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Abstract

A new, low-cost electrochemical immunosensor wageliped for rapid detection of Melanoma-
associated antigen 1 (MAGE-1), a cancer biomarkiee. fabrication procedure of immunosensor was
based on the covalent immobilization of anti-MAGHEsiorecognition molecule, on ITO electrode by
carboxyethylsilanetriol (CTES) monolayer. The bitsiag MAGE-1 antigen was monitored by using
electrochemical impedance spectroscopy (EIS) amticcyoltammetry (CV) technique. Apart from
these techniques, single frequency impedance (B&$) used for investigation of antibody-antigen
interactions. Scanning electron microscopy (SEMyrier transform infrared spectroscopy (FTIR),
atomic force microscopy (AFM) were utilized for cheterization of the proposed biosensor. To
fabricate highly sensitive, good stability immunaser, some parameters were optimized. Under
optimal conditions, the developed electrochemioahunosensor for MAGE-1 exhibited a dynamic
range of 4 fg/mL and 200 fg/mL with a low detectibmit of 1.30 fg/mL. It had acceptable
repeatability (5.05%, n=20) and good storage stal(iB.58% loss after 10 weeks). Moreover, this
electrochemical immunosensor has been successipfiyied to the determination of MAGE-1 in

human serum samples.

Keywords: Melanoma-associated antigen 1, electrochemical unusensor, indium tin oxide,
carboxyethylsilanetriol



1. Introduction

Melanoma-associated antigen (MAGE) was firstly reggbin melanoma cases as a tumour-associated
antigen [1]. Today it is confirmed that melanomaeasated antigen proteins constitutes a super-
family which comprises more than 60 genes in hunMAGE-I and MAGE-II proteins are the
subdivided members of this super family [2, 3]. Moly MAGE-I proteins are generally associated
with testis cancer antigens, but also it has beeorted that some MAGE | proteins have important
functions in particular somatic tissues [4, 5]. Baver, as recently reported that during the embcyon
development in spinal cord and brain stem cellgase MAGE-A members are also expressed [6].
From a cancer perspective, in certain cancer tgpel as breast, ovary, lung, and bladder, it islgur
known that MAGE-I proteins are highly synthesiz&d§]. Further, some experiments showed that in
malignant cancers, MAGE-I has also been expregsdditionally, determination of MAGE in cancer
patients can also be attributed to a poor prognekish supports the idea of contribution of MAGE

proteins to malignancy [3].

Electrochemical immunosensors have gained condiderttention owing to their benefits such as
simple operation, fast and cost-efficient detectm high sensitivity [9]. Due to the advantages of
convenience, low-cost, fast response, easy operatial high sensitivity, they have been usually
utilized in several analytical fields [10]. Eleatf@mical impedimetric immunosensors open the door
to a large number of different applications basedglatform such as solid electrodes (gold, carbon
electrodes) and transparent conductive oxidesyindin oxide (ITO), fluorine doped oxide (FTO)).
The application of ITO electrodes as working eledér has gained considerable interest owing to their
unique characteristics such as good optical traespg, high electrical conductivity, wide
electrochemical working range, excellent substradesion, and stable electrochemical/physical
features [11-13]. A lot of studies have been cdroet to develop ITO based electrochemical and
optic sensors and biosensors. The immobilizatiorbiofecognition molecules such as antibodies,
enzymes or DNA probes has been immobilized to ITé@teode via a self-assembled monolayer of
different silane chemicals such as TESU [14], (®&ysnatopropyl) triethoxysilane (IPTES) [15], 3-
aminopropyltriethoxy silane (APTES) [16-20], (3-gigoxypropyl) dimethoxysilane [21], (3-
glycidoxypropyl) dimethoxysilane [10], N-(2-aminbgt)-3-aminopropyltrimethoxysilane [22], 3-
mercaptopropyl trimethoxysilane (3-MPTMS) [23], Biaopropyltrimethoxy silane (APTMS) [24].
Apart from this technique, ITO electrodes are pregdo immobilization of biorecognition element by
using electrochemical deposition [25, 26], Electraqgtic deposition [27, 28], adsorption techniques
[28-30].

The developed biosensors for MAGE-1detection arg searce and there are commercial ELISA kits

for MAGE-1 detection. Biosensors represent a pakatternative to ELISAs, and provide probably



one of the most promising ways to solve problemsceming simple, fast, reproducible, and cheap
detection [31]. The cost of such ITO based immunsseis approximately 0.5 € and the preparation
step of such immunosensor is easy. But the coBL&A kit is approximately 500 €. Furthermore,
ELISA analysis has several steps and requires of lotne. A well of ELISA can only be used once
and it is not suitable for regeneration. ITO basedh immunosensor is reusable and it reduces

analysis cost.

Herein, for the first time, an impedimetric immueasor was constructed based on silane based ITO
electrode with carboxyl end groups for detection MAGE-1 sensitively. To construct our
immunosensor, carboxyethylsilanetriol (CTES) wasduas a silane etriol molecule, anti-MAGE-1
antibody was used as recognition biomolecule a@was used as a working electrode. Anti-MAGE-
1 antibody was immobilized covalently on the ITCeafode surface through self-assembled
monolayer of CTES [32]. Characterization of thiarsetriol monolayer on ITO surfaces and the anti-
MAGE-1 antibody layer on the ITO electrode surfagre performed EIS, cyclic voltammetry (CV),
fourier transform infrared spectroscopy (FTIR). Mscopic techniques such as SEM and AFM were
utilized for imaging the electrode surface altenasi. The characterization of the electrode intedas
significant and provides good information about sheface features of the immunosensor that has
crucial importance to obtain a sensitive and repedde biosensor. Furthermore, the specific
recognition of MAGE antigens by immobilized anti-M#&-1 antibodies was characterized by single
frequency impedance (SFI). SFI technique givesrinédion about the interactions of antibody-
antigen systems [33]. By using EIS technique, #ection range, detection and quantification limits
repeatability, reproducibility, stability and prmel applicability studies were performed.
Consequently, the measurements exhibited that msebsor had sensitive, selective and stabile

results.

2. Experimental

2.1.Reagents and Materials

All chemicals used were of analytical grade andhioletd from Sigma-Aldrich (St. Louis, MO, USA).
ITO-coated polyethylene terephthalate (PET) filsisrface resistivity:6@7, transmittance at 550 nm:
>79%) were purchased from Sigma Aldrich. Ultra-pwager was used for preparation of phosphate
buffer and electrolyte solution. Anti-MAGE-1 antithyg MAGE-1 antigen and bovine serum albumin
(BSA) (0.5%) were prepared by using phosphate bf8S; 50 mM, pH 7.0) were stored at <2

A silane  etriol compound, carboxyethylsilanetriol CTES), 1-ethyl-3-(3-dimethyl
aminopropyl)carbodiimide hydrochloride (EDC) andhidroxysuccinimide (NHS) were purchased
from Sigma-Aldrich. 5 mM K[Fe(CN)], K;[Fe(CN)] in phosphate buffer was used as redox probe.

2.2.Apparatus



Electrochemical experiments such as CV, EIS, and %&€re performed on a Gamry
Potentiostat/Galvanostat (Reference 1000, Gamryruments, Warminster, PA, USA) with a
conventional three electrode system. The expermhgrarameters for CV: scan rate 100ri\and
step size 10 mV. The experimental parameters 8t Hitial frequency 50000 Hz, final frenquency
0.05 Hz and point 5. The ITO thin film (2*20 mm) sv@mployed as a working electrode while
platinum wire and Ag/AgCl (3M KCI) served as coungad reference electrode, respectively. The
reference electrode and counter electrode wereupeatifrom BASi (West Lafayette, IN, USA). The
characterization of the modified ITO thin films warformed by SEM (FEI-Quanta FEG 250
Model), AFM (NanoMagnetic Instruments, AFM PLUS$EM and AFM analyses were carried out
at 5kV acceleration and with tapping mode. FTIR soe@ments were performed by using Bruker,
Vertex 70 ATR (Germany) FTIR equipped with diamoR@IR spectra in the range 4000-400'cm
were recorded in order to investigate the naturthefchemical bonds formed. The SEM, AFM and
FTIR measurements were performed at the Scierdifit Technological Research Center of NKU
(NABILTEM).

2.3.Preparation of Working Electrode

ITO slices were cleaned with successively by sdiunan acetone, soap solution and ultra-pure water
for 10 min, and then rinsed with ultra-pure watére cleaned ITO was then dipped into a solution of
1:1:5 (viv) HO, (30%)/ NH,OH (30%)/ HO for 90 min. Finally, they were washed with ulrare

water. Before the silanization, the ITO slices wenied by using argon gas.
2.4.Fabrication procedure of MAGE-1 biosensor

The hydroxylated ITO electrodes were dipped inth526 solution of CTES in ultra-pure water over
night at room temperature. After incubation, th®I§lices were washed with ultra-pure water to
remove the physically absorbed silanes from the &l€xtrode surface [10, 14]. The modified ITO

slices were then dried by using argon gas. Thuhogsl groups were formed on ITO electrode.
These carboxyl groups formed on ITO electrodes vaetevated by NHS/EDC chemistry [32]. The

anti-MAGE-1 antibodies were immobilized onto theepared ITO electrode through the linkage
between amino groups of antibodies and the actvieoxyl groups of CTES SAMs. After incubation,

the electrodes were washed with ultra-pure waterreimove physically absorbed antibodies.
Subsequently, BSA (0.5%) was used to prevent thespecific interactions that can be formed in
detection MAGE-1 step on the modified ITO electrotiee biosensor fabrication strategy is shown in

Scheme 1.

3. Results and Discussion

3.1.Design Strategy of the impedimetric MAGE-1 immunosesor



The construction procedure of impedimetric MAGEidskensing electrodes is illustrated in Scheme 1.
The first step of fabrication procedure was clegnfi ITO slices. This cleaning is significant as
organic contaminants on ITO surface could affeetréssponse. Before the construction a silane layer
on ITO electrode, it was hydroxylated. Then, thévated ITO surface was coupled with CTES
including carboxyl groups on its ends. These caybaxoups were activated by using NHS as
coupling agent, EDC as activator [34]. The biorettign elements, anti-MAGE-1 antibodies, were
immobilized onto CTES modified ITO electrode thrbutpe amide bonds between amino groups of
antibody and active carboxyl groups of CTES [35]jefl, BSA was blocked the non-specific binding
sites [36]. Finally, the CTES modified MAGE-1 bioser was fabricated successfully. Thus, this
fabricated biosensor was ready for MAGE detectidre construction process of biosensing interface
was monitored by EIS and CV measurements. 5 mMdyaxeferrate (ll) (ferrocyanide) and 5 mM
hexacyanoferrate (1) (ferricyanide) were usedextox probe.

Immobilization Scheme 1.Schematic diagram of the fabrication of the impestimn MAGE-1

biosensor and the detection of MAGE-1 antigen

FTIR spectra of CTES modified ITO surface and imitizdition of anti-MAGE-1, BSA and MAGE-1
on the ITO electrode surface are shown in Figurslshown in figure 1A, the strong peak observed
at around 1650 cth is characteristic of the stretching mod€=0 of the carbonyl involved in
carboxylic acid groups on CTES. The broad band &etw8200 and 3600 chcorresponded to the
vOH vibration and another band assigned@ O-H in plane mode were observed at 1422' a2,

37]. Figure 1B shows the FTIR spectrum of the saoméace after anti-MAGE-1 immobilization on
ITO electrode. The observation of broad and intdsasels for amide | at ~1655 chand for amide |I

at ~1525 cnit clearly indicates the presence of the amide bietiseen anti-MAGE-1 and carboxyl
groups of CTES [38]. Figure 1C illustrates the FHEpectrum of the same surface after interaction
between anti-MAGE-1 and MAGE antigen on ITO eledaoThe increment in peak areas at ~1655

cm * and ~1525 cnt provided that the increase in amino and carbosgligs.

Figure 1. FTIR spectra of the fabrication steps of the inipedric MAGE-1 biosensor

EIS, as an efficient technique to monitor the if@eial features of modified ITO slices, was utitizio
follow the construction process of the ITO elecaoBigure 2A shows the impedance spectra (Nyquist
plots) of stepwise construction procedure. EISespnts the response of an electrochemical system as
a function of the frequency including an impedaspectra known as Nyquist plot which can be
modelled with the Randles equivalent circuit. Tlreuwt displays a semicircle at higher frequencies
belongs to the parallel double layer capacitangg é0d charge-transfer resistanceg)(R he R;value

of this system is equal to the diameter of the sahe. At lower frequencies, a straight line bejen

to the Warburg diffusion impedance,JZ The value of R depends on the dielectric and insulating

properties at the electrode/electrolyte interfége, the diameter (@ can be utilized to identify the



interface features of the electrode. In sugadRrived from the diameter of semicircles. Gengyalie
contribution of diffusion to the overall impedanisesmaller than large Rvalue. Because chemical

species is adsorbed at the electrode-solutionfaaerthe Rvalue changes [39, 40].

Figure 2. Nyquist plots and cyclic voltammograms of MAGE-ibdensor (¥ -V -: hydroxylated ITO
electrode, ¢-¢-: ITO/CTES, e-e-: ITO/CTES/EDC-NHS, A-A-: ITO/CTES/EDC-NHS/anti-
MAGE-1, u-m-: ITO/CTES/EDC-NHS/anti-MAGE-1/BSA)

Throughout the formation procedure of silane etrimbnolayer, immobilization of the antibody,
binding of antigen were monitored by using EIS téghe via the variation in electron transfer
resistance. As shown in Figure 2A, impedance vatlifsred in each step of surface modification
during the fabrication process. The hydroxylate® Ifiad a small R indicating a small electron
transfer resistance. After silanization procesWITES, the Rvalue increased. It could be attributed
to the difficult electronic transport at electrodarface interface due to SAM formation. After
activation of carboxyl groups via NHS/EDC chemidRy values increased. The formation of active
carboxyl groups obstructs the diffusion of redorhm, therefore the Rvalue increased. When the
electrode was conjugated with anti-MAGE-1 antibotlye R; increased, this indicated that the
successful immobilization of anti-MAGE-1 antibody ¢TO electrode surface. So, an additional
barrier was formed and it blocked the electrondfanbetween the redox probe and the ITO electrode.
Similarly, an increment in the Rvas seen after BSA immobilization on the ITO alede, owing to
that BSA prevents the electron transfer on thetelde surface. These obtained results suggested the

successful fabrication of the biosensor.

CV is a useful technigque to characterize electrddés As shown in figure 2B, the differences in
peak current of the Fe(ChJ™* redox couple showed the alteration at each stefhefsurface
modification of ITO electrode. The hydroxylated I'ad a reversible electrochemical response. The
modification of ITO surface with CTES presentedearéase in peak current. This result is attributed
to that non-active carboxyl group causes diffi@léictron transfer reaction on the electrode surface
After activation of carboxyl groups, peak curredesreased due to a repulsive interaction between
active carboxyl groups and anionic redox coupleti-MAGE antibody, which was modified on the
ITO/CTES/NHS/EDC electrode through the amide bogdimeraction between active carboxyl group
and amino groups of anti-MAGE, caused the blockajethe ITO electrode surface for
oxidation/reduction of the redox couple. After ko active sides of electrodes with BSA, peak
currents values decreased owing to insulating ckeraf BSA protein. In detection step, interaction
between anti-MAGE antibody and MAGE antigen incegadiffusion barrier and decreased the peak

current values.

3.2. Surface Characterization of Modified Electrode by SEM and AFM



The surface morphology of ITO slices was clarifedusing SEM (Figure 3) and AFM (Figure 4).
The alteration of electrode surface and formed tfanal layer can be monitored by using SEM and
AFM. In SEM measurements, after hydroxylation stdg) had uniform surface (Fig 3A). Fig 3B
shows that the surface morphology of CTES modigéettrode is clearly different from that of
hydroxylated ITO electrode. Furthermore, the CTHS) fon the ITO electrode was dense and
homogenous with a few globular aggregates. The doaom of CTES monolayer displayed that the
electrode surface was changed. The SEM image ofGTES/NHS/EDC electrode displays smooth
surface (Fig. 3C). After immobilization of anti-MAEantibody on ITO/CTES/NHS/EDC electrode, a
well coverage of the anti-MAGE antibodies on thec#lode are seen in Fig 3D. After BSA blockage,
island-like morphology was seen on ITO electrod€s.(3E). The interaction between MAGE and
anti-MAGE, is shown in Fig. 3F. All the SEM imagdsmonstrate that the covalent coupling of CTES
onto the ITO electrode was performed successfully iis suitable material for immobilization of

antibody on ITO surface.
Figure 3. SEM images of proposed ITO immunosensor

AFM images were recorded to monitor the morpholalgitifferences of the electrode surface obtained
after each modification step. Hydroxylated ITO ud#s grains with an area roughness of 3.69 nm and
a root mean squre (rms) roughness of 4.56 nm on & fim scale. The AFM images illustrated that
the hydroxylated ITO (Fig. 4A) had a uniform andnfugenous surface. However, the ITO/CTES
electrode showed that the CTES molecule was dig&ib homogenously and the roughness height
increased (Fig. 4B). CTES modified ITO electroddudes grains with an area roughness of 5.43 nm
and an rms roughness of 6.85 nm on a 5 x 5 um.sthig arrangement provides the CTES SAMs
with carboxyl groups to serve as a template fomidbal anchoring of protein or several molecule
layer. Figure 4C demonstrates the surface morphadd@nti-MAGE-1a antibody immobilized onto
the surface of CTES modified ITO. As seen in figd€, anti-MAGE-1 antibody had globular
structure due to its protein nature. The image idex\ that the CTES modified ITO could succeed in
serving as a template for immobilization of anti-EE-1 antibody. This is important for the
sensitivity and the reproducibility of biosensomtAMAGE-1 o modified ITO electrode includes
grains with an area roughness of 71.18 nm and anrooghness of 98.32 nm on a 5 x 5 um scale.
After blocking reactive carboxyl ends of CTES wBISA, the electrode surface transformed into a
heterogeneous globular-like structure, with an @ase in thickness. Thus, a highly uniform
immunoelectrode surface was constructed (Figure BBA modified ITO electrode includes grains
with an area roughness of 4.06 nm and an rms ragghof 17.00 nm on a 5 x 5 pum scale. As seen
figure 4E, the interaction between anti-MAGE-1 ardl MAGE-1 caused an increase in roughness
height and an increase in thickness, that indisateessful interaction between and antigen. Also,
after the interaction, modified ITO electrode irdds grains with an area roughness of 70.29 nm and

an rms roughness of 92.31 nmon a 5 x 5 um scale.



Figure 4. AFM images of immobilization steps of developed iomasensor
3.3 Optimization experiments of biosensor

Optimization stages are significant and necessaryfabrication of sensitive, stable, repeatable and
reproducible biosensor. Therefore, the utilized amoof CTES, antibody concentration, antibody

incubation time and antigen incubation time wergnoged.

The modification of ITO electrode with CTES is grsficant step for immobilization of anti-MAGE
antibodies onto ITO electrode surface. For thisoeathree different CTES concentrations (0.25%,
0.5% and 0.75%) were tried. The signal of 0.25% antb% CTES concentrations were similar.
Because of this, the signal 0.5% concentration higiser than these of two concentrations and 0.5%
concentration was chosen as the optimal. The aaidmr graphs belonging to CTES concentration

optimization steps are illustrated in Figure SI-1.

The next optimization stage was anti-MAGE antibambncentration required to form biosensing
layer. To fabricate a sensitive biosensor, thigestaas very important. Because of this, 3 different
concentrations (5.5 ng/mL, 11 ng/mL, 33 ng/mL) wesed. An increment in antibody concentration
caused a bit increase in signal. However, the gniatained from these concentrations were similar.
Therefore, 5.5 ng/mL anti-MAGE concentration wa®s#n as optimum amount. The calibration
graphs belonging to antibody concentration optitozrasteps are illustrated in Figure SI-2. Other
optimization step was incubation period of CTES ified ITO in PBS solution containing anti-

MAGE antibody. This stage is important because step effects the binding efficiency of antibody.

The studied incubation times are 30 min, 45 min @@dnin. Both of three incubation periods had a
similar signal, because of this 30 min was choseo@imum (Figure SI-3). The concentrations of

MAGE antibody and incubation period of anti-MAGEaftibody were optimized successfully.

The last optimization parameter was the antigen @&#AL) incubation time. Therefore, the fabricated
immunoelectrodes were immersed PBS solution caniMAGE-1 in different times (30, 45, 60, 75
min). The short incubation period (30 min) was ffisient to bind MAGE-1 antigens to their
antibodies. At high MAGE-1 antigen concentratiotie longer incubation periods (60 and 75 min)
caused a decrease in signal (Figure Sl-4), thaldcbe orginated from a surface damage on the
modified ITO electrode. Consequently, 45 min wassem as the incubation period for MAGE-1
protein (Figure SI-4).

3.4. Analytical studies of the biosensor

Under the optimized experimental conditions, calilon plot, repeatability, reproducibility

experiments were studied.



Firstly, linear range of MAGE biosensor was detexi. The calibration curve of MAGE biosensor
was constructed by using impedimetric responsesireh transfer resistance, which was estimated by

the equation:
AR:= R(MAGE-1)-R(BSA)

Where R(MAGE-1) is the value of the electron transfer semnce after MAGE-1 was coupled onto
ITO electrode, R(BSA) is the value of electron transfer resistaafter BSA blocking the free active

carboxyl groups on the ITO electrode.

Figure 5. (A) Nyquist plots and (C) cyclic voltammograms of MAGEbiosensor with different

concentrations of MAGE-1 antigens, (B) calibrateamve of MAGE-1 biosensor

Fig. 5 represents the CV voltammograms and Nygpiists belong to the immunosensors after
incubation in increasing concentrations of the MAGENtigen. The changes of th&, was utilized

as a response of the interaction between the aAGEt1 antibody and MAGE-1 antigen. The
diameter of Nyquist circle increased with incremBtRGE-1 antigen levels (Fig. 5A). The reason of
this increment was the binding of more antigensnimobilized antibodies. ThaR, was drawn
versus the MAGE-1 antigen concentration to attairadibration plot (Fig. 5B). The range of
sensitivity was monitored between 4 fg/mL and 290t and limit of detection (3*n/m) was 1.30
fg/mL and limit of quantification (10*ShW/m) was 3.90 fg/mL with a coefficient of 0.98%. tims
equation, §ank is the signal of blank sample and m is the sle{.[In contrast to the impedance
curve there is a decrease at peak currents in Qdmmograms during the increment of MAGE-1
concentrations (Fig 5C). An increase of the MAGEehcentration formed an insulator protein layer
on ITO surface, thus the peak currents were deede&@onsequently, a gradual increase in MAGE-1

concentration caused a gradual increaseiifsBmicircle diameter) and a decrease in peak salue

To investigate the analytical performance, anotinethod, square wave voltammetry (SWV) was
performed to support CV and EIS results. The loncemtration of MAGE-1 concentration had a high
peak. An increase in MAGE-1 concentration causegaease in peak currents. Also, the variation
between BSA and MAGE-1 concentration peak increasbis leads to a linear increase in MAGE-1

protein binds to the surface. The obtained calidnaturve is illustrated in Figure SI-5.

In this study, SFI was applied to monitor the iat#ions between antigen-antibody systems [33]. Few
studies can be found in the literature for thisppse. The principle of this technique is basedhen t
variations on the surface and kinetic parametersiglithe interaction at a fixed frequency. These
variations are recorded in impedance values vetisus at a fixed frequency [43]. In this study,
working frequency was chosen as 45 Hz by using Bdde The total measurement time was 30 min,

which was optimum binding period. The green culustrates the change of impedance as a function

10



of time. The pink curve illustrates the phase arggld charge transfer results from the interaction
between the MAGE-1 antigen-anti-MAGE-1 antibodyg{kie 6).

Figure 6. SFI spectra obtained from anti-MAGE-1 antibody MWGE-1 antigen interaction

Kramer’s Kronig transform is used to monitor whethiee biosensors are affected from the external
factors. The principle of this method is based stingtion of reel part of impedance data by using
imaginative part or calculation of imaginative plbytusing reel part [32, 44, 45]. The goodnesstof f
values for different biosensor surface are illustlain Table 1. The plots of the Kramers—Kronig

Transforms are displayed in Figure SI-6.

Repeatability, reproducibility and stability arerdd important parameters for evaluation of
immunosensor fabricated for analytical purposeg. rfBpeatability of the immunosensor was analyzed
at MAGE-1 concentration of 80 fg/mL with 20 diffete TO electrodes, which were prepared in same
conditions. By these repeatability examinations,darrelation coefficient, average value and stethda
deviation 5.54%, 80.6 fg/mL and 4.467 fg/mL, respety. The reproducibility of the fabricated
MAGE-1 biosensor was investigated by constructinffeint immunosensors (10 MAGE-1
calibration curves were drawn by using 80 dispasal#ctrode) to detect MAGE-1 independently. All
of these biosensors displayed the same linearitgdrrange between 4-200 fg/mL for MAGE-1. The
relative standard deviations were also calculatediding the slopes of the linear equations attained
from these immunosensors as 5.05%. These resolgeshthat the MAGE-1 immunosensor have an
acceptable fabrication reproducibility in MAGE-1téetion. The stability of the developed biosensor
was analyzed by measuring its impedance respon$#ABE-1 each week. After 10 weeks only
3.58% loss was seen on the impedance signal (&/81.), proving the excellent stability of the

immunosensor (Figure SI-7).

The regeneration ability of the electrochemical mmosensor is important for the sensor applications.
To test reusability of biosensor, the linkage betwanti-MAGE-1 antibody and MAGE-1 antigen was
broken under acidic conditions (0.1% HCI in ulttargp water). In brief, the biosensor was regenerated
after incubating the used electrode in the solutb®.1% in HCI in ultra-pure water for 5 min to
remove MAGE-1 antigen from the anti-MAGE-1 antibodis acid broke this affinity interaction.
After four regeneration step, biosensor had 93%sahitial activity. At the end of fifty regeneian
step, biosensor got damaged (Figure SI-8). Thigsiodtl result is important because the reusability

decreases the cost of biosensor.

For a biosensor, one of the most significant aradyparameters is the selectivity towards thedarg
analyte. To test selectivity of the proposed bisseninterface materials such as different biomarke
(Sex-determining region Y-box 2 (SOX2), Receptor factivated C Kinase (RACK1), Tumor
necrosis factoo (TNF «)) and drugs (ampicillin, ciprofloxacin, amoxiciil were added PBS solution

containing MAGE-1 antigen and without MAGE-1 antigeAs seen figure SI-9, the interface

11



materials did not affect the biosensor signal. fremnore, five human serum samples (supplied by
Namik Kemal University Faculty of Medicine) wereadysed to prove the practicality and selectivity
of the biosensor. The obtained results are givedablel. Apart from our biosensor these five
different human serum samples were examined bygusmzyme linked immunosorbent assay
(ELISA) method. The detection range of this ELISA Was in the range of 0.625-40 ng/mL. The
results were attained by using the new developeduinosensor was in agreement with that of the

ELISA results, that indicates our immunosensorlmaapply to serum samples.
4. Conclusion

In conclusion, we reported a novel MAGE-1 electeroical immunosensor based on ITO electrode.
The principle of this immunosensor was based orsisgnthe interaction between anti-MAGE-1
antibody and MAGE-1 antigen by electrochemical idgoece spectroscopy. This study illustrated that
CTES modified ITO had carboxyl end groups for themiobilization of antibody molecules. And
antibody molecules including amino groups boundasyl groups of CTES via amide bond. This
well designed immunosensor displayed a low detediimit of 1.30 fg/mL as well as wide linear
range from 4 to 200 fg/mL for MAGE-1 detection. Bk, the proposed immunosensor showed
excellent analytical performance for the measurénsénVIAGE-1 in human serum samples. The
practical utility of the developed immunosensor vmmeved by spiking known concentrations of
MAGE-1 antigen in the human serum samples. Thieldged MAGE-1 biosensor has the promise
for potential applications in clinical diagnosis.utOimmunosensor displays high specificity,

sensitivity, good reproducibility and long stalyilit
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Figure Captions
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Immobilization Scheme. Schematic diagram of the fabrication of the impestim MAGE-1

biosensor and the detection of MAGE-1 antigen
Figure 1. FTIR spectra of the fabrication steps of the inmipedric MAGE-1 biosensor

Figure 2. Nyquist plots and cyclic voltammograms of MAGE-ibdensor (¥ -V -: hydroxylated ITO
electrode, ¢-¢-: ITO/CTES, e-e-: ITO/CTES/EDC-NHS, A-A-: ITO/CTES/EDC-NHS/anti-
MAGE-1, u-m-: ITO/CTES/EDC-NHS/anti-MAGE-1/BSA)

Figure 3. SEM images of proposed ITO immunosensor
Figure 4. AFM images of immobilization steps of developed iomoasensor

Figure 5. (A) Nyquist plots and (C) cyclic voltammograms of MAGEbiosensor with different

concentrations of MAGE-1 antigens, (B) calibrateumve of MAGE-1 biosensor

Figure 6. SFI spectra obtained from anti-MAGE-1 antibody MWGE-1 antigen interaction
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Table 1. Results of five different human serum samples by using ELISA method and proposed

immunosensor
Sample ELISA Results Found by % Relative Added Total Recovery

(ng/mL) biosensor (ng/mL)  difference MAGE-1 found by

(ng/mL) biosensor

1 10.53 10.66 +1.23 4.0 14.69 100.20
2 10.51 10.52 +0.10 4.0 14.56 100.28
3 10.08 10.13 +0.50 4.0 14.10 99.79
4 10.15 10.26 +1.08 4.0 14.20 99.58
5 10.35 10.40 +0.48 4.0 14.41 100.07

Biosensor surfaces Goodness of fit values

Kramers—Kronig transforms for different layers bétbiosensor

ITO/ OH
ITO/ OH/CTES
ITO/ OH/CTES/JEDC-NHS
ITO/ OH/CTES/EDC-NHS/Anti-MAGE-1
ITO/ OH/CTESJEDC-NHS/Anti-MAGE-1/BSA
ITO/ OH/CTES/Anti-MAGE-1/BSA/MAGE-1

11.22
2.605
2.798
1.324
3.821
0.62
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