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1. Introduction

1.1. Research Background

Bilirubin (BR) (C33H36N4Og) is a tetrapyrrolic bile pigment produced from the
breakdown of heme. In human serum, it exists in two forms: unconjugated bilirubin
and conjugated bilirubin. Unconjugated bilirubin (UBR) is a nonpolar, water-insoluble
molecule that circulates in the bloodstream bound to serum albumin, and this binding
can be readily cleaved by anionic detergents or organic solvents[1,2]. Usually, BR is
metabolized in the liver, where it couples with glucuronic acid to generate water-
soluble bilirubin glucuronides. These substances are excreted in bile and subsequently
removed from the intestines. Bilirubin converts into urobilinogen by gut bacteria in the
intestines, where it can be converted into stercobilin afterwards and excreted with feces
[3]. A portion of urobilinogen is eliminated in urine after being reabsorbed into the
circulation. Low bilirubin levels have been linked to iron deficiency anemia and an
increased risk of coronary artery disease, whereas elevated levels can contribute to
metabolic disorders and conditions such as hepatitis and kernicterus [4]. Normally, total
serum bilirubin ranges from 0.3 to 1.9 mg/dL [5]. Abnormal bilirubin metabolism might
potentially impact infants and have serious health consequences on adults, which might

lead to death, brain damage, and liver illness [6].

Since BR was first detected in blood in 1847, several methods have been
developed for its measurement. Among them, the spectrophotometric method
introduced by Jendrassik and Grof remains widely used for determining BR levels in
blood and plasma. Spectrophotometric analysis of newborn serum offers a simple and
rapid procedure requiring minimal sample volumes; however, the diazo-reaction
technique suffers from pH dependence and susceptibility to interference by other
biomolecules, reducing its precision in real sample analysis [7]. In recent decades,
advanced techniques such as chemiluminescence, polarography, and fluorometry have

been introduced, utilizing detection principles based on light emission, electrochemical



properties, and fluorescence, respectively. While these methods offer distinct
advantages, they also face notable limitations, including inconsistency in quantitative
analysis, interference from biological components, and relatively low sensitivity [2].
Consequently, there is a significant clinical demand for BR testing methods that are
faster, more sensitive, and more specific than earlier approaches. Real-time monitoring
of BR levels is crucial for assessing liver function, and rapid, user-friendly point-of-
care devices can minimize unnecessary clinical visits, empower patients, and enable

timely clinical decision-making [8,9].

Electrochemical biosensors, in particular, offer the potential advantages of providing
affordable, portable devices suitable for emergency applications in remote or resource-
limited settings. These sensors integrate biological or biologically derived components
with a transducing microsystem to generate an electrochemical signal upon interaction
with the target analyte. Electrochemical biosensors can be broadly categorized into
amperometric, potentiometric, and impedimetric types, depending on the measured

electrochemical parameter, such as current, potential, or impedance, respectively [10].
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Fig. 1. Operating principle of an electrochemical sensor



Fig. 1 illustrates the fundamental operating principle of an electrochemical
sensor, where sample analytes interact with a catalyst-modified electrode, inducing
redox reactions that generate measurable signals. When an external potential is applied,
electrons are transferred between the working electrode and the analyte. A positive
potential drives oxidation (electron flow from analyte to electrode), while a negative
potential induces reduction (electron flow from electrode to analyte); by convention,
oxidation occurs at the anode and reduction at the cathode. These electron transfer
processes are detected and processed by the transducer, with outputs visualized through
various electrochemical techniques [11,12]. For example, cyclic voltammetry (CV)
provides redox profiles by sweeping the potential range, amperometry measures real-
time current at a fixed potential, and electrochemical impedance spectroscopy (EIS)
evaluates interfacial properties via frequency-based impedance measurements.
Together, these methods enable sensitive, selective, and rapid analysis of electroactive

species in diverse biosensing applications [13].

Cyclic voltammetry (CV) is one of the most fundamental and versatile
techniques used to evaluate the electrochemical properties of a molecule. It allows
researchers to scan the potential across a defined range while measuring the resulting
current, providing valuable information on oxidation and reduction potentials, reaction
reversibility, and electron transfer kinetics [14]. CV is especially useful in determining
the redox behavior of electroactive species and identifying an appropriate working
potential for further quantitative analysis. Fig. 2(A) illustrates the basic principle of
cyclic voltammetry, where the current is measured during a forward and reverse
potential scan, revealing distinct oxidation and reduction peaks corresponding to redox
processes. Whereas amperometry involves applying a fixed potential to the working
electrode and recording the resulting faradaic current over time. Because the non-
faradaic (capacitive) current decays rapidly, amperometry enables selective
measurement of the steady-state faradaic current, making it ideal for quantitative
sensing applications such as calibration curve generation and detection limit analysis

[15]. Fig. 2(B) shows the amperometric response, where the current increases after



sample addition at a fixed potential and reaches a steady-state plateau, indicating the

oxidation of the analyte.
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Fig. 2. Schematic illustrations of (A) Cyclic voltammetry showing redox behavior

during potential scanning, and (B) Amperometry depicting current response after

sample addition.

In this study, CV was employed to explore the redox characteristics of
biliverdin and determine its oxidation potential, which informed the selection of the
fixed potential used in amperometric measurements. Amperometry was subsequently
used to construct the calibration curve, as it allows for sensitive and reproducible
quantification of BV concentrations by measuring current responses under controlled
potential conditions. The accurate detection and quantification of BR are critical for

clinical diagnostics, necessitating the development of reliable analytical devices.

1.2. Related Research Trend

Recently, electrochemical sensors have emerged as promising alternatives for
BR detection due to their simplicity, selectivity, and compatibility with miniaturized

and point-of-care platforms. Unlike conventional spectrophotometric and enzyme-



based assays-which are limited by pH sensitivity, high operational cost, and poor
stability-electrochemical approaches offer rapid, cost-effective, and portable detection
systems. Among recent innovations, nanomaterial-assisted molecularly imprinted
polymer (MIP) sensors have demonstrated significant improvements in sensitivity and
stability. For example, Manoj et al. developed a Ti;C.Tx MXene-modified ITO
electrode using a polypyrrole-based MIP layer, achieving improved BR detection via
enhanced film integrity and electrocatalytic response [16]. In a subsequent study, the
same group integrated MXene with carboxylated multi-walled carbon nanotubes
(COOH-MWCNT) and MIP-electropolymerized o-phenylenediamine, reaching an
ultra-low detection limit (LOD) of 0.002 mg/dL while maintaining high selectivity and
reusability in serum samples [17]. Similarly, Bui et al. introduced a printable field-
effect transistor (FET) sensor using GNH/MnO: composites, combining MnO>’s
catalytic activity and graphene oxide’s conductivity to achieve femtomolar sensitivity
[18]. Kumar et al. reported a graphene oxide/polypyrrole/polyaniline/zinc oxide
nanocomposite sensor with high conductivity and structural stability [19]. Despite these
promising advancements, MIP-based electrochemical sensors still face challenges such
as narrow linear ranges, high detection limits, non-uniform imprinting, and complex
fabrication procedures, which hinder their clinical applicability. This reinforces the
need for BR detection methods that are not only sensitive and selective but also scalable,
cost-effective, and robust. In this context, electrochemical sensors-particularly those
based on screen-printed electrodes (SPEs)-have shown great potential. SPEs offer low
cost, flexibility in design, integrated three-electrode configurations, and excellent
reproducibility, making them highly suitable for portable BR sensing in decentralized

and resource-limited environments [8,9].

The first mechanism for the electrochemical oxidation of BR to biliverdin
was proposed by Slifstein and Ariel in 1973, marking the earliest attempt to characterize
this redox transformation [20]. Following this, enzyme-based electrochemical sensing,
particularly using bilirubin oxidase (BOx), gained widespread attention due to the

enzyme’s specificity for BR under physiological conditions [21]. However, these



sensors are limited by high cost, instability, and challenges associated with enzyme
immobilization. As a result, nonenzymatic sensors based on nanomaterials have gained
attention for their chemical stability, electrocatalytic activity, and affordability.
Materials such as gold nanostructures, conducting polymers, graphene, carbon
nanotubes, and metal oxides-and their composites with noble metals-have been
explored as enzyme-free alternatives [22,23]. Nevertheless, direct electrochemical
detection of BR remains challenging due to surface fouling, primarily caused by BR
passivation or polymerization on the electrode surface [24]. To address this issue,
Thangavel et al. proposed surface modification with poly(aminobenzoic acid) (PABA),
an anionic polymer that prevents BR adsorption and improves signal stability. PABA-
functionalized electrodes create a negatively charged surface that minimizes fouling
and enables more reliable electrochemical sensing [25]. Moreover, Edachana et al.
reported a colorimetric assay in which BR reduces Au*" to form gold nanoparticles
(AuNPs), resulting in a visible color change [26]. However, this method lacks
quantitative precision, and the role of BV formation remains underexplored. Given that
BV is electrochemically active and forms stoichiometrically from BR during redox
reactions, this study focuses on chemically oxidizing BR to BV using Au** and
quantifying BV electrochemically. This indirect approach allows for a more reliable,

specific, and sensitive method for BR analysis using PABA-modified SPEs.

1.3. Research Purpose

In response, this study proposes an indirect electrochemical detection strategy by
investigating the electrochemical oxidation of biliverdin, which was obtained from the
Au**-assisted BR chemical oxidation. BR was chemically oxidized using Au** in an
ethanolic medium, and the generation of BV was confirmed by UV—Vis spectroscopy
and cyclic voltammetry. The resulting BV was quantitatively analyzed using a screen-

printed carbon electrode functionalized with poly(aminobenzoic acid), which provides



antifouling properties and enhances electrocatalytic activity. CV was used to identify
the oxidation potential of BV, followed by amperometric measurements to construct
the calibration curve. This indirect sensing approach overcomes key limitations of
direct BR detection by reducing electrode fouling and enhancing signal stability, while
maintaining a reliable stoichiometric link to BR levels. The sensor was systematically
evaluated for sensitivity, linearity, reproducibility, and performance in human serum
samples. Overall, the proposed platform demonstrates significant selectivity, high
sensitivity with a wide linear range, and human serum analysis, which indicates its

potential application method for point-of-care bilirubin diagnostics.

2. Conceptual Overview
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Fig. 3. Schematic representation of bilirubin oxidation and the fabrication of PABA

modified SPE for electrochemical biliverdin sensing.

2.1. Bilirubin Chemical Oxidation Reaction

This study introduces an indirect sensing strategy in which BR is first



chemically oxidized to biliverdin, which is then detected electrochemically. The
oxidation of BR was carried out using gold(II) chloride (AuCls) in an ethanolic
medium, and the formation of BV was confirmed using UV—Visible spectroscopy and
cyclic voltammetry (CV). During this redox reaction, BR donates electrons to Au*",
which reduces Au*" to gold nanoparticles (AuNPs), and BR is converted into its
oxidized form, BV. Direct detection of BR using bare carbon electrodes is often
hindered by strong adsorption of BR onto the electrode surface, leading to fouling and

a decline in sensitivity, particularly at higher BR concentrations.

HOOC COOH HOOC COOH

H
Biliverdin

Fig. 4. Bilirubin oxidation reaction mechanism.

Although BR oxidizes at a lower potential (~0.2 V), it causes significant signal
instability. In contrast, BV oxidizes at a slightly higher potential (~0.32 V) but produces
a stronger and more stable oxidation signal with reduced fouling, making it a more
suitable analyte for electrochemical analysis. As BV is stoichiometrically related to BR
in this controlled oxidation reaction, its concentration can be directly correlated to BR
levels. This allows BV to act as a proxy for BR quantification, thus improving the
selectivity and reproducibility of the sensor system for potential clinical diagnostic

applications.



2.2. Fabrication of PABA-Modified SPE

To enhance the performance of BV detection, the surface of the screen-printed
carbon electrode (SPE) was modified with poly(aminobenzoic acid) (PABA) via
electropolymerization of 4-aminobenzoic acid (4-ABA) (Fig. 5). The use of SPEs offers
advantages such as low cost, ease of modification, portability, and suitability for point-
of-care testing platforms. PABA was selected as the functional polymer due to its
conducting nature, anti-fouling properties, and pH-adjustable surface chemistry.
Although PABA contains both -COOH and —NH: functional groups, only the carboxyl
group significantly governs the surface charge behavior after electropolymerization.
During electropolymerization, the —NH: groups are chemically transformed and
incorporated into the polymer backbone, losing their free, ionizable nature.
Consequently, the pH-dependent electrochemical response of the film is solely
attributed to the carboxyl moieties (pKa = 4.5), while the amine-derived structures no
longer contribute to surface charge. At the working pH of 8.5, the carboxylic acid
groups in PABA are deprotonated to —COO", creating a negatively charged electrode
surface. This electrostatic environment helps repel other negatively charged molecules,
such as ascorbic acid and BR degradation products, reducing fouling and enhancing the
selectivity toward BV oxidation. In addition, PABA acts as a spacer layer, minimizing
protein adsorption from complex biological samples such as serum and increasing the

effective electrochemical surface area.
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Fig. 5. Electropolymerization mechanism of 4-aminobenzoic acid (4-ABA).




Structurally, the para-substituted amine and carboxyl groups in PABA
promote extended m-conjugation in the polymer backbone, which improves charge
transfer kinetics and electrocatalytic activity. Compared to other polymers such as
polyaniline or poly(3-aminobenzoic acid), PABA provides better film uniformity, pH

control, and compatibility with biomolecular sensing.
2.3. Electrochemical Analysis of Biliverdin using SPE/PABA

The electrochemical analysis of BV was carried out using the SPE/PABA-
modified electrode. BV is a major biomolecule produced during heme metabolism, and
its accurate quantification is important for the diagnosis of various diseases. To achieve
this, an electrochemical detection method was selected due to its high sensitivity and
rapid response characteristics. The PABA-functionalized electrode was used to
promote electron transfer and suppress non-specific adsorption, allowing for selective
detection of BV oxidation. CV was first performed to determine the oxidation potential
of BV, and based on the results, multiple-pulse amperometric detection (MPAD) was
employed to record steady-state current responses across a range of BV concentrations.
These data were used to evaluate the linearity, sensitivity, and limit of detection (LOD)
of the sensor. In addition, the long-term stability, reproducibility, and selectivity of the
sensor were systematically verified, and BV detection in spiked human serum samples
was performed to assess practical applicability. Finally, a comparative analysis with a
UV-Vis spectrophotometric standard method was conducted to validate the reliability
of the developed electrochemical sensing system. Therefore, this part of the study
focused on the precise electrochemical analysis of BV using the SPE/PABA electrode

and the evaluation of its potential for practical applications.
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3. Materials and Experimental

3.1. Chemicals and Reagents

Bilirubin (>98%), gold (III) chloride trihydrate (>49.0% Au basis), uric acid
(>99%), cholesterol, ascorbic acid (>99%), dopamine hydrochloride (=95), glucose
(99.5%), glutathione (>97%), hydrogen peroxide (35%), and 4-aminobenzoic acid (4-
ABA) (=99%) were purchased from Sigma-Aldrich, Korea. Tris(hydroxymethyl)
aminomethane (>99%) and sodium hydroxide (>98%) were purchased from Samchon
Chemical Co., Ltd., Seoul, South Korea. Normal human serum was purchased from
(EMD Millipore Corp., USA). K4[FeCNs] and Ks[FeCNs] were purchased from Alfa
Aesar, Korea. Analytical grade sodium hydrogen phosphate, sodium dihydrogen
phosphate, sodium acetate, and acetic acid were used without further purification. All
experiments were conducted using ultrapure Milli-Q-water (=18.2 MQ.cm) acquired

from Human Power [".
3.2. Instrumentation

Electrochemical ‘measurements were carried out using the EmStat4R
electrochemical analyzer (PalmSens, Netherlands), which functions as a potentiostat,
galvanostat, and impedance analyzer, employing a standard three-electrode setup.
Commercial screen-printed carbon electrodes (SPEs, ItalSens IS-C) were obtained
from PalmSens (Seoul, South Korea). Each SPE was fabricated on a flexible polyester
substrate with printed carbon serving as both the working and counter electrodes, while
silver ink was used for the reference electrode. The working electrode surface area was
approximately 0.076 mm?2. Modification of the SPE surface was performed using

poly(4-aminobenzoic acid).

The functionalization of the electrode was confirmed using a dispersive Micro-
Raman spectrometer (JASCO NRS-5100, JASCO International, Japan), operated with

a 532.06 nm laser at a power of 4.8 mW. Surface features and composition were
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evaluated via field-emission scanning electron microscopy (FESEM, JEOL JSM-
6700F) coupled with energy-dispersive X-ray spectroscopy (EDS). UV—Vis absorption
data were collected using an Epoch microplate spectrophotometer (BioTek Instruments,
USA). X-ray photoelectron spectroscopy (XPS) measurements were conducted on a
KRATOS AXIS SUPRA system (Kratos Analytical Ltd., UK) using an Al Ko X-ray
source (1486.69 eV) at 225 W under angle-resolved conditions. For liquid-phase mass
analysis, LC-MS/MS was performed using a Waters ACQUITY UPLC system
integrated with a SCIEX triple quadrupole mass spectrometer, operated in positive ion

mode with a Turbo IonDrive electrospray interface.

3.3. Au*'-Assisted Bilirubin Oxidation

3.3.1. UV-Vis Spectroscopy Analysis

UV-Vis spectroscopy was employed to investigate the oxidation of BR in the
presence of Au**. A 3 mL solution of | mM BR was initially prepared in ethanol
containing 60 pL of 0.1 M NaOH to ensure complete solubility. A series of reaction
mixtures was then prepared (Fig. 6) by maintaining a fixed Au** concentration at 100
UM while varying BR concentrations from 10 pM to 70 pM. Each mixture was stirred
at room temperature for 5 minutes to initiate the oxidation reaction. After incubation,
300 pL of each reaction mixture was transferred to a 96-well clear flat-bottom plate for
spectral measurement. UV-Vis spectra were recorded across the 300-800 nm
wavelength range at 2 nm intervals using a multi-mode plate reader equipped with UV-
Vis detection capabilities. The concentration prior to the appearance of the BR
absorbance peak was further used to identify the molar ratio of the reaction.
Additionally, to perform time-dependent analysis of the oxidation process, the
absorbance at 700 nm was recorded after initiating the reaction to assess the reaction
progress over time. All measurements were conducted under identical optical and

environmental conditions to ensure consistency.
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Fig. 6. Photograph of (A) BR oxidation reaction mixture and (B) Reaction mixtures

with variable BR concentrations.

3.3.2. LC-MS/MS Analysis

The reaction mixture was analyzed by LC-MS/MS to confirm the formation of
biliverdin. The LC-MS/MS analysis was performed using a Waters HSS T3 column
(2.1 x 50 mm, 1.8 um) at 40°C, using mobile phases of 0.1% formic acid in water (A)
and 0.1% formic acid in acetonitrile (B) at a flow rate of 0.3 mL/min. The gradient was

run over 10 min. The MS was analyzed in MRM mode by monitoring the m/z with a
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dwell time of 150 ms. The gradient elution program was as follows: 0—1 min, 5% B;
1-3.5 min, linear increase to 55% B; 3.5—7 min, increased to 90% B; 7—8 min, 100%
B; held at 100% B until 8.01 min; and returned to 5% B by 10 min for re-equilibration.
Key MS parameters included the injection volume - 10 pL. ion spray voltage - 5500 V,

temperature - 500°C, and curtain gas - 30 psi.

3.4. Electrochemical Polymerization of 4-ABA into PABA

The electrochemical polymerization of 4-aminobenzoic acid (4-ABA) onto
carbon screen-printed electrodes (SPEs) was conducted using a modified procedure
based on a previously reported method This approach aimed at the fabrication of a
conductive poly(4-aminobenzoic acid) layer on the electrode surface for
electrochemical sensing applications. To evaluate the influence of the number of
polymerization cycles on film formation, four individual SPEs were subjected to CV
scans of 5, 10, 15, and 20 cycles, respectively. The polymerization was carried out in
an aqueous solution of 3 mM 4-ABA in 0.05 M HCl, which served both as the monomer
medium and the supporting electrolyte. CV scans were performed over a potential range
of 0.1 to 0.8 V at a scan rate of 0.025 V/s in 0.1M HCI. The resulting voltammograms
for each cycle number are presented in Fig. 10. Based on these results, 10 cycles were

selected as the optimal condition, as justified in Section 4.2.1.

Continuous CV scans were performed using the SPE in 0.05 M HCI containing
3 mM of 4-ABA in the potential range of 0 to 1.2 V at 0.025 V/s for 10 cycles. After
the polymerization of poly-aminobenzoic acid on the SPE, the electrode was washed
with 0.1 M HCI and water and dried under an N, stream. The modified electrode was

designated as SPE/PABA and stored in a closed container when not in use.
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3.5. Electrochemical Investigation of SPE/PABA

3.5.1. Cyclic Voltammetry (CV)

After polymerization, the electrochemical behavior and surface properties of
the SPE/PABA electrode were assessed using CV in varying pH Buffer containing
[Fe(CN)s]*"* to study electron transfer kinetics and surface charge effects under
varying protonation conditions. CV measurements were conducted in 0.1 M buffer
solutions containing 5 mM of [Fe(CN)g]*”* with varying pH values ranging from 3.0
to 8.0 to assess the influence of protonation on electron transfer. The CV was recorded
within the potential range of 0.1 V to 0.8 V at a scan rate of 0.025 V/s. Redox peak
currents and peak-to-peak separations (AEp) were analyzed to evaluate the surface
interaction and electrochemical performance of the modified electrode across different

pH environments.
3.5.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was employed to evaluate the
electron transfer characteristics of the poly(4-aminobenzoic acid) (PABA)-modified
screen-printed carbon electrode (SPE/PABA). The impedance spectra were recorded in
variable pH buffer ranging from 3.0 to 8.0 using appropriate buffer media containing 5
mM of [Fe(CN)s]*”*. EIS measurements were performed at the open-circuit potential
(OCP) of each electrode. A sinusoidal voltage perturbation of 5 mV amplitude was
applied over a frequency range from 200 kHz to 1 Hz, with 22.8 logarithmically spaced
points per decade. Prior to data acquisition, each electrode underwent a stabilization

period comprising 10 minutes at OCP.

The impedance spectra were fitted using a modified Randles equivalent circuit
consisting of solution resistance, charge transfer resistance, double-layer capacitance,
and Warburg impedance, as shown in the inset of the Nyquist plot. Circuit fitting and

parameter extraction were carried out using the EmStat4S software. The resulting
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impedance spectra were analyzed to extract parameters such as charge transfer
resistance (Rct), providing insights into the interfacial electron transfer kinetics and

surface properties of the modified electrodes under varying pH conditions.

3.6. Physicochemical Characterization of SPE/PABA

3.6.1. Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM analysis was carried out to compare the surface structure of SPE and
SPE/PABA. The surface morphology of both bare and modified screen-printed
electrodes (SPEs) was investigated using a field emission scanning electron microscope
(FESEM)-Schottky type (TESCAN/MIRA3 LMH). The imaging was performed at an
accelerating voltage of 10.0 kV using an in-beam secondary electron (SE) detector.
High-resolution images were acquired at a magnification of 50.0 kx, providing
nanoscale visualization of the modified electrode surface. The resolution at this setting
enables detailed assessment of surface morphology and polymer layer distribution. No
conductive coating was applied to the samples, as the Schottky emitter allowed for

stable imaging under high vacuum conditions.

Elemental analysis was conducted using the EDS (Energy Dispersive X-ray
Spectroscopy) system integrated with the FESEM. EDS spectra and elemental mapping
were acquired to confirm the presence of nitrogen and other characteristic elements
related to the polymer modification. EDS was operated at an accelerating voltage of
10.0 kV, and data acquisition was performed using the instrument’s dedicated software

for quantitative analysis.
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3.6.2. Raman Spectroscopy

Raman spectroscopy was conducted to characterize the chemical structure and
surface functionalization of the screen-printed electrodes (SPEs) using a dispersive
micro-Raman spectrometer (JASCO NRS-5100). A 532.06 nm laser was used as the
excitation source, operating at a power of 4.8 mW. The laser beam was focused on the
sample surface using an MPLFLN 100X objective lens. Measurements were performed
with an exposure time of 10 seconds and 3 accumulations to enhance the signal-to-
noise ratio. The grating used was 600 lines/mm, with a single monochromator setup, a
slit size of 25 *1000 pm, and an aperture of d-4000 um. A 30/70 beam splitter (BS) and

532.0 nm edge rejection filter were applied to isolate Raman scattering.

Spectra were acquired in the range of 400-4000 cm™ with a spectral resolution
of 3.33 cm™! and a data interval of 0.1 cm™'; The system was equipped with a DU420-
OE CCD detector cooled to —59.0 °C to minimize thermal noise, and cosmic ray
reduction was enabled. Calibration was performed using a silicon standard. All spectra
were collected in backscattering geometry and processed using JASCO’s software to

identify characteristic vibrational modes of the polymer-modified surface.

3.6.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was employed to examine the surface
composition and chemical states of both the SPE) and SPE/PABA using a KRATOS
AXIS SUPRA spectrometer (Kratos Analytical Ltd., UK) equipped with a
monochromatic Al Ko X-ray source (1486.6 eV), operating at 225 W with an emission
current of 15.00 mA. The system utilized a slot collimator and hybrid lens configuration,
with an energy resolution setting of 40. Charge compensation was applied using an
electron flood gun (filament current: 0.32 A; bias: 1 V; charge balance: 3.2 V) to

minimize surface charging effects.
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High-resolution scans were performed over energy windows of 20-22 eV for
selected elemental regions using a step size of 0.025 eV, with 800—880 steps per scan
and a dwell time of 50 ms per point. Each scan was repeated four times and averaged
to enhance spectral quality. All spectra were acquired under ultra-high vacuum
conditions at 0° sample tilt. Spectral deconvolution and chemical state analysis were
performed using CasaXPS software, with binding energies calibrated against the C 1s
peak at 284.8 eV. This analysis enabled qualitative and semi-quantitative evaluation of
surface modification and elemental composition changes resulting from PABA

functionalization.

3.7. Electrochemical Oxidation of Biliverdin using SPE/PABA

3.7.1. pH Effect on Electrochemical Oxidation of Biliverdin

CV was performed using SPE/PABA to assess the effect of pH on
the electrochemical oxidation of BV. Buffer solutions ranging in pH from 3.0 to 8.5
were freshly prepared and analyzed under the same conditions. CV measurements were
performed in the potential range of 0.0 to 0.8 V at a scan rate of 0.025 V/s. The anodic
peak current and peak potential were extracted from the CV curves, and plots of Ip vs.

pH and Ep vs. pH were constructed to identify the optimal pH for BV oxidation.
3.7.2. Cyclic Voltammetry

To evaluate the effect of PABA surface modification on the electrochemical
oxidation of BR and BV, the CV response was recorded using both bare SPE and
SPE/PABA electrodes. Firstly, the CV response for BR oxidation was recorded using
both SPE and SPE/PABA electrodes. Later, the CV response for BV oxidation was
similarly recorded using SPE and SPE/PABA. All measurements were conducted using
100 uM of either BR or BV. The potential was scanned from 0.0 to 0.8 V at a scan rate

of 0.025 V/s. For each condition, freshly prepared electrodes were used to ensure
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surface consistency and avoid cross-contamination. The CV responses were analyzed
to compare the peak current and redox behavior of BR and BV at both unmodified and

modified electrode surfaces.

To further evaluate the electrochemical response of BV at the SPE/PABA
surface, a concentration-dependent CV study was performed. The measurements were
carried out in 0.1 M Tris-HCI buffer (pH 8.5) containing BV at concentrations ranging
from 0 to 400 uM. The potential range was maintained from 0.0 to 0.8 V at a scan rate
of 0.025 V/s. A single SPE/PABA electrode was utilized to examine the BV oxidation
on the electrode surface. The electrode was thoroughly cleaned with DI water before
assessing a new concentration. The resulting CV responses were used to examine the
relationship between BV concentration and peak current, enabling the evaluation of the

sensitivity and redox performance of the modified electrode.

3.7.3. Amperometry

To evaluate the electrochemical sensing performance of BV, amperometric
measurements were performed using SPE/PABA. Amperometry was selected because
it enables the selective detection of faradaic currents after the initial decay of non-
faradaic (capacitive) currents, resulting in a more stable and reliable signal proportional
to analyte concentration. Prior to amperometric measurements, the oxidation potential
of BV was identified through CV experiments. Based on the CV results, an applied
potential of +0.32 V versus Ag/AgCl was selected to ensure selective oxidation of BV

with minimal background interference.

The amperometric measurements were performed by dropping BV solutions at
concentrations ranging from 4 to 440 uM were freshly prepared in separate Eppendorf
tubes using 0.1 M Tris-HCI buffer (pH 8.5). For each measurement, 50 uL of the BV

solution was carefully added onto the electrode surface. Multiple-pulse amperometric
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detection (MPAD) was employed to study the linear range, sensitivity, and limit of
detection (LOD) of the sensor. Initially, a potential of 0 V was applied for 30 seconds
to stabilize the electrode surface and minimize background noise. After 30 seconds, the
potential was switched to +0.32 V, and the steady-state current response was recorded.
After each measurement, the electrode was thoroughly rinsed with deionized (DI) water
to eliminate any residual BV and to prevent cross-contamination between tests. The
steady-state current values obtained at different BV concentrations were systematically
collected for subsequent calibration curve construction and sensor performance

evaluation.

3.8. Specificity Study

Specificity studies are important in the development and validation of
electrochemical biosensors to ensure their selectivity, especially when analyzing
complex biological samples like human serum. These studies assess the sensor's ability
to distinguish the target analyte from other electroactive species that may be present in
the sample matrix, ensuring that the measured response is specific to the analyte of
interest. To assess the selectivity of the PABA-modified SPE electrode for BV detection,
specificity study was conducted by investigating the effect of various electroactive
biomolecules commonly present in human serum. The analyzed electroactive
biomolecules included uric acid (UA, 10 uM), cholesterol (Chl, 100 uM), ascorbic acid
(AA, 10 uM), dopamine (DA, 10 uM), glucose (Gluc, 100 uM), glutathione (Glut, 10
uM), and hydrogen peroxide (H202, 10 uM), each prepared in 0.1 M Tris-HCI buffer
(pH 8.5). For the specificity study, 100 uM BV was mixed with each biomolecule
separately, and 50 pL of the mixture was drop-cast onto the SPE/PABA electrode
surface. The amperometric I-t response was recorded at an applied potential of +0.32
V versus Ag/AgCl following the established measurement protocol. The steady-state

oxidation current for BV in the presence of each electroactive molecule was monitored
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to evaluate any potential signal deviation compared to the response of BV alone.

3.9. Stability and Reproducibility

The long-term stability and reproducibility of electrochemical biosensors are
critical parameters for ensuring their practical usability, particularly in real-sample and
clinical applications. To evaluate these aspects, the stability and reproducibility of the
developed SPE/PABA electrode for BV detection were systematically studied. For
stability testing, freshly fabricated SPE/PABA electrodes were used to monitor the
current response over a period of 10 days. Stability was assessed by performing
amperometric measurements in the presence of 100 uM BV at an applied potential of
+0.32 Vin 0.1 M Tris-HCI buffer (pH 8.5). Each day, 50 pL of BV solution was drop-
cast onto the electrode, and after an initial stabilization at 0V, the steady-state oxidation
current was recorded following the potential switch to +0.32 V. Between measurements,
the electrodes were stored under ambient laboratory conditions to simulate practical

usage environments.

For reproducibility evaluation, three independently fabricated SPE/PABA
electrodes were prepared following identical surface modification protocols. The
reproducibility study was conducted by recording the amperometric current responses
toward 200 uM BV using the same drop-cast and measurement procedure as used in
stability testing. The steady-state currents obtained from each electrode were used to
calculate the mean, standard deviation (SD), and relative standard deviation (RSD) to
quantify signal consistency. Demonstrating minimal variability among different
electrodes is essential to verify the repeatability of the fabrication process and the
reliability of the sensor performance, as commonly emphasized in published

electrochemical biosensor studies.
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3.10. Recovery Study

To evaluate the accuracy and practical applicability of the developed sensor, a
recovery study was performed using the SPE/PABA-modified electrode. Amperometric
measurements were carried out at a fixed applied potential of +0.32 V in 0.1 M Tris-
HCI buffer solution (pH 8.5). Five desirable concentrations of BV (70, 110, 170, 280,
and 350 uM) were prepared to simulate real-sample conditions. For each concentration,
50 pL of the BV solution was drop-cast onto the working electrode surface, and the
steady-state current response was recorded after stabilization. The recovery percentage
was calculated by comparing the measured concentrations, determined from the
calibration curve, to the known spiked concentrations. This study was conducted to
assess the accuracy and reliability of the sensor in detecting BV at varying

concentration levels.

3.11. Real Sample Analysis

Real sample analysis is an essential step in evaluating the practical applicability
and reliability of electrochemical biosensors for clinical or diagnostic purposes. Due to
the complex nature of biological matrices such as human serum, it is important to verify
that the developed sensor maintains its performance in the presence of real sample
components without significant matrix interference. To assess the practical
performance of the SPE/PABA-modified electrode, real sample analysis was conducted
using human blood serum. Human serum samples were initially diluted 100-fold with
0.1 M Tris-HCI buffer (pH 8.5) to reduce the effects of endogenous proteins and ions
and to match the electrochemical measurement conditions. Known concentrations of
BV were then spiked into the diluted serum to prepare final BV concentrations of 60,
80, 100, and 120 uM. For each test, 500 uL of the diluted serum was mixed with 500
pL of Tris-HCI buffer containing the target concentration of BV, resulting in a total

sample volume of 1 mL. Baseline amperometric currents were first recorded from the
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diluted serum without BV to serve as control measurements. Following this, 50 pL
aliquots of the BV-spiked serum samples were drop-cast onto the working surface of
the SPE/PABA eclectrode, and amperometric measurements were performed at an
applied potential of +0.32 V versus Ag/AgCl. The steady-state oxidation currents
obtained from these measurements were subsequently used to estimate the BV

concentration by referencing the standard calibration curve constructed previously.

3.12. Comparison of Electrochemical Method and Standard
Method

To further assess the reliability and analytical accuracy of the developed
SPE/PABA electrochemical sensor for BV detection, a comparative study was
conducted using a standard UV-Vis spectrophotometric method. UV-Vis spectroscopy
is widely recognized as a conventional and reliable technique for quantitative analysis
of biomolecules, providing a suitable benchmark for validating newly developed
electrochemical sensors. For the comparison, a standard calibration curve was
constructed by recording the UV-Vis absorbance spectra of BV standard solutions
prepared at concentrations ranging from 1 to 180 uM in 0.1 M Tris-HCl buffer (pH 8.5).
The absorbance measurements were carried out by scanning across the relevant
wavelength range, and the absorbance at the maximum characteristic peak of BV was
used to develop the calibration plot. The resulting standard curve was then utilized to
determine the BV concentrations in spiked human serum samples under the same
dilution and preparation conditions used for electrochemical analysis. This comparative
analysis allowed for the evaluation of the sensor's accuracy against an established

standard method.
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4. Results and Discussion

4.1. Analysis of Bilirubin Oxidation Reaction

4.1.1. UV-Vis Spectroscopy Analysis

The UV-vis spectra were separately recorded for AuCl;.3H»O and BR in ethanol,

the results showed maximum absorbance at 290 and 430 nm, respectively (Fig. 7 A &

B). Then, the BR oxidation in the presence of Au®" was performed in ethanol medium

and a photograph of color changes of the reaction mixture from orange to green was
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shown in Fig. 6A and Fig. 6B corresponds to variable BR concentration in the reaction.

Fig. 7. UV-visible spectrum of (A) Ethanolic solution of gold chloride, (B) Ethanolic

solution of BR, and (C) After completion of the reaction mixture of Au*" and BR.
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The UV-vis spectra of the reaction mixture (Fig. 7C) showed the formation of
AuNPs (580 nm) and BV (370 nm, 600 to 700 nm). These Amax values for Au**, BR,
and the reaction mixture are consistent with the previously reported literature [27-30].
Through trial-and-error experiments, 100 uM of Au** was selected for the reaction with
BR concentrations from 10 uM, and UV-vis spectra were recorded (Fig. 8A). The
absorbance spectra of gold (III) chloride trihydrate in the presence of BR reveal that
the BR absorbance at 430 nm disappeared, with a broad peak emerging at 370 nm and
another broad peak from 600 to 700 nm, corresponding to BV formation [31,32].
Further, these peaks increased with BR concentrations, and the peak at 430 nm
reappeared beyond 60 uM of BR which indicates the saturation of the reaction. The

complete oxidation of 60 uM BR was confirmed by the absence of the BR characteristic

peak at 430 nm.
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Fig. 8. UV-visible spectrum (A) Absorbance spectra with variable BR concentrations
(10 to 70 uM) and (B) Time-dependent absorbance curve at 700 nm. The reactions were

performed in the presence of gold (III) chloride (100 pM) in an ethanolic solution.
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The formation of BV was further validated through electrochemical analysis,
which is explained in section 3.4. Further, the BR: Au*" molar ratio was calculated to
be 1:1.67. The time-dependent absorbance at Amax = 700 nm was recorded for the
reaction between BR and Au**(Fig. 8B). to monitor BV formation. It can be noted that
the time required for the complete BR oxidation into BV is < 3 min at a molar ratio of
1:1.67. Thus, BR oxidation reactions were performed for 5 min throughout this study

to ensure completion of the reaction.

4.1.2. LC-MS/MS Analysis

The LC-MS/MS analysis was performed to characterize the reaction mixture.
Initially, biliverdin standard (commercial) solution in ethanol was analyzed using LC-
MS/MS and the corresponding chromatogram and mass fragmentation are shown in
Fig. 9. The Blue and red curves represent the relative abundance of the standard

biliverdin solution and the reaction mixture, respectively.
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Fig. 9. LC-MS/MS chromatograms of standard biliverdin (blue chromatogram) and the
reaction product (red chromatogram). Both compounds eluted at a retention time of
4.35 min, confirming that the product formed in the reaction matches the standard

biliverdin.

The ethanol was eluted at RT = 4.17 minutes and followed by BV elution at 4.35
minutes. The molecular ion fragment of the biliverdin standard sample had the mass of
583 and the fragments of m/z 297 was observed. These findings also coexisted with
previous reports. Subsequently, the BR oxidation reaction mixture was subjected to LC-
MS/MS, and the molecular ion fragmentation to fragments was observed from m/z
583.22 t0 296.90 at the same retention time (RT) of 4.35 minutes. The elution time at

4.35 minutes for the BR oxidized product confirms the biliverdin formation.

4.2. Electrochemical Investigation of SPE/PABA

4.2.1. Cyclic Voltammetry (CV)

The sensor electrode was fabricated by the electrochemical polymerization of 4-
ABA on carbon SPE by the potential dynamic technique. The CVs were performed
using the SPE in 0.05 M HCI containing 3 mM of 4-ABA between 0.0 and 1.2 V at
0.025V/s. Variable cycling scans of 5, 10, 15, and 20 were performed to optimize the
4-ABA polymerization on the SPE, and the modified electrode (SPE/PABA) was
evaluated by CV in 0.1 M HCI (Fig. 10).
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Fig. 10. CV curves were recorded using SPE/PABA modified electrodes in 0.1 M HCI
at 25 mV s’'. The Inset label indicates the various cycling scans (5, 10, 15 and 20 scans)

during the polymerization of PABA on SPE.

Fig. 10 exhibited two redox peaks at 0.54/0.44 V and 0.17/0.10 V. The first redox
peak corresponds to a one-electron transfer, while the second redox peak corresponds
to a two-proton and one-electron transfer process. These electrochemical and redox
behaviors of amine-containing polymers are well documented and coexist with earlier
studies [33,34]. The electrochemical polymerization with 10 cycling scans showed a
maximum Faradaic redox peak current with a lower double-layer capacitance compared
to the other polymerization cycling scans. Therefore, an SPE/PABA-modified electrode

with 10 cycling scans was used for further experimental investigations in this study.
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Fig. 11. Electrochemical polymerization on SPE in 0.05 M HCI with 3 mM 4-ABA at

0.025 V/s over ten cycling scans.

The electropolymerization of 4-ABA on SPE is shown in Fig. 11. In Fig. 11,
the first scan of polymerization, 4-ABA is oxidized to form radical cation initiation at
1.1 V, and in the cathodic scan, a reduction peak is obtained at 0.4 V [35]. On
subsequent scans, a new anodic peak is obtained at Epa = 0.5 V, and the peak current
gradually increases with cycling scans. Meanwhile, the oxidation peak potential at 1.1
V is insignificantly shifted to a more positive region with a decrease in current. The
redox peak current increases with the number of potential scans, confirming the
polymerization of 4-ABA into poly-ABA (PABA) and its behavior as a conducting

polymer, which agrees with previous reports [36].
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Fig. 12. CV response obtained using SPE/PABA in variable pH buffered solution
containing 5 mM of K4[FeCNs]/ K3[FeCNg].

After successful polymerization, the electrochemical behavior and surface nature
of the SPE/PABA clectrode were investigated in the presence of negatively charged
redox species ([Fe (CN)q]* ") in variable pH buffer. The CV (Fig. 12) showed a well-
defined redox peak with AEp =95 mV in pH 3 buffer containing [Fe (CN)¢]*"*". As pH
increases, the redox peak current dramatically dropped with increasing AEp and this
electrochemical behavior coexisted with the previous study [37]. The surface -COOH
group of the SPE/PABA electrode has a pKa value of 4.5; below this pH, the -COOH
group is protonated to form a positively charged surface that attracts anionic redox
molecules. At a pH above 5, -COOH exists as a negatively charged surface which

repels the redox molecule and leads to slow electron transfer.
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4.2.2. Electrochemical Impedance Spectroscopy (EIS)

EIS analysis was conducted to assess the electrochemical kinetics and surface
properties of the SPE/PABA electrode in variable pH buffer containing an anionic redox
probe ([Fe (CN)6]3—/4—). The complex plane impedance plots of the SPE/PABA
electrode are shown in Fig. 13A, and the corresponding Rct values with pH are in Fig.
13B. In the case of pH = 3, a semicircle observed in the high-frequency region, followed
by a straight line in the low-frequency region indicates a diffusion-controlled process

associated with the redox probe (enlarged view of Fig. 13 A, inset).
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Fig. 13. EIS curves obtained using SPE/PABA in variable pH buffered solution
containing 5 mM of K4[FeCNs]/ K3[FeCNg], Inset of (A) is the equivalent circuit
obtained from fitting, and (B) shows the Effect of pH on Rct.

In contrast, the semicircle was increased with increasing pH of the buffer with
very little diffusion, suggesting a complete blocking behavior for the electron transfer
reaction. This behavior also indicates complete charge-transfer control for the redox
couple and is correlated with the CV studies in Fig. 13B.The charge transfer resistance
(Rct) was calculated using comparable circuit fitting for kinetic analysis and was

illustrated in the inset of Fig. 13A. The Rct value in pH 3 was determined to be 0.98

31



KQ and further it increased to 33.94 KQ in pH 8.5. Charge-based interactions and pKa
values lead to slower kinetics and restricted electron transport. At pH 8.5, fully

dissociated carboxyl groups create negative charges, further blocking electron flow.

4.3. Physicochemical Characterization of SPE/PABA

4.3.1. Field Emission Scanning Electron Microscopy (FE-SEM)
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Fig. 14. Physicochemical characterization of the modified electrode. (A) FESEM
images of SPE and (B) SPE/PABA electrode; Inset of the fig. (A and B): Elemental
analysis. (C) Elemental mapping of the SPE/PABA electrode.

Fig. 14 A&B show the surface morphological nature of the SPE and SPE/PABA
obtained from field emission scanning electron microscopy (FE-SEM). Bare SPE has

granular carbon particles, and after the polymerization of PABA, the layered polymer
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was noted. The elemental analysis from FE-SEM analysis also confirms the PABA by
showing the presence of nitrogen (0.33 % wt.), and increasing the weight percent of
oxygen to 2.19 % further confirms the polymerization (Inset of Fig. 14A &B). Energy
dispersive X-ray (EDX) and elemental mapping analysis for the dispersion of the PABA
deposited on the SPE are shown in Fig. 14C. The Inset of Fig. 14C shows the nature of
the element mappings for a selected specimen area, revealing a homogeneous
distribution of C, O, and N on the SPE. Generally, the brighter the color appears, the

higher the concentration of the specific element.

4.3.2. Raman Spectroscopy

Raman spectroscopy is an important approach for the structural
characterization of carbon-based nanomaterials [38]. The principal feature in the
Raman spectra of modified electrodes consists of two characteristic peaks within the
1300-1600 cm'[39] range and is referred to as the D and G bands, respectively. Fig.
15 shows the Raman spectra of the SPE and SPE/PABA electrode surfaces. The Raman
spectrum of the modified electrode shows two strong peaks corresponding to the
disorder (D) and graphitic (G) bands [40]. The D band at 1333 ¢cm™' represents defects
and disorder in the sp2 carbon lattice, whereas the G band near 1572 ¢cm™' represents
the graphitic character and highly structured organization of sp2 carbon [41]. A 2D
Band was also observed at 2709 cm™'. The ID/IG ratios of the SPE and SPE/PABA were
calculated to be 0.79 and 0.91, respectively. The increase in the intensity ratio of ID/IG
indicates the presence of PABA on the SPE surface.
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Fig. 15. Raman shift of SPE (red curve) and SPE/PABA (blue curve) surfaces.

4.3.3. X-ray Photoelectron Spectroscopy (XPS)

XPS analysis provided a comprehensive understanding of the elemental
composition of the material surface and the binding states of the elements. The XPS
spectrum of bare SPE (Fig. 16A) exhibits carbon (94.3%) and oxygen (5.7%). The Cls
spectra (Fig. 16B) show the elemental composition of C=C and C—C at 284.5 and 285.3
eV. The peaks at 285.5, 286.6, and 289.0 eV appeared owing to the presence of C-O,
C=0, and COOH, respectively [42—44]. The deconvoluted Ols spectrum (Fig. 16C)
revealed the peaks for C—O and C=0 at 530.7 eV and 531.9 eV, respectively.
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Fig. 16. XPS spectra of SPE electrode (working electrode surface). (A) Survey scan,
(B) and (C) High-resolution deconvoluted spectra of C1s and Ols.

The XPS spectra obtained for modified SPE/PABA are shown in Fig. 17A-D.
Fig. 17A shows a survey scan of SPE/PABA, indicating the presence of nitrogen, which
was obtained from PABA. The deconvoluted Cls, Ols, and N1s spectra are shown in
Fig. 17(B-D). In the Cls spectrum, the C=C and C-C peaks were observed at 284.2
and 284.8 eV, respectively.
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Fig. 17. (A) XPS Survey Scan of SPE/PABA and deconvoluted XPS spectrum of (B)
Cls, (C) Ols, and (D) Nls.

The peaks at 285.6, 288.3, and 290.6 eV appear owing to the presence of C-O,
C—N, and COOH, respectively [45]. While comparing the Cls spectra of SPE and
SPE/PABA, the percentage of COOH was higher (4.91%) than the bare SPE (2.71%),
and a new component, the C-N bond, was observed. The increased COOH intensity
and the presence of C-N validated the successful electrochemical modification of
PABA. The deconvoluted Ols spectrum is shown in Fig. 17G, where C=0 and C-O
were observed at 532.1 eV and 530.5 eV, respectively [46,47]. In the deconvoluted N1s
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(Fig. 17D) spectra, the peaks at 399.7, 400.5, and 401.2 eV are attributed to the C—N—
C bond, C—NH, group, and the protonated nitrogen species (C—NH:"), respectively [48].
These three components are related to the amino group of PABA. The small areas for
the C-NH, and C-NH" groups indicate its protonation after adsorption on the SPE. The
additional protons may originate from moisture, transfer of a proton within the same
molecule (intramolecular), or between different molecules (intermolecular) of the

carboxylic acid [49,50].

4.4. Electrochemical Oxidation of Biliverdin at SPE/PABA
Electrode

4.4.1. pH Effect on Electrochemical Oxidation of Biliverdin
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Fig. 18. Electrochemical oxidation of BV at the SPE/PABA electrode. (A) CV
responses of SPE/PABA electrode in buffer with variable pH containing 150 uM of BV.
(B) Effect of pH on peak potential and peak current.

After the oxidation of BR in the presence of Au3+, the electrocatalytic
oxidation of the obtained BV at the SPE/PABA electrode was investigated. CV studies
were performed using SPE/PABA electrodes to observe the effects of the buffer’s pH
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(3 — 8.5) on the BV electrocatalytic oxidation, and the experimental results are shown
in Fig. 18A &B. The SPE/PABA electrode could oxidize BV at all the desired pH levels
investigated. Further, the peak potential and current changes were observed with the
pH of the buffer. This behavior might be the contribution of proton transfer in the
oxidation reaction process. In Fig. 18A, the CVs showed two distinct and irreversible
anodic peaks corresponding to the oxidation of biliverdin (BV) to purpurin (PP) to
choletelin (Ch.) The BV oxidizes to PP via 2H" and 2¢" transfer processes, and PP
further oxidizes to Ch through 2H" and 2e-at 0.39 V. The oxidation of BV and its
products proceeds through a sequential 2e-transfer, resulting in structural
transformations with extended conjugated double bonds. Each of these steps involves
the concurrent release of protons to enable the conversion of methylene (-CH,) bridges
into unsaturated or carbonyl-containing structures. This coordinated transfer of protons
and electrons stabilizes the oxidized intermediates and reflects a mechanism consistent
with proton-coupled electron transfer (PCET) [51,52]. The BV oxidation peak
potential was shifted from 0.58 to 0.31 V, and the anodic peak current (Ipa) was
increased from 0.21 to 1.33 pA with pH (3.0 to 8.5). BV oxidation at pH 8.5 exhibited
the maximum peak current at a low oxidation potential. At pH 8.5, Tris-HCI buffer
facilitates the complete deprotonation and solvation of biliverdin, thereby enhancing
its electrochemical mobility and leading to a higher oxidation peak current at a lower
potential [53,54]. Therefore, all the electrochemical studies were performed in a Tris-

HCI (pH 8.5) buffer solution.
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4.4.2. Cyclic Voltammetry
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Fig. 19. Electrochemical oxidation of BV at the SPE/PABA clectrode. (A) CV
responses for a & ¢ in the presence of BR (100 uM), b & d in the presence of BV (100
uM) using SPE and SPE/PABA electrode, and the dotted line correspondence to control
CV curve, and (B) CV responses of SPE/PABA modified electrode in Tris-HCL (pH =
8.5) with variable concentrations of BV (0, 10, 20, 50, 200, 300, and 400 uM) at 25 mV

s ! (Inset shows enlarged view of CV curves).

Further, CVs were recorded using SPE/PABA electrode in Tris-HCI buffer in
the presence of BR and BV (100 uM), and results are shown in Fig. 19A. The bare SPE
shows an anodic peak corresponding to BR oxidation at 0.2 V, which correlates with a
previous study on carbon surfaces [55] and biliverdin oxidation is observed at 0.32 V.
The SPE/PABA modified electrode shows BV oxidation at 0.32 V with a higher current
than BR oxidation. However, BR oxidizes at a lower working potential than BV, BR
tends to adsorb onto the carbon surface, leading to electrode fouling [25]. This fouling
reduces sensitivity and limits the feasibility of direct detection at higher concentrations.
This electrode fouling effect leads to a decrease in the sensitivity and limiting direct
detection at higher concentrations [56,57]. The bare SPE shows a lower peak current

response in the CV for both BR and BV oxidation. By contrast, the SPE/PABA exhibits
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a higher oxidation peak current for BV than for BR. Although BR undergoes oxidation
on carbon surfaces, it tends to be absorbed onto the electrode surface, leading to the
passivation of the electrode. Further, the concentration effects of BV oxidation at
SPE/PABA were examined in a 0.1 M Tris buffer in the presence of desirable BV
concentrations from 0 to 400 pM at a scan rate of 0.025V/s. Upon the injection of BV,
the anodic peak current increased significantly at 0.32 V as shown in Fig. 19B.
Furthermore, consistent peak current responses with no broadening or change in
working potential provide additional evidence that diffusion and surface kinetics are
not adversely affected by BV or its oxidation products. These results confirm that the
system retains ideal electrochemical behavior even with increasing analyte
concentrations. Thus, the SPE/PABA electrode can be used as a platform for practical

applications in determining BV and its correlation with BR for clinical diagnosis.

4.5. Amperometry
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Fig. 20. Electrochemical sensing performance. (A) I-t response recorded using
SPE/PABA electrode in the presence of BV concentrations (5 to 440 uM) at 0.32 V and

(B) Linearity plot obtained from It curves.
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To evaluate the sensing performance of BV, the [-t response curve of BV oxidation
was recorded using the SPE/PABA electrode at 0.32 V, and the data are shown in Fig.
20A. The BV concentrations were varied from 5 to 440 uM. The It curve shows an
increase in the steady-state current of BV oxidation and the resultant current density
increases with increasing BV concentration, as shown in Fig. 20B. The background
current was recorded from the 28th second of the current response to all concentrations
before plotting the calibration curve. A calibration plot was obtained with good linearity
(R2 = 0.9900) for the BV concentrations studied. The steady-state current (y-axis)
obtained at each BV concentration (x-axis) was plotted to generate the calibration curve.
The calibration data were fitted using a linear regression model expressed as y=mx+c,
where y is the measured current, x is the BV concentration, m is the slope, and c is the
intercept. The slope (m) of the linear fit represents the sensitivity of the sensor,
indicating the change in current per unit concentration, typically expressed in pA/uM.
A strong linear relationship between current and BV concentration confirmed the
reliability of the sensor and demonstrated its quantitative detection capability over the
tested concentration range. The linear range was estimated to be 5 to 440 uM with a
sensitivity of 0.115 uA pM™! cm™. The limit of detection was calculated to be 0.9 uM
using LOD = 3.3*c/S, where o represents the standard deviation of the sensor's
background current response, and S denotes the slope of the linear range of the

calibration curve.

The performance and parameters of the developed sensor were compared with
those of previously reported BR sensors, as listed in Table 1. Here, the BV sensing
performance was compared with that of the BR sensor because the electrochemical
sensing of BV has not been reported in the literature. This comparison reveals that the
proposed BV sensor outperforms the other sensors in terms of its wider linear range for
BV detection, lower working potential, and improved selectivity. According to the
literature, although BR oxidizes carbon surfaces, it also causes electrode surface
passivation. In this study, we addressed this issue by electropolymerizing 4-ABA.

Furthermore, functionalization with 4-ABA enhanced the selectivity and sensitivity of
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the sensor and increased mass transport. Therefore, the proposed SPE/PABA surface
demonstrated superior sensing performance and characteristic parameters for BV

detection compared to other reported materials.

Table 1. Performance comparison with other nonenzymatic electrochemical bilirubin

Sensors.
Electrode Material Anal  Detection Linear = Detection  Ref.

yte Potential Range limit

V) (M) (M)
MIP/TizCoTxMXene/ITO BR NR 10-90 0.598 [16]
AuNPs/MWCNT/Fc BR 0.45 1-100 0.12 [22]
MWCNT-COOH BR 0.3 0-150 9.4 [58]
Mn—Cu/Nf BR 0.4 1.2-420 0.025 [59]
GCE/RGO-PSS BR 0.34 5-315 2 [56]
MIP/HAP/QC BR NR 0.05-80 0.01 [60]
CVD  Nano  graphite/ = BR 0.3 100-500 154 [61]

Platinum microelectrode

SPCE BR 0.25 5-600 NR [55]
NCs/CBs BR 0.4 1-100 0.1 [24]
NF/ER-GO BR 0.7 0-70 0.84 [62]
SPE/PABA BV 0.32 5-440 0.9 This
Work

4.6. Specificity Study

To assess the selectivity of the SPE/PABA electrode for BV detection, other
electroactive biomolecules that normally exist in human serum were investigated. The
possible electroactive biomolecules presents in human serum (uric acid (UA) - 10 uM,

cholesterol (Chl) - 100 puM, ascorbic acid (AA) - 10 uM, dopamine (DA) - 10 puM,
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glucose (Gluc) - 100 uM, glutathione (Glut) - 10 uM, hydrogen peroxide (H>O.) - 10
uM) were analyzed in Tris-HCI (pH 8.5) buffer. The I-t response was recorded by
amperometry technique and was investigated by monitoring the change in steady state
oxidation current for 100 uM BV in the presence of other electrochemically active
biomolecules at Eapp = 0.32 V. The specificity results are shown in Fig. 21A & B. From
the results, it can be observed that the steady-state oxidation current for BV was
comparatively higher than that for the other biomolecules investigated in this study. AA,
DA, and H»O, generated a considerable oxidation current at 0.32 V, but the
concentration used in this study was beyond the physiological level in human blood
serum. The high specificity was achieved from the anionic surface charge of the
SPE/PABA electrode, which repels negatively charged biomolecules, and the optimized
applied potential of 0.32 'V, at which most common electroactive species do not undergo
oxidation. Additionally, PABA modification protects the electrodes against passivation
induced by the nonspecific adsorption of proteins and other compounds often found in

biological samples, which causes a wide range of BV detection.
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Fig. 21. Electrochemical sensing performance. (A) Selectivity study from It response
recorded using SPE/PABA electrode with possible electroactive biomolecules, and (B)

Histogram representing the relative percentage of current.
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4.7. Stability and Reproducibility

The freshly modified SPE/PABA electrodes were used to study the stability
and reproducibility performance of the BV sensor. Therefore, the long-term stability of
the fabricated sensor electrode was assessed over 10 days. The sensor electrode was
subjected to an amperometry study in the presence of BV (100 uM) at 0.32 V in Tris-
HCI (Fig. 22A). During this period, the sensor displayed a constant steady-state current
for BV oxidation. However, after 10 days, the sensor showed a 1.18% drop in current
response, most likely as a result of fouling or surface contamination. Thus, the
fabricated SPE/PABA electrode was ideal for BV detection. The electrochemical
reproducibility of the sensor electrodes was evaluated by amperometry. Three sensor
electrodes were fabricated under the same conditions. The baseline currents were
measured to ensure consistency. Subsequently, a known concentration of the BV (200
uM) was introduced, and the current response was recorded over a specified period
(Fig. 22B). The mean and standard deviation of the current responses were calculated
at each time point, and the relative standard deviation (RSD) was determined to

quantify reproducibility.
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Fig. 22. I-t response curve recorded for (A) Stability (repeatability) and (B)
Reproducibility of SPE/PABA modified electrode in Tris-HCI (pH — 8.5) containing
BV at0.32 V.
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The results showed an RSD (2.19%) of less than 5%, indicating excellent
reproducibility among the three sensor electrodes. Thus, these experimental results
revealed that the fabricated SPE/PABA electrode is an excellent sensing platform for
BV detection and quantification at near-physiological pH. SPE-based sensing
analytical devices are extremely sustainable, affordable, compact, adaptable, and

simple to create.

4.8. Recovery Study

The recovery of the SPE/PABA-modified electrode was evaluated using an
amperometric technique at an applied working potential (Eapp = 0.32 V) in a Tris-HCI
buffer solution. The [-t response curves of five desirable BV samples (70 to 350 uM)
were recorded, and the results are presented in Fig. 23. The current responses for five
different BV sample concentrations are listed in Table 2. This study showed a recovery
percentage of 98% to 107.8% for the given BV samples, as shown in Table 2, which

indicates that the sensor matrix has good recovery values.
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Fig. 23. I-t response curve recorded for variable BV concentration in Tris-HCI (pH 8.5)

at 0.32 V.

Table 2. Recovery performance measurement for the added BV using SPE/PABA.

BV Conc. (uM) Recovered Conc. (uM) Recovery Performance (%)
70 68.6 98.0

110 115.5 105.0

170 183.3 107.8

280 282.0 100.7

350 358.5 102.4
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4.9. Real Sample Analysis

The potential application of the SPE/PABA electrode was evaluated for its
practical applicability in blood serum samples. Amperometry was performed on human
serum samples spiked with BV. The serum samples were prepared in a Tris-HCI buffer
and spiked with four different known concentrations of the BV (60, 80, 100, and 120
uM). Baseline currents were initially measured in serum samples as a control sample.
Subsequently, the spiked serum samples were introduced to the buffer, and the current
responses were recorded at 0.32 V. The corresponding data are given in Fig. 24, and the
analytical results are shown in Table 3. It can be observed from Table 3 that the
fabricated sensor matrix exhibited a good recovery percentage for the spiked BV
samples. The accuracy and precision of the sensor in detecting analytes in human serum

were confirmed by consistent current responses.

50.0 I —— 60 pM
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Fig. 24. Electrochemical sensing performance of SPE/PABA in BV-spiked human

serum.
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Thus, the demonstrated method and electrochemical BV sensor can be reliably used for
BV measurements and their correlation with BR concentration in clinical diagnostics.
These results indicated that the sensor performed reliably and effectively in complex

biological matrices, making it suitable for practical applications in clinical diagnostics.

4.10. Comparison of Electrochemical Method and Standard
Method

Further, to evaluate the reliability of the proposed BV sensor, the UV-vis
method has been used for the comparison [63,64]. For this, a standardization curve was
developed using a BV standard sample at desirable BV concentrations. Fig. 25A-B
illustrates the UV-vis spectra and calibration plot obtained using biliverdin (1-180 uM),
and the standard curve was used for the detection of the BV sample spiked with human
serum. A distinct absorbance peak was observed at Am.x = 670 nm, corresponds to the
biliverdin standard, and the absorbance intensity increases proportionally with
concentration, indicating a linear concentration-dependent response. Fig. 25B shows
the calibration curve obtained at Amax =670 nm with a linear equation of y=0.0112* x
+ 0.0088 (R2 = 0.9985). Fig. 25C, the UV-vis spectra of human serum spiked with
desirable BV (obtained from the BR oxidation reaction) concentrations (60, 80, 100,
and 120 pM) in Tris-HCI buffer and the recovery percentage was calculated using
y=0.0112* x + 0.0088.
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Fig. 25. UV-visible absorbance spectra for (A) Different concentrations (1 to 180 pM)
of standard biliverdin, (B) Linearity plot obtained from UV-spectrum, and (C) UV-vis

spectral curve recorded for human serum spiked with BV (reaction mixture).

Table 3 shows a comparison of the BV sensing performance of the proposed
electrochemical sensing protocol using SPE/PABA electrode and UV-vis based
standard method in spiked human serum samples. The experimental results reveal that
the proposed electrochemical BV sensor in this work shows satisfactory results,

exhibited overall reliability of the BV sensor for diagnosis applications.
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Table 3. Comparison of BV sensing performance in spiked human serum samples using
SPE/PABA and UV-vis. method.

Proposed electrochemical UV-Vis spectroscopy
Spiked BV
method (SPE/PABA) method
conc. in
Recovered Recovery Recovered Recovery
human
conc. performance conc. performance
serum (pM)
(uM) (“o0) (nM) (o)
60 57.04 95.07 56.26 93.77
80 81.75 102.19 71.53 89.41
100 100.52 100.52 82.51 82.51
120 123.78 103.15 105.196 87.66

5. Conclusions

This study demonstrates a novel electrochemical sensing approach for BR
detection by correlating BV with BR levels. The oxidation of BR to BV by Au*,
followed by its electrochemical oxidation in Tris-HCI buffer (pH 8.5), provides a direct
and efficient protocol for electrochemical analysis of BR. This approach addresses the
challenges of BR detection, including poor solubility and electrode fouling, ensuring
good reproducibility and high selectivity. A poly-aminobenzoic acid-modified screen-
printed carbon electrode (SPE/PABA) was used for BV detection, which showed a wide
linear range detection, good sensitivity, and high selectivity even in the presence of
potential electroactive biomolecules present in human serum. The wide detection range
is particularly significant for hyperbilirubinemia diagnosis without electrode
passivation, ensuring electrode stability. Moreover, the negatively charged carboxylate
on the electrode surface (SPE/PABA) prevents the negatively charged electroactive
molecules. Real sample analysis in human serum and recovery studies confirmed the

satisfactory findings. Thus, the developed electrode and sensing protocol present a
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promising approach for detecting hyperbilirubinemia in clinical diagnosis. Further
research is needed to develop total bilirubin sensing methods for point-of-care
hyperbilirubinemia testing devices, including the optimization of pH conditions and
sample dilution protocols to enable direct analysis of human blood samples. The current
proposed platform could serve as a potential route for the clinical diagnosis of BR-

related disorders.
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