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Abstract

A novel electrochemical biosensor was developed for accurate and sensitive
detection of CD8* T cells, as a key biomarker in clinical and immunological
analysis. A screen-printed electrode was modified through 20 cycles of
electrodeposition using two approaches: a reduced graphene oxide-
polypyrrole composite (A20) and graphene oxide reduced under UV
irradiation during polymerization (B20). Characterization analysis indicated
that A20 exhibited improved structural uniformity and a higher relative
abundance of carboxyl groups compared to B20 sample. These features
achieved through a simple and cost-effective fabrication process,
significantly improved the electrochemical performance of A20, making it as
an optimal sensing platform. The A20-based biosensor detected CD8* T
cells with limit of detection 1.19%x104 cells.mL-!, which the results aligned
with flow cytometry by 97%, confirming its precise accuracy. Further
experiments using CD20+, CD19+ and CD4* cells confirmed the biosensor’s
selectivity. This study introduces a simple, scalable process for creating
composites that greatly enhances the sensitivity of biosensors. Because it is
affordable and easy to produce, this biosensor is well-suited for clinical and
laboratory use, and also creates opportunities for developing sensors that
detect other cellular biomarkers.

Keywords: Biosensor, Reduce graphene oxide (rGO), electrochemical cyclic

voltammetry (CV), Differential Pulse Voltammetry (DPV), Ultraviolet (UV),
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1.Introduction

Recently, the CD8 biomarker has gained significant attention in
immunology and oncology due to its crucial role in regulating immune
responses through cytotoxic T lymphocytes, or CD8* T cells. CD8*T cells
play a crucial role in targeting infected or cancerous cells, making CD8 an
important marker for diagnosis and treatment monitoring!. This specificity
highlights the importance of CD8 quantification in understanding immune
mechanisms involved in various pathological states, such as cancer,
infectious diseases, and autoimmune disorders 42,

CDS8 quantification serves not only in prognostic evaluation but also in
guiding therapeutic decisions. The application of CD8* T cell analysis is
particularly impactful and instrumental in oncology as tumor-infiltrating
lymphocytes (TILs) “, chronic viral diseases like HIV and hepatitis C and the
overall status of immune function °, as well as vaccine development 6. CD8+
T cell dysregulation plays a key role in autoimmune diseases like multiple
sclerosis and rheumatoid arthritis, making CD8 an important biomarker for
immune profiling and identifying therapeutic targets 7.

Advanced immunological techniques, such as flow cytometry and
immunohistochemistry, enable precise quantification and profiling of CD8+*
T cells, supporting a better perception of their dynamics and applications in

personalized medicine 8. Flow cytometry is useful for CD8* T-cell



immunophenotyping but has limited sensitivity for low-frequency
populations and is prone to variability due to fluorescence-based
measurements. Its extensive sample preparation and high operational costs
also restrict its in resource-limited settings °.

Electrochemical methods, especially differential pulse voltammetry (DPV),
offer a sensitive, rapid, and cost-effective approach for detecting low-
abundance biomarkers like CD8* T cells 1011,

As a whole, CD8* T cells are key immune biomarkers with significant roles
in immunology and oncology, including prognosis, therapeutic monitoring,
and assessment of vaccine-induced immunity. Accurate and sensitive
detection of these cells is essential for understanding immune responses
and guiding personalized therapies. [However, traditional detection
methods, such as flow cytometry, are often complex, time-consuming, and
costly. Hence, electrochemical biosensors, particularly those based on DPV,
offer a promising alternative due to their high sensitivity, simplicity, and
cost-effectiveness 12

Several recent studies have developed electrochemical biosensors for
detecting various CD markers, each utilizing distinct methodologies,
nevertheless, the rare affordable and straightforward preparation strategies
have been applied to construct electrochemical biosensors using for clinical
and scalable biomedical applications. For example, Carinelli et al 13,
Developed a magnetic electrochemical biosensor for detecting CD4+ T cells

with a detection limit of 44 cells.uL'l. This biosensor employed immuno-



magnetic separation and labeling techniques. Despite achieving reliable
detection, complex procedures and multiple preparation steps were
involved. Similarly, Bialas et al. 14 reported an impedance-based biosensor
for CD4+ T cell detection, achieving a detection limit of 1.41 X 10° cells.mL-
1 for CD4+ cells isolated from blood samples.

In another study by Yadegari et al. 15, an electrochemical cytosensor was
developed for the ultrasensitive detection of Du-145 prostate cancer cells
using modified graphene-gold nanostructures. The sensor achieved a limit
of detection (LOD) of 20 cells.mL, attributed to the dual recognition by
antibodies and the amplification of the enzymatic signal of horseradish
peroxidase (HRP). The current study was conducted as an investigation into
the optimization of materials for a highly sensitive biosensor. While
graphene oxide offers a high density of oxygen-containing functional
groups, which are often considered beneficial for bioconjugation, our
results demonstrate that the direct use of GO with simultaneous UV-
assisted reduction during polymerization does not outperform the pre-
optimized Ppy/rGO system.

UV irradiation during polymerization is known to induce partial
photoreduction of graphene oxide, leading to its transformation into
reduced graphene oxide (rGO) through the removal of epoxy and hydroxyl
groups and surface reorganization of oxygen-containing

functionalities. Varghese and et.al 16 reports indicate that this UV-assisted



process can enhance the relative accessibility of carboxyl groups on the
graphene surface.

Therefore, the primary objective of the present study is to design and
fabricate a highly sensitive, reproducible, and economically viable
electrochemical biosensor for the quantitative detection of CD8+ T cells
based on a differential pulse voltammetry (DPV) platform. This study aims
to systematically optimize the electrode composition and surface
engineering strategy to enhance signal transduction efficiency and
analytical performance. In particular, a comparative evaluation between a
pre-optimized polypyrrole/reduced graphene oxide (Ppy/rGO) system and
UV-assisted graphene oxide (GO) modification was conducted to elucidate
the influence of material properties and reduction approaches on biosensor
sensitivity and stability. Ultimately, this work aims to contribute to the
development of simplified and potentially scalable electrochemical sensing

platforms for CD8* T cell analysis.

2. Materials and methods
2.1 Material

Pyrrole (S8135392) (98%) with (M=67.09 g.mol!) was supplied by Sigma-
Aldrich. Reduced Graphene Oxide powders (rGO) with (99%, 3.4-7 nm) were
provided by American Elements. C-GENEO-01-P.REDU, potassium
ferrocyanide (K*[Fe(CN)g]), potassium ferricyanide (K3[Fe(CN)g]) and
Potassium chloride (KC1)7447-45-7 were supplied by Merck, Germany. Anti-

Human CD8 Mouse Monoclonal antibody (SB-019972) was provided by



SINA BIOTECH, Iran. CD8* T cells were prepared at an initial concentration
of approximately 5x106 cells.mL-! and subsequently subjected to serial
dilutions using PBS buffer in room temperature, but CD8* T cells freeze in -
20°C for 1 month. These samples were prepared and provided by the
Immunology Laboratory of Isfahan University of Medical Sciences. Bovine
serum albumin (BSA) with (A9418-5G) (>96%) and phosphate buffered
saline tablets (PBS), ethanol, N-(3-Dimethylaminopropyl)- ethyl
carbodiimide hydrochloride (EDC), S7663807 were supplied by Sigma
Aldrich, Germany. Moreover, N-Hydroxysuccinimide (NHS) (130672-5G)
(98%) were purchased from Sigma Aldrich, Germany. All aqueous solutions
were prepared with deionized pure water. Figure 1 shows the schematic

illustration of the electrochemical biosensor.
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Figurel: schematic illustration of the electrochemical biosensor

2.2 Electrode Preparation
Phase (A), Preparation of Reagents: Two electrolyte formulations were
simultaneously prepared for the electrochemical coating process: one based

on reduced graphene oxide (rGO) and the another one on graphene oxide



(GO). For the rGO formulation, KCIl (0.1 M) was first dissolved in distilled
water for 10 minutes to ensure complete solubility, followed by pyrrole
(0.025 M) was added to the solution. Having ultrasonicated rGO (0.33
mg.mL-!) and PBS (0.05 M) for 15 minutes to achieve uniform dispersion,
they were mixed for an additional 20 minutes before being added to the
KCl-pyrrole solution. For the GO formulation, GO (0.33 mg.mL-') was
dispersed in ethanol and ultrasonicated for 15 minutes to facilitate
exfoliation of the sheets. This mixture was stirred magnetically for 20
minutes and then added to the prepared KCl-pyrrole solution. Both final
mixtures were stirred magnetically for 30 minutes to ensure homogeneity
and subsequently subjected to the electrochemical deposition process 17.
Electrochemical Deposition Process: The electrochemical deposition process
was carried out using a Parstat™ Systems Electrochemical Analyzer,
enabling precise control of the electrodeposition parameters.
Electrochemical measurements, including coating characterization and
assessment of uniformity, were subsequently performed using a Parstat™
Systems Electrochemical Analyzer. All experiments were conducted at
ambient temperature.

For the electrode fabrication, two approaches were employed. In the first
approach, an electrode was prepared using a composite of reduced
graphene oxide (rGO) and polypyrrole, which was subjected to 20 cycles of
the selected electrodeposition process !8. In the second approach, an

electrode was fabricated by combining graphene oxide (GO) with pyrrole,



followed by exposure to ultraviolet (UV) irradiation (Philips UV lamp, TL 8W
BLB, 365 nm) during a cyclic voltammetry deposition. The application of UV
light served as a reduction method and was specifically intended to activate
the carboxyl functional groups, thereby enhancing composite formation and
improving electrode deposition 19. Among the examined candidates, the
optimized electrode material was selected based on detailed
characterization via FTIR, FESEM, contact angle, XPS and subsequently
utilized in the next step of the study.

Electrodeposition settings, such as polymerization cycles, followed our
previously optimized Ppy/rGO method 18. Twenty cycles were found optimal,
yielding a stable, uniform composite with strong electrochemical properties
18, Here, the optimized condition was maintained to allow a direct
comparison under identical experimental conditions between the
conventional Ppy/rGO composite and the GO-based system subjected to in

situ UV-assisted reduction.

For FTIR analysis, a very small amount of material was gently scraped from
the sample surface to avoid altering the overall structure. The collected
powder was subsequently used for FTIR measurements.

For contact angle measurement, PBS was chosen due to its compatibility
with the subsequent steps of biomarker dissolution and biosensing assays.

All experiments were conducted under ambient conditions.



XPS measurements were performed using a BesTek spectrometer
(Germany) equipped with a monochromatic Al Ka radiation source (photon
energy = 1486.6 eV). The analysis chamber was maintained at a base
pressure below 1 X 10-% mbar. Both survey and high-resolution spectra
were acquired to determine the elemental composition and chemical states
of the species present on the electrode surface. The recorded spectra were
calibrated using the C 1s peak at 284.8 eV as a reference.

All electrochemical measurements were performed in triplicate. To evaluate
reproducibility, identical screen-printed electrodes (SPEs) were
independently modified and evaluated following the same protocol at
approximately one-week intervals. Each modified SPE was tested under
identical experimental conditions. The obtained responses showed close
agreement, demonstrating good electrode-to-electrode reproducibility.
Furthermore, strict adherence to the previously reported fabrication and
measurement protocc! supports the reproducibility of the proposed sensing
approach 18,

Phase (B), Immobilize anti CD&: For the preparation of the electrode for
CD8 detection, sequential functionalization steps were performed using
EDC/NHS, anti-CD8 antibody, and bovine serum albumin (BSA). At each
step, 2 pL of the respective reagent was applied to the electrode surface
and incubated for 30 minutes. Following this modification process, the
electrode was employed for CD8 detection using DPV. The measurements

were conducted in a phosphate buffer solution containing 5 mM



[Fe(CN)s]*>-/4~ for each sample. However, for detection at higher
concentrations, the DPV analysis were carried out in PBS alone. All human

samples were diluted 20-fold prior to measurements.

A series of CD8-positive cell suspensions with defined concentrations were
prepared in PBS to evaluate the analytical performance of the biosensor.
The tested concentrations ranged from the blank sample (0 cells.mL-!) up
to 5.0x10% cells.mL-?, including intermediate levels of 10, 20, 40, 80,
3.2x10%, 1.0x10% 1.0x10% 2.0x10% and 2.5x10%* cells.mL-!. Each
concentration was assigned an individual sample code corresponding to its
cell density, enabling systematic assessment of sensor response across a

broad dynamic range.

CD8+ T cells were stabilized on the electrode surface after 30 min
incubation. Even if cell viability decreases during the short-term (~2 min)
DPV test, physical cell attachment remains stable, consistent with short-

term electrochemical cytotoxicity assays?2?.

Electrochemical characterization followed optimized protocol of Amoo et al.
18 for Ppy/rGO immunosensors: The test substrate comprised 0.1 M PBS (pH
7.4) containing, providing physiological pH for optimal biorecognition and
stable redox probe signal. Antibody immobilization was performed for 30

minutes at 25°C (room temperature).



2.3 Characterization

A comprehensive microstructural analysis was conducted; surface
wettability was evaluated through the droplet method by CA-500A and
fourier-transform infrared (FTIR, Tensore27) was used for chemical
analysis. The surface morphology of the prepared samples was
characterized using field-emission scanning electron microscopy (FESEM;
Quanta FEG 450, FEI, Netherlands). Prior to imaging, the samples were
sputter-coated with a thin gold layer to enhance electrical conductivity and
minimize surface charging. High-resolution FESEM micrographs were
subsequently acquired at an accelerating voltage of 10 kV. The surface
wettability of the samples was assessed using the sessile droplet method
with a contact angle measurement system (CA-500A, Kyowa Interface
Science Co., Japan). A droplet of deionized water was carefully dispensed
onto the sample surface at room temperature, and the contact angle was

recorded immediately.

3. Result and discussion

3.1 FTIR analysis

The FTIR spectra for samples A20 and B20 show clear differences in
vibrational patterns in figure 2, indicating notable variations in surface
chemistry and functional group signatures. Sample A20 exhibits three
dominant absorption features at 3445 cm=!, 2925 cm™!, and 1630 cm},

each characteristic of distinct vibrational modes ?2!. The broad band



centered at 3445 cm-! arises from strongly hydrogen-bonded O-H
stretching vibrations, suggesting the presence of surface hydroxyl groups
and hydrogen-bonding interactions, potentially associated with adsorbed
water or hydroxylated surface states. The peak at 2925 cm~?! corresponds to
aliphatic C-H asymmetric stretching, suggesting the incorporation of
hydrocarbon-based organic moieties or residual carbonaceous species
distributed across the matrix. Meanwhile, the absorption at 1630 cm~! can
be attributed to C=0O stretching or H-O-H bending associated with
molecularly trapped water or carbonyl-containing functionalities,
highlighting the presence of oxygenated species and intermediate oxidation
domains 22.

In contrast, sample B20 displays a largely featureless spectral profile across
the same wavenumber region, characterized by the absence of functional
group signatures observed in A20. The suppression of these vibrational
modes indicates a reduced contribution from surface hydroxyl groups,
organic components, and molecularly associated water, leading to a
comparatively lower overall vibrational activity. The marked reduction in
B20 may be associated with UV-assisted chemical modification and partial
removal or transformation of labile functional groups, while the spectral
pattern of A20 remains dominated by oxygen- and carbon-related vibrations
23

Overall, these FTIR results provide molecular-level evidence of significant

chemical modification between A20 and B20, primarily reflected in changes



in functional group presence and vibrational intensity. The spectral
differences are interpreted as arising from variations in surface
functionalization, hydrogen-bonding interactions, and local chemical
environments, which are consistent with the observed electrochemical and

surface characterization results.
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Figure 2: Comparing the FTIR spectra of sample A20 with B20
In the FTIR spectrum, characteristic bands at 3445 cm™?!, 2925 cm™?, and
1630 cm~! correspond to N-H stretching, C-H stretching, and C=C
stretching within the conjugated polymer backbone, respectively,
confirming the formation of its pyrrolic and conjugated structure 2427,
Reduced graphene oxide (rGO), resulting from the partial removal of
surface oxygen-containing groups, exhibits high electrical conductivity and

a large active surface area. These properties enable rGO to serve as a



conductive  enhancer within  bio-sensing platforms, amplifying
electrochemical signals and improving detection sensitivity. Its porous
structure facilitates interaction with biomolecules, including proteins and
antibodies, thereby enhancing sensor selectivity and precision in detecting
targets such as CD8* T cells 2428,

3.2 Morphological Analysis via FESEM

Figure 3 shows the FESEM images of A20 sample. The observed
cauliflower-like structures are characteristic of polypyrrole 29, whereas the
sheet-like morphologies correspond to graphene oxide layers 30. At various
magnifications, FESEM images reveal a uniform coating of polypyrrole over
reduced graphene oxide sheets, indicating etfective integration of the two
components. The presence of surface pores and hierarchical porosities is a
biomarker capturing efficiency by increasing the specific surface area and
providing abundant active sites for biomolecular interactions. These
structural features are expected to facilitate improved analyte adsorption,
enhance charge transfer kinetics, and ultimately optimize the sensitivity
and performance of the biosensing platform 31.32, This phenomenon was
reported by Hu and et.al 3! in the previous study and demonstrated that a
three-dimensional porous rGO/Ppy composite exhibited superior biosensing
performance due to the optimized surface area and enhanced electron
transfer capabilities.

To further investigate the cross-sectional morphology of samples, additional

FESEM images are taken at a 45-degree tilt angle and it shows in figure 3-C



and 3-D. These images reveal a layered integration of polypyrrole and
reduced graphene oxide, confirming the formation of a stratified hybrid
structure. This layered configuration is expected to enhance the electron
transport pathways and improve the overall electrochemical performance of
the bio-sensing platform 29.30,

Figures 3-E and 3-F shows the FESEM images of the B20 and SPE samples.
Microstructures confirm that a well-integrated hybrid structure of
polypyrrole and reduced graphene oxide has not been successfully formed.
The observed morphology predominantly consists of reduced graphene
oxide sheets, while polypyrrole appears to have becin removed during the
washing process, indicating insufficient adhesion or stability within the
composite structure 33.

Figure 3-E reveals the characteristic sheet-like structure of graphene oxide,
which becomes more pronounced at higher magnifications (Figure 3-F),
further confirming the lack of a homogeneously distributed polymeric
network. Reduced graphene oxide, owing to its extensive surface area
enables efficient biomolecule immobilization, and polypyrrole, through its
capability to enhance electron-transfer processes, typically imparts

complementary functional contributions within these systems 3435,



Figure 3: FESEM images of sample A20. A) 10pm and B) 5 pm magnifications.
FESEM analysis of sample A20 (tilt 459). C) 1lmm and D) 1pm, magnifications.

FESEM Images of B20. E) 10um, and F) 5pm, magnifications

Furthermore, FESEM images reveal pronounced morphological differences
between the A20 and B20 composites. The A20 sample exhibits a three-
dimensional, loosely stacked architecture with abundant inter-sheet voids,
whereas B20 shows densely packed rGO sheets with limited accessible void
space. The pore size distribution and average pore diameter were also

measured using FESEM image. It should be noted that pore size was



estimated based on inter-sheet voids observed in FESEM images rather
than intrinsic microporosity. The analysis indicates that the characteristic
pore sizes are on the order of approximately 1-2 pm. At comparable
magnification (10 pm scale), the pore density and average pore size
observed in image A are noticeably higher than those in Figure 3-B.
Furthermore, ImageJ-based analysis reveals that the average pore size in
A20 is approximately five times larger than that estimated for B20 (Figure
3-E). This semi-quantitative analysis provides a reliable comparison of the
accessible porous structure relevant to electrochemical and biosensing
performance. The larger and more abundant inter-shieet voids in A20 are
consistent with its enhanced electrochemical response and improved
sensing sensitivity.

3.3 Contact Angle

Figure 4 illustrates the wettability characterization and comparative
analysis of the contact angle measurements for samples A20 and B20. The
measured contact angle for substrate A20 is approximately 112°, while that
of B20 reaches about 134°. These results suggest a reduced surface
hydrophilicity in sample B20 relative to A20, potentially affecting its
biomolecular interaction and adsorption behavior in downstream
applications. Under ultraviolet (UV) irradiation, the surface of graphene
oxide (GO) undergoes a reduction of oxygen-containing groups such as
carboxyl (-COOH) and hydroxyl (-OH). These oxygen-containing groups

impart hydrophilic properties to the GO surface due to their polar nature.



Upon their removal, particularly through photochemical or photocatalytic
processes, the surface gradually transitions to a hydrophobic state. This
transition is evidenced by an increase in the water contact angle on the

sample surface 36,
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Figure 4: Contact angle measurements
Graphene oxide (GO), possesses oxygen-containing functional groups such
as hydroxyl (-OH), epoxy (-O-), and carboxyl (-COOH) on its basal planes
and edges. These polar groups render GO highly hydrophilic, enabling good
dispersion in aqueous media and promoting interfacial reactivity. During
reduction, many of these oxygen functionalities are removed, increasing
electrical conductivity and producing a structure closer to pristine
graphene. However, some oxygen groups remain on the rGO surface,
maintaining partial hydrophilicity and allowing hydrogen-bond interactions
and analyte adsorption. This balance between conductivity enhancement
and surface hydrophilicity is crucial for optimizing rGQO’s interfacial

performance in sensing applications 2426, Higher surface hydrophilicity can



increase the contact area between the solution and the surface, potentially
enhancing antibody immobilization and overall sensor performance.3”
FESEM, FTIR, and water contact angle analyses were employed to evaluate
the reproducibility of the A20 composite coating. As illustrated in Figure 3,
FESEM images of A20 recorded at different magnifications (10 pm, 5 pm,
and 1 pm), as well as tilted-view imaging (45°), revealed a homogeneous
morphology composite distribution across the electrode surface.

The reproducibility of the surface modification was further supported by
FTIR spectra, which exhibited consistent characteristic absorption bands
corresponding to the A20 composite, confirming uniform chemical
composition. Additionally, water contact engle measurements showed
consistent values with low deviation for independently fabricated

electrodes, indicating stable and uniform surface wettability.

3.4 XPS Analysis

XPS was employed to further investigate the surface chemical composition
of the fabricated electrodes and to complement the FTIR, FESEM, and
contact angle analyses. Figure 5 shows the normalized XPS survey spectra
of A20 (Ppy/rGO) and B20 (Ppy/GO with UV-assisted in situ reduction),

providing an overview of the surface elemental composition.

The survey spectra of both samples are dominated by the characteristic
core-level peaks of carbon (C 1s, ~284 €eV), nitrogen (N 1s, ~399 eV), and
oxygen (O 1s, ~532 eV), confirming the successful formation of the Ppy-

based composite layer on the electrode surface. For clarity, only these



principal core-level peaks are labeled in the survey spectra, as they are

directly relevant to the surface chemistry of the sensing interface 38.

A comparative inspection of the survey spectra indicates similar elemental
features for A20 and B20, suggesting that the overall surface composition is
not markedly altered using graphene oxide and UV-assisted reduction
during the polymerization process. This observation is consistent with the

comparable electrochemical responses observed for the two electrodes.

To gain further insight into the surface functional groups, high-resolution C
1s analysis was considered. The deconvoluted C 1s spectrum of A20 has
been previously reported!® in our earlier work using the same fabrication
protocol. In the present study, the high-resclution C 1s spectrum of B20 was
analyzed using identical fitting procedures, allowing a direct and
meaningful comparison. The fitted C 1s components correspond to C-C/C=C
(~284.6 eV), C-O/C-N (~286.2 eV), C=0 (~287.8 e€V), and O-C=0 (~288.8-

289.2 eV) functionalities.

The C 1s analysis reveals that, despite the higher initial density of oxygen-
containing functional groups in graphene oxide, the UV-assisted in situ
reduction process does not result in a substantial increase in surface
carboxyl functionalities compared to the pre-optimized Ppy/rGO composite.
This finding indicates that the preservation of electronic conductivity and

controlled reduction state play a more critical role in determining the



interfacial properties of the cytosensor than functional group density alone

39

Overall, the XPS results support the conclusions drawn from
electrochemical and biosensing experiments and provide additional
evidence that UV-assisted reduction of GO during polymerization does not
offer a clear surface chemical advantage over the previously optimized

Ppy/rGO system.

Figure 5: XPS spectrum of sample A20 and B20: A) survey, B) B20: Cls.

3.5 Mechanistic Insights into EDC/NHS-Mediated Bio-
Conjugation on the Ppy/rGO Interface

To achieve selective bio-functionalization of the modified electrode surface,
phase (B) is designed based on the EDC/NHS carbodiimide activation
strategy. In the first step, EDC reacts with the surface-exposed carboxyl (-

COOH) groups to form an unstable O-acylisourea intermediate, which



rapidly undergoes hydrolysis in aqueous media unless stabilized by NHS
40,41 Upon the addition of NHS, this intermediate is converted into a more
stable NHS-ester that remains reactive toward primary amines for an
extended period 49, Subsequently, this activated ester undergoes
nucleophilic substitution with the amine groups of the anti-CD8 antibody—
primarily located on surface lysine residues—leading to the formation of a
covalent amide bond. This process establishes a stable and efficient
attachment of the antibody onto the composite-modified surface 2.

In the fabricated sensing platform, the conductive substrate consists of a
screen-printed carbon electrode coated with a Ppy/iGO composite layer.
Polypyrrole, owing to its high electrical conductivity (typically in the range
of 1 to 1000 S/cm) and its conjugated backbone, significantly enhances
electron-transfer processes and amplifies the electrochemical response 4344,
Meanwhile, reduced graphene oxide provides a high density of active sites
that improves biomglecular interactions, molecular adsorption, and the
overall analytical performance of the sensing interface. The combination of
these two materials creates a strong synergistic effect that markedly
enhances the sensitivity and functionality of the biosensor.

Following the bio-conjugation of anti-CD§, the sensing performance is
evaluated using DPV for the highly sensitive and precise detection of CD8+
T cells. Considering the limitations of conventional techniques such as flow
cytometry—and the advantages of electrochemical methods, including low

cost, rapid analysis, and suitability for point-of-care applications—this



approach offers an efficient and reliable strategy for detecting this clinically

significant biomarker 3345,
3.6 DPV analysis

Figure 6 presents the DPV results of samples, with panel (A) displaying the
DPV responses at low concentrations, allowing for precise evaluation of the
sensor sensitivity, and panel (B) depicting the responses at higher
concentrations to assess the sensor performance under the saturated
conditions. The low-concentration measurements are conducted in the
[Fe(CN)s]*~/4~ solution to ensure accurate electrochemical characterization,
while the high-concentration measurements are performed in PBS,
simulating physiological conditions and providing insights into the sensor
potential for biomedical applications 4647,

With increasing biomarker concentration, the binding of CD8 molecules
increases, leading to a decrease in the current response (Figure 6-A). This
phenomenon indicates an increase in the electrode resistance.

The DPV response of the fabricated biosensor was evaluated as a function of
CD8+ T-cell concentration. As illustrated in the calibration curve, the peak
current decreases progressively with increasing cell concentration, which
can be attributed to enhanced surface blocking and reduced electron-
transfer efficiency caused by the attachment of cells onto the electrode
surface.

A linear relationship was observed when the DPV current (mA) was plotted

against the logarithm of cell concentration (cells.mL-!), yielding a



coefficient of determination (R?) of 0.7. This level of correlation is
considered reasonable for whole-cell electrochemical biosensing systems,
where biological variability and non-ideal surface interactions are
inherently present.

The negative slope of the semi-logarithmic calibration curve (-0.13 mA per
decade) indicates that for each tenfold increase in cell concentration, the
DPV current decreases by approximately 0.13 mA, reflecting the sensitivity
of the biosensor toward CD8* T-cell detection. Given the complexity of cell-
surface interactions, a semi-log linear model was employed to describe the
experimental trend without over-interpreting binding parameters.
Furthermore, taking advantage of this semnsitivity, the limit of detection
(LOD) can be calculated using the following formula 48.49:

LOD=3XSDpjank/S

(2)

where SD represernis the standard deviation of the output current for the 0

cell sample and S is the slope of the calibration curve 39,

The DPV response of the biosensor was evaluated as a function of CD8* T-
cell concentration. As shown in the calibration curve, the peak current
decreases systematically with increasing cell concentration, which can be
attributed to progressive surface blocking and hindered electron transfer

caused by cell attachment on the electrode surface.



When the DPV current was plotted against the logarithm of cell
concentration (cells mL-!), a semi-logarithmic linear relationship was
observed, yielding a coefficient of determination (R?) of 0.7. This level of
correlation is considered reasonable for whole-cell electrochemical
biosensing systems, where inherent biological variability and non-ideal

surface interactions are expected.

The negative slope of the calibration curve (-0.13 A per decade) indicates
that for each decade increase in cell concentration, the DPV current
decreases by approximately 0.13 A, reflecting the sensitivity of the sensor
toward CD8* T-cell detection. Using the standaid deviation of the blank
(SDpglank = 514.56 A), the LOD was calculated as (2), resulting in an LOD of

approximately 1.19 x 104 cells.mL~*.

On the other hand, Figure 6-B presents the DPV response at higher cell
concentrations. In this regime, the progressive accumulation of cells on the
electrode surface substantially limits the effective electroactive area and
suppresses the redox activity probed during the potential pulses. As the
number of surface-bound cells increases, the accessibility of the electrode
to the supporting redox species decreases, resulting in a concentration-
dependent attenuation of the peak current. This behavior yields a clear
inverse linear trend, expressed by I = -2E-07 N + 0.12 (R? = 0.98).

The reduction in DPV peak height at elevated concentrations is consistent

with dominant surface-blocking effects commonly reported in cell-based



electrochemical assays. Extensive cell coverage hampers charge-transfer
events by shielding conductive domains, increasing local mass-transport
limitations within the thin diffusion layer sampled during the DPV pulses,
and diminishing the effective flux of electroactive species to the electrode
interface. Consequently, the pulsed measurement registers a markedly
reduced faradaic current.

Overall, the observed decrease in peak intensity directly reflects the extent
of cell-induced surface obstruction and aligns with the classical surface-
fouling mechanism described for DPV-based biosensors at high analyte

loading °1.

Figure 6. DPV responses obtained from triplicate measurements for different
concentration ranges: (A) 0-1000 cell mL-* and (B) 10,000-50,000 cell mL-1.
Electrode stability in the [Fe(CN)s]®*-/4~ redox probe during static DPV
measurement ensures results are independent of live/dead cell status, as

reported in electrochemical biosensor-based viability monitoring 20.52, Tests



were conducted at high concentrations approximating human physiological
conditions in PBS buffer.

While the reproducibility of the sensor fabrication was rigorously confirmed
using three independently prepared electrodes (Figure 6), long-term
stability studies were not conducted. This is due to the storage constraint of
the antibody component, which requires -20°C to maintain its activity.
Consequently, the sensor is designed as a single-use disposable platform for
immediate application after assembly to ensure measurement reliability.
Assessments over extended storage periods are not feasible within this
design framework, a limitation that aligns with reports for similar antibody-
based biosensors 19.53,

A detailed electrochemical analysis of Ppy/rGO-modified electrodes—using
cyclic voltammetry and electrochemical impedance spectroscopy—was
presented in our group's recent publication Amoo et al.l® This study
thoroughly examined optimal electrodeposition cycles and interfacial
charge transfer properties. For the current research, we selected
modification parameters according to those previously optimized conditions.
Therefore, the electrochemical performance was primarily evaluated using
differential pulse voltammetry, which is a more suitable for analytical
applications. The enhanced DPV peak current observed for the modified
electrodes compared to the bare electrode confirms the effective
electrochemical activity and favorable interfacial properties of the

composites.



3.7 Comparative Analysis of CD8* T-Cells in Human Samples
Using DPV, Enhanced Biosensing, and Flow Cytometry
Techniques

This study conducts a comparative evaluation of CD8* T-cell quantification
in human samples using DPV-based electrochemical biosensing in parallel
with conventional flow cytometry. By leveraging the ultrasensitive signal-
resolution capabilities of DPV alongside the well-established phenotypic
specificity of flow cytometry, the integrated analytical framework enables a
robust and multidimensional assessment of CD8* T-cell detection. As
summarized in Table 1, the findings delineate the respective strengths and
inherent constraints of both modalities—ranging from sensitivity, dynamic
range, and surface marker selectivity to operational throughput and clinical
translatability—thus providing critical insights into their potential roles

within immunological diagnostics and translational biomedical research.

Table 1: Comparison and result of recovered CD8+ T-Cell

Flowcytometry Electrochemical Recovery
Sample

Concentration (cell.mL-1) Concentration (cell.mL-1) (%)
H1 5650 5529 97 =2
H2 2800 2874 96 = 1

H3 3090 3211 96 + 1



H4 4220 4355 96 + 2

Recovery percentages are presented as mean * SD, with three independent
measurements for each concentration.

In the present study, four independent human samples were analyzed to
evaluate the agreement between the proposed biosensor and flow
cytometry. Although this sample size does not constitute full clinical
validation, it is consistent with previously reported cross-platform
comparison studies in cytometry that employed four donors for preliminary
performance assessment and method concordance analysis. Therefore, the
current results should be interpreted as a proof-of-concept and early
feasibility evaluation. Larger cohorts will be included in future
investigations to further establish clinical accuracy, reproducibility, and

diagnostic robustness.

3.8 Selectivity

To rigorously evaluate the selectivity of the CDS8-targeted biosensing
platform, two immunologically distinct surface biomarkers CD4*+, CD19*
and CD20+* cells are employed as non-target analytes °4+55, These markers,
characteristic of T-helper and B-lymphocyte lineages, respectively, provide
a stringent model for assessing the sensor’s capability to discriminate

among structurally and functionally divergent cell-surface proteins °6.57,



Electrochemical measurements were carried out under strictly controlled
and identical experimental conditions, including fixed analyte
concentrations, defined contact periods, uniform buffer composition, and a
standardized detection protocol. The sensor generated a pronounced and
well-defined electrochemical response in the presence of the CD8*T cell-
specific biomarker, whereas signals recorded for CD4*, CD19* and CD20*
cells remained minimal and within the range of nonspecific background

activity (Figure 7).

The observed superior selectivity can be attributed to several key factors: (i)
the preserved orientation and functional integrity of the immobilized
recognition molecules, (ii) the minimized nonspecific adsorption enabled by
the optimized surface modification strategy, and (iii) the efficient electron-
transfer properties of the transduction layer, which selectively amplify

target-dependent binding events.

In general, these findings confirm that the developed biosensor possesses
clear qualitative discrimination toward CDS8*T cells-related biomarkers,
establishing its suitability for demanding analytical applications such as
precise immunophenotyping, targeted cellular profiling, and multiplex

biomarker detection within complex biological matrices.



50 ¥

40 = 40 cells
) E= 320 cells
£ 301
q ——
<
~ 20F

10 rl

L I em O

CDS8 CD CDZ(] CD19
N (cell . ml )

Figure 7: Selectivity of the sensor in detecting CD8*, CD4+*, CD20*, and CD19*

cells. (*P<0.05)

These redox-active features, together with the conjugated backbone and N-
H functional groups, enhance the molecular recognition capability of
polypyrrole. The polymer can interact selectively with target biomolecules
through electrostatic interactions, hydrogen bonding, and dopant-
dependent charge compensation mechanisms. Such interactions reduce
nonspecific adsorption and improve the discrimination of the sensing
interface against structurally similar interfering species. As a result,
polypyrrole significantly contributes to the overall selectivity of the
biosensor, enabling reliable detection of specific biomarkers even in

complex biological environments 2526,



The selectivity of the biosensor was demonstrated against CD4+*, CD19%,
and CD20* cells, with results showing clear qualitative discrimination of
CD8+ T-cells; more extensive quantitative analysis will be explored in future

studies.

4. Conclusions

This study investigated the optimization of an electrochemical cytosensing
platform based on a reduced graphene oxide-polypyrrole (rGO/Ppy)
modified screen-printed electrode for the detection of CD8* T cells. The
work focused on comparing two fabrication sirategies rather than
introducing a new sensing concept. Among the evaluated configurations,
the directly reduced composite (A20) exhibited more homogeneous surface
morphology, improved wettability, and more stable electrochemical
behavior compared with the UV-assisted reduction approach (B20). These
physicochemical characteristics were associated with enhanced signal

stability and sensitivity in differential pulse voltammetry measurements.

The A20-based sensor achieved a limit of detection of 1.19 x 10* cells.mL™!
and demonstrated approximately 97% agreement with flow cytometry
measurements under the tested conditions. Selectivity experiments against
CD20* and CD4+ cells further supported the specificity of the platform for
CD8* T cell detection. In contrast, the UV-assisted in situ reduction strategy
did not yield measurable improvements in electron-transfer kinetics or

biosensing performance, despite the higher density of oxygen-containing



groups typically associated with graphene oxide. These findings suggest
that enhanced surface functionalization alone does not necessarily translate
into improved cytosensing efficiency; rather, a balanced combination of
electrical conductivity, interfacial charge-transfer properties, and controlled

surface chemistry appears to be more influential.

Overall, the results indicate that the pre-optimized Ppy/rGO configuration
remains the more effective architecture within the investigated design
space. The study provides experimental evidence supporting the selection of
direct reduction over UV-assisted in situ reduction for this specific
application. The findings should be interpreted within the scope of a proof-
of-concept investigation. Although the sensor exhibited reproducible
responses under controlled laboratory conditions, several limitations
remain. The current protocol involves manual preparation steps and single-
use electrodes, which may limit throughput. Long-term stability of the fully
assembled sensor was not assessed, and broader validation in complex
biological matrices, including whole blood, is required. Furthermore,
systematic comparison with multiparametric flow cytometry across larger
sample cohorts would be necessary before considering clinical translation.
Within these boundaries, the proposed platform represents a simplified and
cost-conscious approach for electrochemical CD8+ T cell detection, with
potential adaptability to other cell-surface biomarkers following appropriate

validation and optimization.
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Comparing UV-Enhanced and Direct Reduction Strategies

for CD8+ T-Cell Electrochemical Detection

Table 1: Comparison and result of recovered CD8+ T-Cell

Flowcytometry Electrochemical Recovery
Sample

Concentration (cell. mL-1) Concentration (cell.mL-1) (%)
H1 5650 5529 97 = 2
H2 2800 2874 96 = 1
H3 3090 3211 96 = 1
HA4 4220 4355 96 = 2



