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ABSTRACT 

Having an early diagnostic method would 

be beneficial to prevent autoimmune diseases 

from worsening. This is where Electrochemical 

Impedance Spectroscopy (EIS) biosensors 

become more promising in healthcare 

applications due to their ability to perform label-

free measurements. Labels are, for example, 

enzymes attached to antigens. This will lead to a 

cost reduction and decrease in detection time of 

specific biomolecules. In addition, EIS can be 

applied in many other areas, including but not 

limited to: electrode redox reactions, power 

source applications, corrosion, and self-

assembled monolayers. The aim of this paper is 

to assess whether it is possible to detect antigen-

antibody interactions using an EIS biosensor. 

This was tested by optimizing an existing ELISA 

protocol. This protocol is based on studying the 

detection of Sperm-associated antigen 16 

(SPAG16) with anti-SPAG16 antibody 

interactions. The experiments were performed 

on commercially available EIS biosensors as a 

proof of principle. Our results show that the EIS 

sensor can successfully detect SPAG-Thio 

antigen-antiSPAG antibody interactions.  

Currently, this sensor has a limit of detection of 

100 pg/mL. However, non-specific interactions 

maintain a limitation of the sensor. It can be 

concluded that further research is required to 

reduce the non-specific interactions. This will 

result in a more optimized antigen-antibody 

detection. This is how we proved our proof of 

principle, which can be tested on homemade EIS 

sensors in a follow-up study. 

INTRODUCTION 

In the last few decades, significantly more 

people have been diagnosed with autoimmune 

diseases (ADs) like multiple sclerosis, rheumatoid 

arthritis, and psoriasis (1). Unfortunately there is no 

cure available yet for most ADs. Therefore, an early 

diagnosis is essential in order to prevent the disease 

from worsening. This can be achieved by detecting 

and monitoring specific biomarkers related to a 

particular AD using reliable methods (2). In this 

regard, an immunosensor is a well-studied method 

that has a variety of applications in clinical 

diagnostics (3, 4), but also in other fields such as 

food safety (5) and environmental monitoring (6).  

An immunosensor is a type of biosensor that 

detects and quantifies a specific interaction between 

the target molecule (i.e., the analyte) and the 

antibody (Ab) in combination with a transducer that 

translates results into measurable signals (2, 7). 

These sensors are known to provide a highly 

sensitive and selective immunological response. 

They can provide real-time (i.e., as the surface 

binding occurs) measurements based on 

conventional immunoassay techniques (7, 8). 

Another attractive property of these sensors is that 

they can perform either label or label-free 

measurements. Avoiding labelling steps, results in 

a decreased detection time and cost reduction. 

Several immunosensors with different transducers 

have been developed, including optical, 

piezoelectric, and electrochemical devices (2, 7). 

Among them, electrochemical immunosensors are 

inexpensive and easy to miniaturize (9). Moreover, 

several electrochemical detection concepts have 

been studied throughout the years, including 

amperometric (10), potentiometric (11), 
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conductometric (12), and impedimetric 

immunosensors (13). Electrochemical impedance 

spectroscopy (EIS) is the focus of this paper.  

 

The aim of this paper is to assess whether it is 

possible to detect antigen-antibody (Ag-Ab) 

interactions using an EIS immunosensor. It is 

hypothesized that the EIS sensor containing gold-

coated interdigitated microelectrodes (IDEs) will 

be able to detect Sperm-associated antigen 16 

(SPAG16) – antiSPAG antibodies. This will be 

studied by performing and further optimize an 

enzyme-linked immunosorbent assay (ELISA) 

protocol. ELISA is a quantitative analytical method 

in which an enzyme-linked conjugate and enzyme-

substrate are used, resulting in a detectable signal 

by changing colour, which is readable by an optical 

transducer, indicating antigen-antibody reactions 

(7, 14). This study will use non-faradaic EIS 

biosensors to perform and further optimize a 

protocol based on the detection of SPag16–

antiSPAG16 antibodies as a model application. The 

SPag16 is a sperm cell protein that also is present 

in the central nervous system (CNS) as an 

autoantibody target in the cerebrospinal fluid (CSF) 

and plasma of patients with multiple sclerosis, 

which is an AD (16, 17). This protocol will be 

examined with a commercially available EIS 

biosensor containing gold-coated IDEs as a proof 

of principle. After proving the proof of principle, 

this can be tested on homemade EIS sensors as a 

follow-up study. 

 

WORKING PRINCIPLE 

The mathematical concept of EIS was first 

introduced in the 1880s by Oliver Heaviside (18). 

In general, EIS is a technique that studies the 

electrical properties of electrode surfaces and 

binding kinetics between the electrolyte-electrode 

interface of biomolecules such as antigens (Ags), 

antibodies (Abs), DNA, proteins, etc. (19). The EIS 

method has been widely used in research for the 

detection of a variety of biomolecules (20). For 

example, Moulton et al. used this device to monitor 

the adsorption of HSA and IgG on gold electrodes 

(21). Z. Rashed et al. used an EIS-based biosensor 

to successfully detect SARS-CoV-2 antibodies 

(22). Besides biomolecules, EIS can also be used to 

study cells. For example, Hildebrandt et al. used an 

EIS to study the development of Human 

mesenchymal stem cells (23). Soley et al. used EIS 

to monitor the cell growth of yeast (24). Overall, 

EIS can be used for different types of studies such 

as interfacial processes (e.g. redox reactions at 

electrodes), applications in power sources (e.g. 

batteries), corrosion, self-assembled monolayers, 

sensors, etc. (25). For example, G Fernandez et al. 

used an EIS to monitor corrosion of low-Cr alloy 

steel T22 and high-Ni alloy HR224 in nitrate molten 

salt at a high temperature (26). 

EIS is based on applying an alternative current 

(AC) potential with a small amplitude waveform, 

usually 5 - 10 mV, to the system of interest (e.g. 

sensor) (27). The applied AC potential has a 

sinusoidal waveform with a variable frequency (f) 

(Eq. 1), in which ꙍ is the angular frequency (28).  

 

f = 
𝜔

2𝜋
            (Eq. 1) 

 

As a result, the response of an AC current as a 

function of the frequency is analysed (29). By 

applying Ohm's law (Eq. 2), the impedance (Z(ꙍ,t) 

related to the system, which is the ratio of the 

voltage (V(ꙍ,t)) to the current (I(ꙍ,t)), can be 

calculated over a range of frequencies (usually from 

some MHz down to a few mHz) (27, 29). The 

impedance is a generalized resistance, i.e., it 

measures the ability of an electrical system to resist 

the electrical current flow (30). Moreover, unlike 

resistance, impedance (a) is frequency-dependent, 

(b) does not follow Ohm's law at all current and 

voltage levels, and (c) has AC current and voltage 

signals through a resistor which are not in phase 

with each other (30). 

 

Z (ꙍ,t) = 
𝑉 (ꙍ,𝑡)

𝐼 (ꙍ,𝑡)
             (Eq. 2) 

 

By applying Euler's relationship (Eq. 3), the 

impedance can be described as a complex function 

(Eq. 4) in terms of a magnitude |Z|, phase shift (Ɵ), 

a real part (Z’= |Z| cos Ɵ) and an imaginary part (Z" 

= |Z| sin Ɵ) (29). Here, the impedance magnitude 

and phase shift, which is the time difference 

between the transmitted AC voltage and the 

received current signal, can be calculated using 

equation 5 and 6 (29, 31). At the IMO-IMOMEC 

facility of UHasselt, impedance measurements of 

an EIS are usually performed using a well-known 

PalmSens4 portable potentiostat that is equipped 

with a frequency response analyser to measure the 

amplitude and phase shift (31). 
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Exp (jƟ) = cos Ɵ + j sin Ɵ                             (Eq. 3) 

 

Z(ꙍ,t) = |Z (ꙍ)| (cos Ɵ + j sin Ɵ)  

           = Z’(ꙍ) + j Z” (ꙍ)         (Eq. 4) 

 

|Z (ꙍ)| = √𝑍′2(ꙍ) + 𝑍"2 (ꙍ)          (Eq. 5) 

 

Ɵ (ꙍ) = tan -1 ( 
Z" (ꙍ)

Z′ (ꙍ)
 )          (Eq. 6) 

 

The EIS data are interpreted by fitting the 

electrochemical system under investigation into 

equivalent electrical circuit models. These circuits 

usually consist of series and parallel combinations 

of elements such as resistors and capacitors (15, 

32). In this regard, the Randles circuit (Fig. 1c) is a 

wildly used model in which a simplified model of 

the total electrode impedance consists of a parallel 

connection of the electrical double layer 

capacitance (Cdl) and the charge transfer resistance 

(Rct) in series with the solution resistance (Rs) (25, 

33). These circuit elements will be explained 

throughout the following paragraph.  

 

The EIS data of the electrochemical system 

under investigation can be presented into different 

graphical representations in which the Nyquist plot 

and Bode plot are commonly used (Fig. 1) (29, 34). 

On the one hand, a Nyquist plot (Fig. 1a), also 

referred to as a complex plane plot, is, in general, a 

plot of the negative imaginary impedance (y-axis) 

versus the real part of the impedance (x-axis) that is 

plotted for various frequencies (25, 35). The 

imaginary part contains information about the 

capacitance (explained further on) and phase shift, 

while the real part consists solely of a resistive 

component (36). For a simplified Randles cell, the 

Nyquist plot is observed as a semicircle (30). This 

being the case, at high frequencies, the applied 

signal is dominated by the Rs, which is frequency 

independent (37, 38). Thereby, the Cdl has a very 

low impedance which is close to zero (39). A Cdl, 

used to store charge (39), consists of a double layer 

that exists of opposite charges with oriented dipoles 

between the ions of the surrounding electrolyte 

(layer 1) and the charged metal electrode (layer 2) 

(30, 34). Moreover, these two layers are separated 

by an insulating space (= dielectric material), 

forming a capacitor (30). This insulating layer 

consists of solvent molecules and/or a film on the 

surface (36). Depending on several factors, such as 

the given electrode potential and ionic 

concentrations, the capacitor is usually in the range 

of 10-40 µF/cm2 (30, 34). At low frequencies, the 

signal is dominated by the Rct (37, 38). In other 

words, all the current goes through the Rct (+ Rs) 

since the Cdl has a very high impedance at low 

frequencies (39). The Rct is related to the back and 

forth movements of electrons in the electrode as a 

result of electrostatic interactions with ions in the 

solution (20, 34). At frequencies in between, also 

referred to as mid frequencies, the signal is mainly 

dominated by the Cdl at the electrode surface (38). 

Using equation 7, the Cdl can be calculated from the 

frequency at the highest point of the semicircle 

(39).  

 

Cdl = 
1

𝑅𝑐𝑡∗2𝜋∗ 𝑓(𝑚𝑎𝑥) 
         (Eq. 7) 

 

 

 
Fig. 1 – Graphical representation of a generalized 

(a) Nyquist plot and (b) Bode plot of a simple 

Randle circuit (c). Rs (solution resistance); Cdl 

(electrical double layer capacitance); Rct (charge 

transfer resistance); Ɵ (phase shift); Ω (Ohm); ° 

(degree). 
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The Nyquist plot has the advantage of (a) being 

very sensitive to changes (39) and (b) allowing for 

an easy prediction of the above-mentioned circuit 

elements since they can be read directly from the 

plot (35, 39). However, one major disadvantage is 

that it's not possible to tell which frequency was 

used to record at any data point on the plot (30). On 

the other hand, a Bode plot (Fig. 1b) plots the 

logarithmic magnitude and the phase shift (y-axis) 

versus the logarithmic excitation frequency (x-axis) 

(25, 38). When observing the phase shift versus the 

log frequency, a capacitor in parallel to a resistor is 

visible as a peak (39) in which the phase angle 

changes from zero at high frequencies towards 90 

degrees (90°) at low frequencies in case of an ideal 

electrode (35). Compared to the Nyquist plot, a 

bode plot has the advantage that it also includes 

frequency information (30). 

 EIS can be classified into faradaic or non- 

faradaic processes depending on the processes that 

take place at the electrodes. In the case of the 

faradaic process, the Rct is the main parameter in 

which redox-active molecules are required in the 

solution. While the Cdl is the main parameter for 

non-faradaic processes, also referred to as 

capacitive sensors in which the sensing surface is 

covered by an insulating layer (15). 

 A standard electrochemical cell requires 

conductive electrodes and sample under test, which 

is usually solution-based (40). Thereby, a well-

studied type of conductive electrodes is 

interdigitated microelectrodes (IDEs) (41). These 

electrodes are based on a pair of parallel array 

electrodes, which are comb-wise placed (Figure 2a) 

(38). As seen in Figure 2b, electric field line 

penetration occurs between adjacent electrodes of 

the planar-IDE sensor under an applied electrical 

potential. The effect of electric field lines on 

charged particles will result in an electric current 

signal (41).  

 

EXPERIMENTAL PROCEDURES 

 EIS setup – The EIS setup consists of three 

components (Fig. 3a): (Ⅰ) An impedance analyser (= 

palmSens4) sends a sinusoidal signal through (Ⅱ) a 

multiplexer towards (Ⅲ, Fig. 3c) a 16-well plate 

(commercially available RTCA E-plate, purchased 

from Agilent). The multiplexer is used to readout 

multiple channels at the same time, which can be 

connected to a maximum of 16 wells on the E-plate. 

The resulting current signal from the E-plate is sent 

back through the multiplexer towards the 

PalmSens4 (Ⅳ). Ohm's law (Eq. 2) is used to 

calculate the impedance of the system. Finally, (Ⅴ) 

the data analysis is performed with a computer 

program (PalmSens4, PSTrace software). Fig. 3b is 

a picture of the used EIS setup equipment. A 

commercially available E-plate was used (Fig. 3c). 

This E-plate consists of 16 wells (Polystyrene) on 

top of an insulating substrate (Glass). The volume 

of each well is 270µL ± 10µl while the volume of 

the insulating substrate is 5.0mm ± 0.075mm. Gold-

coated interdigitated electrodes (IDEs) (Fig. 2a) 

were used on the surface of each well.  

 ELISA protocol – An existing ELISA 

protocol (Fig. 4 and Supporting information (Table 

S1)) was used to perform EIS measurements for 

SPAG-Thio Ag – positive antiSPAG Ab detection 

as follows. Step Ⅰ: EIS measurement was performed 

on blank wells in a 1x Phosphate-buffered saline 

(1x PBS buffer solution) (0.1M sodium phosphate, 

0.15M sodium chloride, pH 7.2) for 15 sweeps at 

room temperature (20 °C). This was used as a 

baseline for the whole measurement. Step Ⅱ: 1x 

PBS buffer solution was pipetted out of the blank  

 
Fig. 2 – (a) planar IDE; (b) cross-section of planar 

IDE.  
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wells and was coated with SPAG-Thio Ags (in-

house made) medium overnight at 4 °C. SPAG-

Thio Ags are sticky, which will cover the whole 

well surface. Excessive SPAG-Thio medium was 

washed away by flushing the wells 5x with 1x PBS. 

This was followed by an EIS measurement of the 

SPAG-Thio coated wells in a 1x PBS buffer 

solution for 15 sweeps at room temperature (20 °C) 

(step Ⅲ). Step Ⅳ: 1x PBS buffer solution was 

pipetted out of the SPAG-Thio coated wells and 

was coated with a blocking agent (mixture of 2% 

Marvel skimmed milk in 1x PBS buffer solution) 

for 2 h at 37 °C to fill up the non-occupied zones. 

Excessive blocking agent was washed away with 

Tween (mixture of Tween (0.1%) in 1x PBS, Fisher 

bioreagents) into the wells for 5 minutes at room 

temperature (20 °C). This was followed by an extra 

washing step with 1x PBS. Step Ⅴ: A real-time 

measurement was started of the SPAG-Thio, and 

blocking agent coated wells in a 1x PBS buffer 

solution for 15 sweeps. Next, the real-time 

 

measurement was paused. 1x PBS buffer solution 

was pipetted out of the wells and was coated with 

positive antiSPAG Abs (plasma from different 

donors) medium in which the real-time 

measurement continued for 2 h at room temperature 

(20 °C) (step Ⅵ). Step Ⅶ: The measurement was 

paused for a second time. Excessive positive 

antiSPAG Ab medium was pipetted out of the wells 

and was washed out with blocking agent (2%) for 5 

minutes, followed by Tween (0.1%) for 5 minutes 

at room temperature (20 °C). Finally, the real-time 

measurement of the Ag-Ab coated wells continued 

in a 1x PBS buffer solution for 15 sweeps at room 

temperature (20 °C). For measurements performed 

with Thio Ags (in-house made), Thio Ag medium 

was used instead of SPAG-Thio Ag medium. For 

measurements performed with negative SPAG Abs 

(plasma from different donors), negative SPAG Ab 

medium was used instead of positive SPAG Ab 

medium. 

 

 

Fig. 3 – (a) Schematic representation of the EIS setup (steps Ⅰ -Ⅴ). (b) Picture of the EIS setup equipment. (c) 

Close-up photo of the 16-well plate (E-plate).  

 
Fig. 4 – Schematic representation of the ELISA protocol (steps Ⅰ - Ⅶ) with (Ⅷ) the legend. 



                           Senior internship - 2nd master BMW 

6 
 

 

Data analysis procedure – EIS measurements 

were used to characterize the commercially 

available sensor electrodes, as well as to measure 

Ag-Ab detection on gold-coated IDEs. EIS 

measurements were carried out using a voltage in 

the frequency range 10-105 Hz with 10mV 

amplitude using a PalmSens4 potentiostat, 

controlled by PSTrace software (version 5.8, 

PalmSens4). Twenty-one frequencies with five data 

points were measured per sweep. A total of 15 

sweeps were executed per measurement. All 

measurements were performed at room temperature 

(20 °C), unless indicated otherwise (protocol 

section). This data was further analysed using an in-

house made EIS analysis platform (Python, IMO-

IMOMEC). Excel was used to analyse the raw data 

to create bode plots and bar graphs. The average ± 

standard deviations (SD) of the bar graphs were 

calculated using Excel software. 

 

RESULTS and DISCUSSIONS 

EIS sensor electrode characterization – In 

order to test for Ag-Ab detection, a commercially 

available biosensor was used as a proof of principle 

(M&M section). All assumptions made in the 

'results and discussions section' are based on the 

authors' analysis. Prior to testing the hypothesis, Ag 

detection on the sensor electrodes was assessed 

(Fig. 5). This was done by analysing the data after 

SPAG-Thio Ag coating (STC Ag) versus before 

STC Ag. The sensor surface alteration between 

both was analysed by studying the raw data using a 

bar graph representation (Fig. 5b). First, a bode plot 

(Fig. 5a) was used to assess at which frequencies an  

 

alteration of the magnitude impedance could 

be detected for STC Ag, representing the Cdl. 

Therefore, the average of 10 sweeps after STC Ag 

was subtracted from the average of 10 sweeps 

before STC Ag from the magnitude for all 

frequencies (10-105 Hz). Fig. 3a shows that the 

frequencies of interest are between 10 Hz and 1000 

Hz because, at these frequencies, the magnitude is 

frequency-dependent. While at higher frequencies, 

the magnitude decreases, followed by a constant 

region. At this moment, the magnitude is frequency 

independent. This is in agreement with the findings 

of Guimerà A. et al., who states that the bode plot 

signal at lower frequencies is mainly dominated by 

the Cdl (41). Next, a bar graph (Fig. 5b) was created 

to clearly visualize the difference in impedance 

after STC Ag (1200 µg/mL) versus before STC Ag. 

Therefore, the average of 10 sweeps was taken from 

the magnitude at a frequency of 63 Hz. For the bar 

graph, only one frequency (63 Hz) of interest was 

used as a reference. This was done for the raw data 

of both, after STC Ag and before STC Ag. 

Moreover, three channels during each measurement 

were studied. These channels represent the average 

of four different measurements for each channel to 

emphasize reproducibility. Our results show a 

higher magnitude after STC Ag compared to the 

magnitude before STC Ag. A consistent magnitude 

can be observed between the three channels. The 

magnitude ± SD before STC Ag is: channel 1 = 

5675 Ω ± 463; channel 2 = 5633 Ω ± 437 and 

channel 3 = 6533 Ω ± 2485. The magnitude ± SD 

after SPC Ag is: channel 1 = 6327 Ω ± 633; channel 

2 =  6052 Ω ± 380 and channel 3 = 7218 Ω ± 2111. 

 
Fig. 5 – (a) Bode plot representing the frequencies of interest (10-105 Hz). 63 Hz was used for further data 

analysis. (b) Bar graph representing Ag detection on the EIS sensor electrodes. Three channels are 

presented, performed during one measurement. Experimental conditions: Orange: before STC Ag; Blue: 

after STC Ag (1200 µg/mL). For all conditions, the magnitude was taken from 63 Hz. Results are presented 

as average ± SD (n = 4).  
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This indicates Ag detection on the sensor electrodes 

since a clear difference of the sensor surface after 

versus before STC Ag is observed. It can also be 

noticed that the PBS buffer solution results in a 

certain magnitude impedance. A possible 

explanation is that during the performance of the 

measurements, the ions which are present in PBS at 

a certain pH tend to sediment on the surface of the 

sensor electrodes. This can be seen as an insulating 

layer, i.e., the Cdl increases. As a result, an increased 

impedance to the flowing current occurs. On the 

other hand, the higher impedance that is observed 

after STC Ag is as expected because the sedimented 

Ags form a larger Cdl compared to the ions of the 

PBS. This way, the voltage at a certain frequency 

needs to cross a higher path which results in an 

increased magnitude impedance.  

 

Antibody detection – After the characterization 

of the sensor electrodes in which we proved that our 

sensor can successfully detect Ag coating, antibody 

detection was assessed. This was done by analysing 

the data after positive antiSPAG Ab coating (Pos 

antiSC Ab) (0.1 µg/mL) versus before Pos antiSC 

Ab on STC Ags (1200 µg/mL) (Fig. 6). The sensor 

surface alteration between both was analysed by 

studying the raw data using a bar graph 

representation (Fig. 6b). First, a time graph was 

analysed to study the alteration of the difference in 

magnitude percentage over time, after versus before 

Pos antiSC Ab at one frequency of interest 

(between 10 Hz and 1000 Hz) (Fig. 6a). This graph  

 

is a graphical representation of what is 

expected to happen with the magnitude percentage 

based on our results. All expectations in this 

paragraph are based on the time graph results of the 

measurements we performed. This time graph 

consists of three regions: 1, 2, and 3. Before Pos 

antiSC Ab, the E-plate wells only contains STC 

Ags. At this moment, real-time measurements are 

being performed in a 1x PBS buffer solution. This 

is expected to be observed at the time graph as 

region 1, in which the magnitude percentage 

remains constant over time. During Pos antiSC Ab, 

real-time measurements are being performed in a 

Pos antiSC Ab buffer solution instead of a 1x PBS 

buffer solution. This is expected to be observed at 

the time graph as region 2, in which an increase of 

the impedance, followed by a constant phase, 

overtime is noticed. Finally, after Pos antiSC Ab, 

real-time measurements are again being performed 

in a 1x PBS buffer solution. This is expected to be 

observed at the time graph as a constant with a 

lower impedance over time compared to region 1. 

These observations will be discussed later on at the 

end of this paragraph. Next, a bar graph was used 

to clearly visualize the difference in impedance 

after Pos antiSC Ab versus  before Pos antiSC Ab 

(Fig. 6b). Therefore, the average of 10 sweeps was 

taken from the magnitude at a frequency of interest 

(63 Hz). This was done for the raw data of both, 

after Pos antiSC Ab and before Pos antiSC, which 

was studied for three channels during one 

measurement. These channels represent the average 

 
Fig. 6 – (a) Time graph: (1) before Pos antiSC Ab, (2) during Pos antiSC Ab, and (3) after Pos antiSC Ab. 

The Time graph represents the magnitude at one frequency of interest (10 Hz – 1000 Hz). (b) Bar graph 

representing Ab detection. Three channels are presented, performed during one measurement. Experimental 

conditions:  Orange: before Pos antiSC Ab; Blue: after Pos antiSC Ab (0.1 µg/mL). Abs were tested on STC 

Ags (1200 µg/mL). For all conditions, the magnitude is taken from 63 Hz. Results are presented as average 

± SD (n =3).  
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of three different measurements for each 

channel to emphasize reproducibility. Our results 

show a lower magnitude after Pos antiSC Ab 

compared to the magnitude before Pos antiSC Ab. 

A consistent result can be observed between the 

three channels. The magnitude ± SD before Pos 

antiSC Ab is: channel 1 = 11237 Ω ± 722; channel 

2 = 11286 Ω ± 405 and channel 3 = 11288 Ω ± 630. 

The magnitude ± SD after Pos antiSC Ab is: 

channel 1 = 11057 Ω ± 721; channel 2 = 11126  Ω 

± 449 and channel 3 = 11145 Ω ± 631. These results 

indicate that Pos antiSC Ab can be successfully 

detected with our EIS sensor. Taken into account 

both graphs, Fig. 6a and Fig. 6b, the following can 

be discussed, based on the observations of the 

author. A possible explanation for the three regions 

with a different magnitude percentage (Fig. 6a) can 

be explained as follows. During the real-time 

measurements in region 1, there is already a Cdl 

available at the surface of the sensor electrodes. 

This Cdl consists of sedimented STC Ags and a 

blocking agent. As a consequence, the 

sedimentation of the ions of the PBS on this Cdl  will 

have a negligible influence on the impedance. 

While in region 2, sedimented Pos antiSC Abs 

interact with the STC Ags. This creates a bigger Cdl 

over time, which forces the voltage at frequencies 

of interest to bridge a longer path, thereby 

increasing the magnitude impedance. In 

conclusion, the Pos antiSC Ab buffer solution leads 

to a higher magnitude compared to the PBS buffer 

solution, which can be observed in the transition 

between region (1-2) and region (2-3). Finally, the 

lower impedance in region three versus region 1 of 

Fig. 6a possibly suggests that the Pos antiSC Abs 

behave more as electrical conductive molecules, 

thereby reducing the impedance, which is also seen 

in Fig. 6b. While the STC Ags behave more as 

electrical resistive molecules. This means that a 

higher magnitude is expected to be observed before 

Pos antiSC Abs. 

 

Sensor specificity test – Now that it has been 

proven that our sensor can successfully detect Ag-

Ab reactions, this paragraph will discuss the 

specificity of the sensor. Two methods have been 

proposed for the determination of how specific 

these Ag-Ab reactions occur on the sensor surface. 

For the first specificity test method, Pos antiSC Ab 

(0.1 µg/mL) was compared with negative 

antiSPAG Ab Coating (Neg antiSC Ab) (0.1 

µg/mL) on STC Ags (1200 µg/mL) (Fig 7). The 

difference between both is that Pos antiSC Abs 

react with the STC Ags. At the same time, Neg 

antiSC Abs do not react with the STC Ags. As a 

result, it is expected that the Neg antiSC Ab will be 

washed away after the Tween cleaning step while 

most of the Pos antiSC Ab should remain interacted 

with the STC Ags. Consequently, these Pos antiSC 

Ags should result in a decreased amplitude as 

already has been proven (Antibody detection 

section). While for the Neg antiSC Ab, a magnitude 

of ± 0 Ω is expected since most of these Abs should 

be washed away after Neg antiSC Ab. The sensor 

surface alteration between both was analysed by 

studying the raw data using a bar graph 

representation (Fig. 7). Therefore, the average of 10 

sweeps after Pos antiSC Ab was subtracted from the 

average of 10 sweeps before Pos antiSC Ab. This 

was done for the magnitude at a frequency of 

interest (100 Hz). The same was executed for the 

raw data of the Neg antiSC Ab. Fig. 7 represents the 

average of the magnitude of two different 

measurements to emphasize reproducibility. The 

magnitude ± SD of Pos antiSC Ab and Neg antiSC 

Ab on STC Ags is respectively -70 Ω ± 23 and -50 

Ω ± 6. These results show that after Pos as well as 

Neg antiSC Abs, a reduced magnitude is observed 

when compared to the magnitude before Pos and 

Neg antiSC Ab. This has already been discussed 

earlier (Antibody detection section). Based on this 

discussion, it can be concluded that also the Neg 

antiSC Abs behave as electrical conductive 

 
Fig. 7 – Bar graph representing the EIS sensor 

specificity. Experimental conditions: Blue: Pos 

antiSC Ab (0.1 µg/mL); Orange: Neg antiSC Ab 

(0.1 µg/mL). Abs were tested on STC Ags (1200 

µg/mL) and TC Ags (965.6 µg/mL). For all 

conditions, the magnitude is taken from 100 Hz. 

Results are presented as average ± SD (n = 2).  
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molecules, which results in a decreased magnitude. 

Furthermore, it can be noticed that Pos antiSC Ab 

has a more negative impedance when compared to 

the Neg antiSC Abs. This suggests that Pos antiSC 

Abs result in a lower impedance to the flowing 

current between the electrodes. A possible 

explanation for this is that specific bindings occur 

between Pos antiSC Ab and STC Ags. This will 

create a bigger Cdl. Taking into account that these 

Pos antiSC Abs behave as electrical conductive 

molecules, an increased negative magnitude can be 

expected. On the other hand, as already explained 

before, Neg antiSC Abs should not interact with 

STC Ags. However, the negative magnitude that is 

observed in Fig. 7 possibly indicates the occurrence 

of non-specific interactions between Neg antiSC 

Abs and STC Ags. These non-specific interactions 

can account for different types of interactions, such 

as ionic interactions, Van der Waals forces, and 

weak electrostatic interactions between dipolar 

molecules (42). This being the case, the non-

specific interactions will cause only part of the Neg 

antiSC Abs to interact with the STC Ags, while the 

non-interact part will be washed away during the 

Tween cleaning step. This way, only the interacted 

part will contribute to a bigger Cdl. As a result, these 

electrical conductive Neg antiSC Abs will have a 

slightly higher impedance to the flowing current 

compared to Pos antiSC Abs. This is reflected in 

Fig. 7 by means of having a lower negative 

magnitude compared to the Pos antiSC Abs. 

 For the second specificity test method, the 

difference in the interaction of Pos and Neg antiSC 

Abs on STC Ags was compared to the difference in 

the interaction of Pos and Neg antiSC Abs on Thio 

coating Ags (TC Ags) (965.6 µg/mL) (Fig 7). In 

this case, it is expected that both Abs will result in 

non-specific interactions to the TC Ags. This 

specificity test method was performed in parallel 

with the first specificity test method on different 

wells from the same E-plate. Therefore, the same 

data analysis was performed as explained for the 

first specificity test method. The magnitude ± SD 

of Pos antiSC Ab and Neg antiSC Ab on TC Ags is 

respectively – 42 Ω ± 73 and -52 Ω ± 95. These 

results show that Pos antiSC Abs on TC Ags have 

a less negative impedance when compared to the 

Neg antiSC Abs. This suggests that Pos antiSC Abs 

result in a higher impedance to the flowing current 

between the electrodes. A possible explanation for 

this is that this time, non-specific interactions occur 

between Pos antiSC Ab and TC Ags, compared to 

the interactions on STC Ags. This will create a 

smaller Cdl compared to interactions between Pos 

antiSC Ab and STC Ags, which can be noticed in 

Fig. 7. The same can be concluded for interactions 

occurring between Neg antiSC Ab and TC Ags as 

already explained for the first specificity test 

method in which Neg antiSC Ab interacted on STC 

Ags. However, Fig. 7 shows a slightly more 

negative magnitude for the Neg antiSC Abs in 

comparison to the Pos antiSC Abs on TC Ags. This 

suggests that Neg antiSC Abs result in more non-

specific interactions with the TC Ags.   

 

Evaluation of the analytical performance of 

the sensor  – After proving that our EIS sensor is 

more specific towards Pos antiSC Ab – STC Ag 

interactions while still maintaining non-specific 

interactions, this paragraph will discuss the 

analytical performance of the sensor. This was done 

by assessing decreasing concentrations of Pos as 

well as Neg antiSC Abs on STC Ags (1200 µg/mL). 

These concentrations consisted of four dilutions 

(1/10, 1/100, 1/1000, and 1/10 000). The raw data 

analysis for both was performed by subtracting the 

average of 10 sweeps after antiSC Ab from the 

average of 10 sweeps before antiSC Ab (Fig 8). The 

data were analysed for one measurement. The 

magnitude of the Pos antiSC Ab dilutions on STC 

Ags is: 1/10 = –197 Ω; 1/100 = –185 Ω; 1/1000 = –

100 Ω and 1/10 000 = –5. The magnitude of the Neg 

 
Fig. 8 – Bar graph representing the analytical 

performance of the EIS sensor. Experimental 

conditions: Blue: Pos antiSC Ab; Orange: Neg 

antiSC Ab. Abs were tested on STC Ags (1200 

µg/mL). Four dilutions (1/10, 1/100, 1/1000, and 

1/10 000) of Pos and Neg antiSC Abs were used 

during one measurement. For all conditions, the  

magnitude was taken from 63 Hz. Results are 

presented as one measurement. 
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antiSC Ab dilutions on STC Ags is: 1/10 = –256  Ω; 

1/100 = –113 Ω; 1/1000 = –102 Ω and 1/10 000 = 

+28 Ω. These results show that a lower 

concentration of Pos and Neg antiSC Ab results in 

a less negative magnitude. A feasible explanation is 

that a higher Ab dilution results in less Ag-Ab 

interaction on the sensor surface. Thereby, the Cdl 

will only increase with a small amount, depending 

on the attached Abs to the STC Ags. As a 

consequence, a higher dilution of electrical 

conductive Abs will have less contribution towards 

the flowing current between the electrodes when 

compared to lower Ab dilutions. This can be seen 

in Fig. 8 as a less negative magnitude. Moreover, it 

can be noticed that a Pos antiSC Ab dilution of 1/10 

000 (100 pg/mL Pos antiSC Ab) can still be 

detected by our sensor. It should be pointed out that 

1/10 000 is the lowest dilution tested, as our lab was 

unable to produce lower Ab dilutions. Based on the 

discussion in the 'sensor specificity test' section and 

the results of Fig. 8, it can be concluded that a 

limitation of our EIS sensor remains the unintended 

consequence of non-specific interactions. 

 

CONCLUSION AND OUTLOOK 

In this study, a commercially available EIS 

biosensor with gold-coated IDE has been assessed 

for the detection of Ag-Ab interaction. It has been 

proven that this sensor can successfully detect Ag-

Ab interactions. Thereby, STC Ags/Pos SC Abs 

were used as model biomolecules. Furthermore, a 

more specific interaction is observed towards Pos 

antiSC Abs on STC Ags compared to Neg antiSC 

Abs. On the other hand, a limitation of this sensor 

is the occurrence of non-specific interactions, 

which is a limiting factor for optimal sensor 

detection. Taken together, these results show that 

the EIS sensor is able to detect Ag-Ab interactions, 

but it still needs some improvements to reduce the 

non-specific interactions. This limitation should be 

further studied in a follow-up study. Therefore, 

instead of using Marvel as a blocking agent, 

different types of blocking agents can be used 

during the performance of this ELISA protocol. The 

to be tested blocking agents include bovine serum 

albumin (BSA), whole normal serum, fish gelatin, 

and non-fat dry milk. After proving the proof of 

principle, the improved ELISA protocol can be 

tested on homemade EIS biosensors as a follow-up 

study. The surface of this prototype sensor contains 

larger-sized IDEs, which makes it easier to verify 

Ag-Ab interactions using a microscope and a 

contact angle measurement. The final step is to 

improve the equivalent circuit of the current planar-

IDE EIS sensor. This device will contain insulating 

barriers between the IDE digits, which are referred 

to as 3D-IDEs. It is expected that the electric 

current will become more concentrated on the 

surface conductivity layer. Our research team’s 

expectation is that this will increase the sensitivity 

of the sensor. Finally, statistical principal 

component analysis (PCA) will determine the most 

relevant parameters of the sensor based on a simple 

equivalent circuit model. With this, we hope to 

transfer this technology platform to similar 

electrochemical impedance-based immunosensors 

and other types of sensors such as thermal sensors 

or a combination of impedance and thermal sensors, 

which focus on detecting other relevant Ag-Ab 

reactions. 
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SUPPORTING INFORMATION 

 

 Table 1 – ELISA protocol.  PBS (1x Phosphate-buffered saline), Ags 

(antigens) Abs (antibodies) 

 
 


