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ABSTRACT 

In present study, we developed a highly sensitive, electrochemical immunosensor based on 

fullerene C60-modified disposable graphite paper (GP) electrode for determination of 

Suppression of Tumorigenicity 2 (ST2) in human serum. The synthesis of the ST2 

immunosensor was monitored with electrochemical impedance spectroscopy (EIS), cyclic 

voltammetry (CV) techniques and single frequency impedance (SFI) technique which is 

utilized for the specific interaction between anti-ST2 and ST2 antigen. Moreover, the 

morphological alteration of each GP surface was examined by scanning electron microscopy 

(SEM), SEM-energy dispersive X-ray spectroscopy (EDX) and atomic force microscopy 

(AFM). All parameters such as fullerene C60 concentration, antibody concentration and 

antibody incubation time were optimized. Analytical characteristics such as linear 

determination range, repeatability, reproducibility, regeneration and surface coverage were 

determined for the immunosensor. The ST2 electrochemical immunosensor had excellent 

repeatability, reproducibility and a wide detection range (from 0.1 fg mL-1 to 100 fg mL-1). 

The proposed immunosensor also had low limit of detection (LOD) and limit of quantification 

(LOQ) values of 0.124 fg mL-1 and 0.414 fg mL-1, respectively. The proposed immunosensor 

was applied to real samples to test applicability in clinical practice. 

Keywords: Graphite paper (GP), Suppression of Tumorigenicity 2 (ST2), biosensor, 

cardiovascular disease. 
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1. Introduction 

ST2 is a member of an interleukin-1 receptor family with trans-membrane (ST2L) and soluble 

(sST2) isoforms. ST2L is a membrane-bound isoform with 3 extracellular IgG domains, a 

single trans-membrane region, and an intracellular domain. sST2 is devoid of trans-membrane 

and intracellular domains [1]. ST2L and sST2 are produced by alternating promoter chains 

[2]. Although interleukin-33 is known before, the pathophysiological role of ST2L is not fully 

understood. It is defined as a functional ligand of ST2L [3]. It is claimed that interleukin-

33/ST2L signaling functions are an important cardioprotective mechanism protecting the 

myocardium under mechanical overload, in addition to functions in several tissues [4]. Sepsis 

and consecutive multiorgan failure/dysfunction syndrome (MOF/MODS) are associated with 

poor symptoms and septic shock is the most common cause of death in intensive care units 

[5]. The immunological cascade of the sepsis response leads to increased T-cell apoptosis, 

lymphopenia, and altered T-lymphocyte subpopulations [6]. The specific type of immune 

response is determined by the differentiation of T helper (Th0) cells to Th1 or Th2 cells. 

Furthermore, Th2 antibody-mediated immune responses appear dominant in sepsis [7, 8]. In 

addition, ST2 proteins called T1, Fit-1, and DER4 are new Th2-specific products. Three 

different types of gene products belonging to ST2 are cloned as soluble ST2 (ST2), trans-

membrane receptor form (ST2L) and variant form (ST2 V) of ST2 [9, 10, 11]. ST2 encodes a 

rare receptor of the Ig superfamily and the ST2 gene is firmly bound to genes encoding IL-1 

receptor type I and type II on the human chromosome [12, 2, 13]. According to the Human 

Gene Nomenclature Database, interleukin-1 receptor-like-1 (IL1R1) represents soluble ST2. 

IL1RL1-a is soluble ST2 receptor and IL1R1-b is ST2L [14]. ST2 genes are preferably 

expressed on activated Th2 cells instead of Th1 cells and play an important role in Th2 

effector functions [15] characterized by elevated expression of IL-4, IL-5 and IL-13 cytokines 

[15, 16, 17]. The serum ST2 protein concentrations increase in fibrosis, various autoimmune 

diseases, and idiopathic pulmonary disease [18, 19]. 

ST2 is a very important potential biomarker for the early diagnosis of cardiovascular diseases 

and it provides prognostic information in low-risk community-based populations[20]. 

Moreover, sST2 has determined in the serum of patients immediately after acute myocardial 

infarction. The situation suggests that ST2 is rapidly and transiently induced in humans and 

that soluble ST2 is chronically increased in patients with heart failure [21]. Also, higher sST2 

levels are also associated with an increased risk of unfavorable left ventricular remodeling 

[22]. Additionally; ST2 is predicted to function as a decoy receptor counteracting the positive 
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effects of interleukin-33 binding to the membrane bound receptor isoform of ST2L [23]. All 

these critical roles of ST2 clearly reveal the need for a practical, economical and most 

importantly sensitive biosensor that can determine its level in serum for early detection. 

Cardiovascular diseases (CVD) are one of the main causes of death globally. These diseases 

include non-rhythmic heart, failure of blood vessels, acute myocardial infarction, coronary 

failure and many other cardiovascular diseases [24]. The World Health Organization (WHO) 

reported that the deaths of 20 million people (approximately, 31% of all global deaths) were 

related to cardiovascular disease in 2015 [25]. CVD is generally caused by malnutrition, 

smoking habits, drug habits, alcohol use, excessive stress, and the lifestyle of the person [26]. 

Biosensor systems developed for early detection of these diseases play a critical role with 

many different effects. The early detection of CVD is crucial for clinical diagnosis of people 

with this disease or who are at risk. 

Graphite paper electrode has the excellent flexibility and roughness surface, electrochemical 

energy conversion and storage devices, such as redox, are very useful as they enable a wider 

use of batteries [27], microbial fuel cells [28] and super capacitor. Moreover, this excellent 

material has very advantages for developing immunosensor systems such as low-cost, high 

electrical conductivity and practical immobilization methods [29, 30]. 

Fullerenes have unique electronic and chemical properties [31]. Molecular engineering has 

enormous potential power for new molecular materials and supramolecular chemistry [32]. 

Many examples of fullerene derivatives used in medical applications or nanotechnology have 

been synthesized for a long time with promising developments. Fullerene C60 has a broad 

range of charming properties such as super conductivity, mechanical strength, thermal 

stability etc. But application of such enormous properties of fullerene C60 has been majorly 

frustrated owing to the inadequate workability of fullerene C60 [33, 34, 35]. In recent years, 

there has been an increase in the development of fullerene C60 modified biosensors due to 

these advantageous properties. However, in many studies, it is seen that biosensors designed 

as fullerene C60 modified have a detection range that can measure at high concentration 

concentrations (at uM and nM levels, e.g)  [36,37,38]. This is a problem in biosensor systems 

developed for biomarkers that can be detected at lower concentrations. A solution to this 

problem would be to design a fullerene C60-modified biosensor capable of measuring at lower 

concentrations. 
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In this study, a biosensor system with disposable electrodes and several electrochemical 

techniques was designed to determine ST2 which is important as a potential biomarker for 

early detection of cardiovascular diseases. This novel electrochemical biosensor system  

developed with GP electrodes represents a practical, low-cost and sensitive method of 

analysis to determine ST2, using the EIS technique for the first time. Electrochemical 

impedance spectroscopy, cyclic voltammetry, square wave voltammetry and single frequency 

technique were utilized for immobilization, optimization and characterization studies when 

designing the biosensor. SEM was used to monitor the morphological changes of the surface 

during the immobilization step. The clinical potential of the proposed immunosensor was 

investigated by analyzing real serum samples with standard addition method. It was observed 

that the biosensor system developed for detection of cardiovascular diseases has very high 

sensitivity, excellent reproducibility and reusability capacity, long shelf life and high 

sensitivity for the analysis of serum samples. The analytical comparison of the designed 

biosensor with the various ST2 sensors reported in the literature is given in Table 1. 

Table 1 

2. Experimental  

2.1. Materials 

All chemicals (Fullerene C60, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), N-

hydroxysuccinimide (NHS), sulfuric acid (H2SO4, 95-98%), toluene (99.8%)), and 

biorecognition materials (ST2 antibody, ST2 antigen and BSA (bovine serum albumin) 

protein) were purchased from Sigma-Aldrich (St. Louis, M.O., USA). Graphite paper (GP) 

sheets (thickness: 0.3±0.01 mm, size: 210 mm x 210 mm, 3 mΩ/ cm2) were purchased from 

Xiamen Tob New Energy Technology (Co. Ltd, Fujian, China). Reference electrode and 

counter electrode were purchased from BASi (West Lafayette, IN, USA). The whole proteins 

were formed by using a phosphate buffer (50 mM, pH 7.0) and kept at -20 °C until use. Also, 

5 mM [Fe(CN)6]
4/5 mM [Fe(CN)6]

3 (1:1), which is a redox probe solution containing 0.1 M 

KCl, was prepared with ultra-pure water. In this study a three-electrode system with Ag/AgCl 

(saturated with KCl) as a reference electrode, a platinum wire as a counter electrode and 

disposable GP electrode as a working electrode (5 mm x 20 mm, 3 mΩ/ cm2) were used. 

Clinical human serum samples were obtained from Çanakkale Onsekiz Mart University 

Hospital. 
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2.2. Instruments 

All electrochemical impedance, cyclic voltammetry and square wave voltammetry analyses 

were performed with Gamry Potentiostat/Galvanostat (Reference 600, Gamry Instruments, 

Warminster, PA, USA) connected with a computer via EChem Analyst software throughout 

the entire study. PURELAB flex 3 & 4 Ultrapure Water Purification System (ELGA LC 134 

model) was used for ultra-pure water during all preparation stages of the proposed 

immunosensor. The surface morphologies of GP electrodes were examined through 

monitoring with a thermal field emission scanning electron microscope (JEOL JSM-7100F 

model). EDX spectra were measured using the detector in the Oxford Instrument X-Max 

brand-model. AFM images were measured using WITEC ALPHA 3100R model. The SEM, 

EDX and AFM measurements were carried out at the Science and Technology Application 

and Research Center of Çanakkale Onsekiz Mart University (ÇOBİLTUM). To obtain the 

SEM images, 5 kV was used as acceleration voltage.  

2.3. Construction of the proposed immunosensor  

The proposed immunosensor was fabricated by using disposable GP electrodes. First of all, 

the electrodes were cleaned in ethanol and ultra-pure water (18.2 MΩ deionized) with the help 

of an ultrasonic bath for 5 min, respectively. Thereafter, the GP electrodes were coated with 

fullerene C60 solution (in toluene) and carefully dried with pure argon gas. To disturb 

carboxyl groups on the electrode surface, it was incubated with H2SO4 solution (0.018 M, v/v) 

overnight in darkness. After the H2SO4 process, the EIS and CV measurements of the GP 

electrodes were taken and they were incubated in EDC/NHS (0.4 mM; 0.1 mM) which was 

prepared in phosphate buffer (pH 7.0) for 1 h. In the next step, anti-ST2 antibodies were 

immobilized onto the GP electrode surface. For this process, the electrodes were immersed in 

anti-ST2 solutions at room temperature for 60 min. Then, BSA protein (0.5 %, w/v) was 

utilized as a blocking agent in order to inhibit non-specific interactions on the GP electrode 

surface. In the last step, the proposed immunosensor was prepared to detect ST2 antigen. 

After all immobilization steps of the proposed immunosensor, GP electrodes were washed 

with ultra-pure water and dried with argon stream. Meanwhile, all electrochemical processes 

were completed at 25 °C. The construction steps of the proposed immunosensor are presented 

in Scheme 1. 
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Scheme 1. The immobilization scheme of the ST2 immunosensor. 

2.4. Principle of measurement for the proposed immunosensor  

The electrochemical impedance spectroscopy and the cyclic voltammetry were used for all 

immobilization steps of the proposed immunosensor. The CV measurements were carried out 

in a potential range (-0.5 V to 1 V; step size: 10 mV; scan rate: 100 mVs-1) with KCl (0.1 M) 

and K3[Fe(CN)6]/K4[Fe(CN)6] (5mM, 1:1) solution as a redox probe. Electrochemical 

impedance measurements were carried out at 10.000 Hz – 0.05 Hz frequency range. Square 

wave voltammetry measurements were performed in the potential range (-0.2 V to 0.7 V; 

frequency: 25 Hz; pulse size: 25 mV; equil. time: 2 s).  

2.5. Real serum analysis of the proposed immunosensor 

The proposed immunosensor was applied to real human serum samples. This study was 

performed by preparing three GP electrodes for different ST2 concentrations (5 fg mL-1 and 

50 fg mL-1). These GP electrodes were prepared from the serum samples of 5 different 

individuals and the study was carried out by the standard addition method. The standard 

addition method was performed by making necessary dilution procedures (1000-fold dilution) 

[39] with phosphate buffer (0.05 M, pH 7.4) in accordance with the determination range of 
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ST2 in human serum. The relative standard deviation (RSD) and the recovery values were 

calculated using equations obtained from the calibration graph of the immunosensor (Table 

2).  

Table 2 

3. Discussion and Results 

3.1. Direct electrochemistry of ST2 immunosensor on modified GPs 

Electrochemical impedance spectroscopy and cyclic voltammetry are efficient techniques to 

research the immobilization on electrochemical immunosensors. The EIS technique is utilized 

with a Randless equivalent circuit which involves the charge transfer resistance (Rct), the 

solution resistance (Rs), the constant phase element (CPE) and Warburg impedance (W). The 

diameter of the semicircle of the EIS data corresponds to the Rct value in the Nyquist plot 

[40]. First, the immobilization steps of the ST2 immunosensor were examined with the help 

of the EIS technique. Fullerene C60 nanomaterial was found to form a more stable carbon 

surface in the immobilization process of the proposed immunosensor. This nanomaterial was 

formed by a perfect configuration of carbon atoms which aided in creating a more 

homogeneous surface. The fullerene C60 should be in solution for chemical modification [41]. 

Therefore, it was solubilized in pure toluene [42] and incubated for the immobilization of the 

carbon atoms. The bioelectrochemical redox behavior of the fullerene C60 was monitored as a 

signal increase in Fig.1A. After the cleaned electrode surface was coated with fullerene C60, 

the Rct value of the EIS signal clearly increased (Fig.1B). Then, the GP electrodes were 

incubated to quantitatively increase the carboxyl groups on the surface with H2SO4 solution 

overnight. This incubation caused a decrease in the Rct value. This may be due to the increase 

in diffusion resulting from the homogeneous layer coated with fullerene C60 being degraded 

by acid treatment and the increase in the porous structure of the electrode surface. The 

EDC/NHS couple which is a cross-linker was used to activate carboxyl groups on the GP 

surface. After this reaction, the Rct value also decreased after activation with EDC / NHS due 

to neutralization of the negative charge of the surface-bound -COOH groups. Moreover, the 

EDC/NHS provided surface immobilization of the anti-ST2 thanks to crosslinking between 

carboxylic acid groups of H2SO4. After anti-ST2 immobilization, the EIS signal increased 

gradually. The BSA blockage agent (0.5%, w/v) was used to inhibit non-specific interactions 

in the last step of immobilization. After the BSA incubation, the EIS signal significantly 

increased due to decreasing electron transfer on the insulating electrode surface. 
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In addition to the EIS technique, measurements were taken with the CV technique to support 

the accuracy of the results. As seen in Fig.1C, after the cleaning procedure, the bare GP 

electrode had regular peak currents (Cathodic peak current=846.5 μA, Anodic peak current 

=881.7 μA). When the surface of the GP electrode was further coated with fullerene C60 

nanomaterial, the peak potentials of the GP/Fullerene C60 decreased (cathodic peak 

current=358.4 μA, anodic peak current =336.5 μA), obviously. The reason for this difference 

is that the electrode surface layer is insulated with the fullerene C60. Immediately after the 

acid treatment, the peak currents were seen to be slightly higher than fullerene C60 from the 

previous step (cathodic peak current=479.4 μA, anodic peak current =480.5 μA) and they 

were further increased by EDC/NHS treatment (cathodic peak current=522 μA, anodic peak 

current =597.7 μA). When the antibody immobilization step is carried out, the cathodic peak 

current as an indicator of insulation was calculated as 519.3 μA and the anodic peak current 

was 554.2 μA. In the final step of the immobilization, the peak currents decreased in the same 

way after BSA protein was used to block non-specific sites (cathodic peak current=453 μA, 

anodic peak current =454.7 μA) (Fig.1C). 

Figure 1 

3.2. Morphological Characterization of ST2 immunosensor  

SEM images for each of the immobilization steps were taken to examine the morphological 

changes occurring on the surface. The SEM images of ST2 biosensor are given in Fig.2. The 

first image belongs to the clean electrode surface (Fig.2A). There is no heterogeneous 

appearance on the surface where immobilization process was not generated. Fig .2B shows 

the SEM image after the surface was modified with fullerene C60. In this image, the presence 

of fullerene C60 molecules is very clear. This image, reminiscent of a cobweb woven with 

nanowires, proves that the fullerene C60 is adsorbed onto the surface. Fig.2C presents the 

electrode surface after incubation with H2SO4 overnight. In Fig.2C, a morphological image 

similar to the structures dispersed on the electrode surface was observed after acid treatment. 

The SEM image in Fig.2D belongs to the EDC/NHS crosslinker. This image also has a 

completely different morphology from the previous surface. The reason for this 

morphological change is thought to be the carboxyl groups activated by EDC/NHS. Fig.2E 

illustrates the electrode surface after anti-ST2 immobilization. It is thought that the folded 

structures, which appear quite dense on the surface, are formed after the immobilization of the 

antibody. The image seen in Fig.2F belongs to the BSA blocking step. The structures 
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appearing among the nanowire-like structures were observed on the surface after BSA 

treatment. Finally, Fig.2G presents the electrode surface image belonging to the ST2 

biomarker. This image, which is reminiscent of a flowering branch, was observed after the 

ST2 protein was incubated on the electrode surface. 

Further characterizations of bare GP electrode surface and GP electrode surface were 

performed with SEM-EDX with elemental mapping measurements (Fig. 2H and 2J).. As 

illustrated in Fig. 2K, after the ST2 immobilization, GP surface had carbon (C), oxygen (O) 

and nitrogen (N) elements. These results were consistent with the literature. The carbon 

element (red) was observed in Fig. 2I and the carbon element of carboxyl groups was onto the 

graphite paper surface. The ratio of carbon element in EDX analysis was 87.4 %. 

Additionally, the oxygen (blue) and nitrogen (green) were also observed in Fig.2I and the 

ratio of oxygen and nitrogen elements in EDX analysis was 10.2 % and 2.4 %, respectively. It 

is obvious that a layer of successfully immobilization was assembled onto the GP surface.  

Morphological characterization of the ST2 immunosensor was also confirmed by AFM 

analyses. Fig.S2 illustrates the surface images of GP electrodes after every immobilization 

stage. It can be seen from Fig.S2A, GP electrode surface was smooth. AFM image (Fig. 2A) 

also supported the SEM image. The surface roughness value was measured as 637.5 nm after 

fullerene C60 modification. After H2SO4 immobilization, the morphology of the fullerene C60 

modified GP electrode was diversified. As observed in Fig. S3E, anti-ST2 antibodies were 

clearly visible on the GP electrode surface. The surface roughness of anti-ST2 attached GP 

electrode increased to 531.1 nm (Fig. S3E). After elimination of free epoxy groups with BSA 

coupling agent, the surface roughness was decreased (Fig. S3F) and the surface roughness of 

GP/fullerene C60 /H2SO4/EDC-NHS/anti-ST2/BSA electrode was 462.3 nm. Fig. S3G 

demonstrated the successful immobilization of ST2 antigen on the GP surface. The surface 

roughness of GP/fullerene C60 /H2SO4/EDC-NHS/anti-ST2/BSA/ST2 electrode was 15.16 nm 

(Fig. S3G). This increase in surface roughness value demonstrated that the ST2 antigen was 

successfully immobilized on the GP surface. The results of SEM and AFM characterizations 

were in accordance with electrochemical characterization techniques. 

Figure 2 

3.3. Optimization Steps for ST2 immunosensor 

3.3.1. Optimization studies of fullerene C60 nanomaterial 
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The optimization studies of the proposed immunosensor were carried out for each parameter. 

In order to investigate the effect of the amount of fullerene C60 on the biosensor, all other 

parameters were kept constant and the biosensors were prepared with different concentrations 

of fullerene C60. First, the amount of fullerene C60 was optimized by using three different 

concentration values (0.2 mg mL-1, 0.4 mg mL-1 and 0.8 mg mL-1) prepared in toluene 

solution. The biosensors were prepared with these concentrations of fullerene C60 and 

standard graphics for the ST2 biosensor were obtained. Fig.S1 displays the optimization result 

for the amount of fullerene C60. First of all, a biosensor was prepared by using 0.2 mg 

fullerene C60. Then, the amount of fullerene C60 was increased and the biosensor was prepared 

by using 0.4 mg fullerene C60. When the graphs in Fig.S1A were examined, it is seen that 

higher signals were obtained by increasing the concentration of fullerene C60 (from 0.2 

mg/mL to 0.4 mg/mL). Accordingly, the concentration of fullerene C60 was further increased 

(0.8 mg/mL). However, by using more concentrated fullerene C60, the homogenous layer 

could not be formed on the surface and adsorption could not be achieved. Thus, the EIS 

signals decreased. For this reason, 0.4 mg mL-1 was chosen as the optimum concentration of 

fullerene C60. The standard graphs for this optimization step are shown in Fig.S1A.  

When developing a biosensor, it is necessary to determine the optimum incubation times for 

the agents used for the surface modification because these periods directly affect the 

immobilization process. In this study, the electrodes were incubated with fullerene C60 for 

different periods (30 min, 60 min and 120 min). Then, the EIS and the CV measurements 

were performed. It was observed that incubation of the GP electrodes with fullerene C60 

nanomaterial for 30 min was not sufficient for a good immobilization process. Fullerene C60 

nanomaterial which is holding onto the surface by adsorption, could not form a suitable layer 

for immobilization for 30 min. Put it differently, it could not form enough carboxyl groups on 

the surface. Also, the incubation period of 120 min caused some deterioration. For this reason, 

the fullerene, which remained on the electrode surface for too long and negatively affected the 

activity of carboxyl groups. Based on these results, the incubation period of fullerene C60 

nanomaterial was chosen as 60 min. The standard graphs belonging to the incubation periods 

of fullerene C60 are shown in Fig.S1B.  

3.3.2. Determination of optimum H2SO4 acid concentration 

After modification of the GP electrode surfaces with the fullerene C60 nanomaterial, the 

electrodes were allowed to incubate with H2SO4 solution overnight. Since the fullerene C60 
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nanomaterial has a very stable and regular structure, this optimization step is very important 

to expose the carboxyl groups on the GP electrode surface. For this purpose, 4 different 

concentrations of H2SO4 solution (5%, 10%, 25% and 50%) were used to investigate the 

effect of acid concentration on the proposed biosensor. The biosensors were prepared using 

each indicated acid concentration and EIS and CV measurements were performed. In this 

optimization study, it was observed that as the acid concentration increased, the electrode 

surface was damaged and the immobilization could not be generated correctly. Therefore, 

lower concentrations were studied. At 5% H2SO4 concentration, it was insufficient for surface 

immobilization. For this reason, optimum H2SO4 concentration was determined as 10%. The 

standard graphs belonging to the optimization study of H2SO4 concentration are shown in 

Fig.S1C.  

3.3.3. Optimization studies for ST2 antibody 

The next optimization step is to investigate the effect of anti-ST2 concentration on the 

immunosensor response. The biosensors were prepared using three different concentrations of 

anti-ST2 solution (2.5 ng mL-1, 5 ng mL-1 and 10 ng mL-1) for this optimization step. When 

the GP electrodes were incubated in 2.5 ng mL-1 of anti-ST2 protein, regular EIS signals and a 

standard calibration graph with a high coefficient of regression were obtained. Then, the 

concentration of anti-ST2 protein was increased (5 ng mL-1). Thus, it was possible to examine 

the effect of increased concentrations of the antibody on the proposed immunosensor. By 

incubation of the electrodes in 5 ng mL-1 of anti-ST2 protein, the Rct value indicating the 

semicircular diameter of the EIS curve was significantly increased (Rct value is 184.1 ohm). 

When the concentration of anti-ST2 protein was increased further (10 ng mL-1), the 

performance of the biosensor declined. As is known, when the proteins reach a certain 

saturation, their activity begins to decline. Considering these reasons, the optimum anti-ST2 

concentration for the ST2 immunosensor was chosen as 5 ng mL-1 (Fig.S1D). 

After determination of the optimum concentration of anti-ST2 protein, studies were carried 

out to determine the incubation time for anti-ST2 which is another very important parameter. 

For the immobilization process of the immunosensor, the incubation time of the anti-ST2 

solution is important as well as the anti-ST2 concentration used. Since the incubation time has 

a critical role in influencing protein binding, it is very necessary to determine the optimum 

time. Therefore, incubation times were also investigated in the scope of optimization studies. 

Firstly, the electrodes were incubated in anti-ST2 solution for 30 min. In this step, linear but 

low signals were obtained. This decrease in the signals resulted from the 30 min incubation 
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period being insufficient for the immobilization of the antibody on the surface. When the 

electrodes were incubated with anti-ST2 for 60 min, the increase in impedance signals was 

clearly observed. The increase of impedance signal confirmed that the protein-protein 

interaction at the electrode surface was successful. Finally, 45 min incubation time was 

attempted and the results showed the signals again decreased. Thus, the optimum incubation 

time of anti-ST2 protein was selected as 60 min (Fig.S1E).  

3.3.4. Determination of incubation time of ST2 protein 

To investigate the effect of incubation times on the proposed immunosensor response, three 

different times for ST2 incubation (30, 45 and 60 min) were tested. The GP electrodes were 

incubated in the ST2 solutions for each of these periods. The response of the biosensor was 

investigated with EIS and CV. As the incubation time for the ST2 protein increased, the 

activity of ST2 decreased and the EIS signals decreased accordingly. As seen in the results, 

the incubation time of the ST2 protein to interact with the antibody is optimally 30 min. The 

signals then reduce due to saturation of the protein on the GP electrode surface. Therefore, the 

optimum incubation period for ST2 was chosen as 30 min (Fig.S1F).  

3.4. Analytical Studies of ST2 immunosensor 

The ST2 biomarker was prepared in increasing concentrations and detected with the proposed 

immunosensor using the EIS and the CV techniques. An excellent linear range was obtained 

using eight different concentration values for sensitive detection of the ST2 biosensor. The 

extensive detection range of the proposed immunosensor was determined as a 0.1 fg mL-1– 

100 fg mL-1. The calibration curve, the EIS spectrum, and the CV voltammogram of the ST2 

immunosensor are presented in Fig.3. However, limit of detection (LOD) and limit of 

quantification (LOQ) values of the proposed immunosensor were calculated to be 0.124 fg 

mL-1 and 0.414 fg mL-1, respectively. LOD and LOQ values are calculated with the 

[k*Sblank/m] equation which has k as constant (k is accepted as 3 in LOD and as 10 in LOQ), 

Sblank (standard deviation) and m (slope of the calibration curve). Also, the changing 

impedimetric data with increasing concentrations of ST2 is shown in Fig.3C. 

The repeatability study was carried out to clarify the characterization of the developed 

biosensor. This study was implemented with 20 different disposable GP electrodes which 

were prepared under the same conditions. The EIS measurement of each electrode was taken 

using the same concentration value (25 fg mL-1) of the ST2 biomarker. According to these 

measurements, the average value, standard deviation and coefficient of variation of the 
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proposed immunosensor were calculated as 25.195 fg mL-1, 0.416 pg mL-1, and 1.56%, 

respectively. 

The reproducibility study of the proposed immunosensor was performed with the GP 

electrodes prepared in the optimum conditions at different times. For this study, the eight 

different biosensors were fabricated and their EIS measurements were taken in the detection 

range of the proposed immunosensor. The relative standard deviations of the proposed 

immunosensor were calculated as 1.23% (slope) and 7.76% (intercept), respectively. The 

standard graphs of the study demonstrated that the proposed immunosensor has excellent 

reproducibility (Fig.3D). 

Reusability of a biosensor is a significant property for the surface stability and the cost of the 

working electrode. Therefore, a regeneration study was carried out to examine the surface 

stability of the GP electrode. This study was performed with the anti-ST2 modified GP 

electrode. Firstly, a GP electrode was incubated with ST2 concentration (25 fg mL-1) which is 

a value on the calibration curve, and the EIS measurement was taken. Then, the GP electrode 

surface was treated with a HCl acid solution (10 mM, 2 min) to remove ST2 antigen from the 

surface. This process continued until a high reduction in the ability of the protein to bind to a 

high extent or its complete loss. The ST2 immunosensor was regenerated with this method 20 

times. Moreover, with the 20th binding it was observed to preserve half the activity of the GP 

electrode. When the difference between 1st binding and 20th binding was examined, total loss 

of activity was calculated to be 45.77%. This is an excellent reusability performance for a 

disposable electrode. A promising result was obtained considering the future practical use of 

the biosensor. The regeneration results of the ST2 biosensor are given in Fig.4A. 

Single frequency technique was also utilized for the characterization of the ST2 

immunosensor. The investigation of kinetic interactions between anti-ST2 and ST2 antigen is 

possible thanks to this technique. For this purpose, a constant frequency was determined via 

the Bode plot in the Gamry Potentiostat/Reference 600. The Bode plot was preferred as it can 

show the frequency of each point. In accordance with this aim, an impedance measurement at 

a fixed frequency (45 Hz) was performed as a function of time and phase angle. Fig.4C 

displays the time dependent changes of impedance in the ST2 biosensor. As seen in Fig.4D, 

the red curve shows the impedance measurement at fixed frequency and the green curve 

shows the phase angle. The binding of the ST2 biomarker versus time is clearly seen in this 

process completed in phosphate buffer (pH 7.0).  
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The surface coverage study was carried out by using the Laviron equation (Q=nxFxAxΓ; n: 

slope, F: Faraday constant (96485 C mol-1), A: Electrode surface area (cm2), Q: Charge (C) 

and Γ: Coated surface area (mol cm-2)) for the analytical studies of the proposed 

immunosensor. In order to perform this work, the voltammetric technique was used and the 

GP electrode surface was scanned at ten different speed values in each immobilization step. 

These speed values were 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s-1, respectively. Using 

the peak currents obtained from the cyclic voltammograms, the calculated data were 

substituted in the Laviron equation and the surface area of the GP electrode was calculated. 

When the results were evaluated, the GP surface was initially calculated as 2.2x10-8 mol cm-2, 

and was calculated to be 7.3x10-8 mol cm-2 after anti-ST2 binding. This result indicates that 

anti-ST2 was immobilized onto the surface.  

The storage life of an immunosensor is an important parameter for clinical applications. 

Therefore, the storage life of the ST2 immunosensor was investigated over ten weeks. For this 

study, ten different GP electrodes were prepared in the same conditions and were kept at 

+4 °C until use. The EIS measurement was taken by incubating with same concentration value 

of the ST2 protein (25 fg mL-1) every week. In the result of this study, the total activity loss of 

the biosensor was calculated to be 4.48% at the end of the 10th week (Fig.4B). The storage 

life of the constructed immunosensor is considered to be suitable for use in clinical 

applications.  

The selectivity study for target ST2 carried out for the constructed immunosensor to 

understand either there is non-specific interactions or interferences. For this purpose, two GP 

electrodes were prepared under optimum conditions for the constructed immunosensor. The 

first electrode was only treated with ST2 solution (50 fg/mL). The other electrode was treated 

with the solution including ST2 solution (50 fg/mL), cysteine solution (0.2 M), heat shock 

protein 70 solution (40 fg/mL), protein activated kinase 2 (50 fg/mL), tumor necrosis factor α 

solution (25 fg/mL), creatine kinase (10 fg/mL). The obtained ΔRct values from the 

immunosensor responses were compared with each other the results are seen in Fig.3S. The 

figure proved the proposed immunosensor that has a high selectivity capacity for target ST2. 

 

3.6. Detection of ST2 in Human Serum Samples 
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In order to examine the usability of the proposed immunosensor for clinical applications, the 

ST2 biomarker was detected by using the standard addition method with human serum 

samples obtained from five different individuals. The EIS data were obtained by adding 

different concentration values of the ST2 protein (5 fg mL-1 and 50 fg mL-1) to the serum 

samples. For this data, the relative standard deviation (RSD) and recovery results were 

calculated for each serum using the equation from the calibration graph (Table 2).  

4. Conclusion 

This study presents the fabrication of a reusable, very sensitive and excellent reproducible 

ST2 immunosensor with a single-use, low-cost, applicable GP electrodes. ST2 is a significant 

potential biomarker for the early detection of cardiovascular diseases. Moreover, the ST2 

antigen was not utilized previously in biosensor applications and is employed as a 

biodetection element in the literature for the first time in this study. The developed 

immunosensor was fabricated with a practical immobilization method by using the fullerene 

C60 material which has mechanical strength. All immobilization and optimization studies were 

characterized with EIS and CV which are strong techniques for electrochemical analyses. 

However, the morphological characterization of the constructed immunosensor was examined 

by using the SEM and AFM techniques. The developed immunosensor provided excellent 

performance in the analysis of other electrochemical techniques (SWV and SFI). Also, the 

ST2 biosensor had a wide detection range (0.1 fg mL-1– 100 fg mL-1), low LOD (0.124 fg mL-

1) and LOQ (0.414 fg mL-1) values. The proposed biosensor exhibited a practical method for 

ST2 antigen detection with the quite good storage life and stability of the surface. The 

developed immunosensor could be utilized to detect the ST2 antigen in real human serum 

samples. More importantly, this immunosensor can detect the ST2 antigen with a drop of 

human serum. The developed immunosensor can perform the analysis of the ST2 biomarker 

in the level of sub-femtogram and over a wide detection range. This proposed immunosensor 

was designed in accordance with the sensitive detection of ST2 which is a potential cardiac 

biomarker for use in clinical applications.  
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Immobilization Method         Methods         Detection Range        LOD                 Reference 

 CMD cuvette                          Optic                 100-1600 nM               -                       [43] 

 Critical diagnosis            Marked ST2 kit          ‹200 ng mL-1           1.3 ng mL-1                    [44] 

 MBL                        Human ELISA ST2 kit      ‹20 ng mL-1          0.032 ng mL-1               [45] 

 Ray-Biotech.              Human IL-1 R4/ST2        ‹1.2 ng mL-           0.002  ng mL-1                 [46] 
                                                                  ELISA Kit      

 R&D Systems        IL-1 R4/ST2 ELISA Kit      ‹2.0 ng mL-1          0.005  ng mL-1                 [47] 

GP/Fullerene C60             EIS and CV            0.1 – 100 fg mL-1  0.124 fg mL-1    

   Table 1. Comparison of immunological properties of various ST2 immunosensors reported in the literature 

 

Serum            ST2 Concentration      Standard Addition      Measurement Conc.    RSD (%)        Recovery 
Number          Value (fg/mL)               Value (fg/mL)              Value (fg/mL)                 (n=3)                (%) 
 

 5                         28.93/30.51/28.88        3.15             108.63 
1                         22.10 

50                       74.08/72.39/73.41       1.16              101.8 
 

 5                              8.6/8.3/9.7                8.31             111.16 
2                         2.97 

50                      54.03/53.84/52.01        15.59            100.6 
 

 5                             7.7/6.3/6.73               10.37            113.46 
3                         1.09 

50                        51.2/54.7/54.1               3.5              104.38 
 

 5                          25.72/26.92/26.5            2.3              105.26 
4                         20.06 

50                       72.13/69.47/71.17          1.9              101.22 
 

 5                         23.08/22.58/23.06          1.24            107.46 
5                         16.31 

                                    50                        68.41/64.90/65.63          2.79            100.00 
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   Table.2. Analysis of ST2 biosensor in real serum samples by standard addition method. 

 

 

Figures 

 

Figure 1. EIS spectra (A), Rct values (B) CV voltammograms (C) of the ST2 immunosensor and Kramer’s 
Kronig Tranform (D). 
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 Figure 2. SEM images of bare GP electrode (A), Fullerene C60 modified GP electrode (B), after H2SO4 
incubation GP electrode (C), after EDC/NHS incubation GP electrode (D), after anti-ST2 immobilization GP 
electrode (E), BSA blockage (F), after ST2 antigen immobilization GP electrode (G). SEM image (H), Mapping  
(I), (J) EDX spectrum (K) of the ST2 antigen on the GP surface. 
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Figure 3. (A) EIS spectra,  (B) CV voltammograms of the detection of  the ST2 at increased concentrations, (C) 
Calibration curve of  the ST2 biosensor, (D) Reproducibility, 
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Figure 4. (A) Reusability, (B) Storage Life, (C) Bode plot for SFI analysis, (D) Impedance measurement in the 
SFI analysis 
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Serum            ST2 Concentration      Standard Addition      Measurement Conc.    RSD (%)        Recovery 
Number          Value (fg/mL)               Value (fg/mL)              Value (fg/mL)                 (n=3)                (%) 
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Highlights 

The electrochemical immunosensor designed a practical, low-cost and sensitive method for 
determination of Suppression of Tumorigenicity 2.  

ST2 immunosensor exhibited high analytical performance with a linear range 0.1 fg/mL – 100 fg/mL 
and low detection limit (1.28 fg/mL).  

Single-use graphite paper electrodes were firstly used to detection ST2 antigen for a novel biosensor 
system. 

The optimization was performed for all fabrication steps of the electrochemical biosensor system. 
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