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Article Info Abstract
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Accepted: 10 September 2024 nanoplatelet (cGNP) electrochemical immunosensor for the detection
Available online: 2 December 2024 of immunoglobulin G (IgG). Initially, surface characterization via SEM

revealed a smooth surface on the ¢GNP indicating successful GNP
coverage using the drop-casting method. Screening of electrolyte

Keywords buffers revealed that ferrocyanide and ferricyanide provided a
Graphene nanoplatelet, favorable response with a current density of 9.369 pA.
electrochemical immunosensor, Functionalization of cGNP, was achieved using a 2% APTES solution
APTES, immunoglobulin G, during a 1-hour incubation period. Electrochemical characterization
biosensor through cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) demonstrated excellent electrochemical activity
when 0.1% bovine serum albumin (BSA) was employed as a blocking
agent against 1 mg/ml IgG. Chronoamperometry (CA) confirmed IgG
immobilization at a potential of 0.1 V. Notably, the immobilization of
IgG resulted in an increase in the charge transfer resistance (Re) to 69.8
+ 2.3 Q, attributed to the hindrance of biological molecules on
interfacial electron transfer. Consequently, the proposed cGNP
electrochemical immunosensor platform exhibited a robust analytical
response, characterized by optimal antibody binding capacity. This
superior performance can be attributed to the presence of GNP on the
screen-printed carbon electrode (SPCE), which enhanced surface area,
conductivity, and overall electrical properties. These attributes make
this platform a promising candidate for further research in protein
biomarker diagnosis and related applications.

1. Introduction

Electrochemical immunosensors have a rich history as one of the earliest transduction methods employed in
biomedical applications for quantification and identification purposes. These sensors utilize inert materials such
as gold, carbon, and platinum to enable sensitive, reliable, and rapid diagnostic capabilities [1]. Among these
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materials, screen-printed carbon electrodes (SPCE) have emerged as highly promising platforms due to their
advantages, including miniaturization, mass producibility, versatility, and the ability to design portable
electrochemical immunosensors. However, despite their potential, SPCEs have been associated with limitations
such as low electron transfer and reduced sensitivity, as noted in several studies [1-4]. Consequently, the
integration of nanomaterials has opened new avenues for enhancing SPCE performance.

Nanomaterials, typically ranging from 1 to 100 nanometers in size, serve as intermediaries for improving
electrical conductivity, connectivity, chemical accessibility, and biocompatibility in nanotechnology applications
related to biomolecules [5]. Various well-known nanomaterials, including gold nanoparticles, carbon nanotubes
(CNTs), conducting polymer nanotubes (CPNTSs), and graphene, have found applications in biosensors [1, 2, 6, 7].
Graphene, a single layer of hexagonally arranged sp2 carbon atoms derived from graphite [8], possesses
exceptional properties. It is characterized as a hydrophobic material stable in air up to 200°C, featuring a large
surface area, ease of surface functionalization, high mechanical strength, and excellent electrical conductivity.
Moreover, graphene exhibits promising applications in both in vitro and in vivo studies, potentially surpassing the
utility of carbon nanotubes (CNTs) [1, 9].

In this paper, graphene nanoplatelets (GNP) were chosen as the nanomaterials for modifying SPCEs. GNP
consists of short stacks of graphene sheets, typically comprising more than 30 graphene sheets, with thicknesses
ranging from 5 to 10 nanometers and diameters spanning from 0.5 to 50 nanometers [10]. The platelet structure
of GNP offers improved attachment during modification, primarily facilitated by Van der Waals forces along the
(002) plane [11]. GNP exhibits high conductivity, efficient electron transfer, and a substantial surface area.
However, it is essential to address GNP's inherent limitations, including a zero-band gap and inertness to
reactions, which can hinder its competitiveness in certain applications. To overcome these challenges, surface
modification with chemical functionalization was performed to enhance GNP's suitability for biosensing
applications. Hence, Fig. 1 shows the schematic diagram of cGNP electrochemical immunosensor.
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Fig. 1 Schematic diagram of the cGNP electrochemical immunosensor (Y- antibody and E- EGFR)

2. Materials, Chemicals and Buffer Preparations

Materials and reagents. The material for the substrate was selected as graphene nanoplatelet (GNP), which is
produced using the electrochemical exfoliation method and was acquired from GO Advanced Sdn. Bhd. (1206920-
P), Malaysia.

Electrodes. This study's electrochemical transducer is a three-electrode system 110 screen printed carbon
electrode (110 SPCE) and was manufactured by Metrohm DropSens in Spain. The SPE comprises a carbon disc-
shaped electrode with an area of 12.6 mm?. Counter Electrode, included in the SPE configuration and Reference
Electrode, utilizes a silver pseudo-reference electrode. These electrodes are screen-printed on a ceramic substrate
with dimensions of 3.4 cm x 1.0 cm. A dielectric paste is a screen printed over the electrode system. This paste
covers areas other than the three electrodes, leaving uncovered a specific area of 7 mm x 6 mm. The uncovered
area serves as the electrochemical cell with a volume of 50 pL and the copper electric contacts are also present on
the substrate [12]. In addition, SPCE has excellent properties, such as low background current, wide potential
window, high chemical stability, and inexpensive techniques [13, 14]. The pre-experimental screening was
conducted on the SPCE to identify the buffer analyte that will be used as a benchmark throughout this study using
the cyclic voltammetry method.

Chemicals. Ferrocene carboxylic acid (FCA), potassium ferricyanide (K3 [Fe(CN)s]), potassium ferrocyanide
(K4 [Fe(CN)¢]), sodium chloride (KCI), phosphate buffered saline tablet (pH 7.4) (PBS), (3-Aminopropyl)
triethoxysilane (APTES), 98% and sulphuric acid (HzS04, 95%) were purchased from Sigma Aldrich, USA.
Absolute ethanol (99%), acetone, and acetonitrile were supplied by Friendemann & Schmidt, USA. Bovine serum
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albumin (BSA), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), alkaline phosphate conjugated goat affinity purified to rabbit immunoglobulin G (IG-AP), Tween 20,
3,3',5,5’-tetramethylbenzidine (TMB) were purchased from Sigma- Aldrich (St. Lois, MO, USA). All other chemicals
and reagents are of analytical grade and were prepared using deionized (DI) water (18.2 ME cm) from Mili-Q
system (Millipore, USA).

Buffers and solutions preparations. The PBS solution was prepared by dissolving 1 tablet of PBS (Sigma
Aldrich) into distilled water. The 0.1 M of potassium chloride (KCl) was prepared by weighing 1.86 g of KCI and
dissolved into 250 mL of distilled water. The ferrocene carboxylic acid (FCA) in PBS was prepared by weighing
0.006 g of FCA and dissolved into 25 mL of PBS. The solution is then kept in an amber bottle. A 25 mL stock solution
of 5 mM potassium hexacyanoferrate IV (K4 Fe (CN)s) was prepared by dissolving 0.0528 g/mol/ L K4 Fe (CN)s
into 0.1 M KCl. A stock solution of 5 mM hexacyanoferricyanide Il (K3 Fe (CN)e) was prepared by dissolving 1.6463
g/ mol/ L of K3 Fe (CN)s into 25 mL of 0.1 M KCl. 2% APTES is prepared by diluting the concentration of APTES
based on the equation below.

Mi1Vi=M2V2 (D

M1 stands for original concentrations and Mz represents diluted concentrations, whereas V1 represents original
volume and V2 represents diluted volume. In this study, functionalized modified GNP SPCE was linked to the
antibody using EDC-NHS. A 400 mM stock solution of EDC and NHS is made for conjugation functionalized Ig G. In
a nutshell, 0.153 g of EDC and 0.23 g of NHS were combined with 5 mL of deionized water and kept at -20 °C until
needed.

2.1 Selection of Electrolyte Buffer

The selection of electrolyte buffer was important to select the right candidates for redox reaction. In this paper,
ferrocene carboxylic acid (FCA) and ferrocyanide and ferricyanide (1:1) were compared to observe the
electrochemical responses of the SPCE. CV is conducted at the potential window between 0.0 Vto 0.7 V with a scan
rate of 50 mVs-1 for three consecutive cycles. An ideal mediator would have an oxidation and reduction potential
close to zero, which would eliminate the interference [15].

2.2 Surface Modification of SPCE

Briefly, 1 mg/ml of GNP powder was dispersed in a 0.1 M phosphate-buffered saline (PBS) solution. The dispersion
is subjected to ultrasonication for one hour to ensure an even distribution of GNP in the solution. Next, 5 pL of the
GNP in water solution is pipetted and dropped onto the working electrode of the SPCE. The GNP-modified SPCE is
then dried in an oven for an hour. This process is repeated twice to achieve an even dispersion of GNP on the
surface of the working electrode. After the drying process, the modified GNP SPCE is left to cool overnight at room
temperature. This allows for complete adhesion of GNP to the SPCE surface. The modified GNP SPCE is gently
rinsed with deionized water to remove any unbound materials on the working electrode. Hence, the GNP-modified
SPCE is known as carbon-based graphene nanoplatelet (cGNP) (see results in section 3.2).

2.3 APTES Functionalization on cGNP

A method for functionalizing cGNP was achieved using the APTES (3-aminopropyltriethoxysilane) salinization
method. This method involves activating the carboxyl functional group of the graphene-modified SPCE and adding
an amide bond to it. This method was adapted from a previous work by Teixeira et al [16], with minor
modifications. The process starts with a graphene-modified SPCE that presumably has carboxyl functional groups
on its surface. These carboxyl groups need to be activated, which might involve chemical treatment to make them
more reactive. APTES is used to functionalize the electrode's surface. APTES contains an amino group (NHz) that
can form covalent bonds with carboxyl groups, leading to the formation of amide bonds. To determine the optimal
conditions for this APTES functionalization, the concentration of APTES solution varied ranging from 1% to 4%
v/v and salinization time from 30 minutes to 24 hours respectively. This optimization likely aimed to find the
conditions that would yield the best functionalization results. Approximately 5 uL of the APTES solution was drop-
casted onto the surface of the graphene-modified SPCE electrode. Drop-casting is a common method to deposit
small volumes of a solution onto a substrate. After applying the APTES solution, the electrode was incubated at
room temperature (RT). This incubation period allows the APTES molecules to react with the carboxyl groups on
the electrode's surface and form amide bonds. After the incubation, the electrode surface was rinsed with distilled
water. This step is likely done to remove any unreacted APTES and other impurities. Finally, the electrode was
dried using nitrogen. Overall, this method is a common approach to functionalizing graphene-modified electrodes
for various applications, particularly in electrochemistry and sensor development. The optimization study helps
ensure that the functionalization process is efficient and can be tailored to specific research goals.
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2.4 Immobilization of Immunoglobulin G

This paper focuses on the development of an immunosensor-based APTES functionalized on cGNP for the
detection of serum rabbit immunoglobulin G (Ig G). To achieve this, optimizing the conditions for the
immunosensor is essential. Furthermore, this step is crucial, as it forms the basis for the immunosensor's
specificity and sensitivity. Optimization parameters require two key parameters, blocking properties and
concentration of Ig G. Blocking properties vary the concentration of bovine serum albumin (BSA) at different levels
(0.1%, 0.3%, 0.5%, 0.7%, and 1%) to determine the optimal blocking condition. BSA is often used to block non-
specific binding sites and reduce background noise in immunoassays [17]. The concentration of Ig G varies from
the concentration of Ig G in the samples at different levels (ranging from 0 to 0.1 mg/mL). This mimics the range
of Ig G concentrations to detect in real-world samples. Optimization was recorded based on the changes in the
current response. The measurement is carried out using a CA technique at a set potential of -0.1 V. CA is commonly
used in electrochemical sensors to measure current changes in response to analyte binding. The collected data on
current responses at various concentrations of BSA and Ig G will be analyzed to identify the optimal conditions for
immunosensors. This analysis (BSA concentration) minimizes non-specific binding and optimizes the Ig G
concentration for the best sensitivity and signal-to-noise ratio.

2.5 Characterizations

In this paper, two methods of characterization involved electrochemical and surface characterizations. The
electrochemical characterization techniques wused in this study were cyclic voltammetry (CV),
chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS). Cyclic Voltammetry (CV) was used
to study reduction-oxidation (Redox) reactions, qualitatively and quantitatively. The working potential window
used is between -0.3 V to 0.7 V at 50 mVs'L. Chronoamperometry (CA) was used to study the kinetics of chemical
reactions and diffusion process during immobilization of immunoglobulin G. A portable bipotentiostat/
galvanostat (Spain) with three electric contacts connector from DropSens were used to perform both CV and CA
activities. Utilizing scanning electron microscopy (SEM), surface characterizations were conducted to evaluate the
surface and binding of GNP and SPCE (see results at section 3.2). Electrochemical Impedance Spectroscopy (EIS)
was performed using an Autolab PGSTAT30 from Eco, Chemie, Netherlands equipped with the Frequency
Response Analyzer (FRA) module. A Faraday Cage containing a switch box was used to provide an interface to
connect SPCE with the Autolab system. Impedance spectra were recorded in 0.1 M KCI solution containing 5 mM
Ks[Fe (CN)e] + 5 mM K4[Fe (CN)e (1:1) at room temperature with a fixed potential within a frequency range from
1 Hz to 10 MHz with a perturbation amplitude of 5 mV. The data acquisition and experiment control were done
using Nova 1.10.1.9 software. The experimental setup is shown in Fig. 2.

(@)

(1) Potentiostat (1) Faraday cage (111} Data Acquisition

(b)

(v) Screen printed electrode
{(1v) Switch box inside Faraday cage

Fig. 2 Electrochemical impedance spectroscopy instruments (a) Consist of potentiostat, faraday cage, and computer
data acquisition; (b) Inside the Faraday cage consist of screen-printed electrode
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3. Results and Discussion

3.1 Comparison of Electrolyte Buffer

Buffer electrolyte is a mediator used to measure the electron transfer that occurs within the electrochemical
system. An ideal mediator would have an oxidation and reduction potential close to zero, which would eliminate
the interference [15]. Hence, in this paper, comparison studies between two electrolyte buffers were carried out
between ferricyanide/ ferrocyanide in 0.1 M KCL and Ferrocene carboxylic acid (FCA) in PBS. Fig. 3 shows the CV
comparison of ferricyanide/ ferrocyanide in 0.1 M KCl and FCA in PBS.
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Fig. 3 CV of SPCE in different Redox buffer electrolytes (a) 5 mM FCA in PBS (red line) and 5 mM
Ferricyanide/ferrocyanide of 0.1 M KCI (orange line) at 50 mVs-1; (b) linear dependence of Ip and scan rate of both
electrolyte buffer

Both electrolyte buffers exhibit anodic and cathodic reactions due to the presence of ion charges, as shown in
Fig. 2, Ferricyanide/ferrocyanide displayed more cathodic and anodic values compared to FCA. In contrast to FCA,
a defined well-paired was observed in ferricyanide/ ferrocyanide. Ferricyanide and ferrocyanide (redox pairs)
are composed of the ions Fe (CN)¢3~ (ferricyanide) and Fe (CN)e*" (ferrocyanide). These ions undergo reversible
redox reactions, making them useful as electrolyte buffers. Butmee et al. discussed the choice of a redox electrolyte
buffer for GNP (Gold Nanoparticle) immunosensor studies in their research. This choice of electrolyte buffer is a
crucial aspect of designing and conducting experiments involving GNP immunosensors, as it can influence the
performance and sensitivity of the sensor [18]. In addition, selecting the right electrolyte buffer is essential for
achieving accurate and reliable results, as it can affect the stability of the sensor and the detection of target
analytes.

CV was then quantitatively measured in the electron transfer-initiated chemical reactions. In this paper, CV is
quantified into several parameters including peak potential separation (AE}), peak ratio (Ip), and current density
(). The peak potential separation is measured to identify whether the CV process is either reversible, irreversible,
or quasi-irreversible. A reversible process is determined as in Equation 2 and the values equal to 59.2/n at 25°C.
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If the values of AEpis more than 59.2/n mV, the CV is determined as quasi-reversible and vice-versa. In addition,
the value of AE} is increasing with increasing v.

Ep = Epc — Epa (2)

Peak current ratio (/pq) is used to calculate the chemical reaction of oxidation (0) and reduction (R) processes
of CV cycles. The equilibrium of O and R can only be maintained during the CV experiment if both O and R are
stable on the experimental time scale. This can be investigated based on the effect of V on the peak current ratio
as described in Equation 3.

/ Ipa (3)
p Ipc

Current densities (J) refer to the amount of charge flowing through a specific cross-sectional area of a
conductor, in this paper referring to the working electrode. The amount tends to remain constant in case of a
steady charge flow. Nevertheless, the cross-sectional area of working electrodes differs in turn leads to varying
density. However, in this paper the different buffer electrolyte effects on the current density when the working
electrode remains the same is observed. Equation 3 displayed current density calculations. Table 1 summarizes
the information gathered.

! (4)
]_A

Table 1 AEp, Ip ratio, and current densities electroactive area of FCA and ferricyanide/ ferrocyanide
electrolyte buffer redox

Electrolyte redox AEp, mV Ip Current densities
buffer
FCA 80 -1.0136 8.071
Ferricyanide/ 81 1.2106 9.639
ferrocyanide

Table 1 shows the values of AEp, Ip ratio, and current densities for both electrolyte redox buffers. AEp values
greater than 57 mV but less than 120 mV were nearly identical in both electrolytes’ redox buffers. The current
densities in both electrolyte redox buffers were nearly identical. The Ip ratio in FCA was less than one (-1.0136),
whereas the Ip ratio in ferricyanide/ ferrocyanide was greater than one, indicating that ferricyanide/ ferrocyanide
had better catalytic activity than FCA. This Ip ratio corresponds to the ferricyanide significance values with R2
shown in Fig. 2 (b) (0.9792). As a result, ferrocyanide/ ferricyanide exhibits a stable reaction that can be
frequently used in the design of electrochemical immunosensors

3.2 Surface Characterization of GNP

Drop-casting is a popular method used in the modification of SPCE because it is inexpensive and convenient to
apply in both laboratory and commercial applications. In this paper, GNP was used to improve the sensitivity and
selectivity of the SPCE through the drop-casting method. The surface characterization was carried out initially to
observe the changes on the surface of the SPCE before and after the modification. Fig. 4 shows the SEM
morphologies of the bare SPCE and GNP modification SPCE by drop-casting. The morphology of SPCE is typical of
graphite, with grains stacked in flakes (Fig. 4 (a)). A discernible heterogeneous distribution of submicron GNP
sheets can be seen throughout the SPCE after GNP modification (Fig. 4 (b)). The wrinkled structure of GNP sheets
may provide a larger active area for the functionalization process. Drop-casting revealed a smooth distribution of
GNP in GNP-modified SPCE. In addition, the size of graphene is calculated and measured using Image ] analysis
software. Ferret diameter or max ferret is often used to represent the size of graphene flakes, indicating the
maximum length across the flakes. In this study, the size of graphene flakes is larger than the carbon of a working
screen-printed electrode with 3.96 pm. Hence, it provides the capabilities for better dispersion by drop-casting
method to modify SPCE. The GNP-modified SPCE is known as cGNP.
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(b)
Fig. 4 Comparison of the SPCE's working electrode surface (a) before modification; (b) after GNP modification

3.3 Optimal APTES Functionalization Condition for Immobilization of Immunoglobulin
G

Functionalization was performed to create the ideal environment for IgG efficient immobilization. There are
numerous silane compounds with different functional groups (amino, thiol, carboxyl, epoxide, etc.) accessible.
Every functional group has unique characteristics. To effectively immobilize with IgG, APTES salinization was
performed by optimizing its APTES concentration and incubation time. All other parameters are kept in their best
possible condition during the optimization process. A series of APTES concentrations between 1% to 4% (v/v))
were carried out and were calculated for the values of total peak current response (Alp) and charge transfer
resistance (Re) as shown in Fig. 5 (a). The Ret value was recorded from 23.06 Q to 327.01 () suggesting that the
resistance to the transfer of charge has significantly increased. This change could be due to various factors, such
as changes in the electrode properties, the presence of inhibitors, or alterations in the electrochemical system's
conditions. An increase in Rccoften indicates a decrease in the rate of charge transfer or electron transfer kinetics.

In contrast with Al, value from 1.02 to 0.7 pA, respectively. A decrease in Alp suggests that there has been a
reduction in the peak current difference between two specific electrochemical peaks. This change could be related
to alterations in the electrochemical reaction kinetics or the presence of species that affect electron transfer at the
electrode interface. These changes in R« and Alp values provide an important implication in electrochemical
studies, comprehending how changes in experimental setups or the addition of various substances might impact
charge transfer processes and peak current responses. A series of APTES incubation from 30 minutes to 24 hours
were calculated for the values of total peak current response (Alp) and charge resistance (Rc) as shown in Fig. 5
(b). The time of incubation was measured to ensure the optimal aminated surface of cGNP. R¢: value was found to
increase as incubation time increased from 1.10 Q to 3.01 Q in contrast with Alp value from 25.18 pA to 28.98 pA.

The highest R was displayed by longer incubation times of 24 hours but showed a decrease in current value
(Ip). During this period, the multilayer amino silane self-assembly may eventually accelerate, leading to an uneven
distribution of the silane layer on the cGNP surface. [19-24].
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Fig. 5 (a) Effect of different APTES concentrations at an hour APTES silanization time; (b) Effect of different
incubation times at 2% concentration on the current response and resistance value of cGNP. Error bar
represents standard deviation, n=3

3.4 Optimization of BSA for Immobilization of Imnmunoglobulin G

BSA is an important protein that is used as a blocking agent in ELISA and immunosensor platforms. However, in
certain circumstances, BSA could cause non-specific binding signals. Several studies have found that, BSA bound
to human antibodies providing false-positive result [17]. To prevent this, a series of BSA standards was carried
out by finding optimal concentration of BSA to use. In this paper, a series of 0%, 0.1%, 0.3%, and 0.5% of BSA
concentration while maintaining the IgG concentration (1mg/mL) was conducted. Fig. 6 (a) showed the peak
current (Ip) and Re: of different BSA concentrations on immobilized rabbit IgG on the surface of salinization cGNP.
The I, value was found to have increased as increased in the BSA concentrations, 0.12 V to 22.37 V respectively.

Also, the Ree values displayed an increase as concentration increased from 3.13 Q to 103.91 Q. Increased
concentration of BSA leads to diminishment of IgG due to weak responses and also lead to an increase in non-
specific bindings [17]. A stable reaction was found at 0.1% concentrations where both I, and R« displayed similar
values. Fig. 6 (b) shows a CA value to examine the sensitive activity of the varied BSA concentration at a set
potential of -0.6 V to 0.6 V. Regardless of the BSA concentration, the excellent potential window is at 0.1 V. Hence,
it was chosen as the potential CA value throughout this work due to its larger signal /background to its larger (S/B)
ratio as compared to another potential window.
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Fig. 6 Optimization of BSA (a) Ip and Rct; (b) CA signal/background plot potential window
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3.5 Electrochemical Characterization of cGNP Immunosensor

The electrochemical properties of the developed immunosensor were observed using CV and EIS in a solution
comprising 5 mM ferricyanide and ferrocyanide in PBS at a pH of 7.4. A pair of clearly distinct redox peaks were
seen in the CV obtained at SPCE (curve i) shown in Fig. 7 (a). A significant increase in peak current was observed
at cGNP (curve ii). This indicates that graphene nanomaterial provides excellent electrical conductivity. Moreover,
the large area displayed by the SEM image facilitates the electron transfer rate (see results Fig. 4(b)). As
salinization by APTES on the cGNP surface, the peak current decreased due to the amino silane layer present on
the cGNP surface (curve iii). The peak current was subsequently decreased because of the establishment of a bond
between the antibody and the adsorbed APTES layer after IgG immobilization (curve iv).

EIS was carried out to further investigate the electron transfer resistance charge (Rct) on SPCE surface-
modified electrodes (SPCE, cGNP, APTES, and IgG) shown in Fig. 7 (b). Surface modification of SPCE with GNP
(drop cast, cGNP) decreases the Rct value from 1597.33 # 1.53 Q (curve i) to 1304.13 = 12.23 Q (curve ii).
Deposition of APTES on the surface cGNP causes an increase in Ret with 12.46 + 2.03 Q (curve iii) indicating amino
silane decreased the electron conduction pathway between the electrode and electrolyte [19]. Immobilizing with
IgG increased the Rct value to 69.8 + 2.3 Q (curve iv) respectively, due to biological molecules retarded the
interfacial electron transfer [16].

The results of the EIS being in good agreement with the results obtained from CV suggest that the
development of the cGNP electrochemical immunosensor has been successful. EIS and CV are both electrochemical
techniques used to study the behaviour of electrochemical systems. When the results of these two techniques
agree, it indicates that the immunosensor is performing consistently and accurately. This consistency in results
demonstrates that the sensor is reliable and capable of detecting the target analyte effectively.
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C 40
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Fig. 7 Electrochemical characterization of cGNP immunosensor (a) CV; (b) EIS. Indication (i) control SPCE, (ii)
¢GNP, (iii) cGNP salinization with APTES, iv) further immobilization with IgG (cGNP+APTES+IgG)

4. Conclusions

In conclusion, the observed decrease in peak current in CV can be attributed to the formation of a bond between
the immobilized antibody and the adsorbed APTES layer, resulting in successful IgG immobilization on the cGNP-
modified electrode. This immobilization of IgG led to a notable increase in the charge transfer resistance (Re) to a
value of 69.8 + 2.3 Q, as confirmed by EIS. This increase was primarily due to the hindrance caused by biological
molecules, which impeded interfacial electron transfer. The congruence of results obtained from both EIS and CV
reinforces the notion that the electrochemical immunosensor has been well-designed and can fulfill its intended
function effectively. The proposed cGNP electrochemical immunosensor platforms have exhibited a robust
analytical response, particularly in terms of optimal antibody binding capacity. This enhanced performance can
be attributed to the increased surface area, conductivity, and exceptional electrical properties conferred by the
presence of GNP on the surface of SPCE. Additionally, the salinization with APTES has further improved the
properties of GNP. These favorable characteristics make this platform a promising candidate for further research
in the field of protein biomarker diagnosis and related applications. The successful integration of SPCE, GNP,
APTES, and IgG immobilization has demonstrated the potential for developing sensitive and reliable point-of-care
detection devices, with the capacity to contribute significantly to the advancement of diagnostic technologies
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