N O Ti Sn
5 2970 68.15 16.70 11.74 2.11 1.31

Fig.2 FE-SEM images of (A) SnO, NPs, (B) PPy, (C) TizC,T,, (D) TizC,T,—SnO, NPs, (E) TizC,T,—SnO, NPs/PPy, (F) EDX of TizC,T,—SnO, NPs/PPy,
(G) elemental mapping of TizC,T,—SnO, NPs/PPy, (H) carbon map, (I) nitrogen map, (J) oxygen map, (K) titanium map, and (L) tin map.
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The Ti;C,T,—SnO, NPs/PPy modified electrode consists of
68.15% of C, 11.74% of O, 2.11% of Ti, and 16.70% of N, as
shown in the EDX results represented in Fig. 2(F), indicating the
C, O, Ti elements from Ti;C,T, and N from PPy. Furthermore,
Fig. 2(G-L) display the elemental mapping of Ti;C,T,~SnO,
NPs/PPy, where the C, N, O, Ti, and N are visually represented by
distinct colors shown in Fig. 2(H-L). Therefore, the element
shown in the EDX spectra was identified by elemental mapping.

3.3. Tiz;C,T,~-SnO, NPs/PPy for electrochemical biosensing

In the phage-based biosensor, bacteriophage was attached to the
Ti;C,T,-SnO, NPs/PPy modified according to potential-driven
chronoamperometry techniques, where the current follows
a constant concerning time (s) and potential (V), as presented in
Fig. 3(A and B). As the current remains constant around 1.0 V, the
immobilization process feels like charging, as displayed in

View Article Online
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Fig. 3(C). As phage immobilization is a charging phenomenon,
the charge holding time analysis is important. The charge
retaining capability was studied utilizing the self-discharging
data presented in Fig. 3(D-G) of Ti;C,T,-SnO, NPs/PPy elec-
trode in H,SO,. The H,SO, electrolyte is an alternative to phage,
where H,SO, is mostly utilized as an ionic medium to explain the
capacitive behavior of the electrode material.*® While a well-
capacitive surface can support bacteriophage immobilization,
the instability of bacteriophages, particularly at room tempera-
ture, poses a significant challenge for long-term capacitive
measurements in phage-based biosensors. Careful consideration
of phage stability and the implementation of appropriate pres-
ervation strategies are crucial for developing reliable phage-based
capacitive biosensors.

Moreover, the stability of the bacteriophages under varying
temperature and pH conditions is illustrated in Fig. S1(A and B)
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Fig. 3 (A) Potentiostatic (chronoamperometry) immobilization of bacteriophage, (B) corresponding current of potentiostatic immobilization at

1.0V, (C) corresponding charge during potentiostatic immobilization, (D) self-discharge plot of TizC,T,—SnO, NPs/PPy electrode in H,SO, after
charging (2.0 Ag™* up to 0.5 V), and corresponding plot of (E) log(potential) versus time of self-discharge, (F) potential vs. time®?, (G) voltage
versus log(time), (H) DPV response, (I) Bode plot of showing TizC,T,—SnO, NPs/PPy, after immobilization of bacteriophage, and attacking of K.

pneumoniae.
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of the SI. At temperature values of —20, 4, 25, and 37 °C, the
concentration of bacteriophage remains constant but decreases
at over 56, 70, and 100 °C. Also, the bacteriophage was stable at
an optimum pH of 7.0 without destroying any plaques but
decreases at lower and higher pH levels of 4.0 and 10.0. To
assess the self-discharge behavior of the Ti;C,T,~SnO, NPs/PPy
modified electrode, it was initially charged up to 0.5 V with
a2 A g ' of current density. The corresponding self-discharge
profile is presented in Fig. 3(D). The electrode exhibited
a minor voltage drop during the early stage of the self-discharge
activity, followed by a stable stage where no significant voltage
loss was observed, indicating excellent charge retention. The
self-discharge mechanism was interpreted based on method-
ologies previously reported.®” The self-discharge of capacitive or
supercapacitor electrodes can be attributed to three primary
factors: (i) diffusion-controlled redox reactions, (ii) over-
charging beyond the optimal voltage window, and (iii) ohmic
leakage through the internal resistance of the device.*® Fig. 3(E)
presents the plot of the logarithm of (V) vs. time (¢), displaying
a consistent linear relationship indicative of a diffusion-
controlled self-discharge process, with no evidence of ohmic
leakage in the Ti;C,T,-SnO, NPs/PPy modified electrode.® The
plot of voltage (V) vs. t>° shown in Fig. 3(F) demonstrates line-
arity in the steady-state region, indicating the predominance of
capacitive-controlled processes and the absence of ohmic
leakage during self-discharge. Moreover, the linear profile
observed in the V versus log(t) plot confirms that the self-
discharge of the Ti;C,T,-SnO, NPs/PPy modified electrode is
not governed by overcharging-induced charge redistribution.”

A comparative oxidation peak of TizC,T,-SnO, NPs/PPy,
Ti;C,T,-SnO, NPs/PPy/Phage, and Ti;C,T,-SnO, NPs/PPy/
Phage/K. pneumoniae was collected in 100 mmol per L KCI
containing 5 mmol L™* of [Fe(CN)]> /*". From the DPV study,
the oxidation current was found to be 218.27 pA for SPE/
Ti;C,T,-SnO, NPs/PPy, 102.73 pA for SPE/Ti;C,T,~SnO, NPs/
PPy/Phage, and 61.11 pA for SPE/Ti;C,T,-SnO, NPs/PPy/
Phage/K. pneumoniae. The oxidation current gradually
decreased from the developed SPE/Ti;C,T,-SnO, NPs/PPy
modified electrode due to the successful immobilization of
phage and hosting K. pneumoniae on the immobilized phage.
Furthermore, impedance-based EIS data were collected for
Ti;C,T,-SnO, NPs/PPy, Ti;C,T,~SnO, NPs/PPy/Phage, and
TizC,T,—SnO, NPs/PPy/Phage/K. pneumoniae functionalized
electrodes, and the Bode plot is displayed in Fig. 3(I). Bode plot
reveled that the charge transfer resistance (R..) was determined
to be 200 Q for SPE/Ti;C,T,-SnO, NPs/PPy, 3424 Q for Ti;C,T,~
SnO, NPs/PPy/Phage, and 6260 Q for TizC,T,~SnO, NPs/PPy/
Phage/K. pneumoniae. The R value gradually increased from
the developed SPE/Ti;C,T,-SnO, NPs/PPy due to immobiliza-
tion of Phage and hosting K. pneumoniae on immobilized
bacteriophage, confirming the presence of capacitive double
layer (Cq4y). Therefore, bacteriophage immobilization and K.
pneumoniae hosting are certainly capacitive phenomena. The
corresponding Nyquist plot of Fig. 3(I) is shown in Fig. S1(C).
The phage and K. pneumoniae can successfully decrease the DPV
current and increase the value of R... So, the DPV and EIS results
assured the successful immobilization of bacteriophage onto
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the surface of the Ti;C,T,-~SnO, NPs/PPy modified electrode
after hosting the targeted K. pneumoniae ATCC 700603. Also, the
attacking ability of the isolates of bacteriophage to K. pneumo-
niae ATCC 700603 and the hospital effluent collected K. pneu-
moniae is presented in Fig. S2(A and B). The host range testing
results towards Salmonella typhi (S. typhi), E. coli DH5a, E. coli
0157:H7, Pseudomonas aeruginosa (P. aeruginosa), Shigella flex-
neri (S. flexneri), Vibrio cholerae (V. cholera), Salmonella enterica
(S. enterica), and Listeria monocytogenes (L. monocytogenes) are
selective as shown in Fig. S2(C-J). This study confirms that the
K. pneumoniae ATCC 700603 strain and the collected K. pneu-
moniae are identical.

3.4. Electrode characterization through supercapacitor
studies

The power law equation controlling the correlation between
peak current and scan rate is considered to comprehend the
charge storage mechanism, as shown in eqn (1). The correlation
between the logarithm of scan rate and the logarithm of peak
current is presented in Fig. 4(A). Here, the slope is used to
determine the b value.®® In general, a b-value between 0.5 and 1
suggests a combination of diffusion-controlled and surface-
controlled (pseudocapacitive) charge storage. A b-value closer
to 0.5 indicates that diffusion-controlled processes dominate,
while a value closer to 1 implies that capacitive behavior is more
dominant. For PPy, Ti;C,T,~PPy, Ti3;C,T,~SnO, NPs, and
Ti;C,T,—SnO, NPs/PPy, the b value is 0.656, 0.456, 0.962, and
0.830, respectively, in which Ti;C,T,-SnO, NPs show the high-
est b-value, and the b value for PPy increased from 0.656 to 0.830
in Ti;C,T,-SnO, NPs/PPy. The results show that the hybrid
electrode has both surface and diffusion processes. Further-
more, diffusion-controlled charge storage and surface capaci-
tance are estimated using the widely recognized Dunn method,
as outlined in eqn (3) and (4). In this case, I(V), kv"? and kv
stands for the total current at a given voltage, the diffusion
contribution, and the surface control contribution, respectively.
Fig. 4(B) represents the capacitive and surface-controlled
contribution (%) plot of Ti;C,T,~SnO, NPs/PPy. Based on eqn
(4), the plot of I(V)v'* versus k"> for TizC,T,~SnO, NPs/PPy
was used to calculate the constant k; and k, at the potential of
0.335 V for the anodic sweep, with the scan rate varying from 10
to 60 mV s~ '. At a scan rate of 5 mV s, the surface control
contribution is 90% and reaches 96% at 60 mV s '. This is
because there is not enough time for a diffusion layer to develop
at a fast scan rate.

I=a (1)

logI =1loga + blogv (2)
IV) = kyy + kpy'? (3)
I = k' + Iy (4)

To evaluate the electrochemical properties of the sythasized
materials, PPy, Ti;C,T,~PPy, TizC,T,-SnO, NPs, and Tiz;C,T,~

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SnO, NPs/PPy, CV and GCD measurements were conducted
using a 3-electrode setup, with 1 mol per L H,SO, as the
aqueous electrolyte. Fig. 4(C) presents a comparison of the CV
curves. They were recorded at a scan rate of 50 mV s ', with
voltage range of —0.3-0.4 V for Ti;C,T,-SnO, NPs, and —0.5-
0.5 V for PPy, Ti;C,T,~PPy, Ti;C,T,~SnO, NPs/PPy (vs. Ag/AgCl).
The recorded rectangular CV curves indicate ideal capacitive
behavior with current response proportional to scan rate and
independent of the potential. However, these rectangular
shapes can be distorted by various factors, including faradaic
reactions and pseudocapacitive behavior.” The CV curve also
indicates that current changes instantaneously with voltage
changes, with constant capacitance within the voltage range.
The Ti;C,T,-SnO, NPs/PPy modified electrode showed an
oxidation peak at a voltage of 0.335 V, indicating Faradaic behavior
of pseudocapacitance electrode. Furthermore, the CV curve has
a rectangular shape, thus, Ti;C,T,-SnO, NPs/PPy is

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

a pseudocapacitance-type supercapacitor electrode. The CV results
for PPy, Ti;C,T,~PPy, Ti;C,T,—SnO, NPs, and Ti;C,T,~SnO, NPs/
PPy are shown in Fig. S(3). Furthermore, the GCD comparison
profile of PPy, Ti;C,T,~PPy, Ti;C,T,-SnO, NPs, and Ti;C,T,—SnO,
NPs/PPy, is displayed in Fig. 4(D), and the detailed GCD curves are
presented in Fig. S(4). From the GCD curves, it was observed that
a rectangular shape was obtained with no IR drop. Therefore, the
CV and GCD revealed that TizC,T,-SnO, NPs/PPy is a super-
capacitor-type electrode. The CV specific capacitance comparison
is shown in Fig. 4(E), where Ti;C,T,~SnO, NPs/PPy show higher
than PPy, Ti;C,T,~PPy, and Ti;C,T,~SnO, NPs, which was calcu-
lated from eqn (5). The specific capacitance of Ti;C,T,~SnO, NPs/
PPy was found to be 795.0 Fg~*,271.85 Fg ', 444.0,and 468 F g
for PPy, Ti;C,T,—PPy, Ti;C,T,-SnO, NPs at a scan rate of 0.005 V
s . Similarly, the specific capacitance of the GCD curve is shown
in Fig. 4(F) and was calculated using eqn (6). The PPy, Ti;C,T,~PPy,
Ti;C,T,-SnO, NPs, and Ti;C,T,-SnO, NPs/PPy, nanocomposites
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show specific capacitances of 290.4, 447.5, 471.32, and 806.67 Fg ™"
ata 2 A g~ ' current density. In Fig. 4(F), Ti;C,T,~SnO, NPs/PPy
shows a higher specific capacitance curve than that of PPy,
Ti;C,T,~PPy, and Ti;C,T,~SnO, NPs. eqn (5) and (6) were used to
calculate specific capacitance (Cyp) from the CV and GCD curves,
respectively:®

CV based: C, = % (5)
ITAt

GCD based : C, = NG

(6)
where [I(V)dV is the constrained area under the CV curve under
the current in (A), AV is the potential window or cut-off voltage
in (V), Iis the instant discharge current value in (A), v is the scan
rate in (mV s~ '), m represents the mass of the electrode mate-
rials in grams, and At denotes the discharge time in seconds.

This highlights the fact that Ti;C,T,-SnO, NPs/PPy modified
is a highly capacitive supercapacitor electrode. The Nyquist plot
for Ti;C,T,~SnO, NPs/PPy and the Bode plot for the phage angle
are displayed in Fig. 4(G and H). The Nyquist plot displayed in
Fig. 4(G), shows an upper trending linear diagram without
a semicircle. The Bode plot of the phage angle versus log(fre-
quency) shown in Fig. 4(H) presents the maximum phage angle
of 83.37°, which is near the ideal capacitive (—85°) nature of
Ti;C,T,—SnO, NPs/PPy electrode. Furthermore, the Ti;C,T\—
SnO, NPs/PPy modified electrode shows 98.3% stable perfor-
mance after 10 000 consecutive cycles as presented in Fig. 4(I).
The GCD stability graph at the end of 10 000 cycles is shown in
Fig. S(5). The stability of GCD was driven at the current density
of 4.0 Ag~". A comparison of the supercapacitor performance of
this work and previously published Ti;C,T,/PPy-based elec-
trodes are summarized in Table 1.

3.5. Electrochemical mechanism of K. pneumoniae
detection

The link between the structural and compositional character-
ization of the nanocomposite with its functional performance,
particularly in biosensing and electrochemical energy storage,
is explained through Scheme 2(A and B). In Scheme 2A, the
arrangement of TizC,T,, SnO, NPs, and PPy is presented, where
SnO, NPs are inserted in TizC,T, and PPy is covered on TizC,T,~
SnO, NPs. Thus, the successful formation of Ti;C,T,-SnO, NPs/
PPy nanocomposite was characterized via electrochemical
testing for biosensors and their capacitive nature through
supercapacitor properties studies. Additionally, in Scheme 2B,
electrochemical charging alters the electrical properties of the
modified surface. These changes influence how effectively
bacteriophages can attach and bind to the surface. Thereafter,
the phage can attack the K. pneumoniae, and the binding
bacterial concentration is calculated by using electrochemical
EIS and DPV techniques. This work explores the nanocomposite
of Ti;C,Ty, SnO, NPs, and PPy for dual applications in bi-
osensing and electrochemical energy storage.”®

The composite leverages the individual properties of each
component: Ti;C,T, for conductivity and surface area, SnO, NPs
for enhanced electrochemical interaction, and PPy for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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i
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(A) electrochemical mechanism of TizC,T,—SnO, NPs/PPy nanocomposite formation towards biosensor and electrochemical

capacitor, (B) mechanism of PPy in biosensor and electrochemical capacitor.

electroactivity and charge transport, leading to a material
capable of both biosensing and electrochemical capacitive
functionality.”” The study investigates the electrochemical
mechanisms of negative ion attachment and phage immobili-
zation on the electrode surface as capacitive phenomena to
optimize the dual functionality of the nanocomposite.

3.6. Electrochemical detection of K. pneumoniae

The analytical performance of Ti;C,T,~SnO, NPs/PPy nano-
composites depends on their building block materials, like

SnO, NPs, Ti;C,T,, and PPy. Here, the analytical performance is
tested in standard [Fe(CN)s>*~ solution by DPV and EIS
techniques. The DPV experiment was conducted at potential
window of 0-0.5 V. EIS was operated at a wide frequency range,
from as low as 10" Hz to as high as 10° Hz. With the optimized
immobilization protocol, prepared SPE/Ti;C,T,-SnO, NPs/PPy/
Phage was infected with multiple concentrations of K. pneu-
moniae. Host bacterial concentrations were 10%, 102, 10°, 10%,
10°, and 10° CFU mL™ . After bacterial immobilization on SPE/
Ti;C,T,—SnO, NPs/PPy/Phage, the electrode was used for DPV

A) 140 B)7 9000
(A) —— Phage (B) = K. pneumoniae (10-10° CFUmL™") ©) =— Phage
120 ——10' CFUmL"! o 8000+ —+—10' CFUmL"
~—— 10 CFUmL"' 1 7000 —+—102 CFU mL"!
100+ 10° CFU mL"’ 60004 = —+—10°* CFUmL"
< 10° CFU mL" < a x, —+—10°CFUmL"
2 80 10° CFU mL"' f y2=-7.845x+65,452 50001 < N — 10° CFU mL™
S 6o 10° CFU mL"! 591 R®=0.98594 _%4000. LN o 1fcRumL
S 3 € 3000 « L\ X
O 40 O 304 N L2 3
2000 4 1 \
204
20 1000 4 L 4
o{ — 04
: : - : - : 10+— : : : . - : : - : - -
0.0 0.1 0.2 03 04 0.5 0€ 1.00 2.00 3.00 4.00 5.00 6.00 0 4000 8000 12000 16000 20000 24000
Potential (V) vs Ag/AgCI Log (concentration CFUmL™) Zoa ()
~~ 18000
(D) =— Phage (SRS
200001 10" CFUML 5 16000
4—10? CFU/mML «
3 15000 v 10° CFU/mL & 14000+ y = 1997.15x + 3327.258
= +10* CFU/mL S 120004 R? =0.9920
2 >
e @ < 10° CFU/mL 2
S 10000+ oy » 10° CFU/mL = 10000
? 2
(=% 17}
E 5000 § "
© 6000
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Fig. 5 (A) DPV and (B) calibration plot; (C) Nyquist, (D) Bode, and (E) calibration plot of SPE/TizC,T,—SnO, NPs/PPy/Phage biosensor-based

detection of 10, 102, 10%, 10, 10%, and 10° CFU mL™! of K. pneumoniae.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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anodic oxidation and EIS non-Faradic impedance measurement
in [Fe(CN)]**~. The respective data are plotted in Fig. 5(A-E).
In the DPV plot, a linear dynamic range of 10-10° CFU mL ™" was
maintained with the corresponding regression equation of y =
—7.845x + 65.452, and R® value of 0.98594, as shown in Fig. 5(A
and B). The bacteria-infected electrode surface impedance was
measured using EIS in the same [Fe(CN)e]>~/*~.

The corresponding Nyquist plot and Bode plot of impedance
spectra are shown in Fig. 5(C-E). The R, value shows a linearity
with the regression equation. In both DPV and EIS, it appears
that the peak current is decreased with increasing bacterial
concentration in DPV; in contrast, the diameter of a semicircle
of the Nyquist plot grew with increasing K. pneumoniae
concentrations 10-10° CFU m L™ '. A comparison of phage-
modified electrochemical biosensors between this work and
previously published research for K. pneumoniae quantification
is summarized in Table 2.

3.7. Selectivity, repeatability, stability, and practical
application

To evaluate the performance of the Ti;C,T,~SnO, NPs/PPy
electrode-based biosensor, a series of experiments were con-
ducted to assess the selectivity, repeatability, stability, and real
sample analysis. DPV measurements were carried out after
attacking several bacteria (S. typhi, E. coli DH5¢, P. aeruginosa, E.
coli 0157:H7, S. flexneri, V. cholerae, S. enterica, L. monocytogenes)
onto the SPE/Ti;C,T,-SnO, NPs/PPy/Phage to study the
biosensor's selectivity, and the results are presented in
Fig. S6(A). The targeted host K. pneumoniae (10° CFU mL ")
attacked the SPE/Ti;C,T,-SnO, NPs/PPy/Phage modified elec-
trode, and in DPV response, a 34 pA oxidation signal is recor-
ded. On the contrary, the non-target host is not attacked on SPE/
Ti;C,T,-SnO, NPs/PPy/Phage, and the DPV response remains
around 100 pA oxidation signal. So, the results can reveal that
the biosensor can quantify K. pneumoniae with superior selec-
tivity in the presence of many other interfering bacterial cells.
Reproducibility is a key parameter for assessing the precision of
electrochemical biosensors, primarily reflecting the stability of
the biosensor itself. The precision of the biosensor was assessed

View Article Online
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Table 3 Recovery test of K. pneumoniae in soil, agricultural water,
hospital effluent, tap water, and urine using the proposed biosensor

Add Detected Recovery
Sample name (CFU mL™) (CFU mL ™) (%)
Soil 10* 9975 99.75
Agricultural water 10* 9990 99.90
Hospital effluent 10* 9980 99.80
Tap water 10* 9993 99.93
Urine 10* 9988 99.88

by measuring its response five times at a K. pneumoniae
concentration of 10* CFU mL ™', as shown in Fig. S6(B).

To evaluate the stability of the SPE/Ti;C,T,~SnO, NPs/PPy
biosensor, the electrodes were stored at 4 °C. Every seven
days, the functionalized electrodes were refreshed by intro-
ducing K. pneumoniae (10> CFU mL™ ') and immobilizing the
phage. DPV measurements were then performed, and the
findings are displayed in Fig. S6(C). These findings demonstrate
the impact of storage duration on the stability of the developed
biosensor. The stability reaches 98.1% after eleven consecutive
weeks with a gradual decrease in the activity of TizC,T,~SnO,
NPs/PPy nanocomposite modified electrode. This indicates
that, compared to previously reported phage-modified electro-
chemical biosensors, the biosensors developed in this study
demonstrate superior stability.'*”® To confirm the practical
application of the developed biosensors as an effective diag-
nostic tool for monitoring K. pneumoniae, a recovery test was
conducted in environmental samples (soil, agricultural water,
hospital effluent, tap water, and urine). The collected data is
presented in Table 3. To prepare a real sample, the bacteria were
combined with an environmental sample and extracted using
the procedure described in Subsection 2.4.1. The whole
protocol was similarly maintained for the quantification of K.
pneumoniae. The recovery efficiency of the designed SPE/
Ti;C,T,~SnO, NPs/PPy/Phage biosensor was outstanding,
ranging from 99.75 to 99.90%. Despite the presence of back-
ground bacterial interference in the environmental sample, K.
pneumoniae detection remained highly reliable and consistent.

Table 2 Comparison of phage-modified electrochemical biosensors for the detection of K. pneumoniae®

Detection range LOD
Electrodes Modification type  Target bacteria  Assay type (CFU mL™ ") (CFUmL™") Sample Ref.
BC/c-MWCNT/PEI CL Staphylococcus ~ DPV 3.0-3.0 x 10’ 3.0 PBS 78
aureus 5.0-5.0 x 10° 5.0 Milk 78
PEI/c-CNT EI Staphylococcus ~ EIS 10%-107 1.23 x 10> Water 13
aureus 1.23 x 10> Blood plasma
PAN-derived CNF EI Escherichia coli ~ EIS 10%-10° 36 PBS, apple juice 18
AuE/11-MUA-3MPA/NHS- EI Escherichia coli DPV 1.9 x 10'-1.9 x 10° 14 +5 SM buffer 14
EDC
Ti;C,T,-SnO, NPs/PPy EI K. pneumoniae  DPV, EIS 10-10° 1.0 PBS This
work

“ Abbreviations: BC: bacterial cellulose, c-MWCNT: carboxylated multiwalled carbon nanotube, PEI: polyethyleneimine, PAN: poly-acetonitrile;
CNF: carbon nanofibre, 11-MUA: 11-mercaptoundecanoic acid, 3-MPA: 3-mercaptopropionic acid, NHS: N-hydroxy-succinimide, EDC: 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide hydrochloride.
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4 Conclusion

Herein, a capacitive electrochemical biosensor electrode based
on a Ti;C,T,~SnO, NPs/PPy nanocomposite for bacteriophage
immobilization and the selective detection of K. pneumoniae
was successfully engineered. The fabricated Ti;C,T-SnO, NPs/
PPy electrode exhibited capacitive behavior, with a b-value of
0.830 derived from the power law equation and a 90% capacitive
contribution at a scan rate of 10 mV s~ ', as determined using
the Dunn method. Comparative evaluation of individual and
binary components PPy, Ti;C,T,-PPy, Ti;C,T,~SnO, NPs, and
Ti;C,T,—SnO, NPs/PPy revealed b-values of 0.656, 0.456, and
0.962, and corresponding specific capacitances of 290.4, 447.5,
and 471.32 F g7, respectively. Remarkably, the Ti;C,T,~SnO,
NPs/PPy nanocomposite achieved an elevated specific capaci-
tance of 806.67 F g ' and a phase angle of —83.37°, closely
approximating the ideal capacitive response (—85°). These
findings confirm the capacitive nature and superior electro-
chemical performance of the Ti;C,T,-SnO, NPs/PPy modified
electrode. Upon immobilization of bacteriophages, the result-
ing Ti;C,T,-SnO, NPs/PPy/Phage biosensor demonstrated effi-
cient detection of K. pneumoniae using DPV and EIS techniques,
covering a dynamic linear detection range of 10-10° CFU mL .
The practical applicability of the developed sensor was validated
using complex real-world samples, including soil, agricultural
water, hospital effluent, and urine matrices. Overall, the
Ti;C,T,-SnO, NPs/PPy/Phage biosensor offers a promising
platform for both environmental surveillance and clinical
diagnostics, owing to its high sensitivity, stability, and adapt-
ability to diverse sample types. This is the first to report on PPy-
based functionalized capacitive electrochemical detection of K.
pneumoniae.
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