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ARTICLE INFO ABSTRACT

In this study, we fabricated a sensitive and label-free impedimetric immunosensor based on 6-phosphonohex-
anoic acid (PHA) modified ITO electrode for detection of interleukin-8 (IL-8) in human serum and saliva. PHA
was first employed to cancer biomarker sensing platform. Anti-IL-8 antibody was used as a biorecognition
element and the detection principle of this immunosensor was based on monitoring specific interaction between
anti-IL-8 antibody and IL-8 antigen. The morphological characterization of each electrode modification step was
analyzed by scanning electron microscopy (SEM), SEM-energy dispersive X-ray spectroscopy (EDX) and atomic
force microscopy (AFM) while electrochemical characterization was performed by electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and single frequency impedance (SFI) techniques. Moreover, the
antibody immobilization on the electrode surface was proved Fourier-transform infrared spectroscopy (FTIR)
and Raman Spectroscopy. This proposed impedimetric immunosensor exhibited good performances with a wide
linear in the range from 0.02 pg/mL to 3 pg/mL as well as a relative low detection limit of 6 fg/mL. The im-
pedimetric immunosensor had a good specificity, stability and reproducibility. This study proved that PHA was a
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suitable interface material to fabricate an electrochemical biosensor.

Introduction

Interleukin (IL)-8 is an inflammatory chemokine which is present in
the C-X-C chemokine subfamily [1,2]. IL-8 is expressed by several cell
types such as activated monocytes and macrophages, T cells, neu-
trophils, NK cells and also endothelial cells, a wide variety of epithelial
cells and fibroblasts [3,4]. An increase of IL-8 expression is observed in
a lot of cancer types such as brain, breast, cervical, colorectal [2],
gastric, lung, melanoma, ovarian, prostate, renal, oral [5], and thyroid
[6]. In various cancers, high IL-8 levels have been identified as a
prognostic factor [7]. Furthermore, Veldsquez et al. (2014) reported
that high level of IL-8 is a sign of myocardial infarction [8]. Wong
(2006) reported that IL-8 protein level is high in oral cancer patients
(750 + 236 pg/mL) than control groups (250 *+ 130pg/mL) [9].
Furthermore, the IL8 protein threshold value is 600 pg/mL to dis-
criminate oral cancer patients from healthy individuals [10,11]. In
healthy individuals, the IL-8 basal clinical level is 5-10 pg/mL [12].

The early diagnosis of cancer and thereby the early diagnosis of
certain protein biomarkers is important for human health but it is dif-
ficult because the level of protein biomarker in serum is very low [13].
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Biomarkers are usually detected by traditional techniques such as en-
zyme-linked immunosorbent assay (ELISA), radioimmunoassay, fluor-
escence immunoassay, and electrophoretic immunoassay [14]. How-
ever, they have some disadvantages such as difficult operation
processes, requiring a great deal of time. ELISAs are the basic analysis
method of IL-8 protein detection in clinic applications at the moment
[12].

Despite the widely utilization of ELISA tests, they are limited in
point-of-care (POC) analysis because they require large and expensive
instruments, additional chemicals, and a lot of time for application of
the protocol [12]. Therefore, there are increasing efforts to fabricate
rapid, sensitive and selective immunosensors. Electrochemical im-
munosensors have different advantages such as high sensitivity, low
cost and rapid response [15]. IL-8 biosensors found in literature are
summarized in Tables SI-1. Wan et al. (2011) developed a multiplex,
amperometric immunosensor based on screen printed carbon electrode
(SPCE) array as working electrode for IL-8 detection. Anti-IL-8 antibody
was the primary antibody and immobilized on SPCE array while
horseradish  peroxidase (HRP)-multiwalled carbon nanotubes
(MWCNTSs)—anti-rabbit IgG composite was used as multi-labeled
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nanoprobe. The detection limit was 8 pg/mL [13]. An electrochemical
magnetosensor was fabricated by Torrente-Rodriguez et al. (2016) in
order to detect protein IL-8 and IL-8 mRNA in human saliva. The de-
tection limits were found as 0.21 nM for IL-8 mRNA, 72.4 pg/mL for IL-
8 protein, respectively [10]. Another study for IL8 detection, conducted
on the screen printed dual carbon electrode, which was used as working
electrode and the amperometric detection was performed by using HRP
enzyme labeled biosensing. An optical microfluidic biosensor based on
absorbance detection principle was developed for salivary protein
biomarkers (IL-1p, IL-8, MMB-8). This biosensor includes an organic
photodetector made of polythiophene-C70 bulk. The detection limit
was 80 pg/mL. The unspiked human saliva samples were tested and the
results of saliva samples were in accordance with commercial ELISA
test [11]. In recent years, the detection of a few fg/mL of IL-8 in saliva
was performed by Sharma et al. by using an impedimetric biosensor.
They used carboxylic terminated monothiol alkane PEG acid film
modified gold electrode and the detection of human IL-8 protein was
monitored by EIS technique [12].

Biosensing platform of a biosensor is important for high sensitivity,
specificity detection of target analytes. Antibodies, aptamers, enzymes,
nucleic acids are used as sensing molecules and the signal is occurred
after biorecognition events and this signal is measured by chemical,
electrical and optical techniques [15]. The quantifiable signal is asso-
ciated to the concentration of the analyte. Therefore, the biorecognition
molecule immobilization has an important role in achieving high sen-
sitivity and selectivity with long shelf life [16]. ITO is an excellent
electrode material and has been utilized in optic and electrochemical
sensors and biosensors. Furthermore, ITO has many interesting ad-
vantages such as a wide potential window and stable electrochemical
and physical features [17,18]. In typical biosensor system, biorecogni-
tion elements are immobilized on the electrode surface and these ele-
ments selectively bind the desired analyte molecules and they result in
detectable interfacial changes [19]. Interface has an excellent role in
detection of analyte because most of the biological reactions occur at
interfaces [20]. To prepare effective interface for binding of bior-
ecognition elements, different techniques such as electropolymerization
[21,22], silanization [23-26], electrophoretic deposition [27,28], and
electrochemical deposition [29,30] have been used in ITO based bio-
sensors. Silanization methods have been usually used in literature due
to its several advantages; easy to prepare, forming stable monolayer
and providing uniform immobilization matrix [16,17]. In silanization
technique, siloxane bonds are formed between hydroxylated electrode
surface and silane agents [17]. However, studies based on phosphonate
based biosensors are not found in literature. Apart from silane self-as-
sembled monolayer (SAM), phosphonate SAM can be used for SAM
formation on ITO surface. Phosphonic acids have gained interest due to
their ability to produce SAMs on the metal oxide surface than silanes
and thiols. Phosphonates have three oxygens with a carbon attached
directly to phosphorus. The lack of hydroyzable P-O-C linkage increases
the stability in aqueous solution and forms SAMs easily [31]. Phos-
phonic acids have a spontaneous affinity to form SAM on different
surfaces; for example, phosphonic acids are bound more strongly to
metal oxide surfaces than carboxylic acid [32]. The SAM of phospho-
nates provides an immobilization matrix for biomolecules after several
electrode surface modifications [33]. Therefore, in this study we uti-
lized 6-phosphonohexanoic acid to construct the immobilization matrix
for biorecognition element and we investigated the immobilization of
IL-8 antibodies on the PHA modified ITO electrode surface including
carboxyl active ends, for the first time.

Electrochemical impedance spectroscopy (EIS) is a sensitive and one
of the oldest electroanalytical technique and has attracted attention in
recent years. This method is usually used for monitoring of changes in
electrode-electrolyte interfacial features induced by antibody-antigen
interaction, DNA hybridization or enzyme-substrate catalysis. The
electrode-electrolyte interface is important for several areas of modern
science and technology. In addition, impedance measurements are used
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in different fields of electrochemistry, such as electrode kinetics, double
layer studies, batteries, corrosion, solid-state chemistry and biosensing
[34-36]. It is successful and informative method for the characteriza-
tion of bio-functionalized electrodes and the determination of some
analyte from small ions to large proteins [37,38]. It has been mostly
used in the design of electrochemical biosensors. The principle of this
method is based on the analysis of the response of the system under
investigation to alternating current probing signals. During the EIS
experiments, three electrodes were usually utilized; a working electrode
(the object under investigation), a counter electrode (to apply the
electric current) and a reference electrode (to provide a known re-
ference point) [39]. Compared with other redox labelled electro-
chemical techniques such as cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and square wave voltammetry (SWV); EIS provides
a lot of advantages such as high sensitivity, easy signal quantification,
less destructive effect on the measured biological interactions [37,40].
Electrochemically inert species is measured by EIS, when the mea-
surements are carried out in the presence of redox probe, such as fer-
ricyanide, which undergoes oxidation and reduction at the electrode
surface [41].

Single Frequency Impedance (SFI) is an electrochemical impedance
spectroscopy technique where a single frequency is utilized as an ex-
cited signal instead of wide frequency range. By using this technique,
the interaction between antibody and antigen can be monitored easily.
The most common use is in impedance-based sensor development and
in on-line sensor systems. Unlike standard EIS, it does not provide a
spectrum. Instead of EIS, SFI impedance technique measures electro-
chemical impedance at one frequency periodically. The measurement is
made with a constant DC potential applied to the cell. This technique is
suitable, simple and inexpensive for the analysis of clinical and on field
assays [24,42,43].

In this work, a novel phosphonate based immunosensor was de-
veloped for the first time. PHA modified ITO electrode was prepared in
simple steps at room temperature. Further, this immunosensor was
fabricated by immobilizing anti-IL8 antibodies on PHA modified ITO
electrode. The biosensing principle of the immunosensor was based on
specific interaction between anti-IL8 antibody and IL8 antigen. The
electrochemical characterization of PHA modified electrode was per-
formed by recording CV and EIS responses. Apart from EIS and CV, the
performance of the bio-electrode was thoroughly evaluated SFI mea-
surements. Moreover, the antibody immobilization on the electrode
surface was investigated with FTIR and Raman spectroscopy. The pre-
pared working electrode showed excellent IL-8 sensing properties such
as good repeatability and high sensitivity. In addition, the developed
immunosensor was reusable and thus this property decreases the cost of
biosensor. Therefore, a simple, low-cost and label-free immunosensor
was constructed for determination of IL8. This immunosensor has re-
markable advantages of simple fabrication process, low detection limit
and less interference from other substances present in human serum
and saliva samples.

Experimental
Materials and chemicals

6-phosphonohexanoic acid (PHA), hydrogen peroxide (H,0,), am-
monium hydroxide (NH4OH), N-(3-Dimethylaminopropyl)-N’-ethylcar-
bodiimide hydrochloride (EDC), N-hydroxysuccinimide (98%) (NHS),
indium tin oxide (ITO) electrodes (2mm X 20mm, 60 Q/cm?) and
biomolecules (anti-IL-8 antibodies, IL-8 antigens and bovine serum al-
bumin) were purchased from Sigma Aldrich. Anti-IL-8 antibodies
(produced in goat), IL-8 antigen (expressed in E. coli), and bovine serum
samples (BSA) solutions were prepared by using phosphate (PBS) buffer
(pH 7.4). Ferricyanide solution ([Fe(CN)]137*, 5.0 mM) was prepared
by dissolving potassium ferricyanide and potassium ferrocyanide with
PBS (1M, pH 7.4) and utilized as the supporting electrolyte medium.
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All solutions were prepared using ultra-pure water. MyBioSource
Human Interleukin 8 ELISA Kit (Detection Range 6.25 pg/mL - 200 pg/
mL and sensitivity 1.0 pg/mL) was utilized for comparison of im-
munosensor results. Serum samples were supplied by Namik Kemal
University hospital. Saliva samples were collected from the volunteers
in NKU Research Lab.

Apparatus

The detection process was performed on the electrochemical
workstation (Potentiostat/Galvanostat Reference 1000, Gamry
Instruments, Warminster, PA, USA) and was characterized by cyclic
voltammetry (CV), EIS and SFI techniques. These electrochemical
measurements (CV and EIS) were carried out in 5mM K3[Fe(CN)gl/
K4[Fe(CN)e] (1:1) solution that contains 0.1 M KCl. CV (Scan rate:100
mv/s, step size:10mV), EIS (Initial frequency:50000 Hz, Final fre-
quency: 0.05Hz, points:5) measurements were employed during the
experiment. Modified ITO electrode, platinium wire and Ag/AgCl (KCI)
were utilized as the working, counter and reference electrodes, re-
spectively. FTIR measurements were carried out by using Bruker FTIR
(Bruker, Vertex 70 ATR, Germany) equipped with diamond. FTIR
spectra in the range 4000-400cm ™' were recorded to analyze the
nature of the chemical bonds. Dispersive Raman measurements were
carried out with a Thermo company DXR Raman spectrometer
equipped with a 780 nm excitation laser and a confocal microscope
with 3 obsjectives. After each modification step of biosensor prepara-
tion, the modified ITO electrodes were characterized using AFM (AFM
Plus+, Nanomagnetic Instruments) and SEM (SEM, FEI, Quanta, FEG
250 model). Thermo Scientific™ Multiskan™ FC Microplate Photometer
was used as ELISA kit reader.

Fabrication of the biosensor

Before the utilization of ITO sheet as an electrode material, a sheet
of ITO film was cleaned ultrasonically in acetone, soap solution and
ultrapure water, respectively, for 10 min. To form hydroxyl ends on
bare ITO sheets, they immersed a solution containing
NH,4OH:H,0,:H,0 (1:1:5) for 90 min. The activated electrodes were
thoroughly cleaned with ultrapure water. After it was dried with a
stream of argon gas, the ITO sheet was immersed in a tube containing
1 mM PHA overnight. A layer of self-assembled monolayer composed of
phosphonic acid and carboxyl end groups were first immobilized on the
surface of ITO electrode. In this step, phosphonic acid end groups of
PHA monolayer were bound to hydroxyl groups of hydroxylated ITO
electrode covalently and P-O bonds were formed. Thus, a monolayer
containing carboxyl end groups were formed on the ITO electrode
surface. After that, anti-IL8 antibodies were covalently attached to the
activated -COOH groups of PHA by using EDC (4 mM)/NHS (4 mM).
Then, the activated -COOH ends were blocked by BSA. Thus, an im-
munosensor was prepared successfully for IL8 detection.

Results and discussion
Design procedure of PHA based electrochemical impedance immunosensor

The design procedure of the immunosensor fabrication is shown in
Scheme 1. Firstly, the ITO sheets were cleaned by using a reported
protocol mentioned above for elimination of organic materials because
these contaminants may affect the results. As shown in Scheme 1, the
cleaned ITO electrode was activated by dipping in basic solution con-
taining H,0,. After being rinsed with ultrapure water, covalent at-
tachment of phosphonic acid ends group of PHA and hydroxyl ends
groups of hydroxylated ITO were performed through P-O bond forma-
tion. Thus, a SAM coverage was formed on the ITO electrode. To im-
mobilize biorecognition elements, anti-IL8 antibodies, these carboxyl
groups were activated EDC/NHS chemistry. EDC and NHS acted as a
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coupling agent and an activator, respectively. To prevent nonspecific
interaction that could be formed between carboxylic acid groups of
PHA and other proteins, BSA was utilized. Consequently, the fabricated
immunosensor based on phosphonic acid interface matrix got ready for
IL8 detection.

The stepwise biosensor fabrication procedure was monitored by EIS
and CV, and the resulting Nyquist plots and cyclic voltammograms are
illustrated in Fig. 1. The EIS data were fitted to Randles equivalent
circuit (inset in Fig. 1A). This circuit composed of 4 parts: the solution
resistance (Ry), the charge transfer resistance (R..), the constant phase
element (CPE) and Warburg impedance (Z,,). [Fe(CN)6]37/* was uti-
lized as a redox probe for the electrode kinetics at the interface. In
Nyquist diagram, the diameter of the semicircle reflects the R, of redox
probe conversion on the electrode surface. The R, value varied in each
modification step. Furthermore, the most important parameter is R,
and is used as the main indicator in the Faradic EIS detection. The
concentration of analyte in the sample is calculated by using R, values
based on before and after interaction between desired analyte and
functional molecule modified the electrode [19,44].

As seen in Fig. 1A, hydroxylated ITO electrode had a small R, and a
huge increase was seen in R after self-assembly of PHA on the hy-
droxylated ITO surface. This increment illustrated that dense, well-or-
dered SAMs were formed on ITO electrode. Moreover, PHA monolayer
formation on the hydroxylated ITO sheet increased the resistance be-
cause of the strong electrostatic repulsion between the negative charge
on the electrode surface and the redox probe present in the solution.
After activation of carboxyl end groups of PHA modified on ITO elec-
trode, a decrease was seen in R.. The cause of this decrease was the
partial compensation of the negative charges of the electrode. Anti-IL8
antibodies bound the carboxyl groups of PHA via amide bond, therefore
an insulative layer was formed on the ITO electrode, thus the semicircle
diameter increased. Then, the free active carboxyl groups present on
ITO electrode were blocked by BSA to prevent nonspecific adsorption
on the electrode surface. Thus, a dramatic increase in R, was mon-
itored. After interaction between anti-IL8 antibodies with IL8 antigens,
an enlarged R, was found.

The modified electrode was further characterized with CV mea-
surements. CVs of the biosensor at different steps are illustrated in
Fig. 1B. After PHA SAMs formation on the hydroxylated ITO electrode,
a significant decrease was seen in peak current. The activation of car-
boxyl of PHA increased the peak current. However, after immobiliza-
tion of anti-IL8 antibody, BSA, IL8 in sequence, the peak currents de-
crease gradually. These results were in accordance with those of
impedance results.

FTIR and Raman studies

The FTIR spectra of the PHA modified ITO electrode and anti-IL-8
antibody immobilized ITO electrode are illustrated in Fig. 2A and B.
The peak of P-O-H between PHA and hydroxyl groups on ITO surface
was observed between 2550 and 2700 cm ™! that indicated the char-
acteristic peak of phosphonate bond [45,46]. PHA modified ITO had the
absorption peaks at 1695cm ™' and 1418cm™! that indicated the
presence of carboxyl groups (C=0O bonds) [47,48]. The similar peaks
are seen in Fig. 2C (Raman spectra). After immobilization of antibodies
on PHA modified ITO electrode, there were the peaks observed at
1648 cm ™' and 1546 cm ™' originated from amide bonds in protein
(Fig. 2B) [49]. The molecular structure of proteins is usually in-
vestigated by using Raman spectroscopy. Raman spectral technique has
been proved to be a convenient tool to identify amide bonds. Amide I, II
and III regions are monitored mostly between 1650 and 1680 cm ™%,
1440-1570 cm ! and 1235-1300 cm_l, respectively [50]. As shown in
Fig. 2D, amide I, amide II and amide III bonds were observed at 1662,
1449 and 1259 cm ™7, respectively.

In order to verify the PHA layer formation, energy-dispersive X-ray
spectroscopy (EDX) was carried out. The experimental composition of
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Fig. 1. (A) Nyquist plots and (B) cyclic voltammograms of the proposed im-
munosensor after each biosensor construction step. The inset in (A) is Randles
equivalent circuit for EIS.

PHA modified ITO electrode was determined by analyzing the char-
acteristic of EDX images. The SEM-EDX images of hydroxylated ITO
electrode and PHA modified ITO electrode were illustrated in Fig. 2E
and F, respectively. As seen in Fig. 2E, before PHA modification, indium
(D, tin (Sn), oxygen (O) peaks were observed on the hydroxylated ITO

{::} : Bowine serum albumine
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Scheme 1. Fabrication process of impedimetric immunosensor for IL-8 detection.

: 6-Phosphonohexanoic acid

electrode. While the characteristic peak of phosphorous (P) on the EDX
spectrum proved the introducing of PHA layer on the ITO electrode
(Fig. 2F). Additionally, the camera images of ITO electrode were
compared. It is obvious that a layer of PHA film was assembled onto the
ITO surface. All these results clearly confirmed the successful formation
of PHA layer on ITO electrode surface.

Morphological characterization of the proposed biosensor

AFM and SEM were employed for the characterization of the mor-
phology of the biosensor surface during the layer-by-layer modification.
As seen from Fig. 3A and B, the PHA modified ITO electrode surface
exhibited a uniform distributed layer. The root mean square (RMS)
value of PHA modified ITO electrode was 1.70 nm. The anti-IL8 anti-
body immobilization on the PHA modified ITO electrode changed the
surface morphology. Protein aggregates were clearly distributed on the
PHA modified ITO electrode surface, indicating the loading of anti-IL8
antibodies (Fig. 3C and D). After anti-IL 8 antibodies immobilization
the RMS value was found as 69.30 nm. The blockage of free remaining
ends of PHA, caused a layer on the electrode surface (Fig. 3E and F).
The interaction between anti-IL8 antibody and IL8 antigen is illustrated
in Fig. 3G and H. The RMS values of these steps were 8.3nm and
34.7 nm, respectively. Consequently, the immobilization process was
performed successfully as seen in SEM and AFM images.

Optimization studies of experimental conditions

Optimization of the experimental parameters is important and ne-
cessary to construct a sensitive, stable, repeatable and reproducible
biosensor. Different amount of PHA concentration, antibody con-
centration and incubation time, antigen incubation time were analyzed
to obtain optimal experimental parameters.

The SAM formation on the electrode surface for immobilization of
biorecognition element is important. Therefore, three different PHA
concentrations (1 mM, 2.5 mM and 5 mM) were examined. The signal of
1 mM and 2.5 mM PHA concentrations were similar and higher than the
signal of 5mM PHA concentration. Because of this, 1 mM PHA con-
centration was chosen as optimum level. The calibration plots be-
longing to these PHA concentrations are illustrated in Figure SI-1A. The
sensitivity of the proposed biosensor was largerly depended on the level
of anti-IL-8 antibody. Therefore, three different amounts of antibody
were utilized. The signal was low when 0.5ng/mL antibody was
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Fig. 2. FTIR spectra and Raman spectra of the proposed immunosensor before (A and C) and after (B and D) anti-IL-8 antibody immobilization, respectively. SEM-

EDX images of before (E) and after (F) PHA modification.

utilized. In addition, the signals were the same after incubating the
prepared electrodes in PBS solution containing 2.5 ng/mL and 5 ng/mL
anti-IL-8 antibody concentration (Figure SI-1B). Therefore, 2.5 ng/mL
antibody concentration was chosen as optimum amount. Another im-
portant optimization parameter is biorecognition element incubation
time. This parameter is significant because it affects the binding effi-
ciency of antibody. PHA modified ITO electrode was incubated in PBS
solution containing antibodies for three different incubation times (30,
45, 60 min). 30 min period was not enough to bind of antibodies on ITO
surface. However, the signal obtained after 45 min incubation time was
the highest signal (Figure SI-1C) and 45min incubation time was
chosen as optimum incubation time. The last optimization parameter is
antigen incubation time. The fabricated immunoelectrodes were in-
cubated in PBS solution containing IL-8 antibodies in different times
(30, 45 and 60 min). The short incubation time (30 min) was in-
sufficient to bind IL-8 antigens to their antibodies. The signals of 45 min
and 60 min were similar therefore of this 45 min was chosen as op-
timum value (Figure SI-1D).

Analytical features of the proposed IL8 biosensor

Under optimum conditions, EIS measurements were performed to
determine the detection limit and detection range of the proposed im-
munosensor by using ten fabricated immunoelectrodes incubated in
various concentration of IL-8 antigen solutions. The linear detection
range of IL-8 biosensor was calculated by using this equation.

AR¢e = Rei(IL8)- Ree(BSA)

48

Where R (IL-8) is the value of R, when IL-8 antigen incubated with
immobilized antibody, R.(BSA) is the R., of immunosensor after BSA
blockage.

Typical Nyquist plots and CVs of the immunosensor after incubating
in different concentrations of IL8 antigen are shown in Fig. 4A and B,
respectively. It is apparent that the R, value illustrated a dependence
upon the concentration of IL-8 antigen. As the concentration of IL8
antigens increased, the R, values increased; however, the peak currents
decreased. An increase in the amounts of specific recognitions hindered
the redox probe transfer from the solution to the electrode surface. The
calibration curve showed a wide detection range from 0.02 pg/mL to
3pg/mL with an R®> of 0.999. The regression equation is AR
(kQ) = 1.0215 [IL-8] + 0.0493. Limit of detection (LOD) and limit of
quantification (LOQ) were determined to be 6 fg/mL (signal to noise of
three) and 19 fg/mL (signal to noise of ten), respectively. The linear
detection range and LOD are proper for routine analysis in comparison
with those reported in previous researches (Tables SI-1). As seen in
Tables SI-1, the detection limit of our developed immunosensor is
better than that of other IL-8 biosensor reported in the literature. The
high sensitivity of the developed immunosensor can be attributed to the
well-ordered SAM layer formation.

In this study, the interaction between anti-IL 8 antibody and IL-8
antigen was monitored by using SFI technique. This technique proved
the coupling of antigens to their antibodies. Firstly, immunoelectrodes
were prepared until immunoreaction step and this immunoreaction was
monitored by using SFI technique. SFI measurement performed in PBS
solution including IL 8 antigen. In SFI measurements 31 Hz was chosen
as the frequency value from Bode Plot (Figure SI-2). As seen in Fig. 4D,
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Fig. 3. SEM and AFM images of the proposed immunosensor after each biosensor construction step (A and B) ITO/PHA, (C and D) ITO/PHA/anti-IL-8 antibody, (E
and F) ITO/PHA/anti-IL-8 antibody/BSA, (G and H) ITO/PHA/anti-IL-8 antibody/BSA/IL-8.

an increase was seen in impedance value (pink). This increase illu-
strated that the antibody-antigen specific interactions.

The repeatability of proposed immunosensor was performed by re-
cording impedance signal of independent modified electrodes at same
concentration of IL-8 (0.5 pg/mL). Relative standard deviation (RSD%)
for twenty immunosensor, which were fabricated at the same condi-
tions was 4.49%. The low RSD value showed that the repeatability of
proposed immunosensor for IL-8 detection was suitable. The reprodu-
cibility of the proposed immunosensor was examined by fabricating 10
biosensors prepared under same conditions. The RSD (%) for ten im-
munosensor was 5.20% and this low RSD (%) illustrated the reprodu-
cibility of immunosensor (Fig. 5A).

The storage stability of the immunosensor was investigated by
storing the immunoelectrodes in dry form at 4 °C for 10 weeks. The IL-8
biosensor remained almost 71% of its impedance signal suggesting an
acceptable stability that required for practical applications after 7
weeks. This high stability can be originated from the prepared uniform
platform and covalent attachment of the anti-IL8 antibodies on the
modified electrode surface (Fig. 5B).

Reusability is a significant criteria to decrease the cost of im-
munosensor. The basic of this test is based on the testing the robustness
of the biosensor. In this test, firstly ITO electrodes were exposed to
drastic conditions (alkaline or acidic) and then the signal measured
before and after exposure. As seen in Fig. 5C, we attained good re-
sponses during 3 cycles and after 5 cycles, the surface got damaged.

The feasibility of the immunosensor for analytical applications was
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examined by measuring IL8 in human serum and saliva. For the mea-
surement of IL-8 concentration by proposed immunosensor in saliva
and serum samples, these samples were diluted 200 and 50 fold, re-
spectively. Furthermore, the same serum and saliva samples were tested
by using ELISA kit. As seen in Tables SI-1B, the results obtained from
both methods were compared and both methods were in good agree-
ment for the determination of IL-8 in complex samples. When the
analysis cost of biosensor and ELISA kit were compared, ELISA had
higher cost (500 $) than biosensor construction (1 $) costs. Further-
more, the regeneration ability of biosensor decreases the analysis cost;
therefore, biosensor will replace the ELISA kit analysis. Furthermore,
the preparation procedure of ELISA kit was very long and the procedure
included tiring operation steps.

Apart from real samples analysis, selectivity test was performed by
using interference materials such as different biomarkers (vascular
endothelial factor, receptor activated kinase C1, interleukin 1, inter-
leukin 1o at a relatively high concentration (100 ng/mL)) and drugs
(aspirin, amoxicillin, ampicillin, erythromycin at a relatively high
concentration (100 ng/mL)). They were added PBS solution containing
IL-8 antigen (0.5 pg/mL) and without IL-8 antigen. As seen in figure SI-
3 and figure SI-4, the interference materials did not affect the im-
munosensor response. These results demonstrated the high selectivity
of the developed immunosensing strategy.
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Fig. 4. (A) Impedance measurement of different concentrations (0.02-3 pg/mL) of IL-8, (B) Cyclic voltammograms of different concentrations (0.02-3 pg/mL) of IL-
8, (C) Calibration curve obtained by fitting the results to Randles equivalent circuit, (D) Single Frequency Impedance result of anti-IL-8 antibody and IL-8 antigen
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Fig. 5. Results of reproducibility (A), reusability (B) and storage stability (C).
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Conclusion

A new and practical immunosensor for IL-8 was developed with the
utilization of PHA as interface material for the first time. The usage of
PHA possess the advantages of forming a dense monolayer on metal
oxide surface and has carboxyl groups on its end groups to bind the
biorecognition elements. Electrochemical characterization was per-
formed by using EIS and CV techniques, but the quantification of IL8
antigen was performed EIS technique. The interaction between anti-IL8
antibody and IL8 antigen was monitored by using SFI technique.
Furthermore, the step by step electrode modification was observed by
using SEM and AFM imaging. The binding of phosphonate groups on
the hydroxylated ITO electrode was monitored by using SEM-EDX
technique. The immobilization of anti-IL 8 antibodies was proved by
FTIR and Raman measurements. The fabricated IL-8 biosensor ex-
hibited wide linear detection range (0.02-3 pg/mL), low detection limit
(6 fg/mL) and good stability (7 weeks). Moreover, satisfactory results
were obtained after analyzing the real human serum and saliva sam-
ples. In a word, the developed IL8 immunosensor had proven to be a
promising alternative method for determination cancer biomarkers in
clinical analysis.
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