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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The LOD of PCT was determined as 0.55 
ngmL− 1 by impedimetric biosensor 
applications. 

• Reusability of the bio-electrode was 
determined as 92.5% (Ipa) in 20 cycles. 

• The storage stability of bio-electrode 
was determined as 81.8% (Ipa) at 24th 
hours. 

• Bio-electrodes suitable for real sample 
applications were successfully prepared.  
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A B S T R A C T   

In the early detection of sepsis, procalcitonin (PCT) appears to be a highly sensitive biomarker for severe 
inflammation and infection. A significant interaction between the electrode material to be used in the design of 
the biosensor and the material to be attached to the surface is of great importance. Here, we demonstrated a 
silver nanoparticle (AgNp) doped graphene-based sensitive PCT biosensor with low-cost, environmentally 
friendly materials. Cyclic voltammetry curves showing the reusability of the electrodes obtained were obtained 
and showed antibody-protein adhesion on the AgNp/SLG@ITO surface. The anodic and cathodic peak currents 
values after 20 cycles show that these values are suitable even after 20 measurements. Electrochemical 
impedance spectroscopy (EIS) studies confirmed the effects of PCT on binding events due to increasing con
centration at a constant PCT-antibody concentration. The limit of detection (LOD) value of the fabricated PCT/ 
Ab/AgNp/SLG@ITO impedimetric biosensor was determined as 0.55 ngmL− 1. The low LOD value can be 
attributed to the uniform and large surface area of single-layer graphene (SLG) and noble AgNp. The LOD value 
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based on the EIS studies has revealed that the PCT/Ab/AgNp/SLG@ITO impedimetric biosensor can be employed 
in real samples.   

1. Introduction 

It is an undeniable fact that technology and modernity bring many 
diseases along with many conveniences and high-quality living stan
dards. Early diagnosis has always been a major step in the treatment of 
diseases, and this step will become more important in the near future. 
Biosensors with high sensitivity are needed in the diagnosis of diseases 
such as cancer, in the diagnosis of infectious diseases such as Acquired 
Immune Deficiency Syndrome (AIDS), in the regular monitoring of the 
quantities of drugs that must be present in the blood for an extended 
period, in the instantaneous monitoring of substance levels injected into 
the body during critical medical operations, in the detection of harmful 
gases in indoor environments, in agriculture, food, animal health, etc. In 
this context, it is important to develop biomedical products that have 
multiple detection capabilities to detect specific molecules. 

Sepsis is a severe systemic inflammatory response that can result 
from a bacterial, viral, or fungal infection and remains the primary cause 
of patient death despite medical advances such as new generation an
tibiotics or other chemical therapies [1–4]. One of the major limitations 
in the early diagnosis of sepsis is that its clinical symptoms, including 
fever, arterial hypotension, and thrombocytopenia, are highly variable, 
non-specific, and heterogeneous due to the independent cellular meta
bolic responses that occur during sepsis progression. Such delay in time 
always leads to an increase in the death of patients. To address these 
issues, several methods have been developed for the diagnosis of sepsis, 
including polymerase chain reaction (PCR), electrochemical immuno
assay, and surface plasmon resonance. In addition, there is increasing 
interest in the use of some blood biomarkers, including C-reactive pro
tein (CRP), procalcitonin (PCT), various cytokines, and cell surface 
markers for the early detection of sepsis. Procalcitonin is widely regar
ded as a highly sensitive biomarker for severe inflammation and infec
tion. It provides emergency and critical care clinicians with a key aid in 
diagnosing sepsis [5]. 

The use of PCT in disease diagnosis has several benefits. First, PCT 
levels increase rapidly in normal serum within 12–48 h after bacterial 
invasion. Second, serum PCT is more sensitive and specific than other 
serum biomarkers, including lactate, CRP, and IL-6. A PCT-based 
immunoassay has recently been approved by the US Food and Drug 
Administration (FDA) and is already commercially available [6–12]. 
Therefore, elevated and circulating PCT levels have been widely inves
tigated as a promising biomarker for the early diagnosis of sepsis, 
although they have limitations in distinguishing sepsis from other in
flammatory conditions. Although high and circulating levels of PCT 
have limits to distinguish sepsis from other inflammatory conditions, it 
has been extensively studied as a promising biomarker for early detec
tion of sepsis. Considering this feature, monoclonal, IgG2a Isotype 
procalcitonin antibody (44D9) was used while preparing the working 
electrode in biosensor applications for PCT diagnosis within the scope of 
this study. 

The electrochemical biosensor method is widely used for the devel
opment of label-free and portable biosensors in many applications. This 
technique is low cost and provides advantages in terms of fast response 
time and less maintenance. Therefore, cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) are applied as real-time, 
label-free, and in situ techniques for monitoring analytes. A biosensor 
consists of a biosensing material and a transducer and is used to detect 
biological and chemical active substances. Biosensing materials, 
including enzymes, antibodies, nucleic acids, cells, tissues, and organ
elles, can be quantitatively determined with the aid of electrochemical, 
optical, piezoelectric, thermal, and magnetic devices [13]. 

Obtaining clear and reliable information on substances collected 

from living organisms is depends on the sensitivity of biological sensors 
that convert biological signals to electrical signals. The amount of sub
stance taken is usually measured in milligrams/liter or millimoles/liter, 
due to their very low concentrations. Micro/nano biosensors need to be 
developed in order to make accurate and sensitive measurements 
because the measured substances are in micro and nano dimensions. It is 
seen that nano biosensors are one million times more sensitive than 
conventional biosensors because they can detect at nanomole/liter or 
picomole/liter levels [14–19]. 

Graphene is one atom thick and with a honeycomb-shaped hexago
nal crystal structure promising carbon material in sensor applications 
due to its high reactivity, high surface area, and biocompatibility. Two- 
dimensional (2D) materials, especially graphene, have recently become 
of interest in the development of sensors and detector-like devices. 
Zhang and Cui have developed a flexible graphene-based cancer sensor 
for the detection of low-concentration specific prostate antigens using 
the layer-by-layer self-assembly technique [20]. Kwon et al. developed a 
flexible biosensor using few-layer graphene synthesized by the chemical 
vapor deposition method [21]. Kwak et al. have manufactured a flexible 
glucose sensor in the graphene/graphene oxide FET structure by func
tionalizing the glucose oxidase enzyme [22]. Many researchers have 
studied a graphene-based biosensor containing functional groups for the 
detection of Escherichia coli bacteria in the human intestine [23–29]. 
Basu et al., on the other hand, succeeded in producing a graphene-based 
Escherichia coli biosensor on a flexible acetate substrate using a low-cost 
method without using any functional groups [30]. Furthermore, studies 
of graphene-based electronic and photonic biochemical sensors have 
been conducted for DNA, RNA, and cell structures [31–34]. In addition, 
applications of highly sensitive graphene-fiber hybrid biochemical sen
sors are possible with flexible graphene films coated with fiber optic 
[35]. B.C.Yao et al. developed a graphene-based D-shaped polymer fiber 
Bragg grid (GDPFBG) biosensors to detect human red blood cell (RBC) 
concentration [36]. 

In this study, bio-electrodes design and production with AgNp/ 
SLG@ITO hybrid structure, which provides a nano-molar measurement 
for accurate, clear, and fast detection of PCT biomarker, and impedi
metric biosensor applications were carried out. The developed 2D nano 
materials-based impedimetric biosensor application has the advantages 
in: (i) High sensitivity and reliable analysis test results can be obtained. 
(ii) Can be possible to perform faster analyzes compared to traditional 
biosensors. (iii) Since the consumption of consumables can be lower, it 
can be an economical product. (iv) It can be an environmentally friendly 
product in terms of waste amount and production technique. (v) It can 
be a product with commercialization potential. 

2. Experimental 

2.1. Chemicals and apparatus 

Polystyrene, poly (methyl methacrylate) (PMMA), iron (III) nitrate 
nonahydrate solution [Fe(NO3)39H2O] (99.95%), silver nanoparticles 
(AgNps) and procalcitonin protein (PCT) were purchased from Sigma- 
Aldrich. Cu foil (thickness 20 μm, 99.9% purity) was purchased from 
Nilaco Corporation. Procalcitonin Antibody (44D9) (Ab) was purchased 
from Novus Biologicals. 

2.2. Synthesis of single-layer graphene (SLG) and graphene transfer 

High-quality SLG synthesis was performed similarly to the previous 
report using low-pressure chemical vapor deposited (LP-CVD) system 
[37]. The synthesized SLGs on the Cu foils were coated with a low 
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average molecular weight (AMW) of ~15.000 (by GPC) PMMA/acetone 
solution by spin coating. Due to a low AMW, PMMA solution shows a 
lower doping level and enhanced carrier mobility, resulting in a cleaner 
surface with negligible residues [38]. PMMA-covered SLG sheets were 
dried at 80 ◦C for 15 min. To etch the Cu foils the dried samples were 
dipped in a diluted [Fe(NO3)3 9H2O] solution overnight. Obtained 
PMMA/SLG sheets were washed with deionized water (DIW) and soaked 
in a diluted HCl solution to remove [Fe(NO3)3 9H2O] residual. 
PMMA/SLG sheets were washed with DIW and transferred onto indium 
tin oxide (ITO) substrates. ITO substrates were immersed in isopropyl 
alcohol, ethyl alcohol, and deionized water for 15 min to remove res
idue, dust, and impurities from the surface layer before the transfer 
proses [39,40]. The resulting PMMA/SLG@ITO stack layers were dried 
in an oven at 80 ◦C for 15 min. Then the PMMA layers were removed 
from the SLG surface by dipping in acetone and isopropyl alcohol. 
Finally, SLG@ITO films were successfully obtained after the transfer 
procedure. 

2.3. Fabrication of AgNp/SLG@ITO impedimetric biosensor applications 
for PCT detection 

Fig. 1 represents the schematic diagram of the PCT impedimetric 
biosensor design. AgNps (60 nm) were decorated on the SLG@ITO films 
by drop-casting and AgNp/SLG@ITO electrode structures were obtained 
for the PCT biosensor device. The pre-functionalized AgNp/SLG@ITO 
electrodes were dried with N2 gas for a few seconds. After these steps, 
the electrodes and the voltammetric cells were combined and incubated 
for 1 h at +4 ◦C to immobilize the procalcitonin antibody onto the 
AgNp/SLG@ITO electrodes. The cell was washed with PBS (pH 7.4) and 
then again with DIW to remove the unbound procalcitonin antibody. 
Then, 2 μL of pure procalcitonin proteins were loaded into the antibody 
immobilized cell and incubated at +4 ◦C for 1 h. Cells were washed with 
PBS and DIW, respectively, to remove unbound proteins. 

2.4. Crystallographic and morphological characterizations 

Raman analysis of synthesized SLG materials was carried out with 
Renishaw-INVIA Reflex Raman spectrometer. Field emission scanning 
electron microscope (FESEM) images and energy-dispersive X-ray (EDX) 

spectrum were collected with Zeiss Gemini. Fourier Transform Infrared 
Spectrometer (FT-IR) through a 500–4000 nm range were collected with 
Thermo Scientific-Nicolet iS20. 

2.5. Amperometric measurement method: Cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) measurements 

CV and EIS measurements were performed using an electrochemical 
analyzer (Gamry potentiostat) connected to a computer data analysis 
system. A three-electrode system, including a working electrode, plat
inum counter electrode, and Ag/AgCl reference electrode was used for 
electrochemical measurements. These analyzes were performed in a 
phosphate buffer solution (PBS) containing 4 mM Ferro/ferricyanide. 
CV measurements for PCT-containing electrodes (PCT/Ab/AgNp/SLG@ 
ITO) were recorded from − 0.4 V to +0.4 V against an Ag/AgCl reference 
electrode at a scanning rate of 20 mV/s. CV measurements for the bare 
electrode (AgNp/SLG@ ITO) and the antibody-containing electrode 
(Ab/AgNp/SLG@ ITO) were carried out in the range of − 0.5 V to +0.5 
V. EIS measurements were performed using an alternating voltage of 10 
mV in the frequency range 10 Hz-10 kHz with a DC potential of 0.2 V. In 
all experimental studies, the repeatability characteristic (n = 3) was 
tested for the determined concentrations. 

3. Results and discussions 

3.1. Crystallographic and morphological characterizations of AgNp/SLG- 
based electrodes 

Synthesis of graphene and crystallographic analysis were investi
gated by Raman spectroscopy studies. Fig. 2a shows the Raman spectra 
of the fabricated carbon material fabricated by the LP-CVD method. The 
specific peaks in the Raman spectra were observed in ~1587 corre
sponding to G (sp2 hybridizations) peak and a strong peak at ~2680 
cm− 1 corresponding to the 2D (second-order, also called G′) peak. The 
strong and sharp peak at the G′ band and the ratio of IG′/IG about 2 
indicate that synthesized materials are SLG. In addition, an insignificant 
defect-related peak at ~1343 cm− 1 corresponding to D (sp3 hybridiza
tions) peak demonstrates that synthesized SLGs are high crystallinity 
carbon materials. 

Fig. 1. Schematic illustration of AgNp/SLG@ITO impedimetric biosensor application.  
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The chemical composition of the electrode surfaces and binding of 
AbPCT with the AgNps decorated SLG was investigated using FT-IR 
studies. Fig. 2b shows the FT-IR spectra of Ab/AgNp/SLG@ITO and 
PCT/Ab/AgNp/SLG@ITO. All spectra show a broad peak in the range of 
3500–1500 cm− 1. As seen in Fig. 2b, the peaks for Ab/AgNp/SLG@ITO 
correspond to the carboxy, epoxy, alkoxy, etc. After incubation of PCT 
protein, these peaks were shifted as follows. The assignation (cm− 1) for 
Ab/AgNp/SLG@ITO: 1693.7 and 1684.91 C––O stretching; 1126.44 
C–O stretching (epoxy); 993.28 C–O stretching (alkoxy); 3457.38 O–H 
(stretching of the C–OH). The assignation (cm− 1) for PCT/Ab/AgNp/ 
SLG@ITO: 980 and 1066.47 epoxy vibration; 1272.86 C–O vibration of 
the C–OH; 1393.71 O–H vibration of the C–OH; 1585.96 –COO 
stretching 1653.81 C––O stretching; 3163.87 O–H (stretching of the 
C–OH) [41,42]. The accomplishment of incubation of PCT was 
demonstrated in the FT-IR spectrum of Ab/AgNp/SLG@ITO and 
PCT/Ab/AgNp/SLG@ITO electrodes with the changes in the peak po
sitions that were observed in the obtained spectra. 

Fig. 3 shows the FESEM images taken for the antibody-doped and 
PCT-doped electrodes. After the ITO surface was coated with 
AgNp@SLG, it became an effective matrix for antibody immobilization. 
Upon immobilization of the antibody, the structures shown in Fig. 3a 
show obvious antibody aggregation. Comparing Fig. 3a and b, a varying 
morphology was obtained depending on the incubation of the PCT 
protein. Fig. 3b shows a clear variation in the electrode surface topog
raphy as a result of PCT attaching to Ab compared to Fig. 3a. These 
results demonstrated successful binding of the antibody (Fig. 3b). As 
seen in Fig. 3b, the interaction between Ab and PCT increased surface 
roughness. In conclusion, FESEM morphology results proved the accu
racy of CV and EIS. 

3.2. Electrochemical characterization of AgNp/SLG-based electrodes 

The prepared bare (AgNp/SLG@ITO), Ab/AgNp/SLG@ITO, and 
PCT/Ab/AgNp/SLG@ITO electrodes were characterized electrochemi
cally to evaluate the oxidation and reduction potential of 4.0 mM Fe 
(CN)6

3− in a pH 7.4 PBS medium. CV measurements taken at a scanning 
rate of 20 mV/s for the prepared bare electrodes are shown in Fig. 4. It 
was understood that no anodic and cathodic peak currents were 
observed in the CV curve given to the bare electrode in Fig. 4, however 
anodic and cathodic currents emerged for the Ab/AgNp/SLG@ITO 
electrode obtained as a result of incubation of the PCT antibody. The CV 
curve obtained from the probe electrode (PCT/Ab/AgNp/SLG@ITO) 
prepared as a result of the incubation of the PCT protein showed that 
anodic and cathodic peak currents were obtained depending on the 
antibody-protein interaction, which is in accordance with the studies 
previously reported in the literature [12,43]. 

Fig. 2. (a) Raman spectra of synthesized SLG (b) FT-IR spectra of fabricated 
Ab/AgNp/SLG@ITO and PCT/Ab/AgNp/SLG@ITO electrodes. 

Fig. 3. FESEM images of Ab and PCT/Ab covered on AgNp/SLG@ITO electrode. (a) FESEM results at 200 nm scale bar for Ab/AgNp/SLG@ITO electrode (b) FESEM 
results at 200 nm scale bar for PCT/Ab/AgNp/SLG@ITO electrode. 
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It was observed that with the increase of PCT concentration (from 
2.0 ng mL− 1 to 25.0 ng mL− 1) on the Ab/AgNp/SLG@ITO electrode 
surface, there was an increase in the anodic and cathodic peak currents 
due to protein-antibody interaction (Fig. 5a). This increase observed in 
Fig. 5a shows that CV studies for biosensor applications are appropriate. 
When Fig. 5a is examined, higher oxidation and reduction peak currents 
were observed in PCT/Ab/AgNp/SLG@ITO electrodes compared to bare 
and Ab/AgNp/SLG@ITO electrodes in the CV curves obtained in the 
electrolyte solution containing Fe(CN)6

3− . 

The intensity of these peak currents increased in direct proportion to 
the increasing PCT concentration [44]. Based on the anodic peak for
mations observed in the CV curves obtained in Fig. 5a, the performances 
of the prepared PCT/Ab/AgNp/SLG@ITO electrodes were verified with 
the anodic calibration curve and are shown in Fig. 5b. 

The lowest concentration detected and measured is known as the 
limit of detection (LOD) and the limit of quantitation (LOQ), respec
tively. The sensitivity of the sensor is an important parameter that shows 
how sensitive the electrode produced for electrochemical methods is in a 
sensor study. Sensitivity, LOD, and LOQ values were calculated with the 
following equations using data from the anodic calibration curve given 
in Fig. 5b [45]. 

sensitivity=
S

electrode surface area
,LOD =

3σ
S

, and LOQ =
10σ
S 

Where σ is the standard deviation of the curve obtained from elec
trochemical studies for the PCT-free electrode (Ab/AgNp/SLG@ITO) 
and S is the slope of the calibration graph. 

Fig. 5a and b shows the CV curves obtained depending on the 
working electrodes prepared at different PCT concentrations and the 
anodic calibration curve obtained from these curves. As seen in Fig. 5a, 
the anodic and cathodic current densities increase linearly with 
increasing PCT concentration. LOD, LOQ, and sensitivity values of the 
prepared PCT/Ab/AgNp/SLG@ITO biosensors were calculated consid
ering the anodic calibration curve and were determined as 0.57 ng 
mL− 1, 1.89 ng mL− 1, and 5.80 μAng− 1mLcm− 2, respectively. The 
equation for the anodic calibration curve is obtained as J (μAcm− 2) =
8.7072CPCT + 97.937 with a correlation coefficient of 0.9861. 

A sensor prepared for electrochemical analysis of the PCT by the CV 
method is expected to have superior properties in terms of high stability, 
reliability, and reusability. Therefore, the repeatability (n = 3) and 
reusability properties (n = 20 cycles) of the proposed PCT sensor based 
on Ab/AgNp/SLG@ITO were tested. 20 cycles were performed for the 
biosensor containing PCT at a concentration of 8 ng mL− 1 and the ob
tained voltammograms were shown in Fig. 6a. In addition, the storage 
stability properties of the PCT/Ab/AgNp/SLG@ITO bioelectrode pre
pared after incubation at +4 ◦C for 1 h were clarified by CV studies and 
shown in Fig. 6b. In storage stability studies, CV measurements were 
performed immediately (after PCT incubation) once the PCT/Ab/AgNp/ 
SLG@ITO bioelectrodes were prepared. Thereafter, the prepared bio
electrodes were stored for 24 h at +4 ◦C in a closed, dust-tight envi
ronment and the CV measurements were repeated. 

Other factors affecting the long-term performance capability of the 
prepared biosensor are the sensor stability parameter and storage sta
bility parameter. The proposed Ab/AgNp/SLG@ITO sensor probe with 

Fig. 4. Cyclic voltammograms of bare, Ab/AgNp/SLG@ITO, and PCT/Ab/SLG/AgNp/@ITO electrodes (8 ng mL− 1 PCT, scan rate: 20 mVs− 1).  

Fig. 5. (a) CV curves of PCT/Ab/AgNp/SLG@ITO electrodes in the potential 
range of − 0.4 V to +0.4 V and PCT concentration range of 2–25 ng mL− 1 (Scan 
speed: 20 mVs− 1) (b) Anodic calibration curve derived from CV. 
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phosphate buffer solution in PBS medium at pH 7.4 was found to be 
stable in CV for 20 cycles under the same conditions. Considering Fig. 6 
a, after 20 cycles, the anodic peak current (Ipa) peak point decreased 
from 214 μA to 198 μA, while the cathodic peak current (Ipc) peak point 
decreased from 323 μA to 304 μA. The decreases of 92.5% and 94.11% 
observed in Ipa and Ipc values, respectively, after 20 cycles show that 
these values are appropriate even after 20 measurements and the elec
trode stability used in the PCT biosensor prepared according to these 
results is excellent. On the other hand, the obtained CV measurements 
on the storage stability of the sensor showed that the peak Ipa value 
decreased from 214 μA to 175 μA (81.8%) after 24 h of storage (Fig. 6b). 
From the stability and storage stability values obtained, it can be 
concluded that the recommended PCT/Ab/AgNp/SLG@ITO electrode 
can operate efficiently for a long period of time at +4 ◦C in a closed, 
dust-tight environment [44]. 

3.3. Analytical performances of the impedimetric biosensors 

An impedimetric biosensor was developed to measure the charge 
conductivity and capacitance changes on the PCT/Ab/AgNp/SLG@ITO 
sensor surface, which is formed by the selective binding of the target 
protein PCT to the antibody (AbPCT) incubated on the AgNp/SLG@ITO 

electrode surface. Here, Electrochemical Impedance Spectroscopy (EIS) 
technique was used in addition to the CV technique to investigate the 
electrochemical properties of the incubation steps in preparation of the 
impedimetric sensor associated with varying PCT concentrations in the 
analyte for PCT detection. Additionally, EIS was used to measure 
impedance changes in electrodes due to modifications. Similar to the CV 
technique, 4 mM Fe(CN)63− was used as a redox-active probe to observe 
the electron transfer between the electrolyte and the ITO electrode 
surface. With this probe, modifications made depending on AbPCT in
cubation and PCT incubation at different concentrations were followed. 

EIS technique is used as a sensitive and convenient technique to 
monitor the impedance change due to the modification of the prepared 
biosensor [12,46]. In addition to the interactions between the prepared 
electrode surface and the electrolyte solution, the interactions of these 
molecules with the electrode surface as a result of Ab and PCT incuba
tion were explained by the EIS technique. The impedance spectra of the 
electrodes prepared in this study were performed at an AC potential of 
0.2 V using an alternating voltage of 10 mV in the frequency range of 10 
Hz to 10 kHz and are shown in Fig. 7. 

The graph obtained when high-frequency to low-frequency currents 
pass through the electrode surface is a Nyquist curve. In the absence of 
any change in the electrode surface, this curve occurs as a semicircle. 

Fig. 6. (a) Sequential CV curves of the PCT/Ab/AgNp/SLG@ITO electrode at a potential range of − 0.4 V to +0.4 V and a PCT concentration of 8 ng mL-1 (Scan 
speed: 20 mVs− 1) (b) Storage stability of PCT/Ab/AgNp/SLG@ITO electrode (8 ngmL− 1 PCT), (24 h, +4 ◦C storage). 
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Events on the electrode surface cause linear changes at the end of this 
semicircle (Fig. 7). The X-axis of the curve gives information about the 
resistance of the electrode, while the Y-axis gives information about the 
capacitance of the electrode. In this study, the prepared ITO electrodes 
were coated with AgNp and graphene, which are capacitive anode ma
terials for PCT detection, and were shown as double layer capacitance 
(Cdl). There is also the resistance defined as the charge transfer resis
tance (Rct), and this resistance is the resistance of the electricity passing 
between the interface and the electrode. Another resistance observed in 
the circuit is the solution resistance (Rs). Finally, the Warburg (W) 
impedance is an equivalent electrical circuit component that models the 
diffusion process. 

Since EIS studies are performed at high frequencies (10 kHz), the 
impedance is very low. Therefore, the current passes through Rs and 
continues through the capacitor. Such cells are called Randles circuits 
and are ideal for biosensor applications. Considering Fig. 7, the circuit 
consists of solution resistance (Rs), charge transfer resistance (Rct), 
double layer capacitance (Cdl), and Warburg element (W). While Rs are 
observed at high frequencies, in addition to Rs at very low frequencies, a 
diffusion-induced (from solution to the electrode) charge transfer 
resistance (Rct) is observed together. On the other hand, at very low 
frequencies, the diffusion effect from the solution to the electrode causes 
Zw. Rs and W reflect the property of the solution, while together with Cdl, 
Rct depends on the electrical property at the electrode-electrolyte 
interface. 

The linear part of the Nyquist plot obtained from the electrode 
containing PCT in Fig. 7 appeared as a linear straight line at 45◦ to the 
real axis (Zʹ). This corresponds to lower frequencies representing the 
electron transfer and emission process. The linearity in the EIS spectrum 
for the PCT/Ab/AgNp/SLG@ITO electrode also indicates that the elec
tron transfer of [Fe(CN)6]− 3 is faster and the electrode surface is 
expanded due to AgNp/SLG nanostructures on the surface [47]. The 
diameter of the semicircle, which occurs at higher frequencies, is 
attributed to the resistance of electron transfer. By analyzing these 
semicircles, the properties of the electrolyte and the prepared PCT 
electrodes were investigated [46,47]. 

In addition to CV studies, EIS studies were also carried out in order to 
determine the quantitative properties of the prepared PCT biosensor. 
AbPCT antibody (2.0 μg mL− 1) concentration was first incubated on 
AgNp/SLG@ITO electrodes and PCT was applied on these electrodes at 
concentrations ranging from 2 to 25 ngmL− 1, respectively. Then, the 
impedance changes in electrodes containing different concentrations of 
PCT prepared were measured by EIS before and after incubation with 

PCT and are given in Fig. 8. As shown in Fig. 8a, a dynamic change in 
both electrode resistance (Zʹ) and electrode capacitance (Zʺ) was 
observed depending on the increasing PCT concentration in impedance. 
With this method, the effects of PCT on bindings due to increasing 
concentration at a constant AbPCT concentration were also confirmed. 
The calibration curve of the biosensor, which was developed with the 
help of Nyquist graphs of the impedimetric biosensor obtained due to 
the increasing PCT concentrations given in Fig. 8a, was obtained with 
the following equation [12,48]. LOD, LOQ, and sensitivity values of the 
PCT biosensor were calculated as described in the CV method [45,49]. 

ΔRct=
Rct(PCT) − Rct(Ab)

Rct(Ab)
∗ 100  

In the equation, the charge transfers value Rct (PCT) represents the value 
of the semicircle diameter in the EIS curve obtained as a result of the 
interaction of AbPCT and PCT. Rct (Ab) is the charge transfer value ob
tained after incubation of AbPCT on the surface of AgNp/SLG. 

Fig. 8a shows Nyquist plots of the PCT impedimetric sensor incu
bated at constant AbPCT concentration. As seen in Fig. 8a, both charge 
transfer resistance values and capacitance values of the electrodes 
increased depending on the increasing PCT concentration. Impedance 
measurements present the signal as a function of frequency at a constant 
potential and involve the application of a small sinusoidal AC voltage 

Fig. 7. EIS Nyquist plot of PCT impedimetric biosensor construction steps. The 
inset presents a Randles circuit (an equivalent electrical circuit). 

Fig. 8. (a) Nyquist plots of the impedimetric biosensor incubated at increasing 
PCT concentrations (4 ng–25 ng) (b) Calibration curve of the developed 
impedimetric biosensor. 

F. Selimoğlu et al.                                                                                                                                                                                                                               



Materials Chemistry and Physics 297 (2023) 127339

8

probe and determining the current response [50,51]. Impedance mea
surements related to biosensor studies are generally expected to comply 
with the Randles equivalent circuit shown in Fig. 7. Here Rct is the load 
transfer resistance. Prepared PCT impedimetric biosensors detect a 
change in one of these equivalent circuit parameters due to analyte 
binding. In our study, PCT proteins were most sensitively detected 
through the increase in load transfer resistance due to increasing protein 
concentration [50,52,53]. In Fig. 8a, it was observed that Rct increased 
with increasing PCT values, which was consistent with the literature 
[12,47,50]. 

The calibration curve of the impedimetric biosensor in Fig. 8b shows 
the linear relationship between ΔRct and increasing PCT concentration. 
The linear regression equation for the calibration curve given in Fig. 8b 
was determined as y = 10.187x – 3.6334 and the correlation value (R2) 
is 0.9493. 

LOD, LOQ, and sensitivity values of the prepared PCT/Ab/AgNp/ 
SLG@ITO biosensor were determined as 0.55 ngmL− 1, 1.82 ngmL− 1, 
and 6.79 ng− 1mLcm− 2, respectively, taking into account the calibration 
curve. These calculated values are consistent with the values obtained 
based on CV studies. The low LOD value obtained for the PCT/Ab/ 
AgNp/SLG@ITO biosensor can be attributed to the large surface area of 
graphene and AgNp used in the biosensor preparation. An increase in the 
electrode surface area causes an increase in the number of antibodies 
bound to the surface and, accordingly, more interaction with PCT [46, 
54]. As determined in the literature, plasma PCT levels are very low in 
healthy individuals (<0.1 ng mL− 1) [55,56]. A concentration of ≤0.2 
ngmL− 1 has been reported as a useful reference range to rule out sepsis 
and systemic inflammation. Plasma levels of ≥0.5 ngmL− 1 are inter
preted as abnormal as the cutoff value for the diagnosis of sepsis in the 
patient. In this case, a bacterial infection is predicted and the patient is 
considered to have sepsis [56–58]. The calculated LOD value (0.55 
ngmL− 1) based on the EIS studies given in Fig. 8 has shown that the 
prepared PCT/Ab/SLG/AgNp/@ITO biosensor can be applied to real 
sample studies in accordance with the literature studies [59]. 

The recently demonstrated PCT biosensors and their LOD values are 
given in Table 1. Although LOD concentration values at the pgmL− 1 

level were obtained in previous studies, the fact that our biosensors 
produced by the green synthesis method are cheap, easy and fast to 
apply, and most importantly, obtaining a PCT detection value of 0.50 
ngmL− 1 for real sample studies can be considered as the advantageous 
aspects of our study. 

4. Conclusion 

Obtaining clear and reliable information about the PCT biomarker 
depends on the sensitivity of the sensors that convert biological signals 
into electrical signals. With the developed PCT/Ab/AgNp/SLG@ITO 
impedimetric biosensor, lower LOD, LOQ, and higher sensitivity values 
were obtained for PCT. CV test results demonstrated that the reusability 
of the electrodes obtained by antibody and protein incubation was ob
tained and showed antibody and protein adhesion on the AgNp/ 
SLG@ITO electrode surface. EIS studies confirmed the effects of PCT on 
binding events due to increasing concentration at a constant AbPCT 
concentration. LOD, LOQ, and sensitivity values of the impedimetric 
biosensor were consistent with the values obtained based on the CV 
studies. The obtained LOD value (0.55 ng mL− 1) based on the EIS studies 
has revealed that the impedimetric biosensor can be employed in real 
sample studies. These nano material-based biosensors, which are pro
duced for the early diagnosis of sepsis, are also very advantageous in 
terms of the long usage time in biosensor applications due to their long 
electrode storage stability, using cheap and environmentally friendly 
materials and methods. 
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