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Ö Z

Bu araştırma, Tümör Nekrozis Faktörü-alfa (TNFa) biyobelirteç tayini için yeni, pratik bir indiyum kalay oksit-polietilen 
tereftalat (ITO-PET) bazlı elektrokimyasal biyosensörü göstermektedir. ITO-PET elektrodu çok avantajlı olarak tercih 

edilen bir yarı iletken elektrot malzemesidir. Hazırlanmasının kolay olması, ucuz olması, esnekliği, sağlamlığı gibi bir çok iyi 
özelliği vardır. Ayrıca çok düşük konsantrasyonlarda bir analitin belirlenmesine izin verir ve analit analizi için çok geniş bir 
konsantrasyon aralığı sağlar. İmmobilizasyon prosedürü, optimum koşulların araştırılması ve biyosensörlerin karakterizas-
yonu dahil olmak üzere biyosensörlerin değerlendirilmesi için Elektrokimyasal Empedans Spektroskopisi (EIS) ve Döngüsel 
Voltametri (CV) kullanıldı. İmmünosensörün immobilizasyon işlemi sırasında elektrot yüzey morfolojisi bir Taramalı Elektron 
Mikroskobu (SEM) kullanılarak gözlendi. Ayrıca, anti-TNFα ve TNFα etkileşimlerini karakterize etmek için tek bir frekansta 
empedans (SFI) ölçümü kullanıldı. Geliştirilen biyosensörün klinik etkinliği, gerçek insan serum numuneleri ile test edilerek 
araştırıldı. Ayrıca, tasarlanan immünosensör uzun raf ömrü, pikogram düzeyinde antijen konsantrasyonlarının analizi (0.02 
pg mL-1 -2.56 pg mL-1), tekrar üretilebilirlik, yeniden kullanılabilirlik ve yüksek hassasiyet sunar.
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A B S T R A C T

This investigation displays a novel, practical indium tin oxide- polyethylene terephthalate (ITO-PET) based electrochemical 
biosensor for the Tumor Necrosis Factor-alpha (TNFα) biomarker determination. The ITO-PET electrode is a very ad-

vantageous preferred semiconductive electrode material. It has a lot of great features such as easy to prepare, cheapness, 
flexibility, stability. It also allows determining an analyte at very low concentrations and provides a great wide concentration 
range for analyte analysis. Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV) were used for the 
evaluation of biosensors, including the immobilization procedure, the investigation of the optimum conditions, and the 
characterization of biosensors. The immunosensor's electrode surface morphology during the immobilization process was 
observed using a Scanning Electron Microscope (SEM). In addition, Impedance measurement at a single frequency was used 
to characterize anti-TNFα and TNFα interactions (SFI). The clinical effectiveness of the developed biosensor was investiga-
ted by testing it with real human serum samples. Moreover, the fabricated immunosensor presents long shelf life, analysis 
of the antigen concentrations at picogram level (0.02 pg mL-1 -2.56 pg mL-1), reproducibility, reusability and high sensitivity
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INTRODUCTION

One of the cytokines that sets off the acute phase 
reaction is tumour necrosis factor-alpha (TNFα), a 

cell signalling protein implicated in systemic inflamma-
tion [2, 3]. TNFα is a member of the TNF superfamily [4], 
which consists of several transmembrane proteins with 
a homologous TNF domain [5]. The primary role of TNFα 
is the regulation of immune cells [6]. TNF, an endogeno-
us pyrogen, can trigger a fever, apoptotic cell death [7], 
cachexia, and inflammation, suppress tumorigenesis 
and viral replication (virus replication) [8], and respond 
to sepsis through cells which produce Interleukin-1 and 
Interleukin-6 [9]. Disorder of TNFα secretion causes va-
rious diseases such as Alzheimer’s disease, cancer [10], 
major depression, psoriasis and inflammatory bowel 
disease (IBD) [11]. TNFα is a candidate for the role of a 
biomarker in a variety of diseases, including rheumatoid 
arthritis, lung cancer, diabetes, HIV infection, neurode-
generative illnesses (Parkinson’s, Alzheimer’s, etc), he-
art failure, colon cancer, leukemia, stroke, and epithelial 
ovarian cancer [12-14].

Biosensors are advantageous and favored devices that 
are utilized to control target analyte materials in biolo-
gical reactions and possess sensing capabilities [15]. Bio-
sensors typically perform their functions as a result of a 
selective, rapid, and continuous reaction to a biologically 
or chemically active substance [16,17]. The advantages 
of biosensor-based devices include high sensitivity, rapid 
processing, measurements, and low cost [18]. Positive ad-
vances in electrochemical biosensors have been created 
in the areas of clinical diagnosis, environmental monito-
ring and food processing quality control [19]. Particularly, 
electrochemical biosensors for monitoring biomolecular 
interactions have enabled reagent-free, non - invasively, 
label-free, in-situ, on-site, online measurements of impor-
tant parameters in a wide range of matrices or media. [20]. 
These functional characteristics are essential for the ac-
curate diagnosis of many cancers and other diseases with 
significant clinical relevance [21]. Cancer has the highest 
mortality rate of any disease for which the effectiveness 
of current or future treatment options is a known factor 
in whether or not the patient survives. So, electrochemi-
cal biosensors have become more popular in the quest 
for ideal diagnostic techniques [22]. EIS is an experimen-
tal technique that measures impedance at the electrode-
electrolyte interface very precisely as a frequency (time) 
dependent function. EIS is a powerful tool for studying 
electrochemical setups and procedures [23].

Recent years have seen the rise of advanced flexib-
le and wearable electronics such as foldable mobiles, 
cheap photodetectors, flat panel displays and other 
disposable electronic devices. Since indium tin oxide 
(ITO, In2O3:Sn) thin films have high transmittance in the 
visible region and excellent electrical conductivity, they 
have found widespread application in biosensors [24], 
electronic, and optoelectronic devices. [25]. Rather 
than using heavy and easily broken glass, manufactu-
rers of flexible electronics are increasingly interested in 
using lightweight and durable polyethylene terephtha-
late (PET) to deposit high-quality ITO thin films [26].

In the design of biosensors, silane chemistry is frequ-
ently utilized. Functional groups on the molecule of a 
silane coupling agent allow it to form bonds with both 
organic and inorganic substances [27]. This property 
is what makes silane coupling agents useful for incre-
asing the mechanical strength of composite materials, 
enhancing adhesion, and modifying resins and surfaces 
[28]. During the formation of a monolayer, the carbox-
yethylsilanetriol (CEST) coupling agent interacts with 
hydroxylated ITO substrates. Due to their low interfa-
cial tension, organofunctional silanes may be extremely 
reactive with various surfaces [29]. 

The novel contribution of the study was the simple per-
formance of an impedimetric-based biosensor for TNF-α 
detection using a single-use, cheap and practical ITO-PET 
electrode. By combining the CEST silanization agent with 
the cost-efficient ITO-PET working electrode platform, a 
simple and stable immunosensor for TNFα detection was 
created in this work. The silanization process provided an 
excellent layer for the covalent binding of the antibody. 
In addition to providing a large surface area for immobi-
lizing the anti-TNFα, the silanization solution also served 
as a stabilizing agent for the working electrode. TNFα an-
tigen concentration was measured using EIS by reading 
the electrochemical signal produced after adding TNFα 
antigen to the anti-TNFα immobilized ITO-PET electrode. 
EIS and CV methods were used to analyze the immobiliza-
tion procedures, determine the optimal parameters, and 
characterize the processes. The kinetics of anti-TNFα and 
TNFα interactions were studied using the Single Frequency 
Technique. Scanning electron microscopy (SEM) was used 
to observe the electrode surfaces throughout the vario-
us stages of modification to determine their morphology. 
The constructed immunosensor exhibited a high degree of 
sensitivity, excellent reproducibility, and a significant app-
lication potential in human serum.
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MATERIALS and METHODS

Reagents, Devices and Electrochemical Procedures
The electrodes of the triple system, a platinum (Pt) 
counter electrode and a silver (Ag) and silver chloride 
(AgCl) reference electrode, were acquired from iBAS in 
Warwick, United Kingdom. The flexible ITO-PET elect-
rodes were bought from Sigma-Aldrich, St. Louis, MO, 
USA. The companies from which the antibody, antigen 
solutions and modification agents were purchased are 
in the Supplementary Material. The device used for 
the fabricated immunosensor and the parameters of 
the electrochemical measurements were also given in 
Supplementary data.

Procedures
Design of the CEST modified ITO-PET electrode
Before testing the biosensor’s ability to determine TNFα 
concentration, the working electrode must be free of 
contaminants and cleaned. For cleaning procedure, the 
electrodes were given a ten-minute sonic bath in aceto-
ne, a soap solution, and ultra pure water. 

The sonication for 10 minutes was performed separa-
tely for these three solvents. Electrode surfaces were 
cleaned and then hydroxylated. As a result, Si-O-Si 
bonds on the surface were formed through the bin-
ding of the CEST silane agent. The hydroxylation pro-
cess includes the incubation with ammonium hydroxide 

(NH4OH)/ hydrogen peroxide (H2O2)/ ultra-pure water 
(1/1/5, v/v) solution for 90 minutes. The active ends of 
the CEST agent which allow the covalent binding of the 
antibody were carboxyl groups. The carbonyl diimidazo-
le (CDI) solution was used to activate the carboxyl ends 
of the CEST solution. Afterwards, CEST modified elect-
rode was incubated in anti-TNFα antibody. To prevent 
the nonspecific interactions and to block the unboun-
ded carboxyl groups, bovine serum albumin (BSA) bloc-
king agent was used. Ultra-pure water was used to care-
fully rinse the electrode surfaces after each procedure. 
The biosensors were stored at +4 ° C until being used in 
the TNFα analysis. The immobilization procedure and 
the modification steps are given in Scheme 1.

RESULTS and DISCUSSION

Immobilization procedure of the TNFα 
immunosensor
To regulate the physical and chemical properties of so-
lid surfaces, self-assembling monolayers (SAM) are fre-
quently employed. For electroanalytical purposes, SAM 
is frequently used in specific electrode design. Silaning 
agents are often preferred for the bioreagent immobi-
lization to flexible ITO-PET electrodes. The immobili-
zation processes can be listed step by step as follows: 
hydroxylation of the ITO-PET electrode surface, silani-
zation of the hydroxylated electrode surface, activation 
of the carboxyl groups of the CEST solution, immobili-

Scheme 1. Immobilization scheme of the ITO-PET/OH/CEST/CDI/anti-TNFα/BSA/TNFα based biosensor.
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zation of the antibody to the surface, blocking of the 
surface with BSA solution, interactions between the 
antibody and antigen solutions.

To begin, the electrodes needed to be cleaned so that 
the final system would be clean and linear. The electro-
des that were completely bare were subjected to soni-
cation with acetone, soap solution, and ultra-pure wa-
ter. Before the anti-TNFα antibody could be covalently 
immobilized onto the ITO-PET surface, the hydroxyla-
ted terminals needed to be treated with a silanization 
agent conjugated with indium tin oxide. The bare flexib-
le electrodes were hydroxylated by being immersed in 
a solution of NH4OH: H2O2:H2O (1:1:5, v/v). After having 

their surfaces hydroxylated, the electrodes were left 
overnight in a CEST solution. Silicones (RSi(OH)3) play a 
crucial role as intermediates in creating crosslinked si-
licones and as modification agents for biosensors [30]. 
After CEST modification, the antibody solution was co-
valently immobilized onto the surface via the interac-
tions between carboxyl groups of the CEST agent and 
the amine groups of the anti-TNFα solution. In order 
to maximize the efficiency of the antibody-antigen in-
teractions, the BSA solution was used to inactivate the 
unbounded carboxyl groups with the amine groups in 
the antibody solution. The immobilization procedures 
are depicted in Fig. 1A and 1B via EIS spectra and CV 
voltammograms, respectively.

Figure 1. A) The impedance measurements and B) cyclic voltammograms belonging to the construction steps of the biosensor.
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Figure 2. Morphological view of the modification procedures A) bare ITO-PET B) OH C) CEST  D) CDI  E) anti-TNFα  F) BSA  G) TNFα.

By using Fe (CN)6
3-/4- as an indicator, electrochemical im-

pedance spectroscopy (EIS) can be used to learn about 
the changes that occur at the electrode-electrolyte in-
terface as a result of catalytic reactions, DNA hybridiza-
tion or the interaction of the antigen-antibody. The EIS 
spectrum has two distinct components. The semi-circu-
lar zone at more elevated frequencies shows the charge 
transfer resistance, while the low-frequency Warburg 
impedance indicates the delay generated by the diffusi-
on of electroactive species to the electrode [31]. Fig 1A 
presents the EIS spectra belonging to the hydroxylation 
of the surface, silanization process on the surface, ac-
tivation of the carboxylated ITO-PET electrode surface, 
antibody immobilization, BSA blocking and interactions 

between the antibody and the antigen solution. The 
first step and the green curve show the hydroxylation 
procedure. The ITO-PET electrode has a semi-conduc-
tive characteristic. The Nyquist diagram was too low 
when the -OH groups were formed on the surface. The 
semicircular diameter in the Nyquist diagram is also att-
ributed to the resistance of the electron transfer (Rct) 
at the surface. The lower semicircular diameter in the 
Nyquist diagram demonstrates the higher conductivity 
of the surface. The formation of the hydroxyl groups 
provides a very conductive surface. Afterwards, the Rct 
value was increased after the silanization with the CEST 
solution because of the negative carboxyl groups of the 
solution. The carboxyl groups of the CEST solution hin-
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dered the diffusion of the ferri- ferro solution used as 
an electroactive redox probe to the surface. Anti-TNFα 
antibody was covalently immobilized onto the surface 
via the carboxyl groups of the CEST solution. Because 
of the barrier effect created by the antibody solution, 
electrons could not reach the surface. So, the semi-
circular diameter in the Nyquist curve increased in EIS 
spectra. Afterwards, the BSA blocking stage increased 
the non-conductivity and the semicircular diameter of 
the Nyquist curve. The charge transfer resistance and 
the diffusion of the ferri ferro redox probe were hinde-
red with BSA treatment.

CV analysis was used to elaborate on the electroche-
mical activity of the ferri- ferro oxidation / reduction 
solution and surface differences throughout each im-
mobilization protocol. The voltammetry technique is an 
effective method applied in electroanalytical chemistry 
and is frequently used in evaluating the effect of the 
environment on redox processes, elucidating reaction 
mechanisms, examining the stability of reaction pro-
ducts, obtaining modified surfaces, and illuminating the 
coating and complex structures with the use of various 
redox probes [32]. In cyclic voltammetry, the change in 
current versus potential values in a constantly changing 
range is plotted. Fig 1B presents the CV voltammog-
rams belonging to the immobilization protocol of the 
TNFα immunosensor system. Since the transfer of the 
electron to the electrode surface could be provided 
very efficiently with the hydroxylation of the surface, 
the anodic and cathodic peak currents could be seen 
highly in the voltammograms. After the silanization pro-
cess with CEST solution, the anodic and cathodic peak 
currents were decreased because of the difficulty in dif-
fusing of the ferri ferro redox probe to the hydroxylated 
surface. The negative carboxyl groups pushed the nega-
tively charged ferri ferro redox probe. After activation 
of the carboxyl groups on the electrode surface with 
CDI agent, the modified electrodes were immobilized 
with anti-TNFα solution. The peak currents were decre-
ased because of the barrier effect of the antibody. The 
antibody solution increased the nonconductivity of the 
modified ITO-PET electrode surface. Finally, the ano-
dic and cathodic peak currents again decreased due to 
the fact that the surface became more and more non-
conductive. 

Morphological imaging of the modified electrodes
The SEM technique allows for the step-by-step moni-
toring of morphological changes on the surface of the 

biosensor. Fig. 2 displays Scanning Electron Microscopy 
(SEM) images for the immobilization stages of the im-
munosensor. The morphological view of the bare elect-
rode surface is given in Fig. 2A. Because no modificati-
on process was applied to the surface, it appeared ho-
mogeneous. Fig 2B presents the hydroxylated surface 
morphologically. Afterwards, the electrode was incuba-
ted in CEST solution overnight. The surface belonging 
to the step of the CEST modification is given in the Fig 
2C. Figure 2D shows the appearance after the carboxyl 
groups were activated by CDI solution. Fig 2E shows the 
anti-TNFα immobilization step. The surface showed a 
major morphological change, as shown in Fig 2E, and 
a dense layer emerged. Surface morphology changed 
during the BSA solution incubation phase, as shown in 
Fig. 2F. A denser, more spherical surface was achieved 
after treatment with BSA, as seen in Fig. 2F. A clustered 
and dense surface was observed, after the incubation 
of the electrode in TNFα solution and the interaction 
between anti-TNFα and TNFα. (Fig. 2G) 

Determination of optimum parameters for the pro-
posed biosensor
To create a linear and repeatable biosensor, all of the 
fundamental parameters including CEST concentration, 
CDI concentration, anti-TNFα concentration, CDI and 
the antibody incubation periods were optimized.

The concentration of CEST is a crucial factor in determi-
ning the surface stability and immobilization efficiency 
of the anti-TNFα. The electrode surfaces were hydroxy-
lated, and then the solutions of varying concentrations 
of CEST (0.1%, 0.5%, and 1%) were applied to them. The 
EIS and CV measurements were used to examine the 
biosensor’s sensitivity to TNFα concentrations. As the 
CEST concentrations increased (from 0.1% to 1%) the 
electrode surface may have degraded, leading to a lo-
wer charge transfer resistance. Therefore, the optimum 
CEST silanization agent concentration was chosen as 
0.1% (Fig 3A).

After the incubation of the electrodes in CEST solution, 
the carboxyl groups of this agent were activated with 
CDI solution. CDI concentration, the other critical para-
meter that needed to be optimized, was investigated for 
designing a linear and effective immunosensor. For this 
purpose, four different concentrations of CDI solution 
(0.01 M, 0.05 M, 0.1 M, 0.25 M) were studied and ca-
libration graphs for each concentration were obtained. 
The results demonstrated that the signals and the Rct 
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values were increased when the concentration of the 
CDI was increased from 0.01 M to 0.05 M. However, the 
interactions between the antibody and the antigen so-
lution were weaker than the higher CDI concentrations 
from 0.05 M. Because the CDI concentration is also an 
important step for successfull immobilization of the 
anti-TNFα solution. The higher CDI concentrations from 
0.05 M (0.1 M and 0.25 M) showed negative effect on 
the antibody immobilization to the surface. Thus, the 
optimum CDI concentration was chosen as 0.05 M (Fig 
3B).

The other studied parameter was optimum incubation 
time of the CDI solution. For this purpose, three diffe-
rent incubation periods (30 min, 45 min and 60 min) 
were investigated to obtain a linear and successful 
immunosensor system. When the CDI concentrations 
were increased, the biosensor signals and efficiency 
decreased. The increase in the incubation time of the 
CDI solution may result in irregular binding of the anti-
TNFα solution. Accordingly, the optimal period for the 
incubation was chosen as 30 min (Fig 3C).

The concentration of the antibody is another variable 
that must be optimized for the best results. Four dif-
ferent concentrations of anti-TNFα solution (2 ng mL-1, 
10 ng mL-1, and 50 ng mL-1) were tested to determine 
the impact of anti-TNFα on the answer of the CEST-
modified ITO-PET sensing platform. Using EIS data, ca-
libration curves were drawn after subjecting biosensors 
manufactured with the different anti-TNFα concentra-
tions to a range of TNFα antigen concentrations. When 
the antibody concentration was increased (from 2 ng 
mL-1 to 10 ng mL-1) the obtained signals were increased. 
This demonstrated that the low concentration of anti-
TNFα (2 ng mL-1) was inadequate to interact with the 
TNFα solution. However, the impedimetric biosensor 
was found to be less sensitive at higher concentration 
levels of the antibody (50 ng mL-1). A more complex 
bioactive layer was likely formed after incubating the 
electrodes with anti-TNFα at higher concentrations, 
which resulted in nonselective binding to the surface. 
Due to these factors, 10 ng mL-1 of anti-TNFα concent-
ration was chosen as the most effective and optimum 
concentration. (Fig 3D).

Figure 3. A) The effect of the CEST concentration on the immunosensor response ( : 0.1% CEST , : 0.5% CEST , : 1% CEST)
B) The effect of the CDI concentration on the immunosensor response  ( : 0.01 M CDI, : 0.05 M CDI, : 0.1 M CDI, : 0.25 M CDI)    
C) The effect of the CDI incubation time on the immunosensor response   ( : 30 min CDI, : 45 min CDI, : 60 min CDI)
D) The effect of the anti-TNFα concentration  on the immunosensor response  ( : 2 ng mL-1 anti-TNFα, : 10 ng mL-1 anti-TNFα,

: 50 ng mL-1 anti-TNFα E) The effect of the anti-TNFα incubation time on the immunosensor response   ( : 30 min anti-TNFα, : 45 
min anti-TNFα).   
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Figure 4. A) Impedance measurements B) Cyclic voltammograms belonging to the increasing TNFα concentrations C) Calibration 
graph of the TNFα biosensor.
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Following the step which consisted of determining the 
optimal antibody concentration, the next step involved 
determining the optimal antibody incubation time. Anti-
TNFα antibody was used to incubate CEST-modified 
ITO-PET electrodes for two different durations (30 min 
and 45 min). Due to the proximity of the 30-min and 
45-min signals and great R2 values for the two periods of 
antibody incubation, the optimum time was chosen as 
30 min. Increasing the incubation time of the anti-TNFα 
did not significantly increase the efficiency of the bio-
sensor and the antibody-antigen interactions (Fig 3E). 

Characterization analyses of the TNFα biosensor de-
sign
When the immobilization process was perfected, the 
linear detection range of the TNFα immunosensor was 
examined. The optimally prepared ITO-PET electrodes 
were then applied to TNFα solutions of increasing con-
centrations. The following equation was used to create 
the linear graph of the TNFα immunosensor. The Rct va-
lues were obtained from EIS measurements.

∆Rct= Rct(TNFα)- Rct(BSA)

The value of Rct after anti-TNFα-TNFα binding is deno-
ted by Rct (TNF). After blocking the anti-TNFα immuno-
sensor with BSA, the value of Rct is denoted by Rct (BSA).    
Figures 4A and 4B depict the Nyquist plots and the 
electrochemical voltammograms of CV measurements 
of the TNFα immunosensing system. While incubating 
the electrodes in increasing TNFα antigen concentra-
tions led to higher Rct values in EIS measurements, it 
resulted in lower cathodic and anodic peak currents in 
CV voltammograms. As TNFα solution concentrations 

increased, electrode surfaces became more insulative, 
causing electron transfer more difficult. A determinati-
on range of 0.02 pg mL-1 to 2.56 pg mL-1 was demonstra-
ted by the calibration curve (Fig. 4C), which had a deter-
mination coefficient (R2) of 0.9995. The great wide and 
low concentration range demonstrated the ultra-high 
sensitivity of the constructed ITO-PET immunosensor.

One of the most crucial aspects of characterizing a bi-
osensor is studying its repeatability. As a result, twenty 
different constructed electrodes, all of which were 
applied to the same TNFα concentrations (1.5 pg mL-

1), were compared. Coefficient of variation (3.76 %), 
standard deviation (0.056647 pg mL-1), and mean value 
(1.503 pg mL-1) were all calculated to demonstrate the 
high degree of repeatability of the immunosensor.

Six different immunosensors were prepared using the 
same method for analyzing TNFα concentrations ran-
ging from 0.02 pg mL-1 to 2.56 pg mL-1, and their results 
were compared to determine the reproducibility of the 
developed biosensor (Fig 5). The calibration graphs of 
six different biosensors were plotted via the EIS spectra 
given in Fig. 4A. These ITO-PET-based biosensors exhi-
bited comparable performance for TNFα concentrati-
ons ranging from 0.02 pg mL-1 to 2.56 pg mL-1. With the 
help of the linear equations presented in Fig. 5, the RSD 
% value for the slope data was determined to be 2.08 
%. Studies of reproducibility that corroborate the high 
sensitivity and reliability of the biosensor proved that 
the TNFα immunosensor design was successful and re-
markable.

Figure 5. Reproducibility study.
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Repeated use of a biosensor at a constant analyte con-
centration over time results in a stable and robust sig-
nal, a property known as stability. The storage stability 
of the built ITO-PET-based disposable immunosensor 
was assessed by evaluating the immunosensor respon-
se with weekly EIS measurements (Fig 6A). It was obser-
ved that the system preserved 94.17% of its stability for 
9 weeks, and a significant activity loss in the impedance 
signal appeared after the ninth week. After ten weeks, 
the biosensor retained 46.42 % of its activity, as recor-
ded. This demonstrates that the fabricated biosensor 
system has an efficient capacity for storage.

TNFα biosensor regeneration capacity was ensured by 
treating the ITO-PET electrode built under ideal condi-
tions with TNFα solution and then treating it with 0.1% 
HCl solution. Bioelectrodes were immersed in an aci-
dic solution for 5 minutes after being used to measure 
TNFα antigen. The signals collected during EIS measu-
rements were analyzed. In the acid treatment step, the 
semicircle diameter of the Nyquist curve decreased 
compared to the TNFα incubation step. Because anti-
TNFα and TNFα solution rely on weak interactions, such 

as Van der Waals or hydrogen bonding, and an acid so-
lution can destroy these bonds. The process was repea-
ted until no usable signal could be interpreted from the 
bioelectrode. In the first regeneration step, almost all 
of the biosensor activity was preserved. After the fifth 
regeneration, 98.16% of the activity was preserved. Af-
ter the eighth regeneration, 96.9% of the electrode’s 
original activity remained. Afterwards, significant acti-
vity losses were observed and the life of the biosensor 
came to an end. In the ninth regeneration, the elect-
rode lost 22.6% of its activity. In the eleventh step, the 
electrode lost almost all of its usability capacity (Fig 6B). 

The Kramers-Kronig transformation was utilized to eva-
luate whether external variables affected the impedan-
ce spectrum of the created TNFα biosensor system. The 
experimental data and the estimated Kramers-Kronig 
transformations cannot overlap in this strategy if the 
biosensor is impacted by variances from external influ-
ences [33]. Fig. 6C demonstrates that the accuracy and 
stability of the biosensor are confirmed by the overlap 
between Kramers Kronig transforms and experimental 
data.

Figure 6. . A) Storage capacity of the biosensor B) Regeneration study of the biosensor C) Kramers Kronig transform D) The impedance 
measurement at a single frequency (pink curve: change in impedance , blue curve: change in phase angle).
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Serum
Determined by 

biosensor
(pg mL-1)

Added TNFα 
concentration

(pg mL-1)

Total found by 
biosensor
(pg mL-1)

RSD (%)
(n=3)

Recovery
(%)

1 2.11
0.16 2.27/ 2.28/ 2.28 0.44 100.44

0.32 2.42/ 2.44/ 2.41 0.41 99.59

2 1.42
0.16 1.57/ 1.58/ 1.50 1.89 98.11

0.32 1.75/ 1.76/ 1.78 1.15 101.15

3 0.54
0.16 0.66/ 0.67/ 0.74 1.43 98.57

0.32 0.89/ 0.89/ 0.79 0.35 99.65

4 1.26
0.16 1.42/ 1.44/ 1.45 1.4 101.4

0.32  1.53/ 1.58/ 1.61 0.63 99.37

5 1.01
0.16 1.22/ 1.14/ 1.18 0.85 100.85

0.32   1.30/ 1.46/ 1.27 0.75 100.75

Table 1. Analyzing TNFα in actual human serum using the suggested immunosensor.

Electrode
Immobilization

method
Measurement

method
Linear  range Reference

Nanofibers modified 
gold electrode

Polystyrene (PS)-
polyamidoamine (PAMAM) 

dendritic polymer nanofibers
EIS 10–200 pg mL-1 [37]

SPE

Fullerene@MWCNTs (C60)-
f-MWCNTs and ionic liquid 

1-butyl-3-methylimidazolium 
bis (trifluoromethyl sulfonyl) 

imide

DPV 5pg mL-1-75 pg mL-1 [38]

ISFET
Ion Sensitive Field Effect 

Transistor (ISFET) based on 
silicon nitride

EIS 1pg mL-1-50 pg mL-1 [39]

Gold electrode
4-carboxymethylaniline 

modification
Chronoamperometric 1 pg mL-1- 30 pg mL-1 [40]

ITO-PET electrode CEST modification EIS and CV
 0.02 pg mL-1- 2.56 pg 

mL-1 This study

Table 2. Research of the literature to contrast the proposed biosensor for TNF detection with previous studies.
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A Single Frequency Impedance Analysis of a TNFα Bi-
osensor
An EIS methodology known as single-frequency-impe-
dance (SFI) analysis reduces the complexness of a single 
frequency, signal processing, making it a practical, stra-
ightforward, and low-cost method [34]. Single frequ-
ency impedance technique (SFI) is an effective method 
for measuring impedance against time at a given frequ-
ency. This method was used to the immunosensor to 
investigate the interaction between TNFα antigen and 
anti-TNFα antibodies immobilized on a CEST-modified 
ITO-PET surface. Figure 6D depicts the SFI result of this 
biosensing technology. Biocomplex formation of anti-
TNFα / TNFα was observed using impedance measure-
ments in a pH 7.0 phosphate buffer at a constant frequ-
ency of 45 Hz for 2000 seconds. It was determined that 
the electrode surface was saturated with TNFα protein 
after 2000 seconds when the impedance was nearly 
constant.

Constructed ITO-PET based immunosensor for mea-
suring TNFα in human serum
The created biosensor was evaluated by measuring 
TNFα in five separate serum samples to see whether it 
was clinically applicable. The ethical committee of Tekir-
dağ Namık Kemal University, with the approval number 
2013/86/07/05, allowed the collection of serum samples 
from Tekirdağ Namık Kemal University Faculty of Medici-
ne. The standard addition technique to human serum was 
used to evaluate the analytical accuracy of the manufactu-
red immunosensor. According to studies of healthy males 
and females, TNFα levels in human serum are typically lo-
wer than 40 pg mL-1 for healthy humans [35]. The level of 
this antigen was found in the articles that studied different 
control groups of healthy individuals. According to Li  and 
co-workers, serum levels of TNFα are 9.20 (7.70–10.60) 
pg mL-1 [36]. The obtained data from these references are 
detectable by our biosensor system after the required di-
lution. All serum samples were diluted 10-fold. Since the 
concentration of TNFα in serum from healthy individuals 
was higher than the detection range of the built biosen-
sor, real serum samples were diluted to the required con-
centrations. Table 1 displays the recovery results and the 
RSD% values obtained with the fabricated immunosensor 
system employing the standard addition method. Having 
the ability to use biosensors in the medical field could have 
huge commercial and precision benefits. Based on the fin-
dings, it appears that the developed biosensor can detect 
TNFα in human serum samples and could be adapted for 
use in clinical environments.

The analytical efficiency of the produced immunosen-
sor was compared with that of other sensor systems 
built for TNF determination in Table 2. Razmshoar 
and co-workers [37] developed polystyrene (PS)-
polyamidoamine (PAMAM) dendritic polymer nanofi-
bers based biosensor system. The obtained biosensor 
by Razmshoar could detect the TNFα concentrations 
between 10-200 pg mL-1 . Ardakani and co-workers [38] 
fabricated SPE based biosensor for TNFα detection. The 
linear range of the biosensor was obtained as 5pg mL-1-
75 pg mL-1 . When the studies given in Table 2 were in-
vestigated, the sensitivity of the biosensors were lower 
than the proposed CEST-modified biosensor system. 
The ITO-PET based immunosensor showed great wide 
detection range compared to the other studies.  The 
data seen in the Table 2 demonstrate that the designed 
ITO-PET based immunosensor system has a lot of great 
features such as high sensitivity, low detection limit or 
great wide detection range.  Also, the proposed biosen-
sor presents a very practical method. The construction 
steps of the biosensor are very easy-prepared.
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