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Bloodstream bacterial infections, a major health concern due to rising sepsis rates, require prompt, cost-effective
diagnostics. Conventional methods, like COy-based transduction, face challenges such as volatile metabolites,
delayed gas-phase signaling, and the need for additional instruments, whereas electrochemical sensors provide
rapid, sensitive, and efficient real-time detection. In this study, we developed a bioreceptor-free Prussian blue
(PB) sensor platform for real-time bacterial growth monitoring in blood culture. PB thin films were electro-
deposited onto a screen-printed carbon electrode (SPCE) via cyclic voltammetry (CV) technique under optimal
conditions. The electrochemical performance of PB/SPCE was assessed using differential pulse voltammetry
(DPV) against exoelectrogenic bacteria, including E. coli, P. aeruginosa, S. aureus, and E. faecalis. The proposed
sensor exhibited surface-controlled electrochemical kinetics and bacteria-driven metal reduction from PB to
Prussian white (PW), facilitated by extracellular electron transfer (EET). It showed significant sensitivity with an
extensive detection range of 10%-108 CFU/mL for E. coli and S. aureus, and 10°-10% CFU/mL for P. aeruginosa and
E. faecalis, with reliable detection limits. The sensor accessed the viability of the pathogen within 3 hrs, offering a

rapid, efficient alternative to traditional, labor-intensive methods for blood-based diagnostics.

1. Introduction

Sepsis is a severe and often life-threatening condition stemming from
bloodstream infections (BSIs) and affects over 20 million people
worldwide each year. These infections are caused by the presence of live
bacterial and fungal microorganisms in the blood, leading to systemic
inflammation and organ dysfunction [1,2]. The occurrence of sepsis
caused by bloodstream bacteria varies across different regions and is
influenced by factors such as healthcare infrastructure, levels of anti-
microbial resistance, and demographics of the population. The most
common bacterial pathogens causing BSIs include gram-positive or-
ganisms like Staphylococcus aureus (SA) and gram-negative organisms
like Escherichia coli (EC), those frequently associated with healthcare
settings, especially in intensive care units (ICUs), where invasive pro-
cedures and devices are commonly used [3]. Continued efforts in early
detection, effective treatment, and comprehensive data collection are
crucial for reducing the worldwide impact of sepsis [4].

Current blood bacteria monitoring techniques include blood culture,
nucleic acid-based assays, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS), and next-generation
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sequencing (NGS). These methods help to identify and characterize the
bacterial pathogens in the blood, aiding in diagnosis and treatment.
However, they have limitations such as slow turnaround times [5],
limited sensitivity and false negatives, lack of quantitative data, [6] high
costs, and challenges in detecting antibiotic-resistant strains [7]. Tack-
ling these challenges is crucial for improving blood pathogen monitoring
and patient outcomes, making persistent research and development
essential for advancing clinical diagnostics.

In this context, electrochemical sensors provide a promising alter-
native, offering a more effective approach for detecting bacterial in-
fections in the bloodstream compared to conventional microbiological
techniques. Their rapid detection capabilities [8], high sensitivity and
specificity [9-12], portability, cost-effectiveness [13] and potential for
detecting antibiotic resistance make electrochemical sensors a valuable
tool in clinical diagnostics [14-16]. As technology continues to evolve,
electrochemical sensors in medical practice are expected to expand,
further improving patient care and outcomes.

Recently, label-free electrochemical sensors have been valued for
their ability to monitor pathogens in blood without molecular labels and
simplify the process through [17] the electrochemical changes when
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bacteria interact with the sensor’s surface in real-time [18-20]. Overall,
label-free electrochemical sensors provide promising blood pathogen
monitoring with potential improvements through advanced materials
and expanded research applications in clinical diagnostics and
biomedical research [18].

For effective electrochemical monitoring of bacterial growth, kinetic
analysis is a valuable tool to reveal the catalytic interactions, particu-
larly electron donors and acceptors in microbial metabolism. Electron
transfer between bacteria and the electrode happens through either
intracellular electron transfer (IET), or extracellular electron transfer
(EET), which involves the use of redox mediators [21]. EET has received
significant attention among these methods due to its direct relevance in
applications such as microbial fuel cells, corrosion, and sensors. Key
components in EET include redox proteins like c-type cytochromes,
molecular electron shuttles, conductive pili/nanowires, extracellular
polymeric substances, and redox mediators [22].

Many microorganisms derive energy from redox reactions, including
aerobic respiration, anaerobic respiration, and the oxidation of reduced
inorganic compounds. These processes rely on redox couples such as O/
H,0, NO>7/NO?~, and Fe3*/Fe?t. Remarkably, microorganisms can
biologically reduce many metals, such as Fe, Mn, Cu, Mo, and Au,
providing sufficient energy for their growth. Specifically, Fe?* can act as
an electron donor, while Fe®* serves as a terminal electron acceptor in
anoxic conditions, supporting the growth of iron-reducing bacteria
[23,24].

In this context, PB, a coordination polymer, has gained interest in its
use in electrochemical sensing, including the detection of bacteria.
Recent advancements have led to the development of PB-based optical,
colorimetric, and electrochemical sensors using simple fabrication
methods designed for the efficient detection of distinct bacterial strains
in wider applications. Vincy et al. have developed a robust STAR paper-
based colorimetric dipstick sensor that is highly sensitive and utilizes the
principle of PB synthesis as a visual indicator [25]. A multifunctional
colorimetric nanozyme, AuAg@PB MOF, was synthesized and employed
as a dual-mode sensor by J. Cai et al. for specific and sensitive bacterial
detection [26]. An XGBoost method proposed by Ying Xu et al. used a
machine learning-based (PB/MWCNT/Au/Anti-BSA-E. coli) EIS
biosensor to detect the effect of a low-dose inhibitor (e.g., hydrogen
peroxide) on E. coli [27].

A salient feature of PB as an electron mediator in various sensor
designs, facilitating the electron transfer processes that are crucial for
the detection of bacterial metabolites or specific bacterial markers
[28,29]. For instance, with a high molecular extinction coefficient and
suitable redox potential of soluble and insoluble forms of PB-coated ITO-
PET electrodes employed in colorimetric and electrochemical metabolic
indicators of EC growth monitoring [30]. Likewise, PB has been com-
bined with gold nanoparticles to create a sensitive and specific immu-
nosensor for detecting bacterial canker disease. The versatility of the PB-
based sensors designed for the electrochemical detection of EC 0157:H7
demonstrated high sensitivity due to the efficient bi-functional role in
both recognition and signal amplification in complex biological samples
[31]. T.C. Babin et al. proposed the non-destructive potentiometric
measurement in blood cultures using PB as one of its multi-material
electrode arrays and machine learning to identify gram-positive and
negative bacterial strains instead of volatile compound COj-based
transduction methods in blood culture monitoring. Although CO5 pro-
vides generic detection of bacterial growth in blood culture, the phase
transfer time between liquid to sensible gas phase is higher in a
controlled environment. Also, their findings focused on a polyaniline
microarray to detect pH changes for bacterial identification, which ne-
cessitates understanding the electrochemical fingerprints (ELFs) of each
microorganism [32]. Several aspects remain unexplored, including
identifying the redox species involved in the ELFs and monitoring bac-
terial growth in blood samples.

Building on these insights, we demonstrated the effectiveness of PB
for electrochemical bacterial growth monitoring in blood samples,
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targeting both gram-negative and gram-positive strains. PB was elec-
trodeposited onto SPCE using a simple CV technique under optimal
conditions. The sensor’s role in bacterial growth monitoring through the
EET process was thoroughly investigated and validated using kinetic
models and spectroscopic methods. The developed sensor showed high
sensitivity, repeatability, and a wide detection range in blood pathogens
monitoring. Model bacterial strains growth curves in a mixture of
culturing buffer and blood samples were monitored within 3 hrs to
measure bacterial viability. The study outcomes emphasized the effec-
tiveness of PB-based sensors for fast bacterial monitoring in blood health
diagnostics.

2. Experimental section
2.1. Materials and methods

Hydrochloric acid, potassium iron hexacyanoferrate, iron chloride
hexahydrate, potassium chloride, sodium chloride, hemoglobin
(human), and bovine serum albumin chemicals were procured from
Sigma-Aldrich with analytical grade and used without further purifica-
tion. The deionized (DI) water with a verified specific resistance of 18
MQ/cm was employed throughout the experiments. The bacteria culture
preparation and electrochemical sensing experiments were carried out
using BacT/Alert (FA Plus) buffer —Aerobic (Ref: 410851), sheep blood
defibrinated (MB-S1876) from Kisanbio Co. In this work, the bacterial
strains collected from standard CLSI strains (American Type Culture
Collection) E. coliATCC  25922,S.  aureus ATCC 29213,
P. aeruginosa ATCC 27853, and E. faecalis ATCC 29212 and used for the
electrochemical studies. The volunteers’ blood samples were collected
from Ajou Health Care Center utilizing the proper safety protocols for
real-time blood monitoring studies according to the Institutional Review
Board (IRB) guidelines and ethical principles (IRB approval number:
202411-HS-004).

2.2. Preparation of PB/SPCE

The present study explored the electrodeposition of PB on SPCE
using the CV technique under optimized experimental conditions. In a
typical experiment, 2.5 mM K3 [Fe(CN)g] and 2.5 mM FeCl3-6H,0 were
dissolved in 0.5 M HCI prepared with DI water. To this solution, 100 mM
KCl was gradually added until a homogeneous mixture was obtained.
The PB film was then electrodeposited on the carbon electrode within a
potential window of —0.4 V to 0.4 V at a scan rate of 50 mV/s. Depo-
sition cycles were varied among 10, 15, and 20 to achieve uniform
coating and optimal film thickness for enhanced catalytic properties
[33]. Following deposition, the PB-coated samples were rinsed with DI
water and dried at 70 °C for 24 hrs, and kept in a desiccator before use.

The CV profiles showed an increase in redox peak currents in suc-
cessive cycles during electrodeposition, indicating PB nucleation, which
stabilized as a uniform thin film after 20 cycles. Surface analysis
revealed that increasing the number of deposition cycles resulted in
thicker films (C10: 3.45 ym, C15: 6.13 pm, C20: 9.94 um) and greater
surface roughness (Bare SPCE: 1.890 um, C10: 2.16 ym, C15: 2.29 pm,
C20: 2.52 pym). This increase in surface roughness is expected to
contribute significantly to the enhanced catalytic behavior of PB in
biosensor applications. Detailed optimization including cycling profiles,
3D laser surface analysis, and preliminary electrochemical results are
provided in the supplementary information (Fig. S1-S2).

2.3. Material characterization

The morphological features and elemental information of the
developed materials were determined using field emission scanning
electron microscopy (FESEM, JEOL-JSM-7900F, Japan) with an accel-
erating voltage of 10 kV and an energy dispersive X-ray spectroscopy
(EDS). X-ray diffraction (XRD, Rigaku Ultima IV, Japan), Fourier
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transform infrared (FT-IR) spectroscopy (Nicolet iS50, Thermo Scienti-
fic), Raman spectroscopy (Renishaw InVia Raman microscope, with an
excitation laser of 514 nm), and X-ray photoelectron spectroscopy (XPS,
Multilab 2000, UK) were employed to examine the crystal structure,
functional groups, chemical composition, and surface chemistry of PB/
SPCEs, which is essential in terms of their electrochemical sensor ability.
AutoCAD 2024 software was used to design custom-sized SPCEs with a
three-electrode system. SPCEs were fabricated using a semi-automatic
screen-printing instrument using commercial conductive inks,
including a graphite working electrode (WE), a Pt counter electrode
(CE), and an Ag/AgCl reference electrode (RE). The electrochemical
analyses were conducted by utilizing an electrochemical workstation
(PalmSens 4, Netherlands). The surface coverage, film thickness and
roughness of prepared PB/SPCE samples were evaluated using 3D-Laser
profiler, (Maker: KEYENCE and Model: VK-X250K/X260K). The con-
centration of bacterial strains was adjusted using a DensiCHEK Plus
densimeter for electrochemical sensitivity analysis.

2.4. Bacterial culture conditions

The bacterial stock cultures of interest in the present study were
revived and streaked on Luria broth (LB) agar plates and incubated
overnight at 37°C. The grown colonies of each bacterial strain from the
agar plate were picked and inoculated in 1 mL of BacT/Alert buffer
separately. An aliquot of 4 mL bacterial cultures with sheep and human
blood was diluted, and their concentration was adjusted using a de-
nsimeter from 10% to 108 CFU/mL.

3. Results and discussion
3.1. Morphological, structural and chemical composition analysis
The FESEM image shown in Fig. 2a illustrates the sheet-like

morphology of the graphitic carbon ink (as clearly emphasized in the
inset) used for fabricating the working electrode (WE) on the SPCE.
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Fig. 2(b and c), imply the cubical morphology of the prepared PB
nanostructures, with an average edge length of ~ 66 nm. The nanocubes
are uniformly grown throughout the surface of the carbon electrode.
Further, the EDS spectrum in Fig. 2d and color mapping from Fig. 2(e-i)
confirm the phase purity, elemental composition, and uniform distri-
bution of PB over the substrate. The PB nanocubes, with notable active
surfaces, could improve their catalytic behavior and preferable charge
transfer ability between the PB and cell wall of the bacterial strains with
surface adhesion during the electrochemical reaction.

Fig. 3a displays the XRD patterns of the bare and electrodeposited
PB/SPCEs. The crystalline peaks of the bare electrode at 18°, 22.6°, 28°,
31°, and 58° indicated the presence of the graphite ink used to design the
WE [34]. The strong and sharp diffraction peaks of PB/SPCE, counting
(200), (220) (400), (420), (440), (600), (620), (640), and (642)
confirmed the face-centered cubic (FCC) PB lattice in which, Fe(III) ions
connected to Fe(II) and nitrogen atoms in the 3D skeleton surrounded by
carbon atoms of cyanide ligands. The outcomes were closely examined
and validated against the standard diffraction pattern of PB (Card No:
00-073-0687) and the crystallite size was determined to be ~ 4 nm using
conventional Scherrer’s formula. Additionally, a subtle shift towards a
higher angle was seen in a few diffraction peaks namely (440), (600),
and (620) and this might be attributed to the presence of structure
distortion in the FCC structure, which would have a considerable in-
fluence on the catalytic behavior of the material in sensor applications
[35,36].

The wide-angle XPS spectra were used to examine the chemical
compositions and different oxidation states of elements of bare and PB/
SPCE as shown in Fig. 3b. As anticipated, survey spectra of bare SPCE
showed the photoelectron lines for C, and O associated with the graphite
ink. Further, the PB deposited SPCE confirmed the presence of Fe, C, N,
and O elements, ensuring its primary constituents.

The peaks observed at 281.9 eV correspond to the Cls band, while
the O1s peak is detected at 530.3 eV. The broad and less intense peak at
976.3 eV represents the O KLL transition, which arises from the ejection
of electrons due to the filling of the O 1s state (K shell), coupled with the
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Fig. 1. Schematic illustration of the fabrication and electrochemical bacterial detection of PB/SPCE.
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Fig. 2. FESEM images of (a) bare SPCE, (b and c¢) PB/SPCE, (d) EDS spectrum and color mapping analysis of (e) collective element distribution, (f) carbon, (g) iron,

(h) nitrogen and (i) oxygen of PB/SPCE.

simultaneous ejection of an electron from an L shell. The C 1s spectrum
of PB/SPCE resulting from M’-C=N-M structure, and binding energy of
395.9 eV consistent with the metal-nitride bonding. The presence of Fe
2P » was identified with the photoelectron line at 708.0 eV and Fe 2p3 >
was found at 713.4 eV. Thus, the survey spectra confirm the successful
formation of PB nanostructures on the working electrode [37], and
changes in oxidation states of PB/SPCE constituents before and after
bacteria sensing will be discussed in detail with their respective
deconvolution spectra in the electrochemical analysis section.

The existence of functional groups in PB/SPCE has been confirmed
using the FT-IR spectrum as shown in Fig. 3c. A broad peak at 3631 cm ™!
associated with OH stretching vibration of the surface absorbed water
and hydroxyl group of PB [38]. The Fe(II)-CN-Fe(III) network could be
identified in the mid-range of FT-IR spectra, between 2400 and 1800
cm !, The foundation of an intense and sharp band at 2082 cm ™ is
attributed to Fe(II), and its accompanying weaker band at 2323 cm ™ is
consistent with Fe(III) identifies the v(CN) stretching vibration band of
Fe(II)—CN-Fe(III) skeleton of FCC PB structure. The peak at 1722 cm !
ensures C—=O0 stretching mode and C-OH vibration aroused in the range
of 1487-1434 cm 1. The characteristic vibrational modes of the cyano-
complex, such as ¥Y(NCO) and v(Fe-C), are located between 1287-1074
and 635 cm ™}, respectively. In the lower range of FT-IR spectra, the peak
at 965 cm ™! corresponds to the symmetric and asymmetric stretching of
the ,(C=N), vibration band. The cyano-complexes exhibited v(Fe-C),
and §(Fe—CN) bands, which are located at 605 and 501 cm ! [39].

Raman spectra offer detailed yet complex insights into the chemical
composition and information of molecular vibrations of prepared

materials. In the Raman spectra, the bare SPCE showed signature vi-
bration modes including the G band (1587 cm’l) and D band (1350
cm™ 1) originating from graphite ink. The Raman spectrum of PB/SPCE
reveals the specific vibrational modes of its crystal lattice including the
C=N group, coordinated with Fe ions of various valence states. The
primary peak, around 2086 to 2157 cm ™, corresponds to the 1Az V(CN)
stretching vibration and the [Fe(II), Fe(IlI)] vibrational states. Addi-
tional peaks appeared in the lower energy region, between 185-368
ecm™! corresponding to the Fe-CN-Fe bond, while a shoulder peak at
181 ecm ™! is related to G-Fe—C deformation vibrations. The well-intense
peak (534 cm 1) observed in the range of 409-672 cm ! is associated
with Fe-C stretching vibrations. The spectra can differentiate between
various iron oxidation states (Fe(Il) and Fe(III)) within PB by detecting
shifts in the vibrational peaks, which helps in understanding the redox
chemistry of PB [40,41].

3.2. Electrochemical analysis

3.2.1. CV and DPV analysis of PB/SPCE in bacteria growth buffer and
sheep blood

Electrochemical methods have been employed to investigate bacte-
rial metabolites due to their intricate internal and external electron
transport mechanisms. In this work, we explored the electrochemical
properties of PB-coated SPCE to monitor the growth of two gram-
positive and gram-negative bacterial strains. Initially, CV experiments
were conducted using a mixture of 3 mL BacT/Alert (FA Plus) buffer and
1 mL of defibrinated sheep blood, in the absence of bacteria with an
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Fig. 3. (a) XRD, (b) XPS survey spectra (c) FT-IR, and (d) Raman spectra of bare and PB/SPCE.

optimal potential window of —0.5 V to 4+ 0.5 V and 50 mV/s scan rate.

The PB/SPCE displayed a well-defined redox pair in the BacT/Alert
buffer in between —0.05 V and 0.05 V with peak current of + 130 pA,
while the bare SPCE showed no discernible redox in the electrolyte
(Fig. 4a). In the context of the sheep blood and buffer mixture, complex
molecules caused a minor shift in potential in the redox response, along
with a slight decrease in peak current compared to the buffer alone.

Fig. 4b illustrates the redox peak current response of PB/SPCE from
the DPV analysis, showing a reduction peak at —0.05 V in the bacterial
growth buffer, which shifts to 0.15 V in the presence of the sheep blood
mixture buffer. Further, the smaller decrement in peak current might be
due to the complexity of blood composition. PB is known for its excellent
ion exchange characteristics, which enable it to bind to specific metal
ions and form stable complexes. Further, the cyclic and long-term sta-
bility along with the effect of pH of prepared PB/SPCE sensors were
verified and the outcomes are provided in Fig. S3-S5. Moreover, the EIS
analysis was examined in the frequency range of 40 Hz to 200 kHz based
on the interfacial impedance at the electrode surface to assess the charge
transfer properties of the prepared PB/SPCE in the presence and absence
of model bacterial strains within bacterial culture buffer and blood
mixtures and the details given in Fig. S6 [42,43].

3.2.2. Scan rate analysis

The electrochemical kinetics of PB/SPCE were evaluated by
observing redox responses at various scan rates (10-100 mV/s) over a
potential range of — 0.5 V to + 0.5 V. As the scan rate increases, PB/
SPCE demonstrated a notable increase in current with a slight potential
shift between cycles, as shown in Fig. 4c. This analysis helped to identify
the redox molecules, such as oxygen in the buffer and blood compo-
nents, that diffuse to/or from the electrode surface, reflecting their
bioavailability in the sample. Fig. 4d displayed the linear plot of log
(scan rate) vs. log (peak current) indicating that the electrochemical

reaction was a surface-controlled process [44] and the corresponding
linear regression equation is given as follows,

I, = 0.9362x + 0.337 (’"TV)R2 =0.9723 )

I, = 0.9319x + 0.395(mV/s)R> = 0.9946 )

3.2.3. CV analysis of PB/SPCE in the presence of exoelectrogenic model
bacterial strains

In this investigation, electrochemical monitoring was performed on
exoelectrogenic bacterial strains utilizing PB/SPCE, which included the
gram-negative strains EC and PA, as well as the gram-positive strains SA
and EF. The bacterial strains were grown in LB media and further diluted
to concentrations ranging from 10? to 108 CFU/mL for subsequent CV
and DPV analyses. In the CV study (Fig. 5a), the PB/SPCE demonstrated
a substantial redox reaction in the bacterial growth buffer while spiking
of EC strains (10* CFU/mL) resulted in a significant drop in current as
shown in inset (6.25 pA). The result confirmed the reduction of PB/SPCE
due to the EET process, attributed to the metal reduction affinity of the
EC cell membrane through its metabolic activity. PB is identified as a
potential mediator in bacterial growth buffers and blood through the
reduction of PB into PW is used to indirectly quantify the concentration
of HpO; associated with bacterial strain metabolic activity [45]. Ac-
cording to the findings of Xiao et al., surface-modified GCE with drop-
cast EC demonstrated clear electrochemical redox fingerprints at
defined potential ranges: — 0.4 V (group I), — 0.2 V to 0 V (group II), and
0 V to 0.4 V (group III). The redox peak at — 0.4 V can be ascribed to
flavins that are excreted from EC during growth and peaks in — 0.2 to
0.4 V (groups II and III). They also noted that regions II and III often
overlapped in most buffers due to their complexity, both contributing to
the gradient in the current response [31].
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Fig. 4. (a) CV and (b) DPV analysis of bare and PB/SPCE, (c) scan rate analysis of PB/SPCE in the mixture of BacT/Alert buffer and sheep blood (4 mL) in the absence
of bacterial strains and (d) corresponding linear plot between log (scan rate) vs. log (peak current).

In this analysis, a redox peak was identified in the overlapping region
of groups II and III, where a slight decrease in current was observed in
the presence of EC strains undergoing the EET process from their cell
membranes. In this, charge transfer reaction, possible glucose in culture
serves as the electron donor and Fe(III)/Fe(Il) as the electron acceptor,
and the proposed bacterial sensing mechanism is illustrated in Fig. 1.
This electrochemical behavior was supported by Raman analysis, which
demonstrated considerable changes in the Fe(IIl) /Fe(II) vibration modes
of PB on SPCE during electrochemical experiments, both in presence and
absence of EC strains in the buffer (Fig. 5a). As shown in the Raman
spectra in Fig. 5b, the intensity of the characteristic peaks at 2150 cm ™7,
corresponding to Fe(II)-CN-Fe(Ill) and the Fe-CN-Fe skeleton of the
coordination polymer were decreased.

This reduction is attributed to the transformation of PB into PW and
the potential adsorption of pathogens (EC) on the electrode surface. In
the presence of PA, PB/SPCE exhibited a similar decrease in redox
current of 4.33 pA (Fig. 5¢c with inset), attributed to extracellular elec-
tron shuttles (redox mediators) that facilitate the electron transfer from
the bacteria to the electrode surface, as confirmed in Fig. 5d. For the
gram-positive exoelectrogenic bacterial strains SA and EF, the PB/SPCE
showed a reduction in current 5.72 pA and 4.62 pA along with a slight
potential shift, as seen in the magnified image of Fig. 5(e and g inset).
The metal-reducing activity (Fe(III)/Fe(Il)) was also validated for these
strains, with the results presented in Fig. 5 (f and h). These redox po-
tential changes were caused by stress in the bacterial cultures, especially
in gram-positive strains, which lack glutathione (GSH) to regulate and

maintain redox balance [46]. In the current study, we confirmed that the
proposed model bacterial strains exhibited significant electrochemical
responses in a mixture of BacT/Alert culture buffer and blood. The
sensitivity and growth monitoring of these bacterial strains were further
analyzed using the sensitive DPV technique [23].

3.2.4. Sensitivity analysis

Electrochemical sensitivity analysis of the proposed PB/SPCE was
conducted for all four model pathogens using the sensitive DPV method.
Initially, PB/SPCE was examined in BacT/Alert growth buffer with non-
infected sheep blood. Serially diluted bacterial strains (EC, SA, PA, and
EF) were spiked into blood culture buffer from 10%to 108 CFU/mL, and
their corresponding DPV signals were recorded at an optimal time in-
terval of 15 min. The results shown in Fig. 6(a-h) are consistent with CV
outcomes. A linear decrease in peak current as bacterial concentration
increased is evident from the metal-reducing abilities of the tested
bacterial strains.

The differences in detection thresholds among the pathogens indi-
cate that the electrochemical behavior of each species contributes to the
variations in the observed current. A linear relationship between the
concentration and peak current values confirms the sensitivity of PB/
SPCE (slope value, Fig. 6) with the detection ranges of 102-108 CFU/mL
for EC and SA, and 103-10% CFU/mL for PA and EF. Further, the lower
detection limit (LOD) of PB/SPCEs towards the model bacterial strains
was calculated as 1.01 x 102 CFU/mL for EC, 0.6 x 10? CFU/mL for SA
and 3.97 x 10% CFU/mL for PA and 1.55 x 10® CFU/mL EF respectively
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and details are given in the supplementary information (Table S2).
These experiments demonstrated the utility of the PB/SPCE for path-
ogen detection and highlighted the method’s sensitivity for different
bacteria in a complex medium.

XPS analysis is highly effective for examining microbial surface

composition, offering precise and quantitative data on chemical bonds
and elements on microbial cell surfaces. In this study, the electro-
chemical interaction between EC bacterial strains and the PB electrode
surface was investigated, and the results are depicted in Fig. 7. Specif-
ically, the analysis focused on the C 1s binding energy peak on bacterial
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cell surfaces, which includes four carbon-based components with vary-
ing binding energies. Notably, the reduction of PB into PW during the
metabolic activity of the bacterial growth could be confirmed from the
possible changes in the iron redox states Fe(IIl)/Fe(II) on the PB/SPCE
surface. Therefore, we evaluated the PB/SPCE in the buffer before and
after the addition of EC strains, and their survey spectra are illustrated in

Fig. S7, in which no significant variations were found in the surface
components of PB/SPCE when examined in BacT/Alert buffer and sheep
blood in the absence of bacteria.

However, in the deconvolution spectra of PB/SPCE before and after
sensing EC bacteria (Fig. 7(a-h)), noticeable changes were observed in
the C 1s, N 1s, and Fe 2p photoelectron spectra due to the interaction of
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the bacterial surface components with PB [47]. The C 1s spectrum of PB/
SPCE following bacteria sensing showed a significant increase in
photoelectron intensities linked to C=0 at 286.2 eV and O=C-OH
functionalities at 288.6 eV, attributed to the higher oxygen content on
the bacterial cell surface (Fig. 7e). The peak corresponding to Fe>* ions
have low spin found in the range of 710.5-713.0 eV bound to cyanide
ligands, creating a rigid, ordered structure with strong Fe-C=N-Fe
bonding whereas Fe?" have high-spin, observed in 708.5-709.0 eV co-
ordinated to nitrogen atoms.

The Fe 2p spectra given in Fig. 7c showed an apparent decrease in the
satellite peak at 713.4 eV after the bacteria interaction (Fig. 7g)
confirmed the reduction of Fe(III) to Fe(II) due to the EET process from
the bacterial cell membrane. This could be further validated from N 1 s
spectra (Fig. 7f), the intensity of the Fe-N photoelectron line at 397.8 eV
decreased due to the changes in cyanide coordination. Moreover, the
area corresponding to C-N/N-H binding energy at 400.3 eV, associated
with the PB coordination polymer, increased due to the adsorption of
bacterial cell proteins containing amide functionalities during the bac-
terial growth phase. These XPS findings suggest valuable insights into
the metal Fe(IIl) reducing activity of exoelectrogenic EC bacterial cell
surfaces.

3.2.5. Bacterial growth monitoring in sheep blood

To assess the viability of the proposed electrochemical sensor for
identifying bloodstream infections, four bacterial strains (10% CFU/mL)
were introduced into a bacterial growth buffer mixed with whole blood.
The DPV current response of PB/SPCE was recorded at 1 hr intervals
over a 13 hrs time-lapse study for all four model pathogens in positive
sheep blood culture samples, reflecting growth in response to PB/SPCE
metabolic reductions. Fig. 8 illustrates the correlation between time
(hrs) vs. peak current and colony count (CFU/mL), along with plate
counting details and the results indicated a gradual reduction in peak
current, confirming an increase in bacterial population, which was
further validated through plate counts over time. We employed the
standard plate count method to estimate the bacterial population den-
sity in a sample by plating a small, diluted portion and counting the
resulting bacterial colonies. Among the selected model bacterial strains,
EC, SA, and EF were observed to have a doubling time of 20 min,
whereas PA exhibited a slower growth rate with a doubling time of 3-6

hrs. Consequently, blood culture plating was performed at 3 hrs in-
tervals over the 12 hrs electrochemical analysis. The number of colonies
observed was correlated with the current differences obtained from the
DPV profiles of each bacterial strain over time, as shown in Fig. 8.

Notably, EC and SA displayed a higher growth rate, resulting in
greater current differences during the 12-hour analysis. In contrast, the
growth profile and DPV current differences of EF strains appeared
moderate, while the slower growth rate of PA resulted in smaller current
differences over the same period. The observed colony counts during
bacterial growth monitoring were consistent with the estimated
empirical values and a positive correlation was observed between the
plate count and current signals from the sensor confirming the reliability
of the sensor for practical applications.

These experiments were repeated several times to ensure a consistent
bacterial growth profile under the selected experimental conditions. The
DPV analysis of PB/SPCE demonstrated in Fig. S8 (a and b) indicates
that there has been no discernible decrease in the current responses in
the absence of bacteria in the buffer mixtures, including sheep and
human blood. Additionally, the increment in current responses is
attributed to the catalytic properties of PB, which facilitate the elec-
trooxidation of blood components, including proteins and amino acids
[32,48,49]. Further, we evaluated the performance of PB/SPCE in the
presence of potential blood-borne interfering compounds, including ions
such as K* (5 uM), Na* (150 uM), Fe" (0.5 mg), and proteins such as BSA
(1.6 mg/mL) and hemoglobin (Hb, 200 mg/mL), at their maximum
reliable concentrations in blood. The corresponding DPV results are
presented in Fig. S9. The results ensured the reliable performance of PB
sensors in pathogen monitoring in blood.

The bar diagram of the control study with non-infected blood (no
bacteria present) and various initial concentrations (101 and 10% CFU/
mL) of model bacterial strains is shown in Fig. S10. The time-lapse
analysis revealed similar patterns of current reduction for both initial
concentrations during bacterial growth. However, the peak current
differences were slightly higher at 102 CFU/mL compared to 10' CFU/
mL after 12 hrs of observation. Moreover, PA bacteria take more time to
grow, and the change in their peak current over time is less pronounced
compared to other models of bacterial pathogens. Further, the viability
of the proposed pathogens in the presence of PB nanoparticles was
verified using bacterial growth in culture plates as given in Fig. S11. The
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of colonies (CFU/mL).

redox profile of PB/SPCE was influenced by the complexity of the buffer
and blood components. The metal-reducing ability of these exoelectro-
genic bacterial strains, stemming from electrostatic and metabolic in-
teractions, validated their viability.

3.2.6. Bacterial growth monitoring in the human blood in real-time

The reliability of the PB/SPCE sensor in monitoring bacterial growth
in human blood samples was collected from volunteers using the iden-
tical DPV experimental conditions as in the time-lapse analysis. The DPV
results from human blood-positive cultures in the presence of model
pathogens showed similar trends in current decrement. However, the
differences in current magnitude observed in Fig. 9(a-1), are likely due to
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variations in the concentration of blood cells and viscosity between
sheep and human blood which affects the rate of metal-reduction ability
of the bacterial strains. From the linear plot, a log phase of bacterial
growth was observed for up to 7 hrs, after which the growth shifted
toward the stationary phase for around 8 hrs. The apparent growth
pattern of these model pathogens is evident from the log phase within 3
hrs as shown in Fig. 9(c, f, i, and 1).

Traditional COs-based label-free systems require at least 12 hrs of
monitoring to validate bacterial growth. This is because a greater bac-
terial population is required for achieving detectable changes in CO,
levels as its higher phase transitions time delay in the buffer [32].
However, our study outcomes ensure the competence of the proposed
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sensor to monitor bacterial growth within 3 hrs, offering a faster alter-
native to traditional clinical methods.

Further, a few earlier reports on electrochemical bacterial growth
monitoring in blood samples using label-based and label-free ap-
proaches are evaluated with the proposed sensor listed in Table 1.
Additionally, the effectiveness of PB in detecting bacteria in various
body fluids and transduction methods, as demonstrated in earlier liter-
ature, is summarized in Table S3. The outcomes ensured that enhancing
the redox chemistry of PB could accelerate the EET process and improve
its catalytic interaction with different bacterial strains. Moreover, the
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study suggested that rapid bacterial detection and species identification
can be further enhanced by adjusting the functional properties of PB and
its analogues.

4. Conclusion

This work described the efficiency of electrodeposited PB nano-
structures towards bacterial growth monitoring in blood culture. The
electrochemical sensing performance of PB-modified electrodes was
evaluated using CV and DPV techniques involving two gram-positive
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Table 1
Comparison table of previously reported bacteria sensing works in blood samples.
Working Electrode Electrode preparation Target Bacteria Probe Detection Linear LOD Ref.
method range (CFU/mL)
(CFU/mL)
Probe RNA/capture probe RNA//MCH/HDT/Au/  Sputtering EC,PA,PMand rRNA CA 10*-10® 10* [50]
Plastic SA
Probe Casin blocker/capture probe RNA/MCH/ Sputtering EC 16S-rRNA CA 10*-108 - [51]
HDT/Au/Plastic
Ab Biotin/BSA/Avidin/EDC/NHS/DTNB/MOF/ Solvo thermal, electro EC Antibody cv 10'-107 10! [52]
Au NPs/SPCE deposition EC K12
ss-DNA/AuNPs MPTS/SPE Wet chemical S. typhi Bacteriophage  CV 2-10 pg/ 1.91 pg/ [53]
mL mL
PEI-f-CNT Electro deposition MRSA, Bacteriophage  EIS 10'-108 1.29x10%  [54]
PP and EC
MB-DNAzyme/Nano Au-FS/Polystyrene Sputtering, CVD and EC and DNA DPV 10%-10° 10% [55]
electroplating SA
Sal-CAF-GQDs-AuNPs/GCE Thermal pyrolysis, S. typhi Label free cv 10%-10° 32.6 [56]
dropcating
Au/Cys/GluSS DNA probe//DNA S. typhi Wet chemical S. typhi DNA DPV 0-10 pg/ 1.91 pg/ [57]
mL mL
PB/SPCE CV-electro EC, SA Label free DPV 10%-10® 1.01 x This
102 Work
0.61 x
10?
Deposition PA, EF 10°-10% 3.97 x
10°
1.55 x
10°

(SA and EF) and gram-negative (EC and PA) bacterial strains. The results
highlighted the EET Kkinetics of these exoelectrogenic bacteria through
their ability to reduce Fe(III) to Fe(Il) in the PB coordination polymer.
Raman and XPS analysis validated that the bacterial electron shuttles
reduced PB into PW during the metabolic growth process. The PB/SPCEs
showed notable sensitivity in the bacteria detection, with ranges of
102-10® CFU/mL for EC and SA, and 10°-10® CFU/mL for PA and EF,
along with consistent limits of detection. Bacterial viability was assessed
within 3 hrs using growth curves and control studies in both bacterial
culture buffer and real-time blood samples compared to conventional
COq-based systems. These findings confirmed that PB-based electrodes
are robust and catalytically efficient, making them sensitive for detect-
ing electroactive bacterial metabolites responsible for BSIs in clinical
settings. Future research will explore the impact of redox-influencing
factors on sensors in blood samples and work on developing reliable
electrochemical fingerprints for pathogen identification. This effort aims
to enhance early detection and prevent the onset of sepsis.
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