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HIGHLIGHTS

e A flexible carbon fiber-based electro-
chemical immunosensor is proposed for
quantitative detection of prostate cancer
biomarker, IL-6.

e The fabricated IL-6 immunosensor
demonstrated higher sensitivity and a
wide detection range with a lower
detection limit of 0.05 fg/mL.

e The proposed low-cost fiber immuno-
sensor is having the efficacy to detect
the cancer biomarker in clinical serum
at an early stage.
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ABSTRACT

Prostate cancer (PCa) is the most prevalent cancer worldwide, with a high mortality rate. The early and accurate
detection of PCa is critical in reducing mortality and saving lives. Timely diagnosis can improve the chances of
successful treatment using advanced technologies. In recent years, nanomaterial-based electrochemical sensing
strategies have been adopted in clinical diagnosis, as they allow sensitive early-biomarker detections to be
converged with a cost-effective electronic readout system. Herein, we present a flexible electrochemical immu-
nosensor platform for detecting interleukin-6 (IL-6) based on an Au-integrated flexible carbon fiber (Au/CF)
electrode prepared via electrodeposition and chemically modified to capture IL-6 antibodies. Several techniques are
used to analyze the prepared Au/CF composite electrodes to confirm their morphology, structure, and elemental
composition. Under optimum conditions, the fabricated immunosensor exhibits a wide linear dynamic ranging from
1fg/mLto 1 pg/mL and alow detection limit of 0.056 fg/mL, with a sensitivity of 62.17 pA/(fg mL ™). The proposed
fiber-based immunosensor is used to quantify the concentration of IL-6 in serum samples from clinical PCa patients
(T3b and T4 stages), and the results are validated using the commercial Meso Scale Diagnostics (MSD) V-Plex
method. The acceptable results yielded by the proposed immunosensor indicate that it can serve as a new platform to
realize highly sensitive and cost-effective diagnostic strategies for the early diagnosis of PCa.
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1. Introduction

A recent survey by the American Cancer Society reported that
prostate cancer (PCa) is the most frequently diagnosed cancer and the
second most prominent cause of mortality among men after lung cancer
[1,2]. As PCa is a moderately slow-growing cancer, establishing an
effective early diagnosis protocol can help initiate early treatment,
which would improve the chances of successful therapeutics. Timely
treatment can reduce the rate of metastasis to other sites and increase
the survival rate [3,4]. The growth of PCa to a metastatic state along
with hormone independence is a multistep process involving hormones,
growth factors, and cytokines [5-7]. Prostate-specific antigen (PSA) is a
Food and Drug Administration ratified serum biomarker that is currently
employed for the diagnosis of PCa [8]. Although the use of PSAs as a PCa
biomarker is controversial in some patients, it fails to distinguish pros-
tate carcinoma from benign prostate hyperplasia, prostatitis, and cystitis
[9,10], all of which can increase PSA levels. Consequently, identifying
alternate PCa biomarkers to improve detection selectivity and clinical
manifestation is extremely challenging to the research community [8].
Interleukin-6 (IL-6), a cytokine with diverse biological roles, is vital to
the growth of PCa [5,10]. IL-6 is a glycoprotein secreted by lympho-
cytes, macrophages, monocytes, fibroblasts, endothelial cells, and some
tumor cells [11,12]. Overexpression of serum IL-6 is linked to the pro-
cess of cancer, which promote the proliferation and metastatic potential
of cancer cells in particularly it activates androgen receptor (AR) in PCa
[13,14]. IL-6 activates in PCa pathways of Janus kinases/signal trans-
ducers and activators of transcription (STAT), mitogen-activated protein
kinases, and phosphatidylinositol 3-kinase. IL-6 stimulates the growth of
prostate cancer cells via autocrine and/or paracrine mechanisms and
might contribute to tumor escape from immune surveillance, resulting
in disease progression through the increased production of IL-6. More-
over, increasing evidence shows a correlation between IL-6 with the
progression of PCa and targets IL-6 for therapeutics in clinics. V.
Michalak et al., reported about the baseline serum levels of cytokines in
healthy and PCa patients and the prognostic significance with the cut off
value > 2.1 pg/mL of serum IL-6 affects their survival rate [5,15].
Hence, reliable diagnostic tools for detecting IL-6 can be used as an
alternative tool for the point-of-care (POC) sensing of PCa [8,16].

State-of-the-art techniques such as immunoblotting, radioimmuno-
assay, polymerase chain reaction, immunohistochemistry, high-
performance liquid chromatography (HPLC), western blotting, and
enzyme-linked immunosorbent assay (ELISA) [17-21] are widely used
for the clinical measurement of IL-6. Although HPLC and ELISA can be
routinely performed by trained technicians still these methods have
some limitations. In HPLC, the usage of large quantity expensive
chemicals increases the cost of analysis. Also, it has low sensitivity for
certain compounds, and some cannot be detected as they are irreversibly
adsorbed. In the case of ELISA, the demand for the large sample volume
(100-200 pL) in 96-well plate limits the accurate target quantification
and reliable outcomes. This induce the possibility of false-positive or
negative results is high in ELISA due to insufficient blocking of immo-
bilized antigen [1]. In addition, the cost and turnaround time restrict its
practical feasibility in early diagnosis and community screening of IL-6.
Conversely, the electrochemical immunosensors are the predominant
alternative to these conventional techniques and exhibit high potential
for real sample analysis owing to their high selectivity, sensitivity, ac-
curacy, low detection limits, and quick response [3].

In a typical electrochemical immunosensing setup, the output elec-
trical signals, such as current, potential, or resistance, can be directly
processed using a portable electronic readout system, which facilitates
the miniaturization of the overall components into wearable or self-
monitoring device modules [22,23]. Further, the conventional elec-
trodes used in the electrochemical sensor applications, including Pt, Au,
glassy carbon electrodes (GCEs) and printed electrodes, are cost pro-
hibitive and subject to variability [24]. Also, the self-oxidation and in-
ternal resistance are easily influencing the electrochemical activity of

Analytica Chimica Acta 1238 (2023) 340644

the sensor. The recent trend in fabricating cost-effective electrochemical
sensors is shifting toward paper and ceramic electrodes, as well as
flexible sensor fabrication using printing approaches. We have previ-
ously reported a carbon yarn-based electrode as an alternative electrode
for the electrochemical biosensing of clinically important biomarkers
[25,26]. The direct growth of active materials on flexible substrates,
such as carbon fibers (CFs), is an alternative strategy which substrate
yields three-dimensional network structures, providing open channels
for efficient electron/ion transport and a large surface area for reactions,
both of which are beneficial to electrochemical devices. Furthermore, it
overcomes the disadvantages of combining the active electrode mate-
rials with conductive additives and binders that evades the problems
including the “dead-surface” associated with conventional
slurry-derived substrates and enhances the electron transport and
simplify electrode processing [27,28].

CFs, an outstanding type of carbon material, have been widely
applied in electrochemistry owing to their excellent conductivity,
intrinsic carrier mobility, high mechanical stability, and low cost. They
have garnered substantial attention as a flexible electrode material for
biological and chemical applications. However, electroactive sites on
CFs are moderate, thus resulting in low electrocatalytic performance
toward analytes [25,29]. Among potential nanofunctional materials, Au
nanoparticles are illustrious components that are the most typically used
in electrochemical sensors owing to their large surface-area-to-volume
ratio, in addition to their rich functionalization strategy, strong pro-
tein adsorption, high surface free energy, excellent biocompatibility,
and high conductivity [30,31]. Various approaches have been employed
to deposit Au nanomaterials onto sensor surfaces. Among them, the
electrodeposition of Au is a promising method as it allows uniform de-
positions via cost-effective, simple, and scalable operational steps [8,
29].

Song et al. prepared uniform Au nanoflower-based composites on CF
microelectrodes for the sensitive detection of serotonin. The composite
material exhibits a wide dynamic range, a low detection limit, and anti-
fouling performance toward serotonin because of the incorporation of a
large surface area, electrochemically conductive Au nanostructures, and
overoxidized polypyrrole [32]. Zhang et al. utilized the Au nano-
flower/peptide nucleic acid-modified CF microelectrode as electro-
chemical platform for detecting circular RNAs. The modified platform
exhibited a linear range of 10 fM to 1 pM with a minimum detection
limit of 3.29 fM [33]. Zhangquan et al. developed a novel electrode
substrate that uniformly electrodeposited Pt-Au nanocatalysts on the
surface of reduced-graphene-oxide-wrapped CFs. The prepared com-
posite electrode showed high catalytic activity and stability toward
formic acid electrooxidation [34]. These studies indicate that Au/CFs
are suitable for detecting various biomarkers and electrolytes. Currently,
electrochemical sensors based on Au nanoflower-modified CFs for
determining IL-6 serum samples from patients with PCa have not been
reported.

Herein, we propose a conductive fiber-based electrochemical
immunosensor for the highly sensitive detection of IL-6 in serum sam-
ples for the first time. Au nanoflowers were uniformly electrodeposited
onto a flexible CFs to immobilize IL-6-specific antibodies through cross-
linking chemistry. Cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) are employed for the electrochemical analysis of the
immunosensor. The IL-6 detection mechanism relies on immunocom-
plex formation on the sensing surface, which hinders ion exchange with
the redox probe. Owing to the anchoring of Au nanostructures onto CFs
without the aid of any binders/additives, the sensing platform offers
highly active redox sites, which subsequently result in higher sensitivity,
excellent stability, and higher selectivity. Furthermore, the fabricated
immunosensor was evaluated to quantify IL-6 levels in human PCa pa-
tient serum samples, and the results were validated using the commer-
cial MSD V-Plex method. Hence, the applicability of the sensor for
integration into wearable sensor modules is confirmed.
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2. Materials and methods
2.1. Materials

The commercial carbon cloth (CC) (20 ecm x 20 em x 0.36 cm) was
directly purchased from Nara Celltech Corp (Seoul, South Korea). Gold
(I11) chloride trihydrate (HAuCly-3H30), 3-Mercaptopropionic acid (3-
MPA), N-hydroxysuccinimide (NHS), 1-(3-(dimethylamino)-propyl)-3-
ethyl carbodiimide hydrochloride (EDC), Sulfuric acid, Bovine serum
albumin (BSA), Potassium ferricyanide, Potassium chloride (KCI),
Human carcinoembryonic antigen (CEA), Interleukin-8 (IL-8),
Interleukin-10 (IL-10), Procalcitonin (PCT), Human serum albumin
(HSA), Prostate-specific antigen (PSA), IgG serum, and Cytochrome ¢
(Cytc) were purchased from Sigma. Alpha-Fetoprotein (AFP) was pur-
chased from Leehyo Bioscience, South Korea. The human IL-6 antigen,
monoclonal anti-IL-6 antibody (Ab), and phosphate-buffered saline
(PBS) were procured from Thermo Fisher Scientific. All other chemicals
used were of analytical reagent grade and used without further
purification. Aqueous solutions were prepared using deionized (DI)
water (p = 18.2 MQ cm) from a Millipore Milli-Q system.

2.2. Pretreatment of CFs

Prior to electrodeposition, the CFs (5 cm long) were subjected to 30
min of ultrasonication in ethanol and DI water. Subsequently, the
cleaned CFs were treated in a mixture comprising concentrated HNO3
and H5SO4 solutions (at a ratio of 1:3) at 70 °C for 3 h to improve their
hydrophilicity and to develop adequate adhesion between the surfaces
of carbon and active material. Subsequently, they were rinsed with DI
water to remove residues and then dried in an oven at 60 °C for 12 h.

2.3. Preparation of Au-electrodeposited CFs

Au nanoflowers were deposited on chemically treated CFs via a
single-potential-step electrodeposition process. An electrolyte solution
containing 5 mM HAuCl4-3H;0 in 0.5 M HySO4 was used for the
deposition process, and a constant potential of —0.2 V was applied for
30 s. During this process, the chemically modified CFs were used as the
operating electrode, whereas a Pt wire and Ag/AgCl were used as the
counter and reference electrodes, respectively. The effect of morpho-
logical features with respect to the deposition time and length of the Au/
CFs along with their corresponding electrochemical responses are pro-
vided in Figs. S1-S3. The resultant Au-deposited CFs were rinsed with DI
water and ethanol several times to eliminate any physically adsorbed
AuCly, ions and then exsiccated at 60 °C. Details regarding the materials
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and reagents used in this study are provided in the supporting
information.

2.4. Step-wise fabrication of anti-IL-6/Au/CF immunosensor

The derivatization procedure for preparing the immunosensor is
shown schematically in Fig. 1. Initially, the Au/CF electrodes were
incubated in 10 mM 3-Mercaptopropionic acid (MPA) for 1 h, which
formed a self-assembled monolayer through Au-SH bond formation
[35]. Subsequently, the electrodes were incubated in PBS (10 mM, pH
7.4) containing 400 mM EDC (used as a coupling agent) and 400 mM
NHS (used as an activator) hybrid solution for 40 min to activate the
surfaces of the MPA-modified electrode. Next, the NHS
ester-functionalized Au/CF composite electrode was immersed in an
IL-6 antibody solution (80 pL, 10 mM PBS, pH 7.4) for 150 min for the
covalent coupling of the antibodies on the electrode surfaces through
stable amide bond formation. Unbound antibodies on the
Anti-IL-6/Au/CF electrodes were removed via washing in PBS prior to
incubation with 60 pL of 2 wt% BSA for 30 min to barricade the
nonspecific binding sites of Anti-IL-6. Finally, the BSA/Anti-IL-6/Au/CF
immunoelectrode was washed with PBS to remove the unbound BSA and
then incubated at 4 °C. The detailed electrochemical sensing mechanism
of the proposed immunosensor is provided in the supporting informa-
tion (Fig. S5).

2.5. Material characterizations

The morphology and elemental composition distribution of the
prepared Au/CF nanocomposite were examined using field-emission
scanning electron microscopy equipped with energy dispersive spec-
troscopy (FESEM-EDS; JEOL JSM-7610F). The structural properties
were analyzed via X-ray diffraction (XRD, Rigaku Ultima IV) with Cu-Ka
radiation () = 1.5406 A) at 40 kV. The surface chemistry of the prepared
nanocomposite was analyzed using X-ray photoelectron spectrometry
(XPS, Multilab 2000, UK) combined with Al-Ku radiation.

2.6. Electrochemical measurements

All electrochemical measurements were performed using a Palm-
Sens4 portable potentiostat in the presence of 5 mM [Fe(CN)6]4'/ 3 asa
redox probe in 10 mM PBS. CV measurements were conducted in the
optimized potential range of —0.2-0.8 V (vs. Ag/AgCl) at a scan rate of
50 mV/s. DPV was performed for the sensitive electrochemical detection
of IL-6 based on an optimized potential window of —0.2 to 0.6 V vs. Ag/
AgCl, a step potential of 5 mV, pulse amplitude of 50 mV), and a pulse
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Fig. 1. Outline of IL-6 immunosensor design. Schematic illustration of fabrication sequences of IL-6 immunosensor and its electrochemical responses toward IL-6.
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period of 0.01 s. All measurements with an analyte were recorded with a
5 min incubation time.

2.7. Sample acquisition and processing

Blood samples (2 mL) were clinically obtained from 28 patients aged
between 45 and 70 years with stage-T3b and -T4 PCa (diagnosis was
confirmed histopathologically) from Seoul National University Hospital,
South Korea. To avoid the effects or alter the levels of IL-6, blood sam-
pling was completed prior to the administration of any treatment. Pa-
tient consent was obtained prior to sampling, and all recommendations
about the handling of actual samples obtained from human subjects by
the Institutional Review Board (IRB) of Seoul National University Hos-
pital (IRB no. 2103-213-1209) were considered. Samples were stored in
sterilized plastic containers and then centrifuged at 3000 rpm for 10 min
following not more than 30 min after sampling. The supernatant ob-
tained after centrifugation (serum) was collected, transferred to steril-
ized plastic containers, and stored at —80 °C until electrochemical
measurements were performed.

3. Results and discussion
3.1. Physical characterizations

Fig. 2a-h shows the distinctive surface morphology and element
distribution of the Au-deposited CFs analyzed using FE-SEM. The pris-
tine CFs comprised small fibers with an average diameter of 10 pm
(Fig. 2a). The different magnifications of the FE-SEM images revealed
the formation of well-aligned flower-like Au nanostructures with a mean
diameter of ~100 nm on the frames of the CFs (Fig. 2b and c). The
corresponding EDS spectrum of the Au/CF modified electrode shown in
Fig. 2d confirmed that the synthesized Au/CF nanoflowers contained Au
(59.5%), C (38.4%), and O (2.16%). The presence of a minute amount of
oxygen in the Au/CFs suggests the formation of oxygen-containing hy-
droxyl and carboxyl groups on the Au surface. The EDS elemental
mapping shown in Fig. 2e-h clearly reveals the consistent spatial dis-
tributions of Au, C, and O without any self-aggregation, indicating that
the Au nanoflowers were uniformly distributed on the surfaces of the
CFs. In addition, the absence of any other peaks/elements exemplified
the absence of impurities in the prepared composite material. The
detailed EDS analysis of bare, acid-treated, and Au-integrated CFs are
shown in Fig. 54.

The phase purity and crystalline structure of the pristine and Au/CF
nanocomposite electrodes were examined via XRD (Fig. 2i). Two
diffraction peaks were observed at 26 = 25.6 and 43.2°, which corre-
spond to the (002) and (101) crystalline planes of the hexagonal struc-
ture of the CF substrate, respectively, [36]. For the Au/CFs, four
additional diffraction peaks appeared at 38.1, 44.3, 64.5, and 77.7°,
which correspond to the (111), (200), (220), and (311) diffraction of the
face-centered cubic phases of Au (JCPDS 01-1172), respectively, thus
confirming that Au was successfully integrated onto the CFs [31]. No
additional peaks other than those of Au and the carbon were observed,
which indicates the high purity of the prepared Au/CF composites. The
crystalline size of the Au-electrodeposited CFs was measured using
Scherrer’s formula and was calculated to be ~12 nm.

XPS analysis was performed to identify the apparent elemental status
and characteristics of the chemical bonding of the prepared flexible Au/
CFs substrate. As shown in Fig. 2j, the survey XPS spectrum reveals the
presence of Au, C, and O elements. Based on the deconvoluted Cls
spectrum of Au/CFs shown in Fig. 2k, the unoxidized graphitic carbon
can be assigned to 284.7 eV (C-C), whereas the presence of carbon in the
hydroxyl and epoxy groups can be assigned to 286.3 eV (C-0) and that
in the carboxyl group to 288.7 eV (C=0) [37]. In Fig. 21, the Au©®
oxidation state emerges owing to the spin—orbit split between peak po-
sitions of the energy band observed in the core level XPS spectrum of Au
at 83.8 eV (Au 4 f7,2) and 87.5 eV (Au 4 f5,5). The absence of a peak

Analytica Chimica Acta 1238 (2023) 340644
corresponding to Au™ at a binding energy of ~92 eV confirmed the
complete reduction of Au© on the sidewalls of the Au/CFs [38]. As
shown in Fig. 2m, from the three characteristic peaks of O 1s spectrum,
the core intense peak at 532.2 eV is ascribed to C-O, and the other two
small shoulder peaks at the binding energies of 530.3 and 533.9 eV are
identified to the surface traps C—=0 and O-C—O bands respectively
[39]. The FE-SEM images, EDS analysis, and XRD and XPS spectra re-
sults collectively confirmed that the flower-like Au nanostructures
accumulated uniformly on the CFs, and that the electrodeposited ma-
terials were composed of Au, with no indications of metal impurities
other than carbon.

3.2. Electrochemical characterizations of anti-IL-6/Au/CF immunosensor

As an effectual method for evaluating the electrochemical perfor-
mance of the fabricated electrodes, CV measurements were conducted in
a 10 mM PBS (pH 7.4) containing 5 mM K3[Fe(CN)¢] as an electro-
chemical redox probe. As shown in Fig. 3a, reasonably weak responses of
the reversible redox peaks were observed for the pristine CF electrodes.
This is characteristic of CFs and is attributable to their low electron
conductivity (black curve: CFs). After the electrodeposition of Au onto
the CFs, the redox peaks resulting from the redox reactions of [Fe
(CN)6]3‘/ 4 were higher than those of the pristine CFs. The higher redox
peak currents exhibited on the Au/CFs as compared with those of the
bare CFs are attributed to the following reasons: Au is a conductive
metal nanomaterial and can improve the electrode active surface area
considerably, and the incorporation of Au nanostructures onto CFs
provides large electrochemical active sites, thus facilitating the transfer
of electrons between the electrode and electrochemical probe (red
curve: Au/CFs). Conspicuous changes occurred after the subsequent
immobilization of IL-6 antibody binding, where the electrochemical
redox currents decreased significantly. This is because of the large size of
the protein and its effective immobilization of Anti-IL-6 with the Au-
modified CFs platform (blue curve: Anti-IL-6/Au/CFs). The final step
of free-site blockage via the neutral protein of BSA shows a slight
decrement in the electrochemical redox peak currents, suggesting the
formation of a densely packed biolayer on the non-binding sites of Anti-
IL-6 on the Au/CFs, which can hinder electron transfer. The obstruction
of nonspecific binding sites on the modified electrode surface is the most
imperative step during immunosensor fabrication, as it prevents
nonspecific interactions on the immunoelectrode (green curve: BSA/
Anti-IL-6/Au/CFs).

3.3. pH effect of supporting electrolyte

The pH of the supporting electrolyte affects the electrochemical
performance of immunosensors. An unsuitable solution pH may result in
the denaturation of the antibody. To confirm the optimal pH, the
immunosensors were tested via the CV (scan rate 50 mV/s) method in
the presence of constant IL-6 concentrations while varying the solution
pH from 4.0 to 9.0. The immunosensor indicated a maximum electro-
chemical current response at pH 7.4, and an increase in pH resulted in a
decrease in the redox peak current (Fig. 3b and S6). Based on the CV
results indicating that highly acidic or alkaline solutions may adversely
affect the bioactivity of immobilized proteins, pH 7.4 was selected for
the IL-6 detection process to obtain the maximum sensitivity.

3.4. Effect of scan rate on peak currents of IL-6

The CV measurements were performed to determine the factor that
controls the electrochemical process on the prepared BSA/Anti-IL-6/Au/
CF immunosensor by varying the scan rate from 10 to 100 mV/s in PBS
(10 mM, pH 7.4). Fig. 3c shows a slight peak shift in the oxidation peak
current response toward a higher potential and a reduction in the peak
current near the lower potential as the scan rates increased from 10 to
100 mV/s. Both the anodic peak current (I,,) and cathodic peak current
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(Ipe) increased linearly and proportionally to the square root of the scan
rate, indicating that the prepared immunoelectrode reaction was a
diffusion-controlled process, as shown in Fig. 3d. The corresponding
regression equations are shown in Egs. (1) and (2).

La(uA) = 121.95 v (mV / s) — 131.05; R* =0.999 (Eq.1)

Lo(uA) = — 13475V (mV / 5) — 268.09; R> =0.999 (Eq.2)

The separation of peaks shows that the electrochemical reaction is
not ideally reversible, and the stable redox electrochemical peak current
and position during repeated scans at a specific scan rate indicate that
the fabricated immunoelectrode exhibited a quasi-reversible process
[22].

3.5. Calculation of assessable surface area of CFs based modified
electrodes

Measurement of the electroactive surface area (A.) of the CFs
modified electrodes is important to explicate the electrochemical effi-
cacy of the electrode surface towards the bioactive molecules and it was
calculated using the Randle’s Sevcik equation as displayed in Eq. S1 and
Fig. S7 [30]. The value of A, for bare CFs and Au/CFs was found to be
0.065 and 1.85 cm?, respectively. Au nanostructures efficiently enhance
the effective surface area of the CFs, which improves the conductivity
and enables immobilized biomolecules on the sensing electrode by
bio-conjugation. After modified with IL-6 antibodies and BSA on the
Au/CFs, the redox current responses decreased which might be due to

the IL-6 antibody and BSA occupied the Au/CFs limits the charge
transfer. Therefore, the A, value reduced to 1.68 and 1.52 cm? compared
to Au/CFs (1.85 cm?). The values are tabulated as Table S1.

3.6. Detection of IL-6 using fiber-based immunosensor via CV and DPV

Under the optimized conditions, the electrochemical performance of
the BSA/Anti-IL-6/Au/CF immunosensor was investigated based on
various concentrations of IL-6 via CV and DPV. Fig. 4a shows the CV
curves of the immunosensor prepared with various concentrations of IL-
6 in PBS (10 mM, pH 7.4). As expected, the electrochemical current
response declined with logarithmic IL-6 concentrations from 1 fg/mL to
1 pg/mL because the antigen-antibody complex served as an inert block
layer that hindered electron transfer toward the modified electrode
surface. The corresponding calibration plot for the oxidation peak cur-
rents vs. the logarithmic IL-6 concentrations is shown in Fig. 4b. The
regression equation for the linear plot is expressed as shown in Eq. (3).

1 (uA)

The prepared fiber-based immunosensor exhibited a wide linear
response to IL-6 concentration with a correlation coefficient of 0.999
and a sensitivity of 15.9 pA/(fg mL™!). The low detection limit (LOD) of
the BSA/Anti-IL-6/Au/CF immunosensor was estimated to be 1 fg/mL
using the 3ob/m criterion, where ob is the estimated standard deviation
of the y-intercepts of the regression curve, and m is the slope of the
calibration curve.

Subsequently, we investigated the analytical performance of the

— 15.956x +758.12 Log[IL — 6 Conc. (g / mL)];R*=0.999 (Eq.3)
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Fig. 4. Electrochemical performance of Au/CFs modified immunosensor toward IL-6 detection. Measurement of various concentrations of IL-6 (1 fg/mL to 1 pg/mL)
using BSA/Anti-IL-6/Au/CF immunosensor via (a) CV and (c) DPV, (b,d) calibration plot of electrochemical current response vs. logarithmic concentrations of IL-6.
(Inset: magnified view of CV and DPV curves showing variations in signal output due to IL-6 binding).

BSA/Anti-IL-6/Au/CF immunosensor using the sensitive analytical DPV
method, as it is suitable for signal amplification, particularly when the
analyte concentration is extremely low [40]. Under optimal conditions,
the electrochemical oxidation peak current of the DPV curves progres-
sively decreased when the IL-6 analyte concentration increased, which
suggests the formation of an antigen-antibody complex that prevented
current flow, as shown in Fig. 4c. The DPV responses of the
BSA/Anti-IL-6/Au/CF immunosensor exhibited a linear relationship
with logarithmic IL-6 concentrations ranging from 1 fg/mL to 1 pg/mL,
as illustrated in Fig. 4d. The linear regression equation is shown in Eq.
(4), and the LOD was calculated to be 0.056 fg/mL, with a sensitivity of
62.17 pA/(fg mL™Y). The detailed calculation of LOD is provided in
Table S2.

I (4A) = — 62.173x +3548 Log[IL — 6 Conc. (g /mL)]; R*=0.996  (Eq.4)

3.7. Interference, reproducibility, repeatability, and stability analysis

Another important aspect is selectivity, as nonspecific binding at the
sensor surface yields a false signal and results in misleading results.
Since the human serum is a complex mixture of proteins that exhibit
structural resemblances, the constructed immunosensors should be able
to identify the target and quantitatively analyze its concentration in the
sample.

As aresult, the proposed immunosensor’s selectivity was tested using
common interfering proteins such digestive enzymes and tumor
markers. As shown in Fig. 5a, the electrochemical current values cor-
responded to the simultaneous addition of 100 pg/mL of each

interference (at a level higher than normal physiological concentra-
tions), such as CEA, IgG, IL-8, Cytc, IL-10, PCT, HSA, AFP, PSA, and IL-6
(100 pg/mL). The results show no significant effect on the BSA/Anti-IL-
6/Au/CF immunosensor response due to other non-target compounds,
thus indicating the excellent selectivity of the proposed immunosensor.

The reproducibility of the sensor performance was evaluated for
eight independently prepared BSA/Anti-IL-6/Au/CF immunoelectrodes
using the CV method in a PBS (10 mM, pH 7.4) solution containing 100
pg/mL of IL-6, as shown in Fig. 5b. The magnitude of the electro-
chemical current was measured meticulously for each electrode, and the
relative standard deviation (RSD) was evaluated subsequently. Owing to
the simplicity of the material preparation and immobilization, the
fabricated immunosensor showed an RSD of 1.8%, which suggests the
reproducibility of the developed strategy.

The repeatability of the BSA/Anti-IL-6/Au/CF immunosensor was
investigated via 10 continuous trials using a single immunoelectrode in
the sensing of 100 pg/mL IL-6 in PBS (10 mM, pH 7.4). No noticeable
deviation was indicated in the oxidation peak current responses ob-
tained for the 10 Au/CF immunoelectrodes, and the significant RSD was
1.1%, as shown in Fig. 5c. This consistency in the current behavior re-
veals the repeatability of the designed electrochemical sensor, rendering
it a reliable sensing platform for IL-6 detection.

Successively, the long-term storage stability of the proposed immu-
nosensor was evaluated by intermittently measuring the electrochemical
current in PBS (10 mM, pH 7.4). For this, the BSA/Anti-IL-6/Au/CF
immunosensor was stored in a refrigerator (4 °C) at dry state for 6
weeks, and its self-life was investigated. An approximately 10% decrease
in the electrochemical current response was found, and the



S. Madhu et al.

(a) 1000

)

=]
(=
o

Current (A

200}

(c) 2120
100
80
60
40

20

Electrochemical response (%)

600}

400

0
\v ‘?«

Q

" e" Q’*C’t ¥
W\: \\«\\»’\\» \\'\«‘\\«

Interference compounds

RSD=11%

1
Number of measurements

2 3 4 5 6 7 8 9 10

(e) 3 11000005 (f)
| @ Min range
EZO 9@ | @ Maxrange 1000000%
2 ° 800000 ©.
~ 15} 750000 =
) 500000
g) Present work g’
£ 10} 9 00000 §
{5 i S
E s oo 200000 &
E y ¥ 100000 £
[+ ] amm
‘T 0 MQW 00 X
= a——1.100000 =
0 5 10 15 20 25 30
Reported literature
@3 X
€ 10T y - 1.036x-0.1430 (h)
E=)) R? = 0.9971
o 8f
-
= 6f
x
Q2 4t
a.
> 2f
(m]
N o}
= \ . . \ .
0 2 4 6 8 10

Proposed method (pg/mL)

(b) =

(d)

60

40

20

Relative responses (%) Relative response (%

Detection limit (fg/mL)

fferences in two methods
& o
W

=)
o

100}

80f

120

100

80

60|

40

20

60

a0}

20

Analytica Chimica Acta 1238 (2023) 340644

RSD=1.8%

1. 2 3 4 5 6 7

Number of electrodes

8

0

1 2 3 4
Time (Weeks)

5 6

Qo 9o

Present work

i A i

10 15 20 25
Reported literature

30

Bland-Altman Plot +1.96 SD

®
-1.96 SD
-0.367

Di

2 4 6 8 10
Average of two methods

12

o

Fig. 5. Electrochemical performance of immunosensor and clinical validation for IL-6 determination based on serum from patients with prostate cancer. (a)
Selectivity, (b) reproducibility, (c) repeatability, and (d) stability of BSA/Anti-IL-6/Au/CF immunosensor toward IL-6. (e and f) Comparison plots of dynamic ranges
and detection limit between the proposed immunosensor and previous devices toward IL-6 detection. (g) Correlation between results obtained using proposed
strategy and MSD V-Plex kit (n = 28) in determining IL-6. (h) Bland-Altman analysis showing good agreement between the proposed immunosensor and a com-
mercial reference method for IL-6, with a low mean bias and all points within +1.96 S.D. p > 0.05 indicates that the two methods are not statistically different.
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corresponding image is shown in Fig. 5d. Similarly, the stability of the
immunosensor in the successive 100 cycles potential scans was exam-
ined in 10 mM PBS, which resulted in a 1.1% decrease in its initial
electrochemical current response even after 100 continuous trials (as
shown in Fig. S8). These results suggest the consistent stability of the
immunosensor owing to the adhesion between the Au sensing material
and CF substrate, which is one of the primary considerations when
assessing the overall stability and repeatability of the sensing system. In
addition, the direct growth of Au-active materials on the CF flexible
substrates without conductive additives and binders improved the long-
term stability of immunosensors.

Compared with other previously reported IL-6 sensors, the proposed
flexible immunosensor presents a satisfactory detection limit and linear
range, and the results yielded by it are summarized in Fig. 5e and f and
Supplemental Table S3. The high sensitivity and wide linear range of the
proposed immunosensor are attributable to the uniform deposition of Au
nanostructures onto the CFs, thereby affording excellent conductivity,
large surface-active sites for greater antibody immobilization, and good
biocompatibility, which can consequently amplify the electrochemical
signal.

3.8. Real sample analysis

The assessment of immunosensor proficiencies based on real samples
must be verified to prove their practical feasibility for POC and clinical
applications. Blood samples were obtained from 28 patients with stage-
T3b and -T4 PCa. These stages in PCa pose significant issues in radio-
therapy methods owing to the wider target volume outside the prostate
[41]. The samples obtained were labeled P1 to P28. After centrifugation,
the obtained supernatant (serum) was collected and placed in sterilized
plastic containers for further electrochemical examination. Primary tests
were performed on undiluted serum samples, but the recovery rates
were low. Therefore, the serum samples were diluted with 10 mM PBS
(pH 7.4) at a ratio of 1:1. For a typical analysis, the fiber-based immu-
nosensor was incubated with 20 pL of the serum samples for 15 min at
25 °C in a humid environment to avoid solvent evaporation, rinsed
thrice before being placed into the electrochemical cell, and tested ina 5
mM [Fe(CN)6]3'/ 4 PBS (10 mM, pH 7.4) solution based on an optimized
protocol. An additional method, namely MSD V-Plex, was used to vali-
date the proposed immunosensor, which is capable of multiplex detec-
tion of analytes, including cytokines, with higher sensitivity and a wider
dynamic range compared with the conventional ELISA based on elec-
trochemiluminescence technology.

The MSD V-Plex tests were performed in a laboratory accredited for
clinical trials using serum samples obtained from the same 28 patients.
The electrochemical results obtained from the clinical samples were
validated with reference values confirmed using the commercial MSD V-
Plex method based on the standard protocol used in the hospital
(Table 1). The relative error between the two methods was less than
7.2%. Fig. 5g shows the correlation between the combined T3b/T4 PCa
stage of IL-6 concentrations measured using the proposed immuno-
sensor and the MSD V-Plex method. A linear regression model was built
to determine the relationship between the two assays, which resulted in
a line y = 1.036 x — 0.1430, with a correlation coefficient of 0.997 (X,
fiber-based developed immunosensor; Y, MSD V-Plex method). Figs. S9a
and (b) show the correlation plots for stages T3b and T4 of PCa based on
the real sample results between the proposed strategy and commercial
method.

Additionally, we constructed a Bland-Altman plot to compare the
statistical agreement between the two quantitative methods. As shown
in Fig. 5h, all the values are within the 95% agreement interval and the
mean bias is extremely close to zero, indicating no difference between
the two methods, i.e., good consistency and clinical compatibility be-
tween them. Moreover, to confirm the statistical significance of IL-6
levels detected via the proposed immunosensor and the MSD V-Plex
method, a paired t-test analysis was performed to evaluate the p-value.
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Table 1
Comparison of IL-6 detection in clinical serum samples between proposed
electrochemical sensor and commercial MSD V-Plex method.

S. PCa MSD V-Plex method Au/CF immunosensor
No stages

Mean value (pg/ cv Mean value (pg/ Ccv

mL) (%) mL) (%)
P1 T3b 4.42 2.50 4.53 3.24
P2 T3b 0.86 6.40 0.75 7.44
P3 T3b 0.72 3.90 0.84 4.34
P4 T3b 2.55 1.47 2.38 2.80
P5 T3b 1.09 3.30 1.10 1.03
P6 T3b 1.40 4.16 1.53 4.30
P7 T3b 7.31 1.21 7.57 1.50
P8 T3b 1.72 7.75 1.79 5.10
P9 T3b 1.26 4.52 1.40 4.9
P10 T3b 7.67 1.58 7.57 1.10
P11 T3b 3.79 2.80 3.66 2.94
P12 T3b 0.37 21.1 1.16 5.05
P13 T3b 0.72 6.72 0.78 6.40
P14 T3b 3.36 2.20 3.56 2.28
P15 T3b 0.79 4.67 0.81 6.70
P16 T3b 0.94 7.40 1.02 4.07
P17 T3b 0.61 12.5 0.89 6.08
P18 T3b 0.84 2.40 0.83 4.80
P19 T3b 1.55 2.70 1.66 1.71
P20 T3b 1.17 5.20 1.21 4.79
P21 T3b 1.96 2.22 2.02 3.25
P22 T3b 10.06 1.80 9.605 2.59
P23 T3b 1.93 4.00 1.924 3.20
P24 T4 0.85 4.60 0.88 2.49
P24 T4 2.23 2.80 212 2.66
P26 T4 1.70 3.50 1.82 3.14
P27 T4 2.64 3.30 2.72 2.61
P28 T4 7.25 1.50 6.98 2.41

Results of a two-tailed t-test show no statistically significant differences
(p > 0.5) at the 95% confidence level between the two methods (n = 28)
and an excellent correlation between them (Fig. 5h). These results
indicate that the proposed Au/CFs modified immunosensor demon-
strates high possibility for the detection of IL-6 in clinical samples.
Considering these promising experimental results and information from
the literature, it can be inferred that the developed fiber-based electro-
chemical immunosensor is promising for practical use and can be
applied for IL-6 detection in real samples from patients with PCa.

4. Conclusion

In this study, we developed a low-cost electrochemical immuno-
sensor to quantitatively detect IL-6 in clinical samples for the early
diagnosis of PCa. A simple electrodeposition method was adopted to
integrate electrochemically active Au nanostructures onto CFs for the
immobilization of antibody probes to achieve highly sensitive and se-
lective detections of IL-6. The excellent conductivity of the Au/CF
nanocomposites assisted electron transfer and afforded large active sites
for IL-6 antibody immobilization. Under optimized conditions, the
developed fiber-based Au/CF immunosensor was demonstrated under a
wide dynamic range (1 fg/mL to 1 pg/mL). It indicated a detection limit
of 0.05 fg/mL and a sensitivity of 62.17 pA/(fg mL™Y), as well as
exhibited superior selectivity when compared with the reactivity of
coexistent species in the human serum. Additionally, the developed
immunosensor demonstrated clinical significance and has been effec-
tively applied for the detection and quantification of IL-6 in serum ob-
tained from patients with PCa (stages T3b and T4). The results were
validated using the commercial MSD V-Plex method in an accredited
laboratory. The simplicity, easy preparation, and high efficiency of the
developed strategy offer high reliability for the early prediction of PCa
and other diseases and can thus be applied for detecting cancer bio-
markers from clinical and POC devices.
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