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Universal nanocomposite coating with antifouling
and redox capabilities for electrochemical affinity
biosensing in complex biological fluids†
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Electrochemical affinity biosensors have the potential to facilitate

the development of multiplexed point-of-care diagnostics in

complex biological fluids. However, their commercial viability has

been hindered by challenges such as electrode biofouling and the

lack of inherent redox properties. To address this unmet need, we

have developed a universal nanocomposite coating which is unique

in its ability to not only allow oriented conjugation of the bior-

ecognition element but also specific detection directly in complex

biological fluids like serum and urine owing to its built-in antifoul-

ing and redox capabilities, thus improving suitability for point of

care testing. This multifunctional coating comprises a 3D porous

crosslinked bovine serum albumin matrix for oriented conjugation

and antifouling properties with embedded graphene nanosheets

modified with amino–ferrocene for enhanced conductivity and

mediator-free biosensing. The coating showed minimal signal

degradation despite prolonged exposure to 1% bovine serum

albumin, artificial urine and untreated human serum for up to

30 days. To demonstrate its utility, we fabricated and tested

proof-of-concept electrochemical immunosensors for bladder can-

cer protein biomarkers, specifically interleukin-8 (IL-8) and vascular

endothelial growth factor (VEGF). The practical feasibility was high-

lighted by the excellent sensitivity and specificity observed for IL-8

and VEGF with a limit of detection of 41 pg mL�1 and 67 pg mL�1,

respectively. Consequently, this universal nanocomposite-based

electrochemical biosensing platform can be extended to the

point of care testing of a broad spectrum of biomarkers present

in complex biological fluids, thus enabling reliable and early

diagnostics.

1. Introduction

Electrochemical affinity biosensors represent a remarkable
fusion of the exceptional specificity of affinity biorecognition
and the convenience, cost-effectiveness, reasonable sensitivity,
and adaptability of electrochemical transduction, making them
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New concepts
While electrochemical biosensors hold promise for enabling the devel-
opment of multiplexed point-of-care diagnostics, their commercial
viability has been hindered by challenges such as electrode biofouling
and the absence of inherent redox properties. In this study, we have
successfully developed a novel and universal 3D nanocomposite electrode
coating which is designed to specifically tackle three important
challenges in electrochemical immunosensing: (i) improved antibody
immobilization, (ii) antifouling properties, and (iii) mediator-free
sensing capability. This multifunctional coating will be the first of its
kind to not only allow oriented antibody immobilization but also specific
detection directly in complex fluids like urine and serum owing to its in-
built antifouling and redox capabilities, thus improving suitability for
point-of-care testing. To demonstrate its practical utility, we fabricated
and tested proof-of-concept electrochemical immunosensors for bladder
cancer protein biomarkers IL-8 and VEGF which demonstrated excellent
sensitivity and specificity with a limit of detection of 41 pg mL�1 and
67 pg mL�1, respectively. The proposed universal nanocomposite-based
electrochemical biosensing platform can be extended to the point of care
testing of a broad spectrum of biomarkers present in complex biological
fluids, thus enabling reliable and early diagnostics of a wide range of
medical conditions.

Nanoscale
Horizons

COMMUNICATION

Pu
bl

is
he

d 
on

 0
7 

M
ar

ch
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/6
/2

02
4 

9:
45

:4
5 

PM
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0009-0008-4748-917X
https://orcid.org/0000-0001-7312-4512
https://orcid.org/0000-0001-9097-1377
https://orcid.org/0000-0003-2445-6347
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nh00541k&domain=pdf&date_stamp=2024-03-13
https://doi.org/10.1039/d3nh00541k
https://rsc.li/nanoscale-horizons
https://doi.org/10.1039/d3nh00541k
https://pubs.rsc.org/en/journals/journal/NH
https://pubs.rsc.org/en/journals/journal/NH?issueid=NH009005


844 |  Nanoscale Horiz., 2024, 9, 843–852 This journal is © The Royal Society of Chemistry 2024

highly suitable for seamless integration with compact electronic
devices.1–3 Consequently, these biosensors offer an ideal solution
for developing cost-effective multiplexed diagnostic technologies
that can precisely detect specific analytes in complex biological
fluids, such as urine and serum.4–6 Nevertheless, the current
feasibility of electrochemical biosensors for point-of-care testing
(POCT) is significantly restricted due to several key challenges:
(i) limited performance: the inefficiency in conjugation of bio-
recognition elements results in suboptimal sensitivity and
specificity7,8; (ii) biofouling: uncontrolled biofouling inevitably
deteriorates the electrode morphology, leading to a rapid loss in
sensitivity9,10; (iii) lack of built-in redox properties: the absence of
intrinsic redox capability necessitates the use of additional steps
and external redox-probes.11,12 These limitations result in a
scarcity of studies reporting on electrochemical affinity biosen-
sors capable of performing direct detection in unprocessed
biofluids.13,14 Consequently, these traditional biosensors are pla-
gued by non-specificity and reduced sensitivity, making them
highly susceptible to external factors and thereby restricting their
commercial viability.15,16

Typically, affinity biorecognition elements, including anti-
bodies, aptamers, and nucleic acids are anchored to the elec-
trode surface through physical adsorption via weak Van-der
Waals forces, entrapment in solid media such as gels, electrostatic
interactions, or covalent binding.17–24 Among these methods,
covalent linkage provides the strongest conjugation and is con-
sidered the most ideal approach.25 It is crucial to note that the
spatial configuration of the biorecognition element significantly
influences the biorecognition event.26 Currently available electro-
chemical biosensors often face sensitivity and specificity con-
straints due to the limited availability of active sites with proper
orientations for effective biorecognition. Additionally, non-
specific interactions with interferents, especially proteins, present
in the sample fluids pose a significant risk of producing false-
positive results. The issue of biofouling in traditional electro-
chemical biosensors, coupled with the absence of built-in redox
mediators, limits their ability to perform sensitive and specific
detection directly in complex biological fluids.27,28 To tackle this
issue, numerous recent studies have been conducted to enable
antifouling capabilities through the integration of polymers and
hydrogels with the electrode surface.29,30 However, such appro-
aches still rely on the utilization of external redox probes which
requires extra washing and detection steps, thus complicating the
process and reducing practical applicability for POCT.31,32 More-
over, the prevalence of diseases with characteristic asymptomatic
early stages and high end-stage mortality, such as chronic dis-
orders and cancer, underscores the urgent need for multiplexed
point-of-care diagnostics.33,34 Therefore, the development of a
universal electrode coating with integrated functionalities such
as improved immobilization of biorecognition elements, excellent
antifouling behaviour and built-in redox capability is pivotal for
the successful commercialization of multiplexed electrochemical
affinity biosensors.35

Herein, we have addressed this unmet need and developed a
universal nanocomposite coating for electrochemical affinity
biosensing in complex biological fluids. This coating utilizes a

3D porous matrix of crosslinked bovine serum albumin (BSA)
embedded with graphene nanosheets functionalized with
amino–ferrocene (Fc-GNS). The components and functional-
ities of this nanocomposite coating include: (i) 3D BSA matrix,
which facilitates oriented covalent conjugation of the biorecog-
nition element, eliminates biofouling, and allows analyte
diffusion through its pores without hindrance. (ii) Embedded
Fc-GNS for improved conductivity and mediator-free biosen-
sing directly in complex biological fluids. Our developed nano-
composite coating demonstrated exceptional antifouling
behaviour even after a month-long incubation in 1% BSA,
artificial urine and untreated human serum. For proof-of-
concept feasibility studies, we utilized the nanocomposite coat-
ing modified electrodes for electrochemical immunosensing of
two bladder cancer protein biomarkers, namely interleukin-8
(IL-8) and vascular endothelial growth factor (VEGF). The
respective antibodies were successfully immobilized using
ethylene dichloride (EDC) and N-hydroxysuccinimide (NHS)
chemistry which efficiently forms a carbodiimide bond
between the carboxylic groups of aspartate and glutamate side
chains in the BSA matrix and the amine groups in the anti-
bodies. The electrochemical immunosensors achieved an
impressive limit of detection (LOD) of 41 pg mL�1 for IL-8
and 67 pg mL�1 for VEGF, respectively, broad sensing range of
0.1 to 1000 ng mL�1 for both biomarkers and high specificity
against other protein interferents such as NMP-22, FGFR3, and
HSA. To the best of our knowledge, this multifunctional
nanocomposite coating is the first of its kind to not only allow
oriented immobilization of the biorecognition element but also
enable specific detection directly in complex biological fluids
owing to its intrinsic antifouling and mediator-free capabilities.
This universal coating shows promise in facilitating multi-
plexed electrochemical biosensing of a broad spectrum of
biomarkers present in biological fluids, thus enabling reliable
POCT of a wide range of medical conditions.

2. Materials and methods
2.1. Materials

Graphene nanosheets (GNS, o3 nm), amino–ferrocene (Fc–NH2,
498%), sodium hydroxide (NaOH, 497%), sulfuric acid (H2SO4),
hydrochloric acid (HCl), 2-(N-morpholino) ethanesulfonic acid
buffer (MES hydrate, Z99.5%), N-ethyl-N0-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC, C8H17N3�HCl, Z

99.0%), glutaraldehyde (GA, OHC(CH2)3CHO, 25% in H2O),
potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6.3H2O,
98.5–102.0%) and potassium hexacyanoferrate(III) (K3Fe(CN)6,
Z99.0%) were purchased from Sigma-Aldrich. N-Hydroxysuccin-
imide (NHS, C4H5NO3, 498%), bovine serum albumin (BSA) and
artificial human urine were purchased from Fisher Scientific.
Monoclonal antibodies for interleukin-8 (IL-8) and vascular
endothelial growth factor (VEGF), as well as proteins for IL-8,
VEGF, fibroblast growth factor receptor-3 (FGFR3), nuclear
matrix protein-22 (NMP22), and human serum albumin
(HSA), were purchased from Abcam. All solutions were prepared
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using deionized water with a resistivity of 18.2 MO, unless other-
wise stated.

2.2. Instrumentation

We employed a variety of microscopy techniques to analyze the
nanocomposite-modified electrode. Field emission scanning
electron microscopy (FESEM, JEOL JSM-6330) and atomic force
microscopy (AFM, Seiko SPA 300-HV) were utilized to examine
the structure and surface characteristics. To ensure the uni-
form distribution of ferrocene on the graphene surface and
perform elemental mapping of the synthesized Fc-GNS through
energy dispersive spectrometry, we used a field emission gun
transmission electron microscope (FEG-TEM, Tecnai G2 F30
S-TWIN). Additionally, we conducted chemical analysis of
Fc-GNS using attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR, Thermo Scientific Nicolet iS5)
and high-resolution X-ray photoelectron spectroscopy (XPS,
JEOL JPS 9030). For our electrochemical investigations, we
employed an electrochemical workstation (Autolab PGSTAT204).
The electrochemical setup was configured as a three-electrode
system, with the working electrode consisting of a screen-printed
carbon electrode (SPCE), the counter electrode being a platinum
wire, and the reference electrode as Ag/AgCl in a 3 M KCl solution.

2.3. Synthesis of Fc-GNS

Graphene nanosheets (GNS) were subjected to a treatment
involving a combination of HCl and H2SO4 in a 3 : 1 ratio to
introduce carboxylic groups. Following this modification, the
GNS were thoroughly rinsed with deionized water and subse-
quently subjected to vacuum drying. Subsequently, 20 mg of
the dried modified GNS (referred to as M-GNS) were dissolved
in a 10 mL solution containing EDC/NHS, which had been
prepared in MES buffer at a pH of 6.1. This mixture was
prepared using a 2 : 1 ratio of EDC to NHS, respectively. The
M-GNS solution was then subjected to sonication for a duration
of 30 minutes and subsequently centrifuged to remove any
excess reagents. Concurrently, another solution was prepared
by mixing 20 mg of aminoferrocene (Fc–NH2) with MES buffer
at a pH of 6.1. Subsequently, the M-GNS were introduced into
this solution to facilitate the covalent functionalization of GNS
with Fc, resulting in the formation of Fc-GNS. This reaction
took place at room temperature and continued for a duration of
6 hours. The resulting Fc-GNS sheets underwent multiple
rounds of washing with deionized water until the supernatant
became colorless. The collected Fc-GNS were redispersed in DI
water and stored at 4 1C for later use.

2.4. Synthesis of Fc-GNS/BSA/GA nanocomposite

The synthesis of the optimized Fc-GNS/BSA/GA nanocomposite
involved the mixing of Fc-GNS (68 mL, 20 mg mL�1) and BSA
(68 mL, 7.5 mg mL�1) solutions, followed by the addition of 2 mL
of GA. The introduction of GA initiated the protein crosslinking
reactions, resulting in the formation of a nanocomposite where
Fc-GNS was embedded within the crosslinked 3D BSA matrix.
To synthesize the optimized nanocomposite, we initially explored
different volumes of GA to crosslink the BSA, as illustrated in

Table 1, and subsequently investigated different BSA/Fc-GNS
concentration ratios, as depicted in Table 2.

2.5. Development of immunosensors

2.5.1. Characterization of the optimized nanocomposite
coating. The characterization of the optimized 3D Fc-GNS/
BSA/GA nanocomposite coating was determined through two
methods: morphological characterization using SEM and elec-
trochemical characterization using cyclic voltammetry (CV).
Initially, we conducted optimization studies by varying the
volume of GA for crosslinking BSA (as shown in Table 1). The
BSA/GA mixture was drop-casted onto the SPCE and allowed to
dry at 37 1C for 6 hours. Subsequently, we examined the
resulting morphology using SEM to assess the porosity and
uniformity of the coating, and the degree of crosslinking.
We also investigated the electrochemical charge transfer beha-
vior using CV in a 5 mM Fe(CN6)�3/Fe(CN6)�4 solution.
To facilitate mediator-free electrochemical biosensing, we uti-
lized the optimized BSA/GA volume and conducted further
studies, this time varying the Fc-GNS/BSA concentration ratios
(as shown in Table 2). Finally, the optimized Fc-GNS/BSA/GA
nanocomposite coating was drop-casted onto the SPCE and
dried at 37 1C for 6 hours. SEM was utilized to analyze the
morphology of both the bare SPCE and SPCE/Fc-GNS/BSA/GA.
Lastly, we studied the electrochemical charge transfer behavior
and scan rate dependencies through CV in a 0.2 M PBS solution.
The voltammograms obtained at various scan rates provided
valuable insights into the electron transfer dynamics and redox
characteristics of the nanocomposite modified electrode.

2.5.2. Anti-fouling performance of the nanocomposite
coating. The efficacy of the nanocomposite coating in prevent-
ing biofouling was assessed using differential pulse voltamme-
try (DPV). The nanocomposite modified SPCE was immersed in
diverse complex fluids, such as 1% BSA, artificial urine and
untreated human serum, for varying timeframes, including
1 hour, 1 day, 1 week, and 1 month. The degree of reduction
in peak current magnitude, observed after extended exposure to
these complex fluids in comparison to the initial peak current
of fresh coatings, served as a dependable indicator of the
antifouling properties of the nanocomposite coating. Addition-
ally, a control experiment was conducted with a bare SPCE,
which was also immersed in artificial urine for the same
durations, to validate the occurrence of biofouling in the
absence of the nanocomposite coating.

2.5.3. Fabrication and feasibility of immunosensors.
To highlight the practical applicability of the nanocomposite
coating, we developed two proof-of-concept electrochemical

Table 1 Optimization using different volumes of GA to crosslink the BSA

Sample
name

Volume of 7.5 mg mL�1

BSA (mL)
Volume of 25%
GA (mL)

Total volume
(mL)

BSA/GA-0 70 0 70
BSA/GA-1 69 1 70
BSA/GA-2 68 2 70
BSA/GA-3 67 3 70
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immunosensors for detection of bladder cancer protein bio-
markers, specifically interleukin-8 (IL-8) and vascular endothe-
lial growth factor (VEGF). The systematic protocol for the
fabrication of the immunosensors, which involves the synthesis
of the Fc-GNS, 3D nanocomposite preparation, modification of
the electrode, and operation of the immunosensor using DPV,
is schematically presented in Fig. 1. Initially, the Fc-GNS/BSA/
GA nanocomposite was prepared by combining 68 mL of BSA
(7.5 mg mL�1) and 68 mL of Fc-GNS (20 mg mL�1) through
vortex mixing followed by the addition of 2 mL of 25% GA to
initiate the crosslinking process. Subsequently, 15 mL of the
nanocomposite was drop-cast onto the electrode and then dried
in an incubator at 37 1C for 6 hours. Following the drying
process, the antibody (Il-8 or VEGF) was immobilized to the BSA
matrix using EDC/NHS chemistry. Briefly, the nanocomposite
modified electrodes underwent a 30-minute treatment with
EDC/NHS, followed by rinsing with DI water. After drying at
room temperature, 15 mL of antibody (at a concentration of
300 mg mL�1, with 0.5% glycerol in PBS at pH 7.4) was
incubated and held for 1 hour at 4 1C. Following antibody
conjugation, the electrodes were rinsed with a solution consist-
ing of 1% BSA and 0.05% Tween-20 in a 0.2 M PBS solution
and then allowed to dry. This modified electrode, composed of
SPCE/Fc-GNS/BSA/GA/antibody, can be readily employed for
immunosensing or stored at 4 1C for future use.

The feasibility of the fabricated proof-of-concept immuno-
sensors was assessed by testing them in artificial urine that had

been spiked with the antigen (IL-8 or VEGF). DPV measure-
ments were carried out within a potential range of �0.2 to 0.9 V
(with a step of 0.003 V and a scan rate of 0.006 V s�1) using the
SPCE/Fc-GNS/BSA/GA/Antibody as the working electrode, Ag/
AgCl as the reference electrode, and Pt as the counter electrode.
The peak current value obtained after immobilizing the anti-
body was denoted as ‘‘Io.’’ Subsequently, immunosensing
was performed in artificial urine spiked with different antigen
concentrations: 0.1 ng mL�1, 1 ng mL�1, 10 ng mL�1,
100 ng mL�1, and 1000 ng mL�1. DPV measurements were
conducted after immunosensing, and the resulting peak cur-
rent values were noted as ‘‘I.’’ The quantification of the
immunosensor response was achieved by normalizing the
change in peak current during immunosensing with the peak
current observed after antibody immobilization. The utilization
of a normalized immunosensor response serves to mitigate any
variations arising from the initial resistance of individual
electrodes. Subsequently, the immunosensor response to vary-
ing concentrations of the antigen was employed to establish a
calibration curve, facilitating the determination of sensitivity
and LOD. To ensure the reliability and consistency of the
results, five separate immunosensors were assessed for each
concentration of the antigen. Finally, specificity tests were
carried out in the presence of interfering proteins that could
potentially exist in urine. These tests were conducted in artifi-
cial urine spiked with 1 mg mL�1 of NMP-22, HSA, and FGFR3,
and the resulting immunosensor responses were compared.

Fig. 1 Schematic illustration depicting the step-by-step procedure for the synthesis of Fc-GNS and the 3D nanocomposite, electrode modification, and
immunosensing using DPV.

Table 2 Optimization using different BSA/Fc-GNS concentration ratios

Sample
Concentration of
BSA (mg mL�1)

Volume of 25%
GA (mL)

Concentration of
Fc-GNS (mg mL�1)

BSA/Fc-GNS
concentration ratio

Fc-GNS-5/BSA/GA-2 7.5 2 5 1.5
Fc-GNS-10/BSA/GA-2 7.5 2 10 0.75
Fc-GNS-20/BSA/GA-2 7.5 2 20 0.375
Fc-GNS-30/BSA/GA-2 7.5 2 30 0.25
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3. Results and discussion
3.1. Characterization of Fc-GNS

Morphological and chemical characterizations of Fc-GNS were
performed using TEM, EDS, ATR-FTIR, and XPS, as depicted in
Fig. 2. The TEM analysis revealed a uniform deposition of
ferrocene on the surface of GNS, which was substantiated by
the detection of elemental Fe in the EDS mapping. ATR-FTIR
analysis was conducted to compare the Fc-GNS-coated SPCE
with both the bare and M-GNS-coated SPCE. Equal amounts of
M-GNS and Fc-GNS were dissolved in DI water and 15 mL was
dropped on the SPCE. In the absence of any coatings, the bare
SPCE exhibited a transmittance peak at 2300 cm�1, which was
attributed to the presence of carbon–carbon double bonds (CQC).

The M-GNS-coated SPCE displayed a peak at 2300 cm�1 (CQC)
and an additional peak at 1000 cm�1, corresponding to C–O
stretching vibrations. This indicated the presence of various
COOH groups on the graphene surface.36 The Fc-GNS-coated
SPCE exhibited transmittance peaks at 3350 cm�1 (N–H),
2300 cm�1 (CQC), 1000 cm�1 (OH), and 1500 cm�1 (C–N).37

The emergence of peaks around 1500 cm�1, associated with
C–N stretching vibrations, and a significant reduction in peaks
at 1000 cm�1, indicative of the involvement of COOH groups,
confirmed the presence of an amide bond formed between the
COOH group of M-GNS and the NH2 group of aminoferrocene,
affirming the successful synthesis of Fc-GNS. Furthermore,
the XPS spectra of Fc-GNS displayed characteristic peaks
corresponding to the binding energies of C1s (286 eV),38 O1s

Fig. 2 (A) (i) TEM and (ii) HAADF image of Fc-GNS. EDS elemental map showing the presence of (iii) Fe, (iv) C, (v) O and (vi) layered map of Fc-GNS. [Scale
bar = 5 mm]. (B) (i) FTIR spectra of bare SPCE, M-GNS coated SPCE and Fc-GNS coated SPCE (B ii) XPS spectra of Fc-GNS.
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(534 eV),39 and Fe 2p3/2 (710 eV).40,41 These peaks confirmed
the presence of constituent elements and their chemical states
in Fc-GNS.42

3.2. Morphological characterization of the nanocomposite
coating

The optimized Fc-GNS/BSA/GA nanocomposite was prepared by
first investigating various volumes of GA used for crosslinking
BSA. The surface of the modified electrodes, where BSA was
crosslinked using varying volumes of GA (referred to as BSA/
GA-0, BSA/GA-1, BSA/GA-2, and BSA/GA-3), was examined using
SEM, as shown in Fig. 3A. A comparison of these modified
electrodes revealed significant changes in their morphology,
influencing their overall porosity and roughness. Notably, BSA/
GA-0, which did not include any GA, exhibited a smooth surface
devoid of any porosity. BSA/GA-1, which contained a smaller
amount of GA (1 mL), also displayed a relatively smooth surface,
mainly due to the limited crosslinking. In contrast, BSA/GA-2
and BSA/GA-3 displayed rough and porous surfaces. Based on
the SEM images, it was expected that BSA/GA-2 and BSA/GA-3,
with their high porosity and roughness, would exhibit superior
electrochemical properties compared to BSA/GA-0 and BSA/
GA-1, which had smoother surfaces. Detailed electrochemical
testing revealed that BSA/GA-2 exhibited the highest peak
current, which is further discussed in the subsequent section.
Consequently, BSA/GA-2 was utilized to synthesize the optimized
Fc-GNS/BSA/GA nanocomposite, demonstrating a morphology
that significantly differed from the bare SPCE, as depicted in
Fig. 3B. Moreover, the surface roughness and topography of the
optimized nanocomposite coating were examined using AFM,
revealing that the coating surface exhibited roughness, with a
maximum height variation of 500 nm.

3.3. Electrochemical characterization of the nanocomposite
coating

Based on the morphology and extent of crosslinking in the BSA/
GA coatings, it was anticipated that that BSA/GA-2 and BSA/GA-
3 would exhibit better electrochemical performance compared
to BSA/GA-1. To investigate this hypothesis and identify the
optimal conditions for producing the nanocomposite, CV was
conducted in a 5 mM Fe(CN6)�3/Fe(CN6)�4 solution to assess
the electrochemical behavior and charge transfer capabilities.
Our observations revealed that the SPCE modified with BSA/GA-
2 exhibited the highest anodic current and improved charge
transfer, surpassing both BSA/GA-1 and BSA/GA-3, as depicted
in Fig. 4B(i and ii). BSA/GA-1, which contains a lower amount of
GA, results in poor crosslinking and reduced porosity, while
BSA/GA-3 leads to excessive crosslinking and a thicker coating,
both of which impede charge transfer. Consequently, BSA/GA-2
was selected for further investigation due to its superior elec-
trochemical performance.

In the subsequent phase, we sought to eliminate the require-
ment for an external redox mediator and enhance the conduc-
tive characteristics of the nanocomposite. To achieve this, we
integrated varying quantities of Fc-GNS into the BSA/GA-2
matrix. Four distinct BSA/Fc-GNS concentration ratios, specifi-
cally 1.5, 0.75, 0.375, and 0.25, were employed, and their
electrochemical behaviour and charge transfer properties were
investigated through CV in a 0.2 M PBS solution, as depicted in
Fig. 4B(iii and iv). It was worth noting that the bare SPCE
displayed a weak electrochemical response in PBS, with no
discernible redox properties and the absence of either cathodic
or anodic current. However, the Fc-GNS/BSA/GA nanocomposite-
modified SPCE exhibited redox properties, and notably, an
upward trend was observed particularly in the anodic peak
current, as the concentration of Fc-GNS was increased.

Fig. 3 (A) (i) SEM images of SPCE modified with (i) BSA/GA-0 (ii) BSA/GA-1 (iii) BSA/GA-2 and (iv) BSA/GA-3. [Scale bar = 100 mm]. (B) SEM images of (i)
Bare SPCE and (ii) SPCE/Fc-GNS/BSA/GA [Scale bar = 1 mm]. AFM topography of (iii) SPCE/Fc-GNS/BSA/GA and (iv) an extracted height profile.
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We selected the BSA/Fc-GNS ratio of 0.375 to synthesize the
optimized nanocomposite coating due to its improved charge
transfer and enhanced stability.

Finally, we conducted further electrochemical testing to
investigate the charge transfer and redox properties of the
optimized nanocomposite modified SPCE. The presence of
the BSA matrix serves to passivate the electrode surface and
prevent biofouling, while effective charge transfer between the
ions in solution and the electrode is facilitated by the Fc-GNS.
To delve deeper into this hypothesis, we performed CV
using the SPCE/Fc-GNS/BSA/GA as the working electrode in a
0.2 M PBS solution at various scan rates, ranging from 0.01 to
0.05 V s�1, and the resulting voltammograms are presented in
Fig. 4C(ii). It was observed that increasing the scan rate led to a
linear increase in the peak current values, as highlighted by the
linear fit of the oxidation peak current and reduction peak
current in relation to the square root of the scan rate, as shown
in Fig. 4C(iii). This observation underscores the potential of the
Fc-GNS to establish an embedded redox system, highlighting
its efficacy in promoting electrochemical biosensing without
the need for an external redox mediator.

3.4. Anti-fouling performance and immunosensing feasibility

To guarantee the reliability of detection in complex biological
fluids, we performed thorough evaluations to assess the
effectiveness of the nanocomposite coating in preventing bio-
fouling. This involved incubating the nanocomposite modified
SPCE in complex solutions like 1% BSA, artificial urine, and
human serum. The uncoated SPCE exhibited a substantial
88% reduction in the normalized peak current variation after
a 7-day exposure to artificial urine as shown in Fig. 5A. Conse-
quently, we decided to dismiss further investigations in 1%
BSA and serum. In stark contrast, the SPCE/Fc-GNS/BSA/GA
demonstrated only a marginal decrease of approximately
16% in the normalized peak current variation after one month
of incubation. This compelling outcome highlights the excep-
tional ability of the nanocomposite coating to resist biofoul-
ing which can be primarily attributed to two critical factors:
(i) size exclusion: The extensive porosity through efficient
crosslinking of BSA using GA, which essentially functions as
a sieve, effectively prevents interferents from reaching the
electrode surface. (ii) Charge repulsion: the BSA matrix, with
an isoelectric point of 4.7, promotes electrostatic repulsion at

Fig. 4 (A) Schematic depicting the electrochemical setup used to characterize the nanocomposite coating and for immunosensing. (B) (i) CV of BSA/GA
coating for different volumes of GA in 5 mM Fe(CN6)+3/Fe(CN6)+2 and (ii) extracted average peak current values from CV plot to bar graph. (iii) CV of
Fc-GNS/BSA/GA coating for different BSA/Fc-GNS concentration ratios in 0.2 M PBS and (iv) extracted average peak current values from CV plot to bar
graph. (C) (i) CV of the bare and Fc-GNS/BSA/GA modified SPCE in 0.2 M PBS. (ii) CV of the Fc-GNS/BSA/GA modified SPCE at different scan rates and
(iii) extracted oxidation and reduction peak current graphed against the square root of the scan rate.
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physiological pH which deters soluble proteins from adhering
to the surface.

We used the SPCE/Fc-GNS/BSA/GA to develop proof-of-
concept immunosensors for the detection of protein bio-
markers linked to bladder cancer, specifically IL-8 and VEGF.
Following the successful conjugation of the corresponding
antibodies through EDC/NHS chemistry, we employed the
resulting SPCE/Fc-GNS/BSA/GA/Antibody as the working elec-
trode to directly detect these biomarkers in artificial urine
samples. The artificial urine was spiked with different concentra-
tions of the antigen, ranging from 0.1 ng mL�1 to 1000 ng mL�1.
To ensure the accuracy and reliability of our results, each antigen
concentration was analysed using five separate immunosensors.
Subsequently, we extracted the normalized peak current variation
from the resulting DPV plots, which is represented as DI/I0%,
where DI = I after (immunosensing) � I0 (after antibody immobi-
lization). This approach was chosen to effectively express how the
immunosensor responds to changes in antigen concentration, as
illustrated in Fig. 5B and C. The developed immunosensors

demonstrated high sensitivity for IL-8 and VEGF, with a detection
range of 0.1–1000 ng mL�1 and calculated LOD of 41 pg mL�1 and
67 pg mL�1, respectively (LOD = 3.3 s/Slope, where s represents
the standard deviation of the regression line). Finally, we con-
ducted a thorough examination of the immunosensors to assess
their specificity against interfering proteins commonly found in
the urine of bladder cancer patients, such as FGFR3, NMP-22, and
HSA. The results revealed that the immunosensors exhibited
minimal normalized peak current variation when exposed to
1 mg mL�1 of these interferents, thus highlighting feasibility for
specific detection directly in complex biological fluids.

4. Conclusion

In conclusion, this study has made significant strides in
addressing a pressing need in the field of electrochemical
affinity biosensing in complex biological fluids. The developed
3D nanocomposite coating offers a range of vital functionalities,

Fig. 5 (A) Antifouling capability of the nanocomposite coated SPCE as compared to the bare SPCE following exposure to various complex fluids for a
duration of up to one month. (B) (i) DPV response for different Il-8 concentrations. (ii) Normalized peak current variation (%) extracted from DPV
responses for different Il-8 concentrations (iii) specificity test against interfering proteins and comparison with IL-8. (C) (i) DPV response for different
VEGF concentrations. (ii) Normalized peak current variation (%) extracted from DPV responses for different VEGF concentrations (iii) specificity test
against interfering proteins and comparison with VEGF.
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including the ability to facilitate oriented covalent conjugation
of biorecognition elements, eliminate biofouling and perform
mediator-free biosensing directly in complex biological fluids.
Notably, the coating demonstrated exceptional antifouling
properties even after prolonged exposure to complex fluids
such as artificial urine and untreated human serum which is
a testament to its suitability for real-world applications. The
practicality and effectiveness of this coating were further vali-
dated through proof-of-concept feasibility studies, specifically
in the electrochemical immunosensing of bladder cancer pro-
tein biomarkers IL-8 and VEGF. The achievement of remarkable
limits of detection, along with a broad sensing range and
high specificity against interferents, showcase the immense
potential of this multifunctional coating. This universal elec-
trode coating holds great promise for advancing the field of
multiplexed electrochemical biosensing across a wide spectrum
of biomarkers found in biological fluids. Ultimately, it opens
the door to the development of reliable POCT for a diverse
range of medical conditions with the potential to greatly impact
healthcare and improve patient lives worldwide.
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