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Abstract 

 

A new, low-cost electrochemical immunosensor was developed for rapid detection of Melanoma-

associated antigen 1 (MAGE-1), a cancer biomarker. The fabrication procedure of immunosensor was 

based on the covalent immobilization of anti-MAGE-1, biorecognition molecule, on ITO electrode by 

carboxyethylsilanetriol (CTES) monolayer. The biosensing MAGE-1 antigen was monitored by using 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) technique. Apart from 

these techniques, single frequency impedance (SFI) was used for investigation of antibody-antigen 

interactions. Scanning electron microscopy (SEM), fourier transform infrared spectroscopy (FTIR), 

atomic force microscopy (AFM) were utilized for characterization of the proposed biosensor. To 

fabricate highly sensitive, good stability immunosensor, some parameters were optimized. Under 

optimal conditions, the developed electrochemical immunosensor for MAGE-1 exhibited a dynamic 

range of 4 fg/mL and 200 fg/mL with a low detection limit of 1.30 fg/mL. It had acceptable 

repeatability (5.05%, n=20) and good storage stability (3.58% loss after 10 weeks). Moreover, this 

electrochemical immunosensor has been successfully applied to the determination of MAGE-1 in 

human serum samples.  

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

carboxyethylsilanetriol 
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1. Introduction 

Melanoma-associated antigen (MAGE) was firstly reported in melanoma cases as a tumour-associated 

antigen [1]. Today it is confirmed that melanoma-associated antigen proteins constitutes a super-

family which comprises more than 60 genes in human. MAGE-I and MAGE-II proteins are the 

subdivided members of this super family [2, 3]. Not only MAGE-I proteins are generally associated 

with testis cancer antigens, but also it has been reported that some MAGE I proteins have important 

functions in particular somatic tissues [4, 5]. Moreover, as recently reported that during the embryonic 

development in spinal cord and brain stem cells, certain MAGE-A members are also expressed [6]. 

From a cancer perspective, in certain cancer types such as breast, ovary, lung, and bladder, it is surely 

known that MAGE-I proteins are highly synthesized [7, 8]. Further, some experiments showed that in 

malignant cancers, MAGE-I has also been expressed. Additionally, determination of MAGE in cancer 

patients can also be attributed to a poor prognosis which supports the idea of contribution of MAGE 

proteins to malignancy [3].   

Electrochemical immunosensors have gained considerable attention owing to their benefits such as 

simple operation, fast and cost-efficient detection and high sensitivity [9]. Due to the advantages of 

convenience, low-cost, fast response, easy operation and high sensitivity, they have been usually 

utilized in several analytical fields [10]. Electrochemical impedimetric immunosensors open the door 

to a large number of different applications based on a platform such as solid electrodes (gold, carbon 

electrodes) and transparent conductive oxides (indium tin oxide (ITO), fluorine doped oxide (FTO)). 

The application of ITO electrodes as working electrode has gained considerable interest owing to their 

unique characteristics such as good optical transparency, high electrical conductivity, wide 

electrochemical working range, excellent substrate adhesion, and stable electrochemical/physical 

features [11-13]. A lot of studies have been carried out to develop ITO based electrochemical and 

optic sensors and biosensors. The immobilization of biorecognition molecules such as antibodies, 

enzymes or DNA probes has been immobilized to ITO electrode via a self-assembled monolayer of 

different silane chemicals such as TESU [14], (3-isocyanatopropyl) triethoxysilane (IPTES) [15], 3-

aminopropyltriethoxy silane (APTES) [16-20], (3-glycidoxypropyl) dimethoxysilane [21], (3-

glycidoxypropyl) dimethoxysilane [10], N-(2-aminoethyl)-3-aminopropyltrimethoxysilane [22], 3-

mercaptopropyl trimethoxysilane (3-MPTMS) [23], 3-aminopropyltrimethoxy silane (APTMS) [24]. 

Apart from this technique, ITO electrodes are prepared to immobilization of biorecognition element by 

using electrochemical deposition [25, 26], Electrophoretic deposition [27, 28], adsorption techniques 

[28-30]. 

The developed biosensors for MAGE-1detection are very scarce and there are commercial ELISA kits 

for MAGE-1 detection. Biosensors represent a potential alternative to ELISAs, and provide probably 
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one of the most promising ways to solve problems concerning simple, fast, reproducible, and cheap 

detection [31]. The cost of such ITO based immunosensor is approximately 0.5 € and the preparation 

step of such immunosensor is easy. But the cost of ELISA kit is approximately 500 €. Furthermore, 

ELISA analysis has several steps and requires a lot of time. A well of ELISA can only be used once 

and it is not suitable for regeneration. ITO based such immunosensor is reusable and it reduces 

analysis cost.    

Herein, for the first time, an impedimetric immunosensor was constructed based on silane based ITO 

electrode with carboxyl end groups for detection of MAGE-1 sensitively. To construct our 

immunosensor, carboxyethylsilanetriol (CTES) was used as a silane etriol molecule, anti-MAGE-1 

antibody was used as recognition biomolecule and ITO was used as a working electrode. Anti-MAGE-

1 antibody was immobilized covalently on the ITO electrode surface through self-assembled 

monolayer of CTES [32]. Characterization of this silanetriol monolayer on ITO surfaces and the anti-

MAGE-1 antibody layer on the ITO electrode surface were performed EIS, cyclic voltammetry (CV), 

fourier transform infrared spectroscopy (FTIR). Microscopic techniques such as SEM and AFM were 

utilized for imaging the electrode surface alterations. The characterization of the electrode interfaces is 

significant and provides good information about the surface features of the immunosensor that has 

crucial importance to obtain a sensitive and reproducible biosensor. Furthermore, the specific 

recognition of MAGE antigens by immobilized anti-MAGE-1 antibodies was characterized by single 

frequency impedance (SFI). SFI technique gives information about the interactions of antibody-

antigen systems [33]. By using EIS technique, the detection range, detection and quantification limits, 

repeatability, reproducibility, stability and practical applicability studies were performed. 

Consequently, the measurements exhibited that our biosensor had sensitive, selective and stabile 

results. 

2. Experimental 

2.1. Reagents and Materials 

All chemicals used were of analytical grade and obtained from Sigma-Aldrich (St. Louis, MO, USA). 

ITO-coated polyethylene terephthalate (PET) films (surface resistivity:60 Ω2, transmittance at 550 nm: 

>79%) were purchased from Sigma Aldrich. Ultra-pure water was used for preparation of phosphate 

buffer and electrolyte solution. Anti-MAGE-1 antibody, MAGE-1 antigen and bovine serum albumin 

(BSA) (0.5%) were prepared by using phosphate buffer (PBS; 50 mM, pH 7.0) were stored at -20 oC. 

A silane etriol compound, carboxyethylsilanetriol (CTES), 1-ethyl-3-(3-dimethyl 

aminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased 

from Sigma-Aldrich. 5 mM K4[Fe(CN)6], K3[Fe(CN)6] in phosphate buffer was used as redox probe. 

2.2. Apparatus 
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Electrochemical experiments such as CV, EIS, and SFI were performed on a Gamry 

Potentiostat/Galvanostat (Reference 1000, Gamry Instruments, Warminster, PA, USA) with a 

conventional three electrode system. The experimental parameters for CV: scan rate 100mVs-1 and 

step size 10 mV. The experimental parameters for EIS: initial frequency 50000 Hz, final frenquency 

0.05 Hz and point 5. The ITO thin film (2*20 mm) was employed as a working electrode while 

platinum wire and Ag/AgCl (3M KCl) served as counter and reference electrode, respectively. The 

reference electrode and counter electrode were produced from BASi (West Lafayette, IN, USA). The 

characterization of the modified ITO thin films was performed by SEM (FEI-Quanta FEG 250 

Model), AFM (NanoMagnetic Instruments, AFM PLUS+). SEM and AFM analyses were carried out 

at 5kV acceleration and with tapping mode. FTIR measurements were performed by using Bruker, 

Vertex 70 ATR (Germany) FTIR equipped with diamond. FTIR spectra in the range 4000–400 cm-1 

were recorded in order to investigate the nature of the chemical bonds formed. The SEM, AFM and 

FTIR measurements were performed at the Scientific and Technological Research Center of NKU 

(NABILTEM). 

2.3. Preparation of Working Electrode 

ITO slices were cleaned with successively by sonication in acetone, soap solution and ultra-pure water 

for 10 min, and then rinsed with ultra-pure water. The cleaned ITO was then dipped into a solution of 

1:1:5 (v/v) H2O2 (30%)/ NH4OH (30%)/ H2O for 90 min. Finally, they were washed with ultra-pure 

water. Before the silanization, the ITO slices were dried by using argon gas. 

2.4. Fabrication procedure of MAGE-1 biosensor 

The hydroxylated ITO electrodes were dipped into a 0.5% solution of CTES in ultra-pure water over 

night at room temperature. After incubation, the ITO slices were washed with ultra-pure water to 

remove the physically absorbed silanes from the ITO electrode surface [10, 14]. The modified ITO 

slices were then dried by using argon gas. Thus, carboxyl groups were formed on ITO electrode. 

These carboxyl groups formed on ITO electrodes were activated by NHS/EDC chemistry [32]. The 

anti-MAGE-1 antibodies were immobilized onto the prepared ITO electrode through the linkage 

between amino groups of antibodies and the active carboxyl groups of CTES SAMs. After incubation, 

the electrodes were washed with ultra-pure water to remove physically absorbed antibodies. 

Subsequently, BSA (0.5%) was used to prevent the non-specific interactions that can be formed in 

detection MAGE-1 step on the modified ITO electrode. The biosensor fabrication strategy is shown in 

Scheme 1. 

3. Results and Discussion 

3.1. Design Strategy of the impedimetric MAGE-1 immunosensor 
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The construction procedure of impedimetric MAGE-1 biosensing electrodes is illustrated in Scheme 1. 

The first step of fabrication procedure was cleaning of ITO slices. This cleaning is significant as 

organic contaminants on ITO surface could affect the response. Before the construction a silane layer 

on ITO electrode, it was hydroxylated. Then, the activated ITO surface was coupled with CTES 

including carboxyl groups on its ends. These carboxyl groups were activated by using NHS as 

coupling agent, EDC as activator [34]. The biorecognition elements, anti-MAGE-1 antibodies, were 

immobilized onto CTES modified ITO electrode through the amide bonds between amino groups of 

antibody and active carboxyl groups of CTES [35]. Then, BSA was blocked the non-specific binding 

sites [36]. Finally, the CTES modified MAGE-1 biosensor was fabricated successfully. Thus, this 

fabricated biosensor was ready for MAGE detection. The construction process of biosensing interface 

was monitored by EIS and CV measurements. 5 mM hexacyanoferrate (II) (ferrocyanide) and 5 mM 

hexacyanoferrate (III) (ferricyanide) were used as redox probe.  

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

biosensor and the detection of MAGE-1 antigen 

FTIR spectra of CTES modified ITO surface and immobilization of anti-MAGE-1, BSA and MAGE-1 

on the ITO electrode surface are shown in Figure 1. As shown in figure 1A, the strong peak observed 

at around 1650 cm−1 is characteristic of the stretching mode νC=O of the carbonyl involved in 

carboxylic acid groups on CTES. The broad band between 3200 and 3600 cm−1 corresponded to the 

νOH vibration and another band assigned to νC−O−H in plane mode were observed at 1422 cm−1 [22, 

37]. Figure 1B shows the FTIR spectrum of the same surface after anti-MAGE-1 immobilization on 

ITO electrode. The observation of broad and intense bands for amide I at ~1655 cm−1 and for amide II 

at ~1525 cm−1 clearly indicates the presence of the amide bonds between anti-MAGE-1 and carboxyl 

groups of CTES [38]. Figure 1C illustrates the FTIR spectrum of the same surface after interaction 

between anti-MAGE-1 and MAGE antigen on ITO electrode. The increment in peak areas at ~1655 

cm−1 and ~1525 cm−1 provided that the increase in amino and carboxyl groups. 

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

EIS, as an efficient technique to monitor the interfacial features of modified ITO slices, was utilized to 

follow the construction process of the ITO electrode. Figure 2A shows the impedance spectra (Nyquist 

plots) of stepwise construction procedure. EIS represents the response of an electrochemical system as 

a function of the frequency including an impedance spectra known as Nyquist plot which can be 

modelled with the Randles equivalent circuit. The circuit displays a semicircle at higher frequencies 

belongs to the parallel double layer capacitance (CdI) and charge-transfer resistance (Rct). The Rct value 

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

to the Warburg diffusion impedance (Zw). The value of Rct depends on the dielectric and insulating 

properties at the electrode/electrolyte interface. So, the diameter (Rct) can be utilized to identify the 
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interface features of the electrode. In sum, Rct derived from the diameter of semicircles. Generally, the 

contribution of diffusion to the overall impedance is smaller than large Rct value. Because chemical 

species is adsorbed at the electrode-solution interface, the Rct value changes [39, 40].  

Figure 2. Nyquist plots and cyclic voltammograms of MAGE-1 biosensor (-▼-▼-: hydroxylated ITO 
electrode, -♦-♦-: ITO/CTES, -●-●-: ITO/CTES/EDC-NHS, -▲-▲-: ITO/CTES/EDC-NHS/anti-
MAGE-1, -■-■-: ITO/CTES/EDC-NHS/anti-MAGE-1/BSA) 

Throughout the formation procedure of silane etriol monolayer, immobilization of the antibody, 

binding of antigen were monitored by using EIS technique via the variation in electron transfer 

resistance. As shown in Figure 2A, impedance values differed in each step of surface modification 

during the fabrication process. The hydroxylated ITO had a small Rct, indicating a small electron 

transfer resistance. After silanization process with CTES, the Rct value increased. It could be attributed 

to the difficult electronic transport at electrode surface interface due to SAM formation. After 

activation of carboxyl groups via NHS/EDC chemistry Rct values increased. The formation of active 

carboxyl groups obstructs the diffusion of redox probe, therefore the Rct value increased. When the 

electrode was conjugated with anti-MAGE-1 antibody, the Rct increased, this indicated that the 

successful immobilization of anti-MAGE-1 antibody on ITO electrode surface. So, an additional 

barrier was formed and it blocked the electron transfer between the redox probe and the ITO electrode. 

Similarly, an increment in the Rct was seen after BSA immobilization on the ITO electrode, owing to 

that BSA prevents the electron transfer on the electrode surface. These obtained results suggested the 

successful fabrication of the biosensor.  

CV is a useful technique to characterize electrodes [41]. As shown in figure 2B, the differences in 

peak current of the Fe(CN)6
-3/-4 redox couple showed the alteration at each step of the surface 

modification of ITO electrode. The hydroxylated ITO had a reversible electrochemical response. The 

modification of ITO surface with CTES presented a decrease in peak current. This result is attributed 

to that non-active carboxyl group causes difficult electron transfer reaction on the electrode surface. 

After activation of carboxyl groups, peak currents decreased due to a repulsive interaction between 

active carboxyl groups and anionic redox couple. Anti-MAGE antibody, which was modified on the 

ITO/CTES/NHS/EDC electrode through the amide bonding interaction between active carboxyl group 

and amino groups of anti-MAGE, caused the blockage of the ITO electrode surface for 

oxidation/reduction of the redox couple. After blocking active sides of electrodes with BSA, peak 

currents values decreased owing to insulating character of BSA protein. In detection step, interaction 

between anti-MAGE antibody and MAGE antigen increased diffusion barrier and decreased the peak 

current values. 

3.2. Surface Characterization of Modified Electrodes by SEM and AFM 
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The surface morphology of ITO slices was clarified by using SEM (Figure 3) and AFM (Figure 4). 

The alteration of electrode surface and formed functional layer can be monitored by using SEM and 

AFM. In SEM measurements, after hydroxylation step, ITO had uniform surface (Fig 3A). Fig 3B 

shows that the surface morphology of CTES modified electrode is clearly different from that of 

hydroxylated ITO electrode. Furthermore, the CTES film on the ITO electrode was dense and 

homogenous with a few globular aggregates. The formation of CTES monolayer displayed that the 

electrode surface was changed. The SEM image of ITO/CTES/NHS/EDC electrode displays smooth 

surface (Fig. 3C). After immobilization of anti-MAGE antibody on ITO/CTES/NHS/EDC electrode, a 

well coverage of the anti-MAGE antibodies on the electrode are seen in Fig 3D. After BSA blockage, 

island-like morphology was seen on ITO electrodes (Fig. 3E). The interaction between MAGE and 

anti-MAGE, is shown in Fig. 3F. All the SEM images demonstrate that the covalent coupling of CTES 

onto the ITO electrode was performed successfully and it is suitable material for immobilization of 

antibody on ITO surface.  

Figure 3. SEM images of proposed ITO immunosensor 

AFM images were recorded to monitor the morphological differences of the electrode surface obtained 

after each modification step. Hydroxylated ITO includes grains with an area roughness of 3.69 nm and 

a root mean squre (rms) roughness of 4.56 nm on a 5 x 5 µm scale. The AFM images illustrated that 

the hydroxylated ITO (Fig. 4A) had a uniform and homogenous surface. However, the ITO/CTES 

electrode showed that the CTES molecule was distributed homogenously and the roughness height 

increased (Fig. 4B). CTES modified ITO electrode includes grains with an area roughness of 5.43 nm 

and an rms roughness of 6.85 nm on a 5 x 5 µm scale. This arrangement provides the CTES SAMs 

with carboxyl groups to serve as a template for chemical anchoring of protein or several molecule 

layer. Figure 4C demonstrates the surface morphology of anti-MAGE-1 α antibody immobilized onto 

the surface of CTES modified ITO. As seen in figure 4C, anti-MAGE-1 antibody had globular 

structure due to its protein nature. The image provided that the CTES modified ITO could succeed in 

serving as a template for immobilization of anti-MAGE-1 antibody. This is important for the 

sensitivity and the reproducibility of biosensor. Anti-MAGE-1 α modified ITO electrode includes 

grains with an area roughness of 71.18 nm and an rms roughness of 98.32 nm on a 5 x 5 µm scale. 

After blocking reactive carboxyl ends of CTES with BSA, the electrode surface transformed into a 

heterogeneous globular-like structure, with an increase in thickness. Thus, a highly uniform 

immunoelectrode surface was constructed (Figure 4D). BSA modified ITO electrode includes grains 

with an area roughness of 4.06 nm and an rms roughness of 17.00 nm on a 5 x 5 µm scale. As seen 

figure 4E, the interaction between anti-MAGE-1 and and MAGE-1 caused an increase in roughness 

height and an increase in thickness, that indicate successful interaction between and antigen. Also, 

after the interaction, modified ITO electrode includes grains with an area roughness of 70.29 nm and 

an rms roughness of 92.31 nm on a 5 x 5 µm scale.  
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Figure 4. AFM images of immobilization steps of developed immunosensor 

3.3 Optimization experiments of biosensor 

Optimization stages are significant and necessary for fabrication of sensitive, stable, repeatable and 

reproducible biosensor. Therefore, the utilized amount of CTES, antibody concentration, antibody 

incubation time and antigen incubation time were optimized. 

The modification of ITO electrode with CTES is a significant step for immobilization of anti-MAGE 

antibodies onto ITO electrode surface. For this reason, three different CTES concentrations (0.25%, 

0.5% and 0.75%) were tried. The signal of 0.25% and 0.75% CTES concentrations were similar. 

Because of this, the signal 0.5% concentration was higher than these of two concentrations and 0.5% 

concentration was chosen as the optimal. The calibration graphs belonging to CTES concentration 

optimization steps are illustrated in Figure SI-1. 

The next optimization stage was anti-MAGE antibody concentration required to form biosensing 

layer. To fabricate a sensitive biosensor, this stage was very important. Because of this, 3 different 

concentrations (5.5 ng/mL, 11 ng/mL, 33 ng/mL) were used. An increment in antibody concentration 

caused a bit increase in signal. However, the signals obtained from these concentrations were similar. 

Therefore, 5.5 ng/mL anti-MAGE concentration was chosen as optimum amount. The calibration 

graphs belonging to antibody concentration optimization steps are illustrated in Figure SI-2. Other 

optimization step was incubation period of CTES modified ITO in PBS solution containing anti-

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

The studied incubation times are 30 min, 45 min and 60 min. Both of three incubation periods had a 

similar signal, because of this 30 min was chosen as optimum (Figure SI-3). The concentrations of 

MAGE antibody and incubation period of anti-MAGE-1 antibody were optimized successfully.  

The last optimization parameter was the antigen (MAGE-1) incubation time. Therefore, the fabricated 

immunoelectrodes were immersed PBS solution containing MAGE-1 in different times (30, 45, 60, 75 

min). The short incubation period (30 min) was insufficient to bind MAGE-1 antigens to their 

antibodies. At high MAGE-1 antigen concentrations, the longer incubation periods (60 and 75 min) 

caused a decrease in signal (Figure SI-4), that could be orginated from a surface damage on the 

modified ITO electrode. Consequently, 45 min was chosen as the incubation period for MAGE-1 

protein (Figure SI-4).   

3.4. Analytical studies of the biosensor 

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

experiments were studied. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

Firstly, linear range of MAGE biosensor was determined. The calibration curve of MAGE biosensor 

was constructed by using impedimetric responses, electron transfer resistance, which was estimated by 

the equation: 

∆Rct= Rct(MAGE-1)-Rct(BSA) 

Where Rct(MAGE-1) is the value of the electron transfer resistance after MAGE-1 was coupled onto 

ITO electrode, Rct(BSA) is the value of electron transfer resistance after BSA blocking the free active 

carboxyl groups on the ITO electrode. 

Figure 5. (A) Nyquist plots and (C) cyclic voltammograms of MAGE-1 biosensor with different 

concentrations of MAGE-1 antigens, (B) calibration curve of MAGE-1 biosensor 

Fig. 5 represents the CV voltammograms and Nyquist plots belong to the immunosensors after 

incubation in increasing concentrations of the MAGE-1 antigen. The changes of the ∆Rct was utilized 

as a response of the interaction between the anti-MAGE-1 antibody and MAGE-1 antigen. The 

diameter of Nyquist circle increased with increment MAGE-1 antigen levels (Fig. 5A). The reason of 

this increment was the binding of more antigens to immobilized antibodies. The ∆Rct was drawn 

versus the MAGE-1 antigen concentration to attain a calibration plot (Fig. 5B). The range of 

sensitivity was monitored between 4 fg/mL and 200 fg/mL and limit of detection (3*Sblank/m) was 1.30 

fg/mL and limit of quantification (10*Sblank/m) was 3.90 fg/mL with a coefficient of 0.98%. In this 

equation, Sblank is the signal of blank sample and m is the slope [42]. In contrast to the impedance 

curve there is a decrease at peak currents in CV voltammograms during the increment of MAGE-1 

concentrations (Fig 5C). An increase of the MAGE-1 concentration formed an insulator protein layer 

on ITO surface, thus the peak currents were decreased. Consequently, a gradual increase in MAGE-1 

concentration caused a gradual increase in Rct (semicircle diameter) and a decrease in peak values. 

To investigate the analytical performance, another method, square wave voltammetry (SWV) was 

performed to support CV and EIS results. The low concentration of MAGE-1 concentration had a high 

peak. An increase in MAGE-1 concentration caused a decrease in peak currents. Also, the variation 

between BSA and MAGE-1 concentration peak increased. This leads to a linear increase in MAGE-1 

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

In this study, SFI was applied to monitor the interactions between antigen-antibody systems [33]. Few 

studies can be found in the literature for this purpose. The principle of this technique is based on the 

variations on the surface and kinetic parameters during the interaction at a fixed frequency. These 

variations are recorded in impedance values versus time at a fixed frequency [43]. In this study, 

working frequency was chosen as 45 Hz by using Bode Plot. The total measurement time was 30 min, 

which was optimum binding period. The green curve illustrates the change of impedance as a function 
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of time. The pink curve illustrates the phase angle and charge transfer results from the interaction 

between the MAGE-1 antigen-anti-MAGE-1 antibody (Figure 6).   

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

Kramer’s Kronig transform is used to monitor whether the biosensors are affected from the external 

factors. The principle of this method is based on estimation of reel part of impedance data by using 

imaginative part or calculation of imaginative part by using reel part [32, 44, 45]. The goodness of fit 

values for different biosensor surface are illustrated in Table 1. The plots of the Kramers–Kronig 

Transforms are displayed in Figure SI-6. 

Repeatability, reproducibility and stability are three important parameters for evaluation of 

immunosensor fabricated for analytical purposes. The repeatability of the immunosensor was analyzed 

at MAGE-1 concentration of 80 fg/mL with 20 different ITO electrodes, which were prepared in same 

conditions. By these repeatability examinations, the correlation coefficient, average value and standard 

deviation 5.54%, 80.6 fg/mL and 4.467 fg/mL, respectively. The reproducibility of the fabricated 

MAGE-1 biosensor was investigated by constructing different immunosensors (10 MAGE-1 

calibration curves were drawn by using 80 disposable electrode) to detect MAGE-1 independently. All 

of these biosensors displayed the same linearity in the range between 4-200 fg/mL for MAGE-1. The 

relative standard deviations were also calculated by using the slopes of the linear equations attained 

from these immunosensors as 5.05%. These results showed that the MAGE-1 immunosensor have an 

acceptable fabrication reproducibility in MAGE-1 detection. The stability of the developed biosensor 

was analyzed by measuring its impedance response to MAGE-1 each week. After 10 weeks only 

3.58% loss was seen on the impedance signal (at 80 fg/mL), proving the excellent stability of the 

immunosensor (Figure SI-7).  

The regeneration ability of the electrochemical immunosensor is important for the sensor applications. 

To test reusability of biosensor, the linkage between anti-MAGE-1 antibody and MAGE-1 antigen was 

broken under acidic conditions (0.1% HCl in ultra-pure water). In brief, the biosensor was regenerated 

after incubating the used electrode in the solution of 0.1% in HCl in ultra-pure water for 5 min to 

remove MAGE-1 antigen from the anti-MAGE-1 antibody, as acid broke this affinity interaction. 

After four regeneration step, biosensor had 93% of its initial activity. At the end of fifty regeneration 

step, biosensor got damaged (Figure SI-8). This obtained result is important because the reusability 

decreases the cost of biosensor. 

For a biosensor, one of the most significant analytical parameters is the selectivity towards the target 

analyte. To test selectivity of the proposed biosensor, interface materials such as different biomarkers 

(Sex-determining region Y-box 2 (SOX2), Receptor for Activated C Kinase (RACK1), Tumor 

necrosis factor α (TNF α)) and drugs (ampicillin, ciprofloxacin, amoxicillin) were added PBS solution 

containing MAGE-1 antigen and without MAGE-1 antigen. As seen figure SI-9, the interface 
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materials did not affect the biosensor signal. Furthermore, five human serum samples (supplied by 

Namık Kemal University Faculty of Medicine) were analysed to prove the practicality and selectivity 

of the biosensor. The obtained results are given in Table1. Apart from our biosensor these five 

different human serum samples were examined by using enzyme linked immunosorbent assay 

(ELISA) method. The detection range of this ELISA kit was in the range of 0.625-40 ng/mL. The 

results were attained by using the new developed immunosensor was in agreement with that of the 

ELISA results, that indicates our immunosensor can be apply to serum samples. 

4. Conclusion 

In conclusion, we reported a novel MAGE-1 electrochemical immunosensor based on ITO electrode. 

The principle of this immunosensor was based on sensing the interaction between anti-MAGE-1 

antibody and MAGE-1 antigen by electrochemical impedance spectroscopy. This study illustrated that 

CTES modified ITO had carboxyl end groups for the immobilization of antibody molecules. And 

antibody molecules including amino groups bound carboxyl groups of CTES via amide bond.  This 

well designed immunosensor displayed a low detection limit of 1.30 fg/mL as well as wide linear 

range from 4 to 200 fg/mL for MAGE-1 detection. Besides, the proposed immunosensor showed 

excellent analytical performance for the measurement of MAGE-1 in human serum samples. The 

practical utility of the developed immunosensor was proved by spiking known concentrations of 

MAGE-1 antigen in the human serum samples. This developed MAGE-1 biosensor has the promise 

for potential applications in clinical diagnosis. Our immunosensor displays high specificity, 

sensitivity, good reproducibility and long stability. 
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Immobilization Scheme. Schematic diagram of the fabrication of the impedimetric MAGE-1 

biosensor and the detection of MAGE-1 antigen 

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

Figure 2. Nyquist plots and cyclic voltammograms of MAGE-1 biosensor (-▼-▼-: hydroxylated ITO 
electrode, -♦-♦-: ITO/CTES, -●-●-: ITO/CTES/EDC-NHS, -▲-▲-: ITO/CTES/EDC-NHS/anti-
MAGE-1, -■-■-: 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 immunosensor 

Figure 5. (A) Nyquist plots and (C) cyclic voltammograms of MAGE-1 biosensor with different 

concentrations of MAGE-1 antigens, (B) calibration curve of MAGE-1 biosensor 

Figure 6. SFI spectra obtained from anti-MAGE-1 antibody and MAGE-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 

(ng/mL) 

Found by 

biosensor (ng/mL) 

% Relative 

difference 

Added 

MAGE-1 

(ng/mL) 

Total 

found by 

biosensor 

Recovery 

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 of the biosensor 

ITO/ OH 11.22 

ITO/ OH/CTES 2.605 

ITO/ OH/CTES/EDC-NHS 2.798 

ITO/ OH/CTES/EDC-NHS/Anti-MAGE-1 1.324 

ITO/ OH/CTES/EDC-NHS/Anti-MAGE-1/BSA 3.821 

ITO/ OH/CTES/Anti-MAGE-1/BSA/MAGE-1 0.62 
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