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A B S T R A C T

This study utilized faradaic and non-faradaic electrochemical impedance spectroscopy to detect alpha synuclein 
amyloid fibrils on gold interdigitated tetraelectrodes (AuIDTE), providing valuable insights into electrochemical 
reactions for clinical use. AuIDE was purchased, modified with zinc oxide for increased hydrophobicity. Func-
tionalization was conducted with hexacyanidoferrate and carbonyldiimidazole. Faradaic electrochemical 
impedance spectroscopy has been extensively explored in clinical diagnostics and biomedical research, providing 
information on the performance and stability of electrochemical biosensors. This understanding can help develop 
more sensitive, selective, and reliable biosensing platforms for the detection of clinically relevant analytes like 
biomarkers, proteins, and nucleic acids. Non-faradaic electrochemical impedance spectroscopy measures the 
interfacial capacitance at the electrode–electrolyte interface, eliminating the need for redox-active species and 
simplifying experimental setups. It has practical implications in clinical settings, like real-time detection and 
monitoring of biomolecules and biomarkers by tracking changes in interfacial capacitance. The limit of detection 
(LOD) for normal alpha synuclein in faradaic mode is 2.39-fM, The LOD for aggregated alpha synuclein detection 
is 1.82-fM. The LOD for non-faradaic detection of normal alpha synuclein is 2.22-fM, and the LOD for non-
faradaic detection of aggregated alpha synuclein is 2.40-fM. The proposed EIS-based AuIDTEs sensor detects 
alpha synuclein amyloid fibrils and it is highly sensitive.

1. Introduction

Alpha synuclein amyloid fibrils are protein aggregates linked to 
neurodegenerative disorders like Parkinson’s disease [1]. Detecting and 
quantifying these fibrils is crucial for understanding disease progression 

and developing targeted therapies. Accurate quantification can identify 
potential drug targets and aid early detection. Electrochemical imped-
ance spectroscopy is a promising method for selectively detecting fibrils 
[2]. Electrochemical impedance spectroscopy is a promising method for 
identifying and characterizing fibrils by understanding their electrical 
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properties and interactions with electrode surfaces. Alpha synuclein is a 
protein that is crucial in neurodegenerative disorders like Parkinson’s 
disease and dementia with Lewy bodies [3]. Parkinson’s disease is a 
neurodegenerative disorder affecting the geriatric population, charac-
terized by selective vulnerability of neurons, leading to deterioration 
and impaired functioning of specific neuronal cells [4]. Alpha synuclein 
amyloid fibrils are crucial in the disease’s aetiology, impairing cellular 
functions and causing the condition’s onset [5]. The progressive 
destruction of dopaminergic neurons can cause movement deficits, 
affecting everyday activities [6]. These impairments include quivering 
or tremor at rest, sluggishness, rigid musculature, and instability in 
maintaining proper posture. Detection of alpha-synuclein is essential for 
early diagnosis and monitoring of these diseases [7]. Alpha synuclein 
amyloid fibrils have been suggested as potential biomarkers for neuro-
degenerative diseases like Alzheimer’s, Parkinson’s, and Lewy body 
dementia [8]. The detection and characterization of Alpha synuclein 
amyloid fibrils in Parkinson’s disease are crucial for understanding its 
pathology and developing diagnostics [9]. These alpha synuclein amy-
loid fibrils can be found in cerebrospinal fluid and plasma, and their 
presence and spread are linked to disrupting key cellular processes, 
including protein production [10]. Research on Parkinson’s disease fo-
cuses on the detection of alpha synuclein amyloid fibrils which are 
believed to contribute to the disease’s pathogenesis and other neuro-
degenerative disorders [11]. These alpha synuclein amyloid fibrils 
disrupt cellular processes like protein trafficking, autophagy, lysosomal 
function, protein clearance, and synaptic integrity [12]. The spread of 
these alpha synuclein amyloid fibrils is linked to disease progression 
[13]. Various methods have been developed to detect alpha synuclein 
amyloid fibrils, however these often require complex instruments and 
are time-consuming [14]. Hence, electrochemical impedance spectros-
copy has emerged as a promising technique [15]. This technique offers 
advantages such as simplicity, sensitivity, and real-time based on fara-
daic and non-faradaic techniques to detect alpha synuclein amyloid fi-
brils in Parkinson’s disease [16]. Biosensors based on electrochemical 
impedance spectroscopy are widely used in culinary, medical, and 
environmental research. EIS systems use low amplitude alternating 
current voltages at varied frequencies to measure the response of 
chemical processes [17]. A working, reference, and counter electrode 
combination transfers a known voltage from the working electrode to 
the counter electrode through an electrolytic solution [18]. An electro-
chemical spectrometer is electrically connected to an electrochemical 
cell containing the chemical process to acquire the electrical response of 
an electrolytic solution [18]. EIS systems are operated by computer 
software designed specifically for EIS testing, therefore, the software 
components must be installed before starting an experiment [19]. The 
electrolytic solution is poured into a sample container, and if a metallic 
container provides extra electron pathways, the EIS current response 
decreases during testing [20]. Further, non-faradaic EIS and faradaic EIS 
are two types of EIS-based biosensors that are affected by the presence or 
absence of redox reagents [21]. The non-faradaic-EIS sensor is based on 
capacitance changes at the electrode–electrolyte interface and uses a 
redox-free electrolyte, while the faradaic-EIS-based sensor uses a charge 
transfer process between the electrodes and the redox reagent. The 
article introduces an Electronic Insight System (EIS) method to enhance 
the sensitivity of an interdigitated tetraelectrodes (AuIDTEs) sensor for 
the detection of amyloid alpha synuclein. The sensing technique lowers 
alpha synuclein aggregation by adjusting the buffer solution. Electro-
chemical impedance spectroscopy (EIS) is a biosensor method that ex-
amines the electrical characteristics of the electrode surface 
electrochemically. Biosensors on electrode surfaces detect changes in 
biosensors and the kinetics of molecules like DNA, receptors, antibodies, 
antigens, and proteins [22]. EIS-based biosensor systems could poten-
tially assist in the detection of Parkinson’s disease biomarkers [23]. 
Table 1 presents a comparison of various bioreceptors found on 
biosensor surfaces. In this study, MEMS technology was used to create 
the Interdigitated tetraelectrodes (AuIDTEs) sensor, which was 

evaluated by observing impedance fluctuations produced by different 
concentrations of alpha synuclein under faradaic and non-faradaic set-
tings. Table 2 compares the advantages, disadvantages, detection 
ranges, and limits of faradaic and non-faradaic Electrochemical Insights 
(EIS) techniques. Faradaic EIS is ideal for studying redox reactions, 
charge-transfer kinetics, and corrosion processes, however, requires a 
redox-active species in the electrolyte, making it limited to certain sys-
tems [18]. Non-faradaic EIS is more versatile and can investigate a wider 
range of systems, including those without redox-active species [24]. It 
typically covers a broader frequency range, allowing for analysis of both 
slow and fast electrochemical processes. The choice between these 
techniques depends on the specific requirements of the system and the 
information sought.

2. Experimental

2.1. Materials and reagents

Interdigitated tetraelectrodes (AuIDTEs) was purchased from Met-
rohm, Malaysia, developed at 10 μm gap. Metrohm (Malaysia). From 
Sigma Aldrich (USA), alpha-synuclein (diluted to attomolar–picomolar 
concentrations), [C7H6N4O, 162.15 g/mol, powder or crystals or chunk 
(s), solubility: clear to very slightly hazy. Ethanolamine [≥99.0 %: 
C2H7NO, 61.08 g/mol, colorless, liquid or viscous liquid] and human 
serum were purchased. The antibody was also purchased from Promega, 
United States. The concentration of antibody for the probe immobili-
zation was 100 nM. Ethanolamine at 1 M concentration was used as a 
blocking agent. O.5 mM Carbonyldiimidazole (CDI) was prepared and 
dropped on the surface of the gold interdigitated tetraelectrodes 
(AuIDTEs). The purpose of using CDI was to activate the surface of the 
gold interdigitated tetraelectrodes (AuIDTEs) so that antibodies could be 
attached. This allows for the creation of strong covalent bonds between 
the antibody and the sensor surface, resulting in a stable and effective 
biosensor. Phosphate buffered saline (PBS) at pH 7.4 was from Sigma 
Aldrich, USA, used at 10 mM concentration.

2.2. Pretreatment and characterization on AuIDTEs based biosensor

The device was pretreated by washing it with DI water and allowing 
it to dry. The device was then submerged in a diluted concentrated 
H2SO4 solution for 10 min before being dried. A high-power microscope 
model Olympus BX5, 3D-nanoprofler, scanning electron microscopy 
were used for the sensor characterizations. The size and dimensions of 
the biosensor and its electrode elements were defined using a scanning 
electron microscope, high power microscope, and a 3D Profilometer was 
utilized to measure areal surface topography. The working electrode 

Table 1 
Comparison of several bioreceptors in biosensor surfaces.

Bioreceptor Advantage Disadvantage Reference

DNA/ 
Aptamer

Excellent selectivity, 
specificity, and a 
broad application 
range

Substantial cost and 
labelling are required.

[25]

Antibody Excellent sensitivity, 
specificity, and a wide 
range of applications

Polyclonal and 
monoclonal antibodies 
have low thermal stability, 
a high price, and are 
immunogenic.

[26]

Enzyme Low cost, structure 
introduced, 
sensitivity, and 
simplicity

Poor thermal and pH 
stability chemical and 
often interferences

[27]

Whole cell Long life-span low 
cost, a diverse range of 
enzymes, and thermal 
stability

Slow response and limited 
selectivity

[28]
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area was 1.54 mm2, and it was able to accommodate 20–25 µL of liquid 
test sample. The biosensing response was characterised using electro-
chemical surface area stability and repeatability. EIS measurements 
were conducted in 0.1 M Fe(CN)6]3 solutions. Impedance analyzer was 
used to conduct the electrochemical impedance spectroscopy 
measurements.

2.3. Pretreatment of alpha synuclein monomer

Pretreatment was conducted by dissolving in glycine–NaOH buffer at 

a pH of 7.4, then incubating for five days at 37 ◦C with minimal agita-
tion. The resulting fibril was kept at 4 ◦C until storage. Aggregated 
protein preparation was prepared in concentrations ranging from 1 pM 
to 1 aM using the agitated buffer solution.

2.4. Measurements

The study investigated the sensing mechanism of alpha synuclein 
amyloid fibrils through EIS tests using antibody-modified Interdigitated 
tetraelectrodes (AuIDTEs) in the presence of increasing amounts of 

Table 2 
Advantages and disadvantages, detection ranges, and limits of faradaic and non-faradaic EIS techniques.

Electrode structure Technique Linear range Detection 
limit

Advantage Disadvantage Reference

Surface imprinted 
polymer (SIP)

Faradaic and 
non-faradaic 
EIS

5 pg/L–5 µg/L 5 pg/L The low-cost and are highly 
suitable for non-invasive 
monitoring of disease 
biomarkers

The binding between SIP and target biomolecule 
only relies on steric forces, which are significantly 
influenced by high energy media components in 
complex media like whole blood, serum, or 
interstitial fluid biological samples

[29]

Field-Effect Transistor 
integrated with 
microfluidics

Faradaic and 
non-faradaic 
EIS

0.25 pM–25 nM 0.25 pM Offer a label-free tool for 
studying protein aggregation

The sensor was not suitable for a large number of 
samples

[30]

Reduced graphene 
oxide

Faradaic EIS 1 fM–1 nM 0.64 fM High sensitivity and 
selectivity

The proposed biosensor is not suitable for multi- 
shot sensing due to its slow response.

[31]

Carbone nanotube Faradaic EIS 1–25 ng/mL 200 pg/mL High sensitivity Derived assays face challenges in reliably 
generating specific signals in complex media

[32]

Carbon screen-printed 
electrodes

Faradaic EIS 1 fM–10 pM 1 fM The sensor showed great 
analytical 
Performance in alpha- 
synuclein detection

Screen-printing process may result in a decrease in 
the active electrode area, which can affect the 
adsorption properties and reproducibility of the 
electrode.

[33]

Interdigitated 
microelectrode

Faradaic EIS 0.1–100 pg/mL, 7.4-fold The proposed method 
effectively utilizes faradaic 
spectroscopy with high- 
sensitivity

The f-EIS sensor’s redox reagent incorporation 
makes it challenging to detect specific biomolecules 
like amyloid beta.

[34]

Carbon black to a poly Non-faradaic 
EIS

6.0–100.5 μg 
mL− 1

1.3 µg mL− 1 The sensor exhibited low limit 
of detection

The sensor is not suitable for long-term applications [35]

molecularly imprinted 
polypyrrole

Faradaic EIS 1 nM–500 nM) 1 nM The sensors demonstrated 
broad detection range, good 
stability, and higher 
sensitivity

The limit of detection is high [36]

Molecularly 
imprinting polymer

Faradaic EIS 1 μM–500 μM 0.4 μM Low cost and high sensitivity The sensor is not suitable for a real human sample. [37]

platinum electrodes Faradaic EIS 3.5 × 10− 5 mol/ 
L–8.0 × 10− 4 

mol/L

5.1 × 10− 6 

mol/L
The proposed sensor is 
suitable as an alternative 
method for diagnosing this 
disease

The sensor lacks selectivity and reproducibility [38]

PPy@NU-1000 Faradaic EIS 0.005–70 μM 0.0001 μM The sensor described is highly 
sensitive, stable, and 
reproducible

The sensor’s performance decreases in the presence 
of do-pamine (>0.5 mM) and requires a 10-time 
dilution for practical sample analyzation

[39]

Fig. 1. Faradaic and non-faradaic techniques: (a) Depicts the matching circuit of the faradaic-EIS-based interdigitated tetraelectrodes (AuIDTEs) sensor. (b) Depicts 
the matching circuit of the non-faradaic-EIS-based interdigitated tetraelectrodes (AuIDTEs) sensor.
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alpha synuclein concentrations. A gold electrode with a diameter of 2 
mm was incubated in a PBS solution containing 10 M antibody. After 
cleaning the electrode with ethanol/water, a concentration of alpha 
synuclein was cast onto the sensor surface for 30 min. The electrode was 
submerged in a solution of [Fe(CN)6]3 (1:1) for impedance measure-
ment. Fig. 1a depicts the matching circuit of the faradaic-EIS-based 
interdigitated tetraelectrodes AuIDTEs) sensor. The presence or 
absence of redox reaction was used to classify non-faradaic and faradaic 
EIS-based biosensors. Randles equivalent circuit models of the two ap-
proaches were compared with experimentally recorded impedance 
spectra. Rct denotes the charge transfer resistance caused by the charge 
transfer process between the redox reagent and the electrodes. A novel 
detection approach was reported employing two types of buffers: one 
containing the redox reagent (faradaic) for measuring impedance before 
and after the immunoassay, and one containing alpha synuclein in PBS 
buffer (non-faradaic) for the alpha synuclein immunoassay. The non- 
faradaic-EIS contains a solution resistance Rs as well as a constant 
phase element (CPE) (Fig. 1b).

2.5. Overall research design

This study detects alpha synuclein amyloid fibrils by comparing 
faradaic and non-faradaic EIS techniques (Fig. 2). Furthermore, this 
shows how the antibody is immobilized onto the electrode surface. This 
step is important because it determines the performance and stability of 
the biosensor. Buffers were only used for preparing the sensing area, 
where both the antibody and target protein are present. The highest 
concentration of the target was compared control protein (Tau) for 
selectivity analysis. A scanning electron microscopy, a higher power 
microscope, a 3D profilometer, and an atomic force microscope were 
used to characterise the samples. For target analysis and detection, the 
antibody was immobilised on AuIDTEs and inhibited using Ethanol-
amine. The target was then detected by immobilising alpha synuclein for 
normal and fibrils produced alpha synuclein on antibody modified- 
AuIDTEs and measuring after washing with Fe(CN)6]3. The detection of 
alpha synuclein amyloid fibrils using faradaic and non-faradaic ap-
proaches were conducted, which resulted in limit of detection, sensi-
tivity, selectivity, and repeatability.

3. Results and discussion

3.1. Gold interdigitated tetraelectrodes (AuIDTEs)

Gold interdigitated tetraelectrodes (IDTEs) are versatile electro-
chemical devices used in sensing, electroanalysis, and energy conver-
sion. They consist of four gold-plated interdigitated electrodes arranged 
in a specific pattern to create a high-density electric field. Their unique 
design allows for efficient electron capture and transfer, making them 
ideal for rapid and sensitive electrochemical detection. AuIDTEs also 
generate high electric fields in a small footprint, making them a key 
advantage. Hence, a prototype for detecting alpha synuclein aggregation 
was built on a four-electrode platform biosensor (gold electrode) on a 
glass substrate with 10 µm lines and (Fig. 3a). The biosensor’s surface 
topography, dimensions, and electrode components were characterized 
using a scanning electron microscope. A higher power microscope was 
used to define the finger electrodes of AuIDTEs electrodes, while areal 
surface topography and gap surface were determined (Fig. 3b). Areal 
surface roughness assessment with a 3D Profilometer provides a full 
view of a surface (Fig. 3c). A high power microscope was utilized to 
examine the small areas of the electrodes (Fig. 3d). AuIDTE electrodes 
have a working electrode area of 1.54 mm2. A scanning electron mi-
croscope was used to obtain images of the modified AuIDTE electrodes. 
High-powered microscopy demonstrated that the sensor was perfect.

3.2. Impedimetric detection of normal and aggregation of alpha synuclein 
in Faradaic-EIS and non-Faradaic-EIS techniques

Impedimetric detection is a technique that uses impedance mea-
surements to analyze the presence or concentration of a target molecule 
or biomarker in a sample. It is highly sensitivity, simple, and label-free. 
One specific target studied is alpha synuclein, a protein linked to 
neurodegenerative diseases like Parkinson’s. Faradaic impedance spec-
troscopy measures charge transfer resistance or capacitance changes 
when the target molecule binds to a specially prepared electrode surface. 
Non-faradaic impedance spectroscopy measures changes in impedance 
without redox reactions at the electrode surface. The faradaic-EIS 
detection approach utilizes Randle’s equivalent electronic circuit to 
analyze and interpret Nyquist data, which displays the imaginary 
component of impedance against the real component. Nyquist plots 

Fig. 2. Overall schematic diagram. Physical and electrical characterizations were performed using a scanning electron microscope, a higher power microscope, a 3D 
profilometer, and current–voltage measurements. AuIDTEs surface functionalization was used to identify normal and amyloid fibrils, alpha synuclein, and AuIDTEs. 
Antibody was immobilised on the AuIDTEs for target analysis and detection, and the loosely attached surfaces were occluded using Ethanolamine. The target was 
then detected by immobilising alpha synuclein for normal and ologomer produced alpha synuclein on antibody modified-Au AuIDTEs and measuring after washing 
with Fe(CN)6]3. Faradaic and non-faradaic sensing techniques were employed.
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provide valuable information about the frequency response of the sys-
tem and the dynamic process of the electrode. These plots typically show 
a high-frequency semicircle representing electrolyte solution resistance 
and a low-frequency slope corresponding to Warburg impedance. 
Inductive loops in the extremely low frequency region indicate negative 
values of imaginary impedance. The faradaic-EIS detection approach 
demonstrates the relationship between real and imaginary impedance 
components and how changes in the sensing surface affect Rct. As the 
sensing surface changes, Rct or Z values increase, indicating an increase 
in sensor surface resistance. This information is crucial for understand-
ing and monitoring the performance of electrochemical systems. The 
study used AuIDTE to detect and measure the affinity-based interaction 
between alpha synuclein and antibody using Faradaic-EIS. This tech-
nique provides sensitive and quantitative measurements of electro-
chemical interactions on the AuIDTE electrode surface. This study 
explores the use of Faradaic-EIS and non-Faradaic-EIS techniques for the 

impedimetric detection of normal and aggregated forms of alpha- 
synuclein, a protein aggregate found in neurodegenerative diseases, 
and its potential in characterization and detection of biomolecules, 
including proteins. The study also discusses the charge transfer resis-
tance (Rct) values obtained for the device, which are crucial for un-
derstanding charge transfer efficiency at the biosensory interface. For 
the faradaic detection of normal alpha synuclein, result showed the 
lowest Rct value of 2.8 kΩ, indicating efficient detection of normal 
targets (Fig. 4a). However, as the target concentration increased, the Rct 
values gradually increased. This increase in Rct values suggests that the 
immobilization procedures and the interaction of the target had an 
inhibitory effect on the faradaic process of redox and negatively 
impacted the charge transfer resistance between the solution and the 
electrode surface. Furthermore, the study demonstrates the use of 
electrochemical impedance spectroscopy (EIS) in detecting alpha syn-
uclein aggregation in faradaic mode (Fig. 4b). Initially, the device had a 

Fig. 3. Characterization of gold interdigitated electrodes using higher resolution microscopes: Morphological characterizations of gold interdigitated electrodes were 
performed using a high-power microscope, scanning electron microscope and 3D Profilometer. (a) Full image of the AuIDTEs, (b) Image of AuIDTEs captured using 
SEM, (c) Image of AuIDTEs captured using 3D Profilometer, (d) Image of AuIDTEs captured using high power microscope.

Fig. 4. Nyquist response plot of alpha synuclein binding event on biosensing surface, Randlesequivalent circuit analysis, electrochemical impedance spectroscopy, 
Nyquist plot, faradaic, and non-faradaic techniques. (a) faradaic binding of normal alpha synuclein, (b) faradaic binding of aggregated alpha synuclein, (c) non- 
faradaic binding of normal alpha synuclein (d) non-faradaic binding of aggregated alpha synuclein.
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low Rct value of 1.8 kΩ, indicating successful detection. However, as the 
concentration of alpha synuclein increases, the Rct values increase, 
indicating an effect on the faradaic process and increased charge transfer 
resistance. This increase can be attributed to successful immobilization 
procedures and the target’s interaction with electrode surfaces. The 
study uses Faradaic EIS to detect affinity-based interactions between 
antibodies and target analytes, revealing the relationship between 
impedance components and sensor surface resistance. It also analyzes 
the interaction between alpha-synuclein and AuIDTE to understand its 
role in alpha synuclein amyloid aggregation. The study also uses Rct 
values for non-faradaic detection of alpha synuclein, providing valuable 
insights into the interaction between the device and target alpha synu-
clein during non-faradaic detection. The study demonstrates the effec-
tiveness of a device in measuring Rct values for non-faradaic detection of 
normal alpha synuclein and its aggregation, as shown in Fig. 4c. The 
device’s ability to measure Rct values is particularly useful for non- 
faradaic detection of alpha synuclein amyloid aggregation (Fig. 4d).

3.3. Faradaic and non-faradaic biosensing of frequency and magnitude of 
impedance for normal and aggregated alpha synuclein using AuIDTE

This section discusses faradaic and non-faradaic biosensing of fre-
quency versus total impedance for normal and aggregated alpha synu-
clein. The plot reveals the relationship between impedance magnitude (| 
Z|) and frequency (f), providing insight into the electrochemical pro-
cesses involved. The analysis of the plot can reveal information about 
amyloid fibril formation and detection, including the kinetics of amyloid 
elongation and external factors influencing aggregation. The sensor’s Z 
response curve indicates sensitivity changes in alpha synuclein con-
centration at frequencies less than 104 Hz, with surface resistance 
increasing due to surface and binding processes. Impedance, denoted by 
the symbol Z, is a measure of resistance to electrical flow. It’s measured 
in ohms. At frequencies over 104 Hz, the Z response remains constant, 
where Z is a total impedance, indicating electrolyte resistance, partic-
ularly buffer solution. The alpha synuclein binding assay’s Rct value 
increased to 2.531, indicating effective target interaction. The sensor’s 
activation frequency is around 106 Hz, with surface resistance increasing 
through surface pretreatment and binding events. The Z response 
changed significantly at 9 kHz, 10 kHz, 10.2 kHz, 9.1 kHz, and 5.2 kHz 
(Fig. 5a). The highest variations were observed at 5.2 kHz, highlighting 
the need for a development of linear calibration curve. Furthermore, the 
Z response curves showed continuous resistance at 106 Hz, due to the 

buffer solution’s electrolyte resistance. Furthermore, Fig. 5b shows the 
most significant changes in the Z response at 8.1 k, 9 k, 9.1 k, 9.31 k, and 
10 kHz frequencies. The Z response curves revealed a constant resistance 
at 106 Hz. Also, the Z response varied significantly at 10.1 kHz, 10.3 
kHz, 10.4 kHz, 10.6 kHz, and 100 kHz (Fig. 5c). The Z response curves 
showed constant resistance at 106 Hz. Furthermore, the system’s Z 
response varied significantly at 9.9 kHz, 10.2 kHz, 10.6 kHz, 10.7 kHz, 
and 102 kHz, allowing the extraction of Z values for the linear calibra-
tion curve (Fig. 5d). Hence, this method also allows for label-free 
detection, eliminating the need for additional chemical labels or tags. 
The results show a significant increase in total impedance at higher 
frequencies, indicating the presence of aggregated alpha synuclein. This 
information can be used to develop diagnostic techniques for diseases 
associated with abnormal alpha synuclein aggregation, such as Parkin-
son’s disease. AuIDTE can detect subtle changes in affinity-based in-
teractions between primary antibodies and the target analyte, allowing 
for the detection of alpha synuclein at concentrations below the 
threshold of other techniques like Raman spectroscopy. This non- 
faradaic method could be used as a diagnostic tool for alpha 
synuclein-related diseases, providing valuable insights into aggregation 
state and potential disease development.

3.4. Capacitive detection of alpha synuclein in non-Faradaic EIS and 
faradaic modes

This study explores the detection of alpha synuclein, both in its 
normal and aggregated forms, using electrochemical impedance spec-
troscopy. The study compares the capacitive detection of alpha synu-
clein in non-Faradaic EIS and faradaic modes. This method utilizes non- 
faradaic electrochemical impedance spectroscopy to measure the 
capacitance response of alpha synuclein, allowing for the characteriza-
tion of alpha synuclein interfaces and their interactions with antibodies. 
Alpha synuclein interfaces were generated and their antibody recruit-
ment from buffered aqueous solution was characterized before target 
interaction, leading to more accurate detection of the protein. Fig. 6a–d 
show the capacitance versus frequency response. Fig. 6a depicts the 
maximum capacitance of 30 × 10− 6 at 1 Hz. Also, Fig. 6b depicts the 
maximum capacitance of 29 × 10− 6 at 5 Hz. Furthermore, at a frequency 
of 10 Hz, Fig. 6c displays the maximum capacitance of 28 × 10− 6. 
Finally, Fig. 6d depicts the greatest capacitance of 31 × 10− 6 at 10 Hz. 
As a consequence, the maximum fluctuation in capacitance effect was 
discovered to be within the frequency range specified. The capacitance 

Fig. 5. The study analyzed electrodes from different alpha synuclein concentrations using electrochemical impedance spectroscopy, faradaic and nofaradaic 
techniques with frequency vs total impedance: AuIDTEs sensing in faradaic-EIS nonfaradaic mode was evaluated in buffer with Fe(CN)6 and a redox couple. Biassing 
was achieved. (a) faradic detection of frequency vs total impedance measurement with normal alpha synuclein with linear range from 1-aM to 1-pM, (b) faradic 
detection of frequency vs total impedance measurement with aggregated alpha synuclein with linear range from 1-aM to 1-pM, (c) non-faradaic plot of frequency vs 
total impedance for normal alpha synuclein, (d) nonfaradaic plot of frequency vs total impedance for aggregated alpha synuclein.
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response of the sensor varies at frequencies lower than 10 Hz, demon-
strating its activation frequency and insulating features. The capacitance 
of the electrolyte solution remains constant at frequencies over 101 Hz, 
however at frequencies below 101 Hz, Cdl values change owing to ion/ 
molecule adsorption. The sensor’s capacitance response at 4 Hz is 
increased by surface pretreatment and increasing alpha synuclein con-
centration, demonstrating effective target interaction. The study found 
that the capacitance with the target on the electrode surface changes 
with frequency, suggesting the presence of the aggregation alpha syn-
uclein. The results showed a clear correlation between the concentration 
of aggregated alpha synuclein and the absolute capacitance response, 
indicating the sensitivity and accuracy of faradaic and nonfaradaic 
techniques in detecting and quantifying amyloid alpha synuclein. This 
method holds potential for accurate and sensitive detection of alpha 
synuclein biomarkers, particularly in the early stages of neurodegener-
ative diseases like Parkinson’s disease. The use of AuIDTE in non- 
faradaic biosensing offers a sensitive and accurate method for 

detecting alpha synuclein biomarkers, particularly in the early stages of 
neurodegenerative diseases such as Parkinson’s disease.

3.5. Higher performance analysis

Identification of alpha synuclein-associated amyloid fibrils is crucial 
for diagnosing and monitoring neurological disorders like Parkinson’s 
disease. Accurate and sensitive detection technologies are essential for 
proper diagnosis and management. Electrochemical approaches, such as 
faradaic and non-faradaic modes, are commonly used for alpha- 
synuclein detection, with faradaic mode offering lower detection and 
quantification limits. The imaginary component (Im/) and real compo-
nent (Re/) of impedance (Z/) can provide insights into the sensitivity 
and reliability of electrochemical techniques for determining LOD and 
LOQ. The ratio of Im(Z)/[kΩ] to Re(Z)/[kΩ] can assess the suitability of 
a method for detecting and quantifying low concentrations of an ana-
lyte. Understanding this ratio across concentration ranges helps 

Fig. 6. The sensing performance of faradaic and nonfaradaic EIS detection modes was investigated in a 10 mM PBS buffer (pH 7.4) with electrodes biased at 100 
mVrms in the frequency range of 106 Hz down to 0.1 Hz. Nyquist plot for detecting varying levels of alpha synuclein, with an inset figures exhibiting its equivalent 
circuit.(a) faradaic Bode plot of absolute capacitance versus frequency response for normal alpha synuclein binding at different concentrations, (c) non-faradaic Bode 
plot of absolute capacitance versus frequency response for aggregated alpha synuclein binding at different concentrations, (d) non-faradaic Bode plot of absolute 
capacitance versus frequency response for aggregated alpha synuclein binding.

Fig. 7. Higher performance analysis: (a) faradaic linear calibration curve for detection of different alpha synuclein concentrations with error bars indicating standard 
deviations for measured impedance values, (b) faradaic linear calibration curve for detection of different alpha synuclein concentrations with error bars indicating 
standard deviations for measured impedance values, (c) non-faradaic linear calibration curve for detection of different alpha synuclein concentrations with error bars 
indicating standard deviations for measured capacitance values, (d) non-faradaic linear calibration curve for detecting various alpha synuclein concentrations, with 
error bars indicating standard deviations for observed capacitance values.
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researchers evaluate analytical methods’ performance and ensure reli-
able detection and quantification of analytes. LOD and LOQ are shown 
in Fig. 7: LOD for normal alpha synuclein detection in faradaic mode is 
2.39-fM with linear relationship of R2 = 9453 (Fig. 7a), LOD for 
detection of aggregated alpha synuclein in faradaic mode detection 
is1.82-fM with linear relationship of R2 = 0.9067 (Fig. 7b). LOD for non- 
faradaic detection of normal alpha synuclein is 2.22-fM with linear 
relationship of R2 = 0.9846 (Fig. 7c), LOD of non-faradaic detection of 
aggregated alpha synuclein is 2.40-fM with linear relationship of R2 =

0.9234 (Fig. 7d), respectively. LOQ for normal alpha synuclein detection 
in faradaic mode is 7.24-fM, LOQ for aggregated alpha synuclein 
detection in faradaic mode is 5.52-fM, LOQ of non-faradaic detection of 
aggregated alpha synuclein is 6.74-fm, and LOQ of non-faradaic detec-
tion of aggregated alpha synuclein is 7.27-fM, respectively. Non-faradaic 
mode, an electrochemical method without redox reactions, has larger 
detection limitations but can still be helpful in certain situations. R2 

values of 0.9067 and 0.9234 indicate acceptable degree of correlation 
between the measured data and the fitted model, suggesting a good fit. 
The study highlights the sensitivity of both faradaic and non-faradaic 
techniques in detecting amyloid fibrils alpha synuclein. The linear re-
lationships found for both faradaic mode detections highlight the pre-
cision and dependability of these electrochemical approaches for 
detecting alpha-synuclein. Furthermore, the R2 values observed for 
normal and aggregated alpha-synuclein detection in faradaic and non- 
faradaic modes confirm the robustness of these detection approaches. 
The linear connection in faradaic mode detection of normal alpha syn-
uclein has an R2 value of 0.9453, indicating a good correlation between 
the strength of the electrochemical signal and the concentration of 
normal alpha synuclein. The linear relationship between the electro-
chemical signal and the concentration of aggregated alpha synuclein in 
faradaic mode detection has an R2 value of 0.9067. This suggests that 
both faradaic and non-faradaic modes can detect and quantify normal 
and aggregated alpha-synuclein. The results contribute to the existing 
literature by demonstrating the sensitivity and potential diagnostic uses 
of electrochemical methods for alpha-synuclein detection. The study 
also demonstrates the variations in sensitivity and detection limitations 
between faradaic and non-faradaic electrochemical detection modal-
ities. The findings are consistent with prior research that has demon-
strated the use of electrochemical approaches for the detection and 
monitoring of alpha synuclein in neurological diseases. Electrochemical 
techniques, alpha-synuclein-based PET imaging, and electroencepha-
lography are potential tools for detecting and monitoring alpha 
synuclein.

3.6. Reproducibility and selectivity

The reproducibility of the immunosensor was investigated by EIS 
measurements of five individual items and alpha synuclein (1-pM) 
attached immunosensors. After repeated testing the sensor when the 
sensor was bare, with CDI, with antibody and with ethanolamine, and 
with target, the sensor also shown remarkable reproducibility (Fig. 8a). 
This designates that the immunosensor is promising for the detection of 
alpha synuclein with high accuracy. Four interfering analysis (bare, CDI, 
antibody, ethanolamine, and target) and alpha synuclein monomer were 
examined to investigate the specificity of the sensor. The most essential 
information in this article is that the developed electrochemical 
approach demonstrated exceptional selectivity towards alpha synuclein 
amyloid fibrils. Fig. 8b showed that there were no noticeable differences 
in Ret values between bare, CDI, antibody, and ethanolamine, on the 
contrary, the target concentration produced larger signal levels. The Aut 
showed a remarkable preference for alpha synuclein amyloid fibrils over 
other macromolecules, showing that the sensor provided was very se-
lective. The selectivity of a sensor was determined by testing two closely 
related proteins, alpha synuclein and tau. The sensor was found to be 
selective as no significant change was observed for the control, but the 
target alpha synuclein showed a significant change. The addition of 
alpha synuclein amyloid fibrils resulted in a considerable change, 
revealing the specificity of the sensing method.

3.7. Detection of alpha synuclein aggregation in human serum

To show the sensor system’s performance in real-world sample 
analysis, human serum was used as a proof of concept. Actual human 
serum concentrations in the samples were 1.1109 and 1.3 × 10− 6. The 
concentrations were 0.99 × 10− 6 and 0.96 × 10− 5, respectively. The 
relative standard deviation (%) (n = 3) was 1.18 and 3.89, respectively, 
with 97.6 and 99.8 as the recovery rate. These results suggest that the 
sensor is suitable for the application with real samples. There were good 
recoveries and relative standard deviation (RSD) values. Although this 
approach may be applied to real materials, numerous types of alpha 
synuclein protein, including monomers and fibrils, were not investi-
gated in this work. In serum, only alpha synuclein amyloid fibrils was 
studied.

4. Conclusion

The study explores nano-based biosensors for Parkinson’s disease 
using faradaic and non-faradaic techniques. The AuIDTEs-based elec-
trochemical assay is a cost-effective, disposable in vitro biosensor with a 
simple detection principle and low detection limit. The detection of 

Fig. 8. Determination of specificity and reproducibility: (a) reproducibility of the repeated testing of the AuIDTEs electrodes surface, (b) the specificity of two closely 
related proteins, alpha synuclein and tau is compared. The anti-alpha-synuclein antibody identifies only alpha-synuclein; the control protein shows no signifi-
cant change.
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alpha synuclein amyloid fibrils is crucial in the field of neurodegener-
ative disorders, particularly Parkinson’s disease. The selective detection 
of these fibrils using electrochemical impedance spectroscopic ap-
proaches holds great promise for early diagnosis and monitoring of 
Parkinson’s disease progression. This study could achieve enhanced 
sensitivity, selectivity, and accuracy by using both faradaic and non- 
faradaic approaches. This can contribute to the development of reli-
able diagnostic tools and therapeutic strategies for Parkinson’s disease, 
improving patient outcomes and quality of life. The selective detection 
of alpha synuclein amyloid fibrils can also help understand the under-
lying mechanisms of other neurodegenerative disorders, such as de-
mentia with Lewy bodies and multiple system atrophy. The 
development of electrochemical impedance spectroscopic approaches 
for the selective detection of alpha synuclein amyloid fibrils represents a 
significant advancement in the field of neurodegenerative disorders, 
particularly Parkinson’s disease.
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