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Abstract
Acute and chronic neurodegenerative diseases (NDs), including multiple sclerosis (MS), Alzheimer’s disease (AD), and 
Parkinson's disease (PD), are characterized by neurodegeneration, which is the gradual malfunction and damage of neurons 
and axons in the central nervous system. Improved clinical diagnostic workups and the development and tracking of success-
ful disease-modifying treatments are made possible by detecting appropriate neurodegenerative disease (ND) biomarkers. 
Important biomarkers, such as Tau proteins, amyloid-β, and α-synucleins, are essential for precise identification but are often 
evaluated using time-consuming, expensive, and traditional techniques like polymerase chain reaction (PCR) and enzyme-
linked immunosorbent assay (ELISA). Due to its exceptional selectivity and sensitivity, electrochemical biosensing has 
become a popular, low-cost substitute for more conventional diagnostic methods. Nanoparticles in biosensors are particularly 
noteworthy because they improve electron transport and aid in immobilizing biorecognition components. Conducting poly-
mers have shown great potential in the field of electrochemical sensing. Conducting polymers have shown great potential in 
electrochemical sensing. Additionally, research has shown that polypyrrole, polyaniline, poly(3,4-ethylenedioxythiophene), 
and poly(thiophene) are often regarded as among the best conducting polymers for fabricating electrochemical sensors. 
Moreover, a hydrogel biosensor allows for the detection of many parameters simultaneously with real-time monitoring, 
allowing for more accurate and timely tracking of multiple indicators of a patient. Hydrogel nano(bio)composite sensors 
that use electrochemical transduction methods to detect analytes are also available. Hydrogel-based polymer sensors for 
early-stage neurodegenerative diagnosis are examined in this review in a novel way. Afterward, we reviewed electrochemical 
sensors developed for detecting biomarkers related to diseases, including multiple sclerosis, Alzheimer's, Parkinson's, and 
Huntington's. There have also been developments devised to enhance efficacy of electrochemical diagnostic tools to address 
their limitations. In this respect, we have also reviewed many polymers used in electrochemical diagnosis of neurological 
disorders. Finally, we have also evaluated the limits and prospects of clinical trials involving these electrochemical means 
of diagnoses.
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Introduction

In neurodegenerative diseases, the nervous system tran-
siently deteriorates. Several diseases fall within this cate-
gory, including Alzheimer's disease, Parkinson's disease, and 
prion diseases. There is currently no known cure for these 
diseases. The only therapeutic option is symptomatic relief. 
Additionally, they are progressive and often involve fibril 
entanglement or abnormal protein aggregation, creating big-
ger protein aggregates called plaques. These proteins are first 

seen in healthy brains' central nervous system (CNS). Some 
play crucial roles in the biological system, such as regulat-
ing membrane integrity, transporting vesicles, and keeping 
cells running smoothly (Li and Kerman 2021). Diagnosing 
NDs is challenging due to the long diagnosis process and 
the fact that the first therapy always lowers treatment results 
(Gómez-Río et al. 2016; Domínguez-Fernández et al. 2023; 
Akram et al. 2024). Individual assessment procedures and 
signs often lack selectivity, which is commonly encountered 
in many diagnoses of NDs. Consequently, accurate results 



Cellular and Molecular Neurobiology (2025) 45:52	 Page 3 of 38  52

are sometimes impossible without repeated diagnoses, which 
may increase the associated cost (Thakur et al. 2025).

Many techniques have been employed to detect biomark-
ers of neurological disorders. These include enzyme-linked 
immunosorbent assays (ELISA), in vivo positron emission 
tomography (PET), mass spectrometry, high-performance 
liquid chromatography (HPLC), surface plasmon resonance 
(SPR), field effect transistors (FET), and others. Applying 
these techniques requires the analysis of cerebrospinal fluid 
(CSF), an intrusive procedure, restricting its use in point-
of-care (POC) biomarker analysis. In addition, these meth-
ods are also costly and complicated (Adampourezare et al. 
2023). For example, contact lenses and other chip-based 
sensors may be POC devices for quick and affordable early 
detection at home. A neuroimaging or ocular examination 
in the hospital is the next step for the patient’s subsequent 
diagnosis and treatment if the sensors identify changes in 
the concentrations of the proteins that act as biomarkers for 
NDs. The frequency of hospital visits and the turnaround 
time for diagnostics may be considerably decreased in this 
manner, in addition to the financial burdens that patients and 
society bear. More significantly, the combination of POC 
and neuroimaging diagnostics may increase the speed and 
affordability of diagnosing NDs (Song et al. 2020).

The subject of biosensors has recently seen the devel-
opment of several novel components, including aptamers, 
molecularly imprinted polymers (MIPs), and nanomaterials. 
Since nanoparticles (NPs) have a high surface-to-volume 
ratio that aids in obtaining better sensitivity and efficiency, 
nanotechnology has greatly benefited the biosensor indus-
try. Electrochemical detection, such as amperometric, vol-
tammetric, and impedimetric detection, has been used in 
one form or another in the majority of biosensors created 
to date. Additionally, half of the biosensor manufacturing 
is covered by catalytic biosensors, which employ enzymes 
of some type, while the other half is represented by affinity 
biosensors, which use antibodies (Abs). Affinity biosensors 
are mostly utilized for DNA detection in processes (hybridi-
zation) and food product quality and safety monitoring. The 
reference, counter, and working electrodes make up the elec-
trochemical biosensors. A signal that aids in the detection 
process is produced using the electrons produced or con-
sumed during the catalysis of enzymes (Song et al. 2020).

One potential way to diagnose NDs is via nanobiosensors. 
Even at low concentrations, biomarkers may be detected 
using very sensitive nanobiosensors. Atto- (a, 10−18), femto- 
(f, 10−15), pico (p, 10−12), and even zepto-(z, 10−21) scales 
have all been attained via nanosensor detection. Addition-
ally, electrochemiluminescence and fluorescence detec-
tion have achieved sensitivities down to picomolar (pM, 
10−12 M) concentrations (Swierczewska et al. 2012). These 
capabilities significantly improve early diagnosis. Nanoma-
terials, including quantum dots (QDs), carbon nanotubes 

(CNTs), and metal NPs, were often incorporated in con-
structing nanobiosensors. Because of their high reactivity 
and quick electron transfer rates, nanomaterials may shorten 
the response time of electrochemical sensors. This fast reac-
tion is essential for dynamic changes in biomarker levels 
and real-time physiological parameter monitoring (Dhahi 
et al. 2024; Jalalvand and Karami 2025). Advancements in 
data analytics and microfluidics have then facilitated the 
developments of portable, affordable, and accurate diagnos-
tic instruments. Nonetheless, there are also challenges and 
limitations. For example, it is essential to precisely manipu-
late nanomaterial characteristics in developing nanobiosen-
sors, in particular their biocompatibility. Additionally, many 
technologies may not be ready for commercialization until 
they overcome regulatory obstacles. Scientists are working 
hard to address these problems. Owing to advancements in 
engineering and materials science, researchers have dem-
onstrated the developments of more reliable nanobiosen-
sors (Dhahi et al. 2024). For instance, there have not been 
many technical developments up to this point that demon-
strate the suitability of nano-level biosensors for identify-
ing biomarkers for AD in sweat samples. Sweat dopamine 
levels are reported to be decreased in AD sufferers. Using 
cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) techniques, Lei et al. have developed a 
single-atom-doped molybdenum disulfide with manganese 
for the ultrasensitive detection of dopamine from an artificial 
sweat sample, demonstrating a limit of detection (LOD) of 
0.05 nM. This might provide a fresh method for pathologi-
cally diagnosing AD via perspiration (Swierczewska et al. 
2012; Lei et al. 2020).

Researchers can now detect the chemical, cellular, electri-
cal, and behavioral changes linked to neurodevelopmental 
disorders (NDDs) development using a variety of modern-
age sensors, made possible by the fast advancement of sen-
sor technology. Surprisingly, miniature sensors for detecting 
biomarkers associated with neurological diseases have been 
developed with the proliferation of nanomaterials, electro-
active polymers, and the Internet of Things. Simply put, a 
sensor is any device or technology that can take in an input 
signal and convert it into a quantifiable and visible form. 
Any measurable amount of physical fluctuations could serve 
as the input signal. Biosensors are state-of-the-art detection 
methods that have recently arisen in several medical diag-
nostic applications, one of which is the real-time detection of 
human fluids (Falk et al. 2020; Nawrot et al. 2018; Gautam 
2022). Global estimates placed the value of the biosensor 
market at USD 25.5 billion in 2021 (Paul 2024). The medi-
cal and health industry is expected to have the most substan-
tial growth, with a predicted increase of 43% to 44% during 
the next 5 years (Gautam 2022).

Electrochemical biosensors have gained popular-
ity over the years for several reasons, including their 
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biocompatibility, cost-effectiveness, simplicity, ease of 
handling, portability, high sensitivity, and capacity to ana-
lyze turbid samples (Valkova and Pohanka 2021). One kind 
of biosensor, an electrochemical biosensor, may transform 
biological data, such as the concentration of an analyte, into 
a current or voltage (Singh et al. 2021). An amperometric, 
potentiometric, conductometric, or impedimetric transducer 
generates the amperometric signal. Different electrochemi-
cal sensors are used depending on the measured param-
eter: amperometric transducers measure electrical current, 
potentiometric transducers measure generated potential, 
conductometric transducers measure medium conductance, 
and impedimetric transducers measure medium impedance 
(Valkova and Pohanka 2021).

In addition, biosensors often use CV, differential pulse 
voltammetry (DPV), EIS, and square wave voltammetry 
(SWV) as electrochemical methods for the early detection 
of NDDs (Silva et al. 2024). In terms of neurological and 
physiological processes in real time, electrochemical sens-
ing of metabolites, neuromodulators, and neurotransmitters 
in vivo is crucial. The need to monitor neurotransmitters and 
neuromodulators in living organisms, from individual cells 
to brain slices or even the whole brain, has driven the devel-
opment of cutting-edge electrochemical biosensors and tech-
nology. The miniaturization of electrodes may be explored 
by voltammetry, a universal tool for studying electrochemi-
cal processes in complicated matrices. Additionally, the 
rapid oxidation–reduction kinetics of neurochemicals make 
amperometry an ideal method due to its high temporal reso-
lution. Potentiometry allows for quantitative analysis with 
less invasiveness and excellent compatibility by measuring 
the potential difference. In analytical chemistry, potentiom-
etry is a tool for determining the solute concentration in 
a solution. In this technique, a high-impedance voltmeter 
detects the voltage between two electrodes (Zdrachek and 
Bakker 2020; Yang et al. 2025). As amplification methods, 
field effect transistor (FET) and organic electrochemical 
transistors (OECTs) outperform more conventional tech-
nologies regarding sensitivity (Yang et al. 2025).

Using molecular and atomic-level control, nanotechnol-
ogy may develop new materials, tools, and systems. At the 
nanoscale, material dimensions significantly impact their 
characteristics because physical and chemical properties of 
individual atoms and molecules will vary from bulk mate-
rials, making particle size a critical factor in this technol-
ogy. In general, nanomaterials have a dimensionality of less 
than 100 nm. Incorporating nanomaterials into the design of 
biosensors opens up new possibilities for diagnostic interac-
tions. Nanomaterials are purposely used in biosensor archi-
tecture to enhance biorecognition element characteristics or 
activities, or augment the active surface area of a transducer. 
Nanomaterials improve diagnostic sensitivity and amplify 

output signals in electrochemical biosensors (Negahdary and 
Angnes 2022).

With the increasing popularity of employing biocom-
patible and less cytotoxic materials, novel biomaterials for 
biological and chemical sensing applications have become 
more prevalent in the diagnostic field. The swellable, nano-/
microporous, and aqueous 3D structures of hydrogel-based 
electrochemical sensors have made them a potential candi-
date for implantable and wearable applications due to their 
ability to immobilize electroactive species, whole cells, and 
complex tissue models. In addition, bio-nanocomposite 
of hydrogel is also often considered for use in biocompat-
ible, “smart,” and sensitive POC health monitoring devices 
(Shafique et al. 2023).

One effective way to achieve high-quality sensor per-
formance with improved signal stability, biocompatibility, 
LOD, and low-cost sensor design is to incorporate hydrogel 
NPs (HNPs). Biomaterial immobilization has extensively 
used HNPs with various compositions, pore sizes, and 
shapes, with applications spanning almost all biomaterials, 
including enzymes, proteins, antigens, and DNA. Because 
of their many valuable properties, HNPs have become well 
known as promising materials for biosensor production. 
Hydrogels have a wide range of potential applications due to 
their biocompatibility and chemical variety. These domains 
include temperature sensing, health monitoring, and drug 
detection. Hydrogels are also very reactive to environmen-
tal factors like temperature, light, electric fields, and sol-
vents. Hydrogels are versatile and may be used as electrode 
materials and sensors (Hasanzadeh et al. 2014; Zhang and 
Wang 2022). Several examples of applications of HNPs, 
together with their benefits and limitations, are provided 
below to illustrate their future advances in this area. In addi-
tion, surface modifications using HNPs were explored to 
study the impact of polymeric characteristics on biosensor 
performance and to demonstrate the applications of HNPs 
to various transducers for analyte detection (Hasanzadeh 
et al. 2014). Researchers developed an Amyloid-β oligomer 
(AβO) biosensor by immobilizing a thiolated cellular prion 
protein (PrPC) peptide probe on gold (Au) NP-modified 
hydrogel electrode. Based on EIS, their work showed an 
enhanced electron transfer resistance of the redox marker by 
an AβO | PrPC probe-modified hydrogen electrode compared 
to AβO. Additionally, one possible pathological method of 
AD manifests as the misfolding and aggregation of amyloid-
beta (Aβ). The CSF or blood circulation may receive AβO 
and fibrils formed from Aβ monomers. Compared to insolu-
ble aggregates, AβO is considered the most neurotoxic type 
and is more strongly associated with AD severity. It may 
distinguish AβO from Aβ fibrils or monomers with at least 
99% efficiency. At the same time, it could identify synthetic 
CSF or blood plasma with a sensitivity of as little as 0.1 pM 



Cellular and Molecular Neurobiology (2025) 45:52	 Page 5 of 38  52

AβO. From 0.1 pM to 10 nM is the linear range for detecting 
AβO (Sun 2018).

The digestive system provides an easy place for the body 
to absorb α-lipoic acid, a powerful antioxidant that dissolves 
in water and fat. By doing this step, nerve tissue may be 
protected from damage. So, it is a medicine for managing 
and curing oxidative stress-related chronic diseases like 
diabetic neuropathy. Senses are altered by neuropathy. In 
addition, α-lipoic acid could mitigate dapsone’s effects, 
including diminished activation of microglia and astro-
cytic cells, reduced levels of pro-inflammatory cytokines, 
increased brain-derived neurotrophic factor, enhanced anti-
oxidant capacity, and diminished oxidative damage due to 
iron buildup. Thus, α-lipoic acid is seen as a potential and 
practical substitute for traditional medicine in treating disor-
ders associated with neuroinflammation and oxidative stress 
(Lu et al. 2024; Gomes et al. 2025). The biocompatibility, 
specific receptor immobilization, and wide surface area of 
chitosan make it an attractive candidate for electrochemi-
cal sensing applications, where it may enhance the sensor's 
selectivity by increasing analyte adsorption. Also, chitosan 
is a good electron transfer facilitator, which may improve the 
sensitivity and reliability of α-lipoic acid detection (Boune-
gru and Bounegru 2023). Functionalized multi-walled CNTs 
may also be used as nanosensors for detecting α-lipoic acid. 
These nanotubes' unique electrical and mechanical charac-
teristics allow them to be very selective and sensitive. The 
electrochemical performance of the sensor is enhanced by 
functionalizing multi-walled CNTs, which increases the ana-
lyte's dispersion, stability, and contact. To avoid activation 
of microglia inflammation in the nervous system, α-lipoic 
acid was electrochemically detected at a poly(vanillin-co-
chitosan)-functionalised multi-walled carbon nanotube 
(CNT)-modified glassy carbon electrode (GCE) (Lu et al. 
2024). In this study, a sensitivity of 0.047 µA/µM, a LOD of 
0.012 µM, and a broad linear range between 0 and 3000 µM 
α-lipoic acid were achieved. These findings are comparable 
to a sensitivity of 0.04664 µA/µM, a LOD of 0.012 µM, and 
a broad linear range between 0 and 3000 µM α-lipoic acid 
using an ELISA kit (Lu et al. 2024).

There have been developments in multiplex paper-based 
electrodes using vacuum filtration (Gu et al. 2024). Among 
them, a five-electrode pattern was formed on a cellulose 
paper by progressively vacuum filtration single-walled CNTs 
and AuNPs (Gu et al. 2024). Jinyu Gu et al. (Gu et al. 2024) 
developed a nanocomposite of AuNPs-loaded dendritic 
mesoporous silica NPs (dmSiO2-Au). Further, they depos-
ited thionine (Thi) for signal amplification, and multiplex 
electrodes to create an immunosensor for AβO and Fetuin B 
at the same time. In addition, ferrocene was added to a sepa-
rate working electrode to conduct ratiometric electrochem-
istry and improve precision. There was no clear evidence of 
cross-talking across the three functional electrodes, and the 

results showed excellent selectivity, sensitivity, and stability. 
Using this sensor effectively allowed us to measure Aβo and 
Fetuin B levels in the blood and brain of transgenic AD mice 
(Gu et al. 2024). In particular, the paper electrodes were 
created using a quick and easy vacuum filtration method 
that formed a conductive underlay and electrical connections 
by successively filtering AuNPs solutions and single-walled 
CNT dispersions through cellulose paper in a five-electrode 
pattern. The electrode included three Au working electrodes, 
an Ag pseudo-reference electrode, and an Au counter elec-
trode. To improve detection performance, a nanocomposite 
of dmSiO2-Au conjugated with Thi and antibody (Ab) of 
Aβo or Fetuin B (dmSiO2–Au–Thi–Ab) was used as the sig-
nal transducer and amplification for the immuno-sensing. 
This was because dmSiO2 NPs had a large specific surface 
area, which allowed them to load large amounts of AuNPs 
and effectively capture Abs. In conclusion, the offered elec-
trochemical immunosensors for multiplex diagnostics have 
the potential to pave the way for the discovery of additional 
blood indicators associated with AD (Gu et al. 2024).

Using MIPs, a polymer receptor material with three-
dimensional memory of the detected compounds and par-
ticular target molecular recognition sites may be quickly and 
effectively synthesized (Lu et al. 2023). Researchers used 
a peptide epitope from the protein to build electrochemi-
cal sensors for the protein α-synuclein (α-Syn), a marker 
for PD, using a molecularly imprinted polymer (MIP). The 
conductivity of MIPs was enhanced by electropolymerizing 
them with or without template molecules, depending on the 
concentration and species of transition metal dichalcoge-
nides (TMDs). The rational design of conducting MIPs for 
biomarker identification in biological fluids may be aided by 
this link, which researchers discovered. Electrodes coated 
with TMDs-doped imprinted poly(Aniline (AN)-co-m-
Aminobenzenesulfonic acid (MSAN)) had a sensing range 
of 0.001–100 pg/mL and a LOD of 0.5 fg/mL based on a 
signal-to-noise ratio of 3. An analysis of cell culture medium 
from midbrain organoids unique to Parkinsonian patients, 
generated from induced pluripotent stem cells, was con-
ducted to demonstrate the possible use of the MIP electro-
chemical sensor. The organoids derived from these patients 
showed considerably lower levels of α-Syn when compared 
with those of age-matched controls. Recovery is between 95 
and 115%, and the relative standard deviation is less than 5% 
(Lee et al. 2021).

This article thoroughly summarizes the history and 
importance of early diagnosis in NDs. We underline the 
need for trustworthy biomarkers and discuss the difficulties 
with current diagnostic methods. In addition, critical novel 
biomarkers of neurological illness are summarized below 
in this article. With a focus on their potential for diagnosing 
NDs such as multiple sclerosis, Alzheimer’s disease, and 
Huntington’s disease, this study thoroughly compares newly 
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published electrochemical biosensing technologies. In this 
respect, strategies were devised to address the efficacy of 
electrochemically based diagnostic tools. Consequently, we 
examine the many polymers used in electrochemical meth-
ods to diagnose neurological disorders. Hydrogel-based 
polymer sensors for early-stage neurodegenerative diagno-
sis are discussed in this review. Lastly, we will also pre-
sent the limits and prospects of clinical trials. Additionally, 
polymer-based electrochemical sensors for diagnosing NDs 
are offered for the first time in this study. It is stated how 
important these platforms are for diagnosing diseases. In 
contrast, this review highlights significant uses of polymer-
based electrochemical sensors for identifying neurological 
diseases, such as HD, AD, and MS. This strategy will raise 
awareness of the subject, inspire more researchers to work 
on clinically useful analytical devices, and promote cross-
disciplinary and inter-disciplinary cooperation, such as when 
clinician scientists collaborate with device developers.

Electrochemical Sensor in Biomarker 
Identification of Neurodegenerative 
Diseases

Magnetic resonance imaging (MRI) and PET are the pri-
mary methods for diagnosing AD. Despite their value, these 
technologies are costly and only available to those with the 
means. In the early stages of AD, they also show reduced 
sensitivity. Although identifying biomarkers like phospho-
rylated tau (p-tau) and total tau (t-tau) in CSF is depend-
able, it necessitates invasive lumbar punctures, making it 
unfeasible for regular or large-scale screening. Blood-based 
biomarkers have become viable, low-invasive, and affordable 
options for early AD identification, especially p-tau subtypes 
as p-tau181 and p-tau217. However, there is a major analyti-
cal hurdle due to the low levels of tau in blood, which are 
about an order of magnitude lower than in CSF (Luo et al. 
2025; Kim et al. 2016).

An ideal approach for tau detection is ELISA, which is 
accessible via commercially available kits and can detect 
such low concentration levels. Nevertheless, along with 
these benefits come certain downsides, such as the need to 
utilize optically tagged Abs, lengthy incubation and washing 
procedures, and the usage of many Abs. A second strategy 
based on PCR-related methods has effectively measured 
trace amounts of tau protein. In particular, a technique called 
nano-iPCR was employed to measure tau concentrations. 
This involved adding a tau-specific monoclonal Ab (HT7) 
and a single-stranded thiolated oligonucleotide to Au-NPs, 
which were then detected using real-time PCR (Carlin and 
Martic-Milne 2018). This method's efficacy produces an out-
standing detection range at the pM level. The sensitivity of 
PCR amplification makes it a potential downside that any 

detecting components attached nonspecifically to the walls 
of the PCR wells would be substantially amplified, leading 
to an increase in the background signal. The fM detection of 
tau protein in plasma was recently accomplished using sur-
face plasmon resonance (Kim et al. 2016; Carlin and Martic-
Milne 2018). The current electrochemical ELISA-based bio-
sensor testing may display up to 4857 signaling molecules 
per probe molecule binding event, in contrast to the five 
to ten signaling molecules shown in classic ELISA testing 
(Carlin and Martic-Milne 2018; Hosseini et al. 2025). Tradi-
tional, costly, and time-consuming techniques for measuring 
Tau CSF levels include ELISAs, mass spectrometry, and 
SPR. The development of biosensor-based detection assays 
that are quick, inexpensive, and very sensitive has been an 
area of intense research focus. For example, the researchers 
created a label-free electrochemical biosensor to detect Aβ 
oligomers. Although the threshold of detection is 0.2 µM, 
which is about five orders of magnitude greater than the CSF 
tau cut-off value (4.3 pM) that differentiates AD patients 
from controls, an electrochemical biosensor for tau was 
recently created (Luo et al. 2025).

For the very sensitive detection of analytes in bodily flu-
ids, electrochemical biosensors use an electrical transducer 
and a recognition element. Crucially, they may provide quick 
readings and be incorporated into wearable, implantable, 
and portable devices for POC diagnostics. For instance, 
the personal glucose meter makes it possible to measure 
blood glucose levels at home, significantly improving dia-
betes treatment. In addition, to facilitate POC diagnostics 
and health monitoring, electrochemical biosensors—such as 
amperometric, voltammetric, potentiometric, organic elec-
trochemical transistor, photoelectrochemical, and electro-
chemiluminescent sensors—can be incorporated into wear-
able, portable, and implantable devices. Enhancements in 
instability, sensitivity, repeatability, multiplexing, and digi-
talization—and, crucially, inexpensive materials and simple 
production techniques—will be necessary for commercializ-
ing and wide POC application of integrated electrochemical 
biosensors (Wu et al. 2023).

Amperometric biosensors provide precise quantitative 
analytical data by measuring the current generated when 
an electroactive biological element is oxidized or reduced 
at a constant voltage between a reference electrode and a 
working electrode. These biosensors are based on Clark's 
groundbreaking 1956 amperometric oxygen sensor, which 
measured oxygen content by measuring the current that 
flowed through a platinum electrode in response to an 
applied voltage. In contrast, for a voltammetric biosensor, a 
current may be generated between a working electrode and 
a counter electrode by scanning the applied voltage across a 
window between the working electrode and a reference elec-
trode, within which the redox reaction of the analyte occurs. 
The peak current may then be quantitatively related to the 
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analyte concentration. One benefit of this technique is that it 
may provide qualitative and quantitative information based 
on the peak current intensity and its possible location (Ding 
and Qin 2020; Lakard 2020; Lakard et al. 2021).

In DPV, a sequence of voltage pulses is added to a linear 
potential sweep. Applying a voltage pulse to the electrode 
at a base value where the Faradaic reaction does not occur is 
the starting point of DPV. With each pulse, the base potential 
is raised by an equal amount. Before each potential pulse 
change, the current is measured, and the difference between 
the current and the potential is plotted against the potential. 
By measuring the current at the end of a pulse, the impact of 
the charging current will be minimized. While oxidation pro-
cesses generate peaks in the DPV method, they cause waves 
to appear in the voltammogram in the linear sweep method. 
Compared to linear sweep voltammetry, DPV is more accu-
rate because of the voltammogram's accuracy, making it 
easier to interpret. Because the peaks in the DPV method 
produce sharper waves associated with dopamine, ascorbic 
acid, or uric acid, as opposed to the vast waves created in a 
linear sweep voltammogram, this is especially helpful in the 
context of electrochemical biosensors. In addition, to yield 
a wave in a linear sweep voltammogram, the analyte solu-
tion must not be quiescent (e.g., using a magnetic stirrer, a 
flowing system, or a rotating electrode) (Lakard et al. 2021; 
Simões and Xavier 2017; Baranowska et al. 2008) (Fig. 1).

Electrochemical sensors based on nanomaterials such 
as graphene, CNTs, MIPs, metal–organic frameworks, and 
metal NPs demonstrate stability, selectivity, sensitivity, 
accuracy, and precision to measure neurochemicals. Even 
in the most complicated physiological settings, these sen-
sors can measure target molecules reliably. In vivo meas-
urements are now more reliable due to increased selectivity 
from subsequent developments in recognition units (such 
as enzymes, aptamers, and MIPs). Unfortunately, there are 
still obstacles that make long-term monitoring unstable and 
inaccurate. These include protein adsorption, contamination 
of the electrodes, and foreign body reactions from implanted 
electrodes. The visualization, real-time in situ measurement, 
and interference-free simultaneous detection of several neu-
rochemicals may constitute future research priorities. The 
future of electrochemical neurotransmission analysis seems 
bright, with the development of more precise clinical neu-
rotransmitter measurements promising to revolutionize the 
field of neuroscience (Xu et al. 2024a).

Important Novel Biomarker Identification 
of Neurodegenerative Diseases

Improved diagnostic developments in clinical and easier 
monitoring of effective disease-modifying treatments 
became possible owing to the availability of biomarkers for 

NDs. Clinical trial and observational study designs have 
been enhanced with the increased use of PET technologies 
to identify amyloid-β and tau pathology in AD (Hansson 
2021). Recent developments of affordable and readily avail-
able blood-based biomarkers that may identify the same AD 
have the potential to completely alter the diagnosis process 
for AD on a worldwide scale (Thambisetty and Lovestone 
2010; Hampel et al. 2018). Blood-based indicators of gen-
eral neurodegeneration, glial activation, and relevant bio-
markers for α-Syn pathology in PD (Hansson 2021).

Designing and preparing samples, separating proteins and 
peptides, identifying them, using bioinformatics, interpret-
ing the results, and validating and confirming the biomarker 
are all crucial aspects of the discovery process. However, 
readily obtained fluids, such as plasma, show only a limited 
connection with illness. To make early detection of NDs 
possible, clinical sensitivity, selectivity, high-throughput 
quantitative proteomic technologies, system-driven molec-
ular diagnostic approaches, and new biomarkers must be 
improved in this area of research (Sharma et al. 2024).

In general, acquiring reliable diagnostic tools to identify 
neural dysfunctions and NDs early, ideally before symptoms 
appear, is difficult. In addition, more accurate methods of 
tracking the development of these diseases are also being 
researched. The perfect biomarker would reflect the disease's 
development, be straightforward to assess, and have high 
sensitivity and selectivity. Exosomes (EXOs) and microR-
NAs (miRNAs) are examples of molecular biomarkers. They 
are detectable in CSF and blood, the two most critical extra-
cellular fluids for NDs (Doroszkiewicz et al. 2022).

Because of their high cost and invasiveness, the most 
sophisticated diagnostic methods for NDs, such as detect-
ing proteins in CSF and several imaging techniques, are 
inappropriate for primary screening and monitoring. 
Cost-effective, minimally invasive ND biomarkers would 
be very beneficial for improving ND diagnosis and care. 
Finding these biomarkers is made more difficult by sev-
eral circumstances. First, the mechanisms of ND initiation 
and development are poorly understood; second, NDs can 
develop for 10–20 years before showing any symptoms; 
and third, the differential diagnosis of NDs is complicated 
by common comorbidities and symptom overlap, includ-
ing cognitive impairment (Sheinerman et al. 2017). To 
normalize the miRNA biomarkers, other brain-enriched 
miRNAs can be used to offset the effects of factors unre-
lated to a particular ND and to account for more minor 
changes in miRNA concentrations accompanying slowly 
developing pathologies (compared to those in acute dis-
eases like stroke). The miR-132 and miR-134 families 
of miRNA biomarker pairs can distinguish moderate 
cognitive impairment (MCI) from age-matched controls 
with an accuracy of almost 0.90, thanks to this miRNA 
"pair" technique. As the illness worsens, the number of 
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Fig. 1   Comparison of electrochemical sensors with conventional 
diagnostic methods. When it comes to neurodegenerative disorders, 
such as multiple sclerosis, Alzheimer’s disease, and Huntington’s dis-

ease, electrochemical sensors provide several benefits over traditional 
detection methods
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hippocampal synaptic miRNAs in plasma may decrease 
due to the loss of synapses and death of neurons in the 
hippocampus, which may explain why these miRNA pairs 
were less successful as biomarkers for identifying the 
stages of AD dementia (Sheinerman et al. 2017; Sheiner-
man et al. 2012).

Since analyzing gene expression using plasma samples 
is non-invasive, owing to developments in microarray and 
high-throughput sequencing technologies, investigating bio-
markers by miRNA expression has tremendous therapeu-
tic promise. There has been a surge in interest in miRNAs 
in recent years due to their potential as early biomarkers 
and diagnostic tools for several disorders. Cell prolifera-
tion, differentiation, maturation, and death are just a few 
developmental events that they significantly regulate. There 
is promising evidence for diagnosing and treating several 
disorders linked to miRNA dysregulation, as shown in a 
large body of research (Selvam and Ayyavoo 2024; Jain 
et al. 2019; Hernández-García et al. 2025; Feng et al. 2025). 
Recently, miRNAs in serum and those produced from blood 
cells have been investigated as potential non-invasive diag-
nostic biomarkers for various disorders, including PD and 

glioblastoma (Selvam and Ayyavoo 2024). In Fig. 2, we 
show the types of biomarkers important for NDs.

The optimal biomarker for early diagnosis should be able 
to distinguish between the disease state and normal aging 
circumstances, and it should be sensitive and specific for 
early neurological abnormalities. According to this explana-
tion, peripheral markers indicate cognitive and biological 
changes in the brain, provide non-invasive alternatives for 
diagnosing diseases, and are crucial in resolving diagnos-
tic constraints. CSF is one of the most beneficial biological 
fluids, and it accurately depicts the biochemical reactions 
occurring in brain tissue. This matrix makes early preclinical 
diagnosis of a disease possible, perfect for presenting a bio-
logical fingerprint of the CNS. However, a less intrusive and 
more accessible solution, such as blood plasma or serum, is 
needed for monitoring NDs (Koníčková et al. 2022). Clini-
cal trials often utilize prognostic biomarkers to determine 
higher-risk groups and establish study admission and exclu-
sion criteria. The main problem is that the number of occur-
rences, not the sample size, determines a trial’s statistical 
power. Event rates are raised when trials are enriched in this 
way; if the treatment is successful, the variations in results 

Fig. 2   Biomarkers for neurodegenerative diseases include multiple 
sclerosis, Alzheimer’s disease, and Huntington’s disease. Develop-
ing novel medicines, early diagnosis, and disease monitoring depend 
on identifying meaningful and distinctive biomarkers. Immunoassays 
for identifying tau phosphorylated at specific epitopes in CSF have 
recently been developed. According to 4 years of clinical study, p-tau 
in CSF fluid is significantly elevated in AD compared to healthy con-
trols. This may help distinguish AD from its most pertinent differen-
tial diagnoses (Hampel and Teipel 2004). Promising biomarker can-

didates to determine the course of the illness from preclinical phases 
have been found in p-tau proteins, namely p-tau217 and p-tau231 
(Jarek et  al. 2024). The neurofilament light chain protein (NfL) is a 
promising biomarker. NfL has become a popular axonal damage 
marker since the advent of ultrasensitive assays, and it is relevant to 
the diagnosis, prognostication, follow-up, and treatment monitoring 
of a variety of neurological conditions, such as AD, MS, and amyo-
trophic lateral sclerosis (Arslan and Zetterberg 2023)
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as a consequence of therapy are amplified numerically but 
not qualitatively. Additionally, prognostic biomarkers are 
crucial for forecasting an individual's likelihood of an inci-
dent or unfavorable result. Decisions about the duration of 
hospital and/or critical care unit stays depend heavily on this 
information. A healthcare organization can identify which 
patients would benefit from more intensive evaluation while 
allowing others to avoid additional diagnostic tests or medi-
cal interventions by stratifying the risk for adverse clinical 
and financial outcomes. This is just one of the many sig-
nificant uses of prognostic biomarkers in population health 
resource allocation (Califf 2018).

Electrochemical Sensor for Detection 
of Novel Biomarker in Alzheimer’s Disease

The development of senile plaques and neurofibrillary tan-
gles, two prominent histological features of AD, is impacted 
by impaired phosphorylation events. Phospho-biomarker 
candidates may be found in blood-derived extracellular par-
ticles associated with diseases. In a pilot study, researchers 
used a high-density microarray with a focused phosphopro-
teomics method, including at least 913 phosphosite-specific 
Abs and 1145 pan-specific Abs, to examine the blood-
derived extracellular particles of control and AD patients. 
This method was used in a novel way to identify 150 pro-
teins that showed changed expression levels and/or phos-
phorylation patterns among AD patients. Gene Ontology 
(GO) enrichment and Reactome pathway analysis uncovered 
important biological targets and disease-associated path-
ways. Important targets were then highlighted by construct-
ing protein–protein interaction networks. The discriminat-
ing value of the whole proteome and the phosphoproteome 
was assessed using multivariate and univariate techniques. 
Researchers found that blood-derived extracellular particles 
had abundant phosphor targets linked to AD, suggesting that 
they might be helpful as peripheral biomarkers for detecting 
the illness (Bigi et al. 2024).

These days, biomarkers like Aβ, p-tau, and t-tau are 
generally accepted as indicators of AD. On the other hand, 
acetylcholine (Ach) and α-Syn are not the subjects of many 
ongoing investigations. According to previous longitudinal 
and cross-sectional studies, aβ1-42, p-tau, and t-tau begin 
to alter after around 10–15 years before the onset of AD 
symptoms. Neurodegeneration, the underlying cause of AD, 
is signaled by an elevated blood concentration of p-tau. The 
more incredible formation velocity of aggregation makes 
A1-42 more hazardous than A1-40. Determining the Aβ1-
42 level may help identify the onset of AD, and the ratio 
of Aβ1-42 to Aβ1-40 offers further insight into the pre-
sent stage of AD development. In AD, p-tau181 and brain 
Aβ-plaque deposition are linked to changes in α-Syn levels. 

Deficits in synthesizing Ach, a neurotransmitter, accelerate 
the onset of AD. Electrochemistry, fluorescence, and color-
imetry are the more recent approaches to identifying these 
AD biomarkers. Traditional approaches include PET, MRI, 
and near-infrared fluorescence (NIRF) (Le et al. 2023).

Possible indicators of neuronal injury might include 
other chemicals or cellular structures. Among promising 
biomarkers are neurofilaments, especially neurofilament 
light chain (NfL). Leakage of NfL into CSF and subsequent 
rise to measurable levels occur after axonal and/or neuronal 
injury. While not AD-specific, NfL is strongly tied to ND 
and becomes an even more effective predictor of ND when 
combined with other biomarkers. However, the strong asso-
ciation between NfL levels in CSF and blood is one advan-
tage of NfL relative to different biomarkers. Increased lev-
els of NfL may be found in the early stages of autosomal 
dominant AD, even before the first symptoms appear, much 
like Aβ. In addition, the correlation between clinical scales 
and NfL, a Tau-independent axonal degradation measure, 
was more significant than that of t-tau in a recent 18-month 
experiment with mild AD patients. So, NfL has the potential 
to be a diagnostic biomarker since it can identify alterations 
before they show up in the body (Cano et al. 2021; Raket 
et al. 2020; Weston et al. 2019).

One potential biomarker for several illnesses is glycosyla-
tion, a post-translational change that is cell-type specific. 
Researchers looked for glycan-biomarkers on transferrin (Tf) 
to identify AD in CSF (Hoshi et al. 2021). N-glycans, which 
are cell-type specific and reveal the molecule's biological 
origin, post-translationally modify Tf. Researchers have 
discovered three glycan-isoforms to be present in cerebro-
spinal fluid (CSF): Tf carrying mannose-terminated glycans 
(Man-Tf), Tf carrying N-acetylglucosamine (GlcNAc)-ter-
minated glycans (GlcNAc-Tf), and Tf carrying sialylα2,6 
galactose-terminated glycans (Sia-Tf). The fact that Sia-Tf 
has the same glycan as blood Tf indicates that it comes from 
the same source. However, as Man-Tf and GlcNAc-Tf were 
not found in individuals with congenital hydranencephaly, 
whose cerebrum was mostly deficient, these isoforms are 
produced from the cerebrum (Abe et al. 2022).

Researchers used mass spectrometry and HPLC to exam-
ine the Glycan bonds of CSF Tf. One Tf isoform in CSF 
carries a specific mannosylated glycocan, which research-
ers call Man-Tf. It has been suggested that Man-Tf in CSF 
originates partially from the cerebral cortex, as this isoform 
was found in the cortex. Researchers examined Man-Tf lev-
els in CSF from people with neurological disorders. Man-Tf 
concentrations were strongly linked with p-tau, a typical AD 
marker. They were much higher in AD and MCI compared 
to other neurological illnesses. The idea that a combined 
p-tau and Man-Tf measure may serve as a biomarker for 
AD was prompted by the fact that p-tau and Tf were co-
expressed in hippocampal neurons of AD. P-tau x Man-Tf 
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levels demonstrated excellent diagnostic accuracy for AD 
and mild cognitive impairment, with sensitivity levels of 
84% and specificities of 90% for MCI and 94% and 89%, 
respectively, for AD, thereby, Man-Tf may represent a novel 
AD biomarker (Hoshi et al. 2021).

One intriguing path for improving AD care and diag-
nostics is using blood-based biomarkers. The diagnosis 
and treatment of AD may be redefined by these biomark-
ers' promise for less intrusive and more widely available 
diagnostic instruments. Strong validation studies that dem-
onstrate these blood-based markers' accuracy, repeatability, 
and dependability in various clinical contexts should be the 
main emphasis of future research. Additionally, it is essential 
to investigate new blood-based biomarkers with improved 
specificity and sensitivity and to broaden the scope of cur-
rent ones. According to Abukuri et al.'s study, plasma and 
CSF NfL levels may predict cognitive loss, while other stud-
ies show that CSF NfL may have a stronger correlation with 
cognitive decline. However, the association between NfL 
levels and cognitive deterioration may change depending on 
age and other variables. The potential of plasma and CSF 
NfL as indicators of cognitive decline requires further inves-
tigation. Additionally, plasma NfL is a generic neurodegen-
erative marker that may show elevated levels in various NDs. 
Therefore, further investigation is necessary to ascertain 
these biomarkers' specificity for AD and their capacity to 
distinguish it from other illnesses (Abukuri 2024).

A biosensor for AD called an ultrasensitive photoelectro-
chemical biosensor for Aβ40 was developed by combining 
g-C3N4 with AuNPs to form Au-C3N4 (Li et al. 2025). This 
was then mixed with TiO2 to form a firmly bound TiO2/Au-
C3N4 heterojunction, which resulted in a very sensitive pho-
tocatalytic process. In addition to increasing photocurrent 
production, adding noble metal AuNPs firmly immobilizes 
the aptamer via Au–S bonds, which provides more surface 
binding sites. As a result, the sensor's capture efficiency is 
greatly enhanced. According to the researchers, the sensor 
demonstrated outstanding performance with a linear detec-
tion range of 10 − 15 to 10 − 11 g/mL and an impressive 
LOD of 0.33 fg/mL (Li et al. 2025). Clinical validation also 
showed effective detection in actual CSF and plasma sam-
ples taken from AD patients and healthy controls. Based on 
researchers' findings, photoelectrochemical biosensors are 
a viable tool for early AD screening in high-risk groups, 
as they are both inexpensive and susceptible to detecting 
ultra-trace chemicals in human bodily fluids (Li et al. 2025).

Researchers made a multi-fulcrum mediated amplified 
rolling nanomachine (MFN) for Tau detection using the 
internal drive inspired by the wind-driven windmill rolling 
to provide electrical energy. The backbone of the MFN is a 
DNA nanowindmill (DNM) that has self-assembled from 
DNA; it is originally inefficient but becomes an effective 
DNM after interacting with Tau and then being separated 

magnetically. Once reaching the electrode interface, the 
DNM keeps rolling with the help of the multi-fulcrum and 
signal probe to boost the signal. The modular design and 
DNM rolling exacerbate the spatial obstruction during pro-
tein detection, which impedes signal transduction and ampli-
fication. The flip side is that it has excellent sensitivity and a 
lightning-fast reaction time. With a low LOD 127 fg/mL, the 
suggested MFN electrochemical biosensor can effectively 
detect Tau concentrations ranging from 10 pg/mL to 2 μg/
mL. This concentration is much lower than the pathologi-
cal state concentration of Tau, which is around 400 pg/mL. 
Researchers' results also showed that MFN can accurately 
distinguish between healthy people and those with AD when 
applied to clinical samples (Cheng et al. 2025).

The quality of life for older people is profoundly affected 
by AD on a global scale. Glycosylated Aβ proteins are vital 
indicators for AD, but their very low levels challenge reli-
able identification. The sensor exhibits great sensitivity with 
a LOD for Aβ in human serum as low as 100 pg/ml (Arslan 
and Zetterberg 2023). To address these problems, a boronic 
acid-based novel covalent organic framework was used to 
construct a robust and adaptable sensing platform. Once 
formed on the material by simple interfacial disruption, this 
carbon cloth (CC)-based covalent organic framework sub-
strate can potentially be used as an electrochemical platform 
for detecting glycosylated-Aβ16 via molecular interactions. 
Substrate characteristics include high electrical conductiv-
ity, a specific surface area, and many molecular recognition 
sites. Specifically, boronic acid-based COFs with rich pore 
architectures, linear shape, and particular functional groups 
efficiently enrich glycopeptides, increasing the response 
signal and the biosensor's capacity for detection. In addi-
tion, poly(thymine)-templated copper (Cu) NPs, attached to 
the glycosylated-Aβ16 aptamer, were used by researchers 
as electrochemical probes to enhance the signal. With an 
ultralow detection LOD of 0.32 pg/mL, high stability, the 
suggested assay for glycosylated-Aβ16 proteins showed a 
broad detection range of 5–1800 pg/mL; for the sensitive and 
specific detection of glycosylated-Aβ16 protein, a CC-based 
electrochemical sensor was built using the COF–B(OH)2 
with boronic acid functionalization and porosity. The sub-
ject of new research was the use of state-of-the-art cova-
lent organic frameworks based on boronic acid materials 
to develop electrochemical biosensors for analyzing glyco-
sylated proteins (Lv et al. 2025).

Lactoferrin (Lf) is an essential biomarker for many ill-
nesses. For Lf, a label-free electrochemical immunosensor 
based on an AgNP/Nafion-modified GCE was developed. A 
potential novel biomarker for AD that is both non-invasive 
and inexpensive is salivary Lf, which might indicate the 
presence of amyloid pathology. EIS, CV, scanning electron 
microscopy (SEM), and X-ray photoelectron spectroscopy 
(XPS) were used to characterize the construction of the 
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immunosensor; the results of which showed that the elec-
tron transfer rate changed significantly at each integration 
step. Every stage of the immunosensor manufacture was 
monitored by measuring the electrochemical signal, and the 
surface characteristics of the electrodes were improved con-
siderably by depositing AgNPs and Nafion. The immunosen-
sor displayed a linear dynamic range of 0.005–100 μg/mL 
based on DPV, with a 0.025 μg/mL LOD. It showed good 
reproducibility and selectivity toward potential interfering 
substances. Researchers showed recovery rates ranging from 
101 to 103% when testing with Lf-spiked human saliva sam-
ples. In evaluating AD, this immunosensor based on AgNPs 
and Nafion offers a potential platform for the sensitive and 
quick detection of Lf (Rabbani et al. 2024).

This bottleneck might be addressed by developing liq-
uid biopsy technology based on biosensors. An easy-to-use, 
inexpensive, and sensitive electrochemical aptasensor was 
developed for p-tau protein threonine 231, one of the first 
and most effective abnormally increased indicators of AD. 
AuNP-modified GCEs are excellent conductors that will 
enhance the electrochemical signal. To precisely trap the 
p-tau231 protein, a nucleic acid aptamer was engineered 
to facilitate an aptamer–antigen interaction. The suggested 
biosensor showed a 2.31 pg/mL LOD and a broad linear 
detection range (10 to 107 pg/mL) for p-tau 231. The biosen-
sor proved helpful in complicated practical samples, with 
recoveries ranging from 97.59 to 103.26% in human serum 
(Kong et al. 2024).

New advances in electrochemical sensing technologies 
have made blood p-tau detection more precise. Because 
they convert biological interactions into electrical signals, 
electrochemical-based immunosensors allow for sensitive 
and inexpensive detection. Issues such as Abs' poor con-
ductivity, the use of nanomaterials in sensor manufacture, 
and the impact of environmental factors challenge stabil-
ity and repeatability. The platforms need enhancements to 
make them more practical and resilient in the face of the 
significant obstacles associated with analyzing complicated 
biological samples and performing real-time measurements 
(Chen et al. 2023; Wen et al. 2017; Wang et al. 2025). With 
their low manufacturing costs, structural flexibility, and 
excellent specificity, aptamer-based electrochemical sensors 
provide a viable alternative to Ab systems. However, issues 
such as improved sensitivity, reduced nonspecific binding, 
and stability of aptamers in complex matrices must be con-
sidered. Future research should focus on overcoming these 
challenges and incorporating aptamers into scalable systems. 
Tau detection has used several electrochemical methods, 
each with advantages and disadvantages, including CV, 
DPV, SWV, and EIS. Due to their sensitivity, quick reaction, 
and low detection limits, voltammetry techniques—specifi-
cally CV, DPV, and SWV—are extensively used. Problems 
with throughput and false positives caused by physisorption 

prevent further clinical usage. There must be an improve-
ment in the capacity to scale and handle many samples. The 
charge transfer characterization of EIS-based sensors might 
be improved with a better grasp of AC electrical circuits, 
although these sensors already have a high sensitivity for 
tau detection. Multiplexed EIS sensors may be used to pro-
vide more thorough and earlier-stage AD diagnostics. The 
FET-based sensor can detect biomarkers at femtomolar or 
pM concentrations, giving it exceptional sensitivity. Never-
theless, significant problems remain, such as reliable signal 
modulation, the requirement to reduce background noise, 
and discrepancies in equipment performance caused by 
material flaws (Le et al. 2023; Wang et al. 2025; Brett 2022).

For the quick detection of BACE1 antigen in the diagnosis 
of AD, researchers have developed a one-step manufactured 
reduced graphene oxide (rGO), activated using carbodiimide 
chemistry, coupled with BACE1 Ab, and mounted on flu-
orine-doped tin oxide (FTO) electrodes. The synthesis and 
manufacturing processes were described using various vol-
tammetric, microscopic, X-ray analytic, and spectroscopic 
approaches. Several parameters were standardized for maxi-
mal current production utilizing the redesigned electrode, 
including temperature, pH, response time, nanomaterial/Ab 
concentration, and scan rate. With a LOD 0.64 fM in buffer 
samples and 1 fM in spiking serum samples, as well as little 
cross-reactivity with neurofilament antigen in buffer, spiked 
serum, and spiked artificial CSF, the final validation was 
carried out by detecting BACE1 antigen at concentrations 
ranging from 1 fM to 1 µM. The suggested immunosensor is 
a potential option for the sensitive, specific, and early detec-
tion of AD since it produced a result in 30 s, had acceptable 
repeatability, and had good storage stability for a month. 
Therefore, compared to current sensors, the electrochemical 
biosensor for BACE-1 detection that was created enhances 
detection performance and lowers detection time and cost, 
indicating its potential for early AD diagnosis in clinical 
samples (Dey et al. 2022) (Fig. 3).

Electrochemical Sensor for Detection 
of Novel Biomarker in Multiple Sclerosis 
(MS)

The McDonald criteria are now used to diagnose MS. These 
criteria rely on clinical evidence and paraclinical tests, such 
as MRI, to detect characteristic lesions and identify IgG's 
oligoclonal band (s) in CSF. Finding a clinically isolated 
condition (CIS) or radiologically isolated syndrome (RIS) is 
the first step in diagnosing MS (McDonald et al. 2001; Jafari 
et al. 2021). Clinical or biomarkers that show both spatial 
(involving several areas of the CNS) and temporal (showing 
a persistent illness, such as two relapses) spread are essen-
tial for diagnosing MS. Early identification and treatment 
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of MS patients via the use of clinical testing aims to modify 
the disease course and instances of progressive impairment. 
Biomarkers for MS have advanced in response to the need 
to enhance diagnostic methods and effectively track patient 
responses to treatment. Biomarkers are observable traits that 

may be used to assess the severity of biological or patho-
genic processes and therapeutic responses. They are readings 
of compounds in a patient's bodily fluids or some indica-
tor of their health, such as blood pressure or brain activity 
(Arneth and Kraus 2022).

Fig. 3   Schematic of the fabrication and working of the developed 
electrode. For the quick detection of BACE1 antigen in the diag-
nosis of AD, researchers have developed a one-step manufactured 
rGO, activated using carbodiimide chemistry, coupled with BACE1 
Ab, and mounted on fluorine-doped tin oxide (FTO) electrodes. The 

suggested immunosensor is a potential option for the sensitive, spe-
cific, and early detection of AD since it produced a result in 30 s, had 
acceptable repeatability, and had good monthly storage stability (Dey 
et al. 2022)
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Exciting developments have been made using NfL in the 
hunt for biomarkers that have more predictive value in diag-
nosing relapse and progression of MS. Clinical evaluations 
of individual patients, particularly those involving the moni-
toring of relapse or disease progression, may be challeng-
ing when NfL levels are included. In addition to the many 
confounding factors, including age, BMI, and blood volume, 
NfL signals damage to neurons. It is hence not unique to MS. 
Not only that, elevated NfL cannot differentiate between MS 
and other neurological disorders, infections, comorbidities 
(such as diabetes), or mild head injuries. A rapid increase in 
NfL levels in individuals indicates inflammation and active 
lesions. Therefore, elevated NfL levels may point to neuroin-
flammation rather than neurodegeneration in MS. Like NfL, 
other inflammatory biomarkers for axonal injury, neuronal 
damage, glial dysfunction, demyelination, and other condi-
tions have limitations and contradictory study findings. To 
create usable diagnostic tools to predict actual relapse and 
disease progression for MS patients, a combination of differ-
ent biomarkers (e.g., protein, immune cells, transcriptomics, 
extracellular vesicles (EVs), metabolites, microbiome, etc.) 
and state-of-the-art bioinformatics is required. New tech-
nologies like scRNAseq, proteomics, and metabolomics may 
considerably assist novel biomarkers and therapeutic targets 
for disease development in MS (Yang et al. 2022).

Numerous indicators have shown encouraging results in 
group-level investigations, especially those linked to micro-
glia and astrocyte activation. It has yet to be determined 
how significant they are individually. The only Abs that 
are now widely tested in many nations for MS diagnosis 
and prognosis are oligoclonal immunoglobulin G (IgG) 
bands in human CSF. Even though there have been notable 
advancements in identifying possible biomarkers, difficul-
ties still exist. One difficulty is the need for uniformity and 
harmonization across labs and clinical settings. The lack of 
widely recognized cut-off values and different technologies 
that result in different absolute concentrations for certain 
biomarkers, including NfL, makes interpretation more dif-
ficult and prevents consistent clinical decision-making. To 
guarantee the accuracy and comparability of measurements, 
it is essential to standardize procedures and create strong ref-
erence standards. The incorporation of these indicators into 
standard clinical practice is another crucial element. Sev-
eral of them are now mostly restricted to specialist facilities. 
Developing assays that are easy to use and thorough training 
programs for medical personnel are essential to closing this 
gap. The goal is to increase the accessibility of these bio-
markers, irrespective of institutional resources or geographic 
location. Real-time monitoring capabilities and convenience 
are provided by fully automated analytical tools that enable 
advancements in blood-based measures (Filippo et al. 2024).

Biosensor devices provide a practical method for point-
of-care testing (POCT). One small analytical tool that may 

detect the target analyte is a biosensor, which employs a 
bioreceptor such as an enzyme, Ab, or oligonucleotide. The 
main role played by a transducer is to detect the analyte–bio-
receptor interaction and convert it into an appropriate sig-
nal. Using a biosensor to detect the target biomolecule has 
several benefits, such as its rapid response, easy, accurate, 
cheap, and not requiring highly trained individuals to con-
duct the task. These benefits, together with advancements 
in biosensor technology, have sparked a surge of interest in 
developing MS biosensor devices (Demirdöğen 2021).

Despite a rise in MS cases, a definitive diagnosis is still 
challenging, expensive, and requires a battery of tests. Of the 
myelin in the CNS, as much as 30% is myelin basic protein 
(MBP). One notable MS bioindicator is the release of MBP 
into the CSF. In this study, two identical nano-sensors, one 
was MBP Ab-modified and the other one was myelin-spe-
cific DNA aptamer-modified, were used for MBP recogni-
tion. In constructing the MBP biosensors, a bioactive layer 
consisting of GO NPs and each of the two bioreceptor mol-
ecules was immobilized on pencil graphite electrodes. EIS 
was the technique used for detection. Using EIS, the charge 
transfer resistance of a redox indicator at the electrode is 
measured (Serin and Kara 2025). Aptamers that particularly 
attach to myelin proteins and were created to eliminate them 
from the body have been discovered in the literature on this 
topic. These aptamers were previously generated in mouse 
models for potential therapeutic uses. The 40-nucleotide 
DNA oligonucleotide LJM-3064 was created by Nastasijevic 
et al. 2012 and bonded particularly to myelin. Crucially, the 
myelin-specific aptamer LJM-3064 demonstrated an excep-
tional ability to attach to myelin proteins characterized as 
MBP isoforms and had molecular weights of 17 kDa and 
21.5 kDa. The G-quadruple structure on the 5′-end of the 
LJM-3064 is a noteworthy and significant characteristic. It 
has been shown that adding GQ to a nucleic acid aptamer 
improves its stability, specificity, and flexibility; as a result, 
bioanalysis often uses it (Serin and Kara 2025; Kolesnik-
ova and Curtis 2019; Nastasijevic et al. 2012). This novel 
aptamer was named LJM-5708. Additionally, it was shown 
that the LJM-5708 aptamer binds to human oligodendro-
glial cells, or cells that exhibit myelin and MBP, despite 
being primarily designed for mouse proteins. The aptasen-
sor based on LJM-5708 demonstrated an LOD of 0.65 ng/
mL in artificial CSF, similar to the immunosensor's LOD of 
0.36 ng/mL. The aptasensor was demonstrated to be useful 
within the 1–128 ng/mL clinical concentration range (Serin 
and Kara 2025).

Research and development of novel therapies for MS 
often use autoimmune encephalomyelitis, a mouse model 
of the disease. Researchers used a bioreceptor for MBP 
identification created for potential therapeutic uses in a 
mouse model: an MBP-specific aptamer. By incorporating 
GO NPs onto screen-printed carbon electrodes (SPCE) and 
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immobilizing an aptamer to form a bioactive layer on the 
sensor surface, a nanobiosensor was created to detect and 
monitor MBP. The artificial CSF containing MBP and MSA 
was the setting for the validation trials. In the concentration 
range of 0.01 … 64 ng/mL, the aptasensor demonstrated its 
usefulness, and its LOD in artificial CSF was 0.01 ng/mL 
(Serin and Kara 2024).

Researchers want to know how medications interact 
with double-stranded DNA to make better, more efficient 
medicines. Heat denaturation, ultraviolet, fluorescence, elec-
trochemistry, and viscosity tests were among the analyti-
cal tools used to study cladribine's binding behavior with 
double-stranded DNA. At 298 K, researchers used the Ben-
esi-Hildebrand plot to determine cladribine's binding con-
stant (Kb) with double-stranded DNA as 2.41 × 104 ± 2.20. 
Molecular docking simulations investigated the molecular-
level interactions between double-stranded DNA and clad-
ribine. For 50 ns, molecular dynamics simulations tracked 
the stability of drug-bound DNA. The simulations showed 
that cladribine forms hydrogen bonds primarily with the 
bases of Guanine in the minor groove region of DNA, which 
is how it attaches to double-stranded DNA. Researchers 
could track the DNA and cladribine complex stability using 
the post-MD analysis. In addition, researchers devised two 
approaches for low-level cladribine evaluation utilizing DPV 
based on electrochemical methodology. The first technique 
uses cladribine oxidation in a pH 2 phosphate buffer. In con-
trast, the second employs deoxyguanosine oxidation signals 
in a pH 4.80 acetate buffer, which are products of cladrib-
ine and double-stranded DNA binding. The two techniques' 
analytical effectiveness was confirmed by using cladribine 
concentrations varying from 2 to 25 μM, with a LOD of 
0.30 μM and 0.92 μM, respectively. In addition, utilizing 
both standard procedures, the researchers tested the percent-
age of recovery using pharmacological injection (Şenel et al. 
2025).

Electrochemical Sensor for Detection 
of Novel Biomarker in Huntington’s Disease

An autosomal-dominant mutation in the huntingtin (HTT) 
gene causes HD, a rare and progressive ND characterized 
by severe physical, cognitive, and mental symptoms and 
neuronal loss in the brain. Because HD has a complicated 
etiology, biomarkers are crucial for early diagnosis, tracking 
disease progression, and determining how well treatments 
work. The various underlying biological mechanisms, the 
HD's diverse presentation, and the protracted premanifest 
HD period make it tough to develop consistent HD biomark-
ers. A bibliometric analysis of a decade's HD biomarker 
research shows key research trends and gaps. Researchers 
needed improved HD patient classification, well-designed 

longitudinal trials to verify HD biomarkers, and a thorough 
literature assessment of new HD biomarkers. Researchers 
focused on the prospective use of many wet HD biomark-
ers, such as NfL, miRNAs, the mutant HTT protein, and 
particular indicators of inflammation and metabolism in the 
premanifest stage of HD. In addition, imaging (e.g., MRI, 
PET, and diffusion tensor imaging) and neurophysiological 
(e.g., motor tapping, speech, EEG, and event-related poten-
tials) indicators representing structural brain abnormalities 
and motor or behavioral impairments are also assessed. 
According to the results, improved patient classification and 
well-designed longitudinal studies are urgently needed to 
uncover and validate viable HD biomarkers. To optimize HD 
clinical management techniques, enable tailored treatment 
approaches, and advance clinical trials of HD-modifying 
medicines, reliable biomarkers, especially in the premanifest 
HD stage, are necessary (Aqel et al. 2025).

As a neurological illness that spreads throughout the 
body, HD has a devastating impact on people’s standard of 
living. The pathophysiology and diagnostic literature around 
it have grown substantially in the last several years. Early 
supportive and symptomatic treatment may be established 
by using magnetic resonance spectroscopy (MRS) data to 
distinguish between healthy control (HC) patients and pre-
manifest Huntington's disease (Pre-HD). To better under-
stand MRS's potential as a biomarker, researchers conducted 
a systematic study to assess metabolic alterations utilizing 
the technique. There was a significant drop in N-acetyl 
Aspartate (NAA) in 77.9% of cases and a decrease in total 
NAA (tNAA) in 72.4% of cases in the putamen. In addition, 
all patients had lower levels of tNAA and NAA when com-
pared with those with pre-HD in the putamen. While 50% 
of HD subjects had a significant drop in tNAA, 100% of HD 
patients demonstrated a substantial reduction in NAA and 
creatine in the caudate nucleus compared to pre-HD partici-
pants. Potential objective biomarkers exist for the beginning 
and pathogenesis of HD. MRS reveals variations between 
controls, pre-HD, and HD patients, suggesting that it might 
be a valuable technique for the early identification of HD. 
The reporting and technique of MRS should be standardized 
in future investigations (Martínez Lozada et al. 2024).

Despite progress, finding trustworthy biomarkers for HD 
is still very difficult because of the disorder’s varied pres-
entation, which includes a wide range of physical, cogni-
tive, and mental symptoms. Through imaging methods and 
clinical examinations, longitudinal observational studies 
have shown significant neurological, behavioral, motor, and 
cognitive changes, offering essential insights into the course 
of the illness. Nevertheless, these initiatives have not yet 
produced reliable and consistent HD biomarkers. The dis-
covery of biomarkers is complicated by the involvement of 
Huntington proteins in many biological processes, such as 
protein aggregation, neuroinflammation, and mitochondrial 
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failure. Additionally, discovering trustworthy biomarkers is 
made more difficult by variables other than the basic HTT 
gene mutations, such as genetic modifiers and environmental 
impacts, which increase heterogeneity in the onset, develop-
ment, and presentation of the illness. Consequently, HD has 
a complex pathophysiology, highlighting the difficulty in 
identifying a single biomarker that precisely captures the ill-
ness process and requiring a panel of HD biomarkers (Aqel 
et al. 2025).

Another commonality among ND produced by proteins 
with a propensity to aggregate, such as AD or HD, is the 
disturbance of the normal balance of vital metal ions, such as 
Cu. Additionally, Cu2+ may be reduced to Cu+, necessary for 
the Fenton-like reaction (Cu+ + H2O2 → Cu2+  + OH• + OH–) 
that produces reactive oxygen species (ROS), contributing 
to oxidative stress, which is crucial for HD. These com-
pounds' pharmacological characteristics can be improved by 
their coordination on the Cu core, making it easier to pass 
across the blood–brain barrier (BBB). Thus, an extract from 
Bacopa monnieri L. was used to create a novel approach 
for screening anti-neurodegenerative drugs utilizing spec-
troscopic and electrochemical methods, considering the 
metal chelating properties of various natural compounds 
(Nastasijevic et al. 2012; Brinvillier et al. 2022; Bono-Yagüe 
et al. 2020). Within this framework, researchers investigated 
several organic compounds (trehalose, ethylenediaminetet-
raacetic acid, salicylate, metformin, phenylenediamine, and 
ethylenediaminetetraacetic acid) as well as organic extracts 
derived from Bacopa monnieri L., a plant with a long history 
of use in Ayurvedic medicine and a wide array of biologi-
cal effects. Since Cu-based complexes can present enhanced 
pharmacological properties compared to the organic-free 
ligand, the chelation effect may play an essential role in 
NDs. Researchers used electrochemical measurements 
and Ultraviolet–Visible spectroscopy to achieve this goal. 
Another step toward a better understanding ND was using 
Caenorhabditis elegans models of polyQ toxicity in biologi-
cal experiments (Brinvillier et al. 2022).

Using voltammetry of microparticles, it is possible to 
conduct spectroscopic and electrochemical screenings 
in aqueous media at the biological pH of compounds and 
plant extracts that exhibit neuroprotective effects via the 
Cu-binding mechanism. Before submerging in Cu2+ solu-
tions, electrodes were treated with microparticulate sheets 
containing the evaluated chemicals. In every instance, 
chemicals that interact strongly with Cu cause a noticeable 
peak splitting in the voltammetric signals of Cu2+ (Brin-
villier et al. 2022; Boer et al. 2023). A Hess cycle proce-
dure using surface-confined complexes may be used to 
analyze peak splitting seen in voltammetric peaks for elec-
trodes treated with chemicals exhibiting neuroprotective 
action. The described solid-state electrochemistry screen-
ing achieves high sensitivity with chemical quantities to be 

examined in the microgram-nanogram range. This fascinat-
ing approach paves the way for nanoscopic-level investiga-
tion of cooper–ligand interactions in an aqueous environ-
ment at physiological pH, eliminating the requirement for 
prior incubation. Bacopa extracts showed a strong capacity 
to chelate Cu ions when tested using this method. This and 
the Bacopa and ND literature indicated that the extracts 
would help lower HD traits in animal models. As predicted 
by the researchers, C. elegans worms overexpressing these 
harmful chemicals in muscle cells showed less aggregation 
of polyQ-containing proteins. Restoring function does not 
always occur in tandem with reducing aggregation. There-
fore, researchers used a worm model to assess the effects of 
these extracts on neuronal toxicity. Curiously, worms whose 
mechanosensory neurons are damaged by polyQs may have 
their neural function restored by these extracts. Some NDs, 
such as HD and spinocerebellar ataxias, have no known 
therapy because their proteins include aberrant CAG expan-
sions and encode lengthy sequences of polyQs. Researchers 
established Bacopa as a potential new weapon in the bat-
tle against ND produced by proteins prone to aggregation 
(Brinvillier et al. 2022).

A new electrochemical detection approach based on 
enzymes has been developed for the chemical toxicant eth-
anolamine (EA). Researchers used monoamine oxidase A 
(MAO-A) to oxidize EA. By using the MAO-A enzyme, 
it was possible to achieve a direct electron transfer from 
the electrode to EA, eliminating the need for a mediator. 
This finding lends credence to the idea that this technol-
ogy might be used to create a third-generation biosensor 
for EA detection, which would be able to detect levels of 
EA far below the IDLH value of 30 ppm. In addition, the 
number of electrons involved and the heterogeneous rate 
constant were determined for EA in the PBS buffer. With 
a LOD 4.1 ppm, the calibration plot demonstrated a lin-
ear relationship between 2.02 × 10−4 M and 10.10 × 10−4 M 
of EA in PBS buffer. Using Raman and EIS methods, the 
altered electrodes are described. Scientists have shown that 
this technique can detect EA in the environment and convert 
it to other chemicals without a mediator or signal (Sikarwar 
et al. 2016).

Due to their wealth of terminal functional groups, many 
active sites, and remarkable electrical characteristics, two-
dimensional transition metal carbides/nitrides (MXenes) 
have a lot of promise as volatile organic compound (VOC) 
sensors. Pure MXene Ti3C2Tx, on the other hand, degrades 
quickly in natural environments due to oxidative stress, 
and there are still significant issues with its reaction time 
and stability. This results in a Ti3C2Tx/SnO2 sensor that is 
highly selective for volatile organic compounds (VOCs), 
has excellent long-term stability, and was made possible by 
intentionally adding metal oxide semiconductors to multi-
layer Ti3C2Tx. Findings demonstrate that the Ti3C2Tx/SnO2 
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hybrid sensor effectively detects hydrogen-bonded gases, 
with EA exhibiting exceptionally high efficiency. In addition 
to having excellent selectivity to more than twelve distinct 
VOCs, the hybrid sensor's sensitivity to EA is more than 
ten times higher than that of pure Ti3C2Tx. The functional 
terminal groups, the mesoporous-rich hierarchical structure, 
the enormous specific surface area of 45.186 m2/g, and the 
synergistic effects of n–n nano heterojunctions allow for the 
facilitated EA-sensitive characteristics. Further enhance-
ment in sensor sensitivity is achieved by the novel Ti3C2Tx/
SnO2 preparation that uses terpinol, which helps bring the 
Ti3C2Tx/SnO2 into close contact with the ceramic tubes (Xu 
et al. 2024b).

Electrochemical Sensor for Detection 
of Novel Biomarker in Parkinson's Disease

The term "α-synucleinopathies" refers to a collection of 
NDs that include multiple system atrophy, dementia with 
Lewy bodies, PD (with or without dementia, e.g., PD with 
dementia), and α-Syn and later Lewy bodies. α-Syn inclu-
sions are primarily seen in cell bodies and axonal processes 
of neurons at various stages in PD, dementia, and demen-
tia with Lewy bodies (Atik et al. 2016). PD Lewy bodies 
are believed to be mainly composed of α-Syn aggregates, 
which are present in both the cytoplasm and intercellular 
space. Neuroinflammation and neuronal dysfunction may 
both be facilitated by abnormal α-Syn accumulation. As the 
brain's resident immune cells, microglia carefully monitor 
changes in the microenvironment and preserve their homeo-
stasis. Experiments have shown that microglia may encircle 
α-Syn aggregates and that extracellular α-Syn aggregates 
can activate microglia, which results in elevated extracel-
lular superoxide, inflammatory cytokines, and the selective 
death of dopaminergic neurons (Du et al. 2021). Skin α-Syn 
tests show great promise as PD diagnostic tools, especially 
seed amplification assays and phosphorylated α-Syn immu-
nological approaches; seed amplification assays were more 
sensitive than immunology methods. It is still difficult to 
differentiate PD from other α-synucleinopathies, and meth-
odological variations underscore the need for standardiza-
tion. To improve diagnosis accuracy, further study should 
concentrate on combining skin α-Syn detection with addi-
tional biomarkers (Zhao et al. 2025).

Motor and non-motor impairments, as well as a lack of 
dopamine, are symptoms of PD, a complicated neurological 
illness that develops with age. Poor early diagnostic accu-
racy, difficulties tracking disease development, and a lack of 
therapy alternatives all contribute to the challenge of creat-
ing practical therapeutic approaches for PD. In three investi-
gations, the three most prevalent and vital metabolites were 
acetyl phenylalanine (a subtype of phenylalanine), tyrosine, 

and kynurenine; a total of forty metabolites were shown to 
be associated with the early and mid-stage pathophysiol-
ogy of the illness. In addition to disrupting mitochondrial 
function and brain energy metabolism, these metabolites 
impede dopamine production, all of which are thought to 
contribute to ND. In addition to three dihydrocortisol inves-
tigations, two others discovered that hydroxyprogesterone, 
phenylacetylglutamine, furoglycine, glycine, tiglyglycine, 
aminobutyric acid, and hydroxyphenylacetic acid were often 
dysregulated (Dhiman, et al. 2025).

Future studies should include genetic, biochemical, and 
neuroimaging markers to establish a comprehensive bio-
marker profile of PD. Because this multimodal approach 
captures the multifaceted nature of the illness, it may 
improve diagnostic accuracy and aid in early detection. 
People who are at risk of developing PD or who are in the 
early stages of the condition need longitudinal studies that 
look at biomarker changes over time. Examining gene–envi-
ronment interactions may provide important information on 
the genesis of PD. Even with these developments, future 
research focuses on creating a complete biomarker panel 
tailored to PD. In addition, using a neurology 4-plex-A bio-
marker panel in conjunction with plasma α-Syn has shown 
promise in distinguishing PD patients from healthy people 
and forecasting the course of the illness. Blood biomarkers 
such as serum neurofilament light (NfL) and genetic status 
(GBA and APOE) are useful in PD prognostic modeling 
when paired with clinical variables, providing a more robust 
prediction of unfavorable outcomes. Moreover, PD patients' 
extracellular vesicles have shown potential as a source of 
new biomarkers for prognosis, diagnosis, and treatment 
monitoring (Abukuri 2024).

PD is a progressive ND marked by α-Syn buildup and 
dopaminergic neuron loss. Patients with PD have markedly 
reduced levels of glutathione (GSH), a vital antioxidant. 
Researchers demonstrated a dual-mode detection approach 
for GSH selection using a single probe. Resorufin (Re) was 
used as the reporting unit in a series of "turn-on" electro-
chemical and fluorescent probes with particular GSH rec-
ognition sites. The 7-(3,5-dinitrophenoxy)-3H-phenoxa-
zin-3-one (Re-DNP) probe was chosen from among them 
because of its strong selectivity as an electrochemical and 
fluorescence probe. Compared to hydrogen sulfide (H2S) and 
cysteine (Cys), it responded better to GSH. GSH has a linear 
range of 25–500 μM and a LOD 5 μM for electrochemi-
cal detection SPCE/CNT-modified electrodes. With a LOD 
2 μM and a significant linear association between fluores-
cence intensity and GSH content in the 10–700 μM range, 
the probe increased emission at 630 nm by 78 times when 
GSH was present. When applied to actual clinical blood 
samples, the probe showed considerably reduced GSH lev-
els in PD animals and human patients compared to healthy 
controls. With prospective uses in comprehending GSH's 
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function in PD and associated ND, this dual-mode detection 
technique offers a sensitive and accurate instrument for GSH 
detection (Dong 2025a).

Detecting the relevant biomarkers correctly is crucial for 
accurate PD diagnosis and efficient therapy. A key com-
ponent of PD pathophysiology is cellular oxidative stress 
caused by accumulating ROS, including H2O2. Using a 
simple one-step process, scientists created two compounds: 
Re–B and Re–OB. When Re–B reacts with H2O2, the 
phenol group is restored by the selective cleavage of the 
borate ester group. The result is a "turn-on" fluorescence 
effect and an electrochemical response that uses dual-signal 
ratiometry. When interacting with H2O2 on an SPCE modi-
fied with single-walled CNTs (SPCE/SWCNTs), the Re-B 
probe shows a distinct "turn-on" electrochemical current 
response at − 311.1 mV, followed by a "turn-off" response 
at − 257.6 mV. At the same time, a peak at 586 nm in the 
fluorescence spectra indicates a "turn-on" reaction. The 
researchers demonstrated a remarkable selectivity and sen-
sitivity for H2O2, with electrochemical detection limits as 
low as 0.5 μM and fluorescence detection limits as low as 
0.1 μM. This method of measuring H2O2 levels in serum is 
reliable since the findings from electrochemical and fluo-
rescence measurements are consistent. This method shows 
great promise as a POC diagnostic tool for early PD detec-
tion, yielding important data for prompt diagnosis and ther-
apy (Dong, et al. 2025b) (Table 1).

Challenging and Limitations 
of the Electrochemical Sensors 
in Neurodegenerative Diseases

Many POC biosensors are simple, low-cost options. Poten-
tially improved patient care could result from POC real-time 
and distant virtual healthcare monitoring using biosensors. 
Due to their ability to identify patterns of bioindicators and 
provide information on their existence in biological samples, 
biosensors have been extensively studied in recent decades, 
enabling reliable diagnosis. Considerations such as the need 
for rapid label-free detection, miniaturization of the sensor 
size, and mobility will limit the types of biosensors that 
may be used in future POC systems (Sumitha and Xavier 
2023). Three primary obstacles to the proper functioning of 
electrochemical sensors are low LOD value, actual sample 
sensitivity, and stability and repeatability. These are also 
the main obstacles producing of electrochemical biosen-
sors (Singh et al. 2021). Many biosensors that perform very 
well in detecting ND biomarkers in biological samples have 
recently drawn a lot of interest because they have a low 
detection limit and a linear range, making them suitable for 
POCT instruments. While these POCT devices have sev-
eral benefits over traditional settings, there are still several 

constraints, such as the need for error-free device develop-
ment and production. Moreover, these detection techniques 
are hindered by several issues, including low stability, lim-
ited immunogenicity, limited practicality, possible toxicity, 
and complicated labeling procedures (Gautam 2022).

The LOD establishes the lowest analyte limit that a sensor 
can detect. Therefore, optimal biosensors must have a very 
low LOD value (Singh et al. 2021). Repeatability is crucial 
in the manufacturing and marketing of sensors. Since it is 
impossible to test every sensor, the results obtained for a 
given sensor must be repeatable for all similar sensors pro-
duced (Singh et al. 2021).

Applying a sensor to actual samples is the most criti-
cal feature it can have. Utilizing a sensor in diagnostics is 
impossible if it fails to test an actual sample accurately. 
Saliva, blood, urine, perspiration, bodily fluids, tears, etc., 
are the genuine samples often used for electrochemical bio-
sensors. Several considerations must be made to gather an 
actual sample for detection, which has challenges (Singh 
et al. 2021).

The matrix effect reduces the sensitivity and selectiv-
ity of electrochemical sensors. To avoid this matrix effect, 
the sample has to be diluted; nevertheless, more significant 
dilution might cause the results to deviate from reality. The 
ideal electrochemical biosensor would be able to detect a 
pure sample without any processing or dilution. Similar to 
how saliva samples need to be diluted before they can be 
identified, the peak position of urine samples is affected by 
pH fluctuations. Tear samples have helped diagnose dia-
betes since they are less complex; nevertheless, another 
challenge is the pH variation. Additionally, the analyte con-
centrations in tears may vary according to discomfort and 
mood. Proteins, lipids, and other species present in actual 
samples may adsorb onto the surface of an electrochemi-
cal biosensor, reducing its sensitivity and reproducibility. 
The researchers are seeking new, innovative materials and 
methods, both active and passive, to resolve this issue. The 
active method generates shear stresses to prevent extra spe-
cies from adhering to the sensor surface. On the other hand, 
the passive method involves coating surfaces with polymers 
to make them hydrophilic, preventing proteins from sticking. 
Because biosensors made using electrochemistry must with-
stand extreme environments, their stability is of the utmost 
importance (Singh et al. 2021).

Despite encouraging progress in ND detection meth-
ods using electrochemical aptasensors, there is a need for 
enhanced sensitivity, selectivity, and overall performance. 
One promising approach to ND detection and monitoring 
is electrochemical aptasensors. More sensitivity, selectiv-
ity, and compactness improvements are required for elec-
trochemical art sensors to detect and monitor ND to their 
full potential. A promising avenue for the early diagnosis 
and monitoring of ND is the creation of electrochemical 
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aptasensors. Incorporating biomolecules like aptamers into 
electrochemical devices allows for a wide range of applica-
tions, and these aptasensors use that fact. Because of this 
integration, biomarkers unique to ND may be detected with 
more sensitivity and selectivity. Additional benefits of fab-
ricating aptasensors using nanomaterials include enhanced 
performance, low detection limits, and excellent signal-to-
noise ratios. Improved patient outcomes and tailored treat-
ment plans are possible benefits of these electrochemical 
aptasensor developments, which likely address early ND 
identification and monitoring problems. In addition, new 
electrochemical aptasensors offer a low-cost, non-invasive 
way to diagnose ND (Ahmed et al. 2025).

Since electrochemical biosensors may provide quanti-
fiable data in 2 to 5 h, their development has been aided 
by the discovery of AD biomarkers in blood and CSF. The 
primary problems here are enhancing the selectivity and 
time-stability of biosensors and achieving the low cut-off 
values of the primary AD biomarkers in human samples. 
Nanomaterials have been added to biosensors, either as 
electrode modifications or labels. Although using aptam-
ers and combining these two components in sandwich-type 
biosensors is impressive, Abs are the most common biologi-
cal recognition element. Without a question, AuNPs are the 
most widely employed nanomaterials, both as labels and as 
electrode modifiers. Carbon-based nanomaterials come in 
second. It is important to note that the usage of nanocompos-
ites—combinations of various nanomaterials—is growing 
since they often have a synergistic impact (Toyos-Rodríguez 
et al. 2020).

From early Aβ accumulation to later-stage tau pathology, 
blood-based p-tau biomarkers, such as plasma p-tau231 and 
p-tau217, have shown robust correlations with AD pathol-
ogy. The accurate detection of blood p-tau has improved 
due to recent developments in EC sensing technology. High 
sensitivity and economical detection are made possible by 
EC-based immunosensors, which translate biological inter-
actions into electrical signals (Chen et al. 2023). Reproduc-
ibility and stability are jeopardized by issues such as the 
non-conductive nature of Abs, the need for nanomaterials 
in sensor construction, and vulnerability to environmen-
tal influences. Moreover, real-time measurements and the 
analysis of intricate biological samples continue to be sig-
nificant challenges that call for advancements to improve 
the usefulness and resilience of these platforms (Wen et al. 
2017). Additional sensitivity and repeatability enhancements 
are required for more precise and dependable detection. To 
support exact and early AD diagnosis, researchers should 
concentrate on creating systems that can identify various 
AD-related biomarkers in the future and use cutting-edge 
data processing techniques like machine learning. These 
technical developments might help close the gap between 
clinical applications and experimental discoveries, offering Ta
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functional extra choices for treating NDs (Wang et al. 2025; 
Jakhonkulovna, et al. 2025).

α-Syn, the defining biomarker of PD, is the focus of elec-
trochemical biosensors. Using α-Syn detection techniques, 
researchers used Abs and aptamers to create the biorecogni-
tion layer on electrode surfaces. In addition, electrochemical 
methods for examining α-Syn's interaction with tiny mol-
ecules have also been covered. To support structure–activ-
ity relationship (SAR) investigations, research efforts may 
focus on creating a high-throughput multiplexed system that 
can examine α-Syn's interaction with an extensive library of 
drug candidates. In addition, a few significant issues with 
biofouling of electrode surfaces need to be considered to 
create a biosensor that may be utilized to detect PD in a 
clinical context. Researchers anticipated the production of 
drug-screening platforms and diagnostic devices shortly due 
to the exponential rise in electrochemical biosensor research 
(Hassan et al. 2019).

The presented biosensor studies have a convenient design 
and excellent analytical performance for the selected target 
analyte because technological advancements support bio-
sensor manufacturing with innovative smart nanomaterials. 
However, some of these targets are not recognized as reli-
able biomarkers for MS. Therefore, identifying precise and 
sensitive molecular biomarkers for MS diagnosis, prognosis, 
and therapeutic response is the first step toward assessing the 
viability of commercializing a POCT-applicable biosensor 
for MS. The created biosensors will also help with efforts 
to describe reliable biomarkers for MS as they provide a 
straightforward, reasonably priced, and accurate substitute 
for laboratory tests. The existing analytical methods for 
detecting some MS candidate biomarkers are costly and 
impractical, notwithstanding their excellent specificity. It 
is suggested that biosensor researchers focus on indicators 
such as EXOs and neurofilament light chain. The follow-
ing issues to be addressed for more effective usage of these 
devices include multiplexing and high-throughput screening. 
Diagnostic tests are more accurate when many biomarkers 
are used. However, data processing becomes more difficult 
when many targets are recognized simultaneously. There-
fore, it is likely that future biosensor designs will include 
artificial intelligence algorithms that interpret complicated 
fingerprints using pattern recognition (Demirdöğen 2021).

There is currently no treatment for HD, which emphasizes 
how important a prompt and accurate diagnosis is for suffer-
ers and their families. In addition, the diagnostic potential 
of blood-based biomarkers and tests that quantify specific 
proteins or metabolic alterations is being studied. There is 
potential for improving early and precise HD diagnosis by 
combining many biomarkers with clinical evaluations and 
genetic testing. In addition, as early intervention may give 
the best chance of slowing or stopping disease development, 
continuing research into disease-modifying treatments for 

HD emphasizes the need for accurate diagnosis (Ganesh 
et al. 2023). Nevertheless, using electrochemical sensors for 
HD detection has received very little research. Several elec-
trochemical techniques discussed enable quick, accurate, and 
very sensitive examination of neurotransmitters in biological 
systems without the need for preparatory procedures; as a 
result, they are practical analytical instruments that may be 
used in clinical investigation. The creation of implanted sen-
sors for ongoing monitoring of human health conditions and 
disease progression is another objective in electrochemical 
biosensing, using present and future technologies. Thus, the 
early diagnosis of HD may benefit from using electrochemi-
cal sensors. Researchers need to conduct further research to 
create electrochemical sensors based on polymers or NPs 
for future HD treatments (Tavakolian-Ardakani et al. 2019).

Other benefits include the cost-effectiveness and simplic-
ity of electrochemical biosensor manufacturing. The need for 
costly reagents, specialized equipment, and skilled workers 
generally restricts the accessibility of traditional laboratory-
based biomarker detection methods. Electrochemical biosen-
sors, on the other hand, use inexpensive electrode materials 
and sensing platforms improved by nanomaterials, which 
lowers production costs without sacrificing performance. 
Electrochemical biosensors may be adaptable because they 
may be altered with different biorecognition components, 
such as Abs, aptamers, enzymes, and MIPs. Because of its 
adaptability, highly selective biosensors may be created to 
identify many ND indicators in intricate biological fluids, 
including blood, CSF, and saliva. Additionally, by enhanc-
ing surface functionalization, biocompatibility, and signal 
amplification, integrating these biosensors with nanoma-
terials improves performance and detection capabilities. 
Given these benefits, electrochemical biosensors—a sensi-
tive, quick, affordable, and portable substitute for traditional 
techniques—are crucial for diagnosing NDs. However, to 
fully achieve their therapeutic potential, several obstacles 
and restrictions must be overcome despite their promise 
(Bae et al. 2025).

However, most research struggles to reach commercial 
development due to poor detection accuracy in complicated 
samples, limited stability, repeatability, and durability, and 
extensive data processing and analysis challenges. Second, 
there are strict regulations governing electrochemical bio-
sensors used in clinical settings. To guarantee that prolonged 
use does not endanger human health, wearable and implant-
able biosensors used for medical reasons must pass strin-
gent testing and approval procedures in many jurisdictions. 
Prolonged approval processes may delay market entrance, 
decreasing the device's relevance and competitiveness, 
even if these rules are crucial for customer safety. Notable 
regional differences in safety requirements further increase 
uncertainty in the worldwide market. In addition, health data 
are now regularly sent in real time to mobile devices or cloud 
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platforms due to the increasing use of wearable technology 
and telemedicine. Another significant obstacle to the com-
mercialization of electrochemical biosensors is the privacy 
and security of consumer health data. Strict data encryption 
and privacy protection procedures must be used throughout 
data transfer and storage to safeguard private health infor-
mation. For industry to thrive sustainably, a common frame-
work for data security must be developed (Cui et al. 2025).

Polymer‑Based Electrochemical Sensors

Due to their unique properties, such as compatibility, con-
ductive nature, electron promoter, and inexpensive cost, 
polymer-based electrochemical sensors contribute to pro-
ducing electrochemical sensors and biosensors. Electrodes 
modified with a single material have not yet hit the market 
because of issues with sensitivity, selectivity, surface poi-
soning from adsorbed intermediates, and interference from 
other species. One attractive feature of metal NPs and poly-
mers frameworks modified electrodes as electrochemical 
sensors or biosensors is that they avoid these difficulties. 
A biosensor's selectivity in an electrochemical biosensor 
depends on the recognizing element, the host matrix, and the 
interaction between the two. Obtaining the required sensitiv-
ity and stability is made easy with metal NPs and polymers 
frameworks, since polymers act as selective adsorbents for 
biomolecules, and MNPs mediate the redox reactions of bio-
molecules (Prakash et al. 2013).

Polymeric NPs (PNPs) are a new kind of optically active 
nanomaterial that has just come to light due to its many 
desirable properties, including photostability, minimal 
cytotoxicity, rapid emission rate, high fluorescence bright-
ness, biocompatibility, and a high and adjustable fluores-
cence quantum yield. Sensing and biosensing, controlled 
drug delivery, nanomedicines, catalysis, wastewater treat-
ment, and many more biological and medical applications 
use PNPs, which are synthesized either from conjugated 
or nonconjugated polymers or by polymerizing appropri-
ate monomers (Bharadwaj et al. 2022). One of the primary 
neurotransmitters in the CNS, dopamine (DA), is essential 
for operating dopaminergic (DArgic) neurons. One of the 
main characteristics of age-related ND, such as PD, is the 
gradual loss of this particular population of cells. Although 
this method has medium- to long-term adverse effects, the 
mainstay of PD symptomatic treatment has been the injec-
tion of L-DOPA, an amino acid precursor of DA that passes 
the BBB, whereas DA does not. DA-nanoencapsulation 
treatments have been extensively investigated as potential 
substitutes for DA replacement to overcome this restric-
tion. Overcoming DA's low encapsulation yield and/or poor 
biodistribution/bioavailability remains challenging today. 
Researchers presented the synthesis of a family of PNPs 

inspired by neuromelanin. Researchers' approach was based 
on the reversible coordination complexation of DA to iron 
metal nodes polymerized with a bis-imidazole ligand, which 
encapsulates DA inside NPs. In addition to being straight-
forward and affordable, the researchers' approach yields DA 
loading efficiencies of up to 60%. Compared to free DA, DA 
nanoscale coordination polymers (DA-NCPs) demonstrated 
improved absorption by BE(2)-M17 DArgic cells, decreased 
toxicity, and slower breakdown kinetics in vitro. When the 
particles were directly infused into the rat ventricle in vivo, 
they quickly spread throughout the healthy rat brain, raising 
striatal DA levels. More notably, the frequency and length of 
apomorphine-induced rotations were considerably reduced 
after 4 days of nasal administrations with DA-NCPs equal 
to 200 μg of the free drug per day than in the vehicle or DA-
treated rats used for comparison. Researchers showed the 
benefits of using nanostructured DA for DA-replacement 
treatment (García-Pardo et al. 2021).

The target analyte must be specifically and selectively 
recognized in most analytical procedures. Biomolecules 
such as Abs, enzymes, and receptors have met these criteria. 
Unfortunately, in certain situations, biomolecules cannot be 
used; for example, proteins will become insoluble in organic 
solvents and very acidic or basic environments. Not to men-
tion how expensive and time-consuming it is to prepare and 
isolate these biomolecules, which limits their use. This led 
to the development of synthetic receptors that function simi-
larly to their biological counterparts. Using MIP is one way 
to get these synthetic receptors. MIPs can also be used to 
create analyte-specific recognition sites on a synthetic poly-
mer. The artificial recognition sites are designed to match 
the target analyte in size, shape, and chemical function, 
resulting in highly selective and specific identification. MIP 
is a polymer with a unique binding site that can only bind 
to specific analytes. Its excellent stability, ease of synthesis, 
and potential to reduce costs led to its extensive use as a 
receptor rather than an Ab or enzyme. Repurposing MIPs 
allows for the creation of more promising MIP-NPs. There 
are practical uses for MIPs in electrochemical sensors, and 
they have even been tested on human samples. Integrating 
MIP-NPs with electrochemical sensors has allowed for the 
real-time monitoring of several compounds of biological 
significance, including pharmaceuticals, insecticides, envi-
ronmental toxins, secondary metabolites, and more (Fauzi 
and Saputri 2019).

Researchers created an electrochemical sensor based 
on MIP-NPs for the sensitive and selective detection of 
diazinon (DZN) pesticides. Suspension polymerization was 
employed to generate the diazinon imprinted PNPs, which 
were then used to alter the carbon paste electrode (CPE) 
composition to manufacture the sensor. The SWV and CV 
techniques were used for electrochemical experiments. 
Researchers demonstrated that compared to the CPE-based 
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non-imprinted PNPs (nano-NIP-CP), the nano-MIP-CP 
had a much greater adsorption capacity for diazinon. With 
two linear ranges of 2.5 × 10−9 to 1.0 × 10−7 mol L−1 and 
1.0 × 10−7 to 2.0 × 10−6 mol L−1, the suggested sensor dem-
onstrated exceptional sensitivity (95.08 μA L μmol−1) for 
diazinon, along with a LOD 7.9 × 10−10—10 − L−1. The 
sensor detected diazinon in apple fruit and well water sam-
ples, with recovery values ranging from 92.53% to 100.86% 
(Motaharian et al. 2016).

Conducting polymers (CPs) are among the most prac-
tical materials when designing new sensor platforms. The 
possibility of using the polypyrrole (PPy) polymer to make 
ultrasensitive biosensors has prompted research into the 
material. Biodetection systems are significantly more effec-
tive and reliable when they have specific properties, such 
as high conductivity, fast electron transfer at the electrode/
solution interface, charge storage capacity, redox revers-
ibility, relative biocompatibility, and functional groups for 
directed biomolecule anchoring. An appealing prospect for 
new biotechnological uses, this organic polymer is struc-
turally flexible, environmentally stable, inexpensive, and 
easy to synthesize. Researchers have shown that PPy is an 
excellent material for a substrate or matrix to electrodeposit 
AuNPs with low molecular aggregation and maximal surface 
area (Avelino et al. 2021).

A new, cost-effective electrochemical sensor for measur-
ing quorum signaling molecules (AHLs) in Gram-negative 
bacteria was created by combining magnetic NPs with MIP 
technology. Through surface polymerization, magnetic 
molecularly imprinted polymers with the ability to selec-
tively absorb AHLs were effectively produced. Researchers 
used electrochemical measurements to characterize the par-
ticles after depositing them onto the surface of a magnetic 
CPE. Researchers recorded the oxidative current signature 
that is typical of AHL using DPV. An innovative method for 
monitoring quorum signaling molecules in Gram-negative 
bacteria has been developed using an electrochemical sensor 
based on Fe3O4@SiO2-MIP. Its real-time detection capacity, 
high specificity, outstanding repeatability, and strong stabil-
ity make it a promising tool for clinical diagnosis and food 
analysis (Jiang et al. 2016).

Highly specialized sensors might be made from polymer-
based sensors with the proper adjustments or features. Poly-
mers may be used directly in sensing or by immobilizing spe-
cific receptors on them. Polymers' ease of functionalization, 
biocompatibility, extended lifespans, softness, lightweight, 
and economical manufacturing are only a few advantages of 
employing them as sensors. Significant changes have been 
made to improve performance and transfer lab-derived sen-
sors into device marketing applications. However, there are 
issues with polymer-based sensors: Finding the appropriate 
precursors is the first step, which is followed by improv-
ing and creating the reaction processes and procedures that 

enable the acquisition of a detectable signal. (2) Looking 
for new materials to use as polymer matrices. (3) Creation 
of ion-selective and pH-based sensors. (4) Conducting trials 
to automate the acquisition of polymer-based sensors. To 
solve these challenges, multidisciplinary cooperation among 
chemists, engineers, and computer scientists will accelerate 
the adoption of large-scale manufacturing and development 
(Alam et al. 2022).

Polymer‑Based Electrochemical Sensors 
in Diagnosis of AD

A vital biological sensor for ACh detection is produced by 
immobilizing the enzymes acetylcholinesterase (AChE) and 
choline oxidase (ChO) on the surface of iron oxide (Fe2O3) 
NPs and poly(3,4-ethylenedioxythiophene) (PEDOT)-rGO 
nanocomposite modified fluorine doped tin oxide (FTO). 
Researchers used SEM, EIS, and CV to assess nanocompos-
ites' qualitative and quantitative properties. This biological 
sensor showed a wide linear range of 4.0 nM to 800 μM, 
with a detection limit (based on S/N ratio) of 4.0 nM and a 
response time of less than 4 s. Over a long storage period, 
the sensor demonstrated excellent sensitivity, selectivity, and 
stability. The biosensor has shown a low detection limit, 
unprecedented for previously reported ACh sensors, and 
high sensitivity. The creation of Fe2O3 NPs/rGO/PEDOT 
modified FTO electrodes for assessing ACh levels in blood 
samples has broadened the use of biosensors since neuro-
transmitter detection is a significant problem for individuals 
with AD or memory loss (Chauhan et al. 2017).

Molecular imprinting technology uses MIPs to provide a 
personalized capacity for molecular recognition of template 
molecules. The cross-linked polymer matrix may remem-
ber the template molecule by attaching it to specific loca-
tions. After removing the template molecule, binding sites 
sized and shaped similarly to the original imprinted tem-
plate molecule are revealed. When MIPs reabsorb, they very 
selectively attach to the template molecule. In MIPs, immu-
nosorbents play a pivotal role in the retention mechanism 
that relies on molecular recognition. Because of their many 
advantages over Ab-based routes, MIPs are often referred to 
as synthetic Abs. These include improved handling, stability 
(against acids, bases, ions, and organic solvents), reduced 
cost, high-pressure resistance, a broad working temperature 
range, and ease of preparation. Drug delivery, cell recogni-
tion, and protein recognition are just a few areas of medicine 
where MIPs are an adequate substitute for biological enti-
ties. Researchers targeted a biosensor for β-amyloid detec-
tion based on molecularly imprinted polypyrrole (MIPPy). 
Researchers used an artificial receptor called an imprinted 
polypyrrole. It was created by electropolymerizing pyrrole 
on carbon electrodes that had been screen-printed and then 
subjected to β-amyloid. Β-amyloid provides a molecular 
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template inside the polymer. Using a ferro/ferricyanide 
marker, the biosensor was assessed by CV. Researchers 
turned the biosensor's performance-affecting parameters, 
such as the number of electropolymerization cycles and the 
time it took for β-amyloid to attach, to attain the highest 
level of biosensor sensitivity. Researchers derived the Fre-
undlich constant as 0.22 ng mL−1 and the exponent as 10.60, 
respectively, by evaluating the β-amyloid binding affinity 
with the biosensor surface using the Freundlich isotherm. 
A 1.2 pg mL−1 detection limit was shown using the biosen-
sor. A biosensor was used to determine the concentration of 
β-amyloid in artificial CSF (Vais et al. 2021).

P-tau proteins are promising indicators for the diagnosis 
and prognosis of AD. Researchers developed a novel vol-
tammetric sensor that employs a vanadium MXene poly-
dopamine (VxPDA) redox-active composite and a Tau-
441-specific polyaniline MIP (PANI MIP) for the sensitive 
detection of Tau-441 in plasma and interstitial fluid (ISF). 
The VxPDA/PANI MIP sensor offers a broad detection range 
of 5 fg/mL to 5 ng/mL in ISF without redox mediators, with 
a lower LOD of 2.3 fg/mL. In addition, a portable device 
that employs this approach can detect Tau-441 in fake serum 
with high sensitivity and specificity within a therapeutically 
relevant range. This sensor's potential for minimally inva-
sive, early AD diagnosis in clinical settings is highlighted by 
its quick detection time (about 32 min) and inexpensive cost 
(around £20/device). This development attempts to ease the 
shift away from intrusive CSF-based AD diagnosis methods 
(Arjun et al. 2024).

Tau protein is a biomarker of AD, and researchers cre-
ated a new electrochemical biosensor based on an MIP for 
its impedimetric measurement. Hyperphosphorylated Tau 
protein (Tangles) is a potential biomarker for Alzheimer's 
diagnosis, as shown by a recent association between AD 
symptoms and the presence of Tau proteins in an aggre-
gated form. The MIP was created by electropolymerizing 
3-aminophenol (AMP) with CV, while the protein template 
(p-Tau-441) was present. The MIP was immediately con-
structed on an SPCE. Proteinase K's proteolytic activity 
in urea broke down the p-Tau-441 protein attached to the 
polymeric backbone, and it was subsequently removed to 
leave empty spaces. EIS assessed the respective imprinted 
and non-imprinted electrodes' performances. In PBS buffer 
with a pH of 5.6, the MIP-based sensors' detection limit was 
0.02 pM. The created platform produced serum samples with 
acceptable outcomes and high selectivity. Due to its ease of 
fabrication, quick reaction time, and low cost, the biosensor 
that the researchers developed is a promising tool for on-site 
Tau protein screening and an appealing addition to clinically 
proven approaches (Ben Hassine et al. 2021).

Tau-441, a protein with 441 residues, is an NFT compo-
nent essential for diagnosing AD. These tangles begin in the 
entorhinal cortex and expand as AD worsens. The existence 

of AD biomarkers in ISF and blood is suggested by the com-
bination of the tau proteins found in plasma by Zetterberg 
and colleagues and the fact that the brain and skin share an 
ectodermal origin. The researchers showed the creation of 
an MIP-based sensor surface for sensitive Tau-441 detec-
tion from ISF. Aniline was electropolymerized using CV in 
the presence of the Tau-441 template to form the biosensor 
surface. For comparison, a non-MIP (NIP) was created using 
a pH 7.4 phosphate-buffered saline (PBS) solution. Tau-441 
was detected in PBS and ISF as part of sensor performance 
evaluations for the developed MIP sensor. As the concen-
tration of Tau-441 increased, the MIP's current decreased 
linearly, suggesting that Tau-441 had successfully bound to 
the polymeric backbone of the MIP. With a LOD of 587 pg/
mL (12.2 fM/L) in ISF, the sensor detected Tau-441 in the 
range of 50 fg/mL to 500 ng/mL (1.22 fM/L to 12.2 nM/L). 
Future research will examine microneedle patches and MIP-
modified electrodes for detecting Tau protein in blood and 
ISF (Norman et al. 2024).

An MIP electrochemical sensor for identifying 
amyloid-β42 (Aβ42) as an AD biomarker was demonstrated 
by researchers. A straightforward ultrasonic technique cre-
ated a nitrogen-doped carbon-dot-graphene (NCD-G) nano-
hybrid. Researchers used PPY as an imprinted polymer for 
electropolymerization using an Aβ42 template. The NCD-G 
and MIP were altered on an SPCE without a binding agent. 
SEM, transmission electron microscopy (TEM), UV–Vis 
spectroscopy, XPS, CV, and SWV were used to examine 
the morphology and electrochemical characteristics of MIP/
NCD-G modified SPCE. Under ideal circumstances, the 
developed sensor showed a 1 pg/mL LOD and an excellent 
linear response from 5 to 70 pg/mL. This sensor performs 
exceptionally by increasing effective surface area, electrical 
conductivity, and electrocatalytic activity. This MIP sensor 
achieves exceptional selectivity and sensitivity by combining 
a nanohybrid with a molecularly imprinted method. Addi-
tionally, it was miniaturized and had remarkable repeatabil-
ity, which might be used as a basis for future portable medi-
cal devices (Pakapongpan et al. 2024).

Screen-printed graphene electrodes (SPGEs) coated with 
ultra-thin layers of polymerized 1,5-diaminonaphthalene 
(pDAN) have been used to create an immunosensor with 
high sensitivity detection of beta-amyloid peptides, which 
are a trustworthy biomarker for AD. DAN was electropoly-
merized to apply a continuous polymer coating of regulated 
thickness to the graphene screen-printed electrodes. Raman 
and XPS were used to analyze the surface properties of vir-
gin graphene and graphene electrodes treated with polymers. 
Researchers looked at how the polymer's thickness affected 
the electron transport rates. By functionalizing the pDAN-
modified SPGE with the anti-beta-amyloid Ab used as the 
peptide bioreceptor, an immunosensor for the specific detec-
tion of beta-amyloid peptides Aβ(1–42) was created. The 



Cellular and Molecular Neurobiology (2025) 45:52	 Page 25 of 38  52

immunosensor demonstrated 1.4 pg mL−1 and 4.25 pg mL−1 
detection and quantification limits, respectively, and was 
used to select Aβ(1–42) with a linear range of 1 pg mL−1 
to 1000 pg mL−1. The biosensor's ability to analyze human 
plasma that has been tampered with was further verified. 
Using a low-cost SPGE platform, the immunosensor allows 
for the quick, accurate, precise, repeatable, and highly sen-
sitive detection of Aβ(1–42), opening the door to research-
based real-time investigations and diagnostic ex vivo appli-
cations (Abbasi et al. 2021).

There has been a lot of focus on chitosan NPs in recent 
decades due to their potential as polymeric and bio-based 
NPs. As nanocarriers, they might encapsulate items like 
active chemicals or medications, transport them to a tar-
geted location, and then release them at a regulated rate 
(Yanat and Schroën 2021). The wide range of chitosan's 
properties—which include electrical, photothermal, cata-
lytic, antimicrobial, drug degradation, pollutants removal, 
biosensing, and so on—makes it the ideal "smart" nano-
structure material. Due to its expanding range of uses, 
chitosan has recently become a highly regarded research 
material (Raja 2020). Because of its concentrated presence, 
CSF has traditionally been the primary site of detection for 
AD biomarkers such as amyloid plaques. Nevertheless, the 
BBB makes it more difficult to detect these markers in the 
blood, leading to lower concentrations. Researchers devised 
a novel strategy to overcome this obstacle and find relevant 
AD biomarkers in blood plasma, such as amyloid plaques 
and apolipoprotein E4 (ApoE4). This is achieved by adding 
a chitosan-coated immobilization matrix of Au nanostars 
(AuNSs) to an SPCE. Electrical and morphological studies, 
UV–Vis spectroscopy, CV, and Nyquist plots all pointed to 
the 0.5% chitosan solution having the best dispersion and 
conductivity. Clinical studies that followed assessed electri-
cal responses to quantify levels of amyloid-β 42 (Aβ42) and 
APoE4 in plasma samples taken from human blood. Strong 
linear correlations and minimum error bars in the DPV 
responses showed peak currents proportionate to biomarker 
concentrations. Minimal interference across biomarkers was 
seen in cross-reactivity experiments using mixed solutions 
of amyloid-β 40 (Aβ40), Aβ42, and ApoE4, demonstrating 
the proposed sensor’s excellent specificity. This enhanced 
gadget shows exceptional promise as a proof-of-concept sys-
tem, providing a less intrusive, more economical, and less 
complicated way to identify and monitor the advancement 
of AD. With such a large surface binding area, researchers' 
effective technique opens up exciting new possibilities for 
improving AD diagnoses (Shin et al. 2024).

To build a flexible dual-mode platform for the sensitive 
profiling of AChE inhibitors—an essential component in 
the search for AD treatments—researchers created a novel 
bioinspired hydrogel scaffold that could be used to integrate 
hybrid nanoflowers (HNFs) into the sensing interface in real 

time. Researchers' approach incorporates AChE-specific 
aptamers into the hydrogel after magnetic bead imprinting 
using Strep-Tactin-coated magnetic beads (STMBs), shap-
ing it, mimicking the tenacious anchoring of real tree roots. 
Improved binding integrity of HNFs with sensing interfaces 
results from this configuration's stable and biomimetic envi-
ronment, which promotes HNF development. Researchers 
evaluated galantamine's inhibitory efficacy using the plat-
form's dual-mode detection capabilities, which integrate col-
orimetric and electrochemical sensing. Additional evidence 
of the hydrogel’s usefulness and affordability comes from 
its remarkable reusability, which preserves more than 95% 
of its original activity even after repeated applications, and 
its long-term stability, which maintains 91% of its original 
performance. Overall, this hydrogel scaffold takes inspira-
tion from nature and provides a fresh approach to biosensing 
with high efficiency and reliability for HNF-based biosen-
sors. It has enormous promise for use in several fields of 
medicine and cutting-edge biosensing technology (Liu et al. 
2025).

One of the biomarkers associated with AD is tDNA, and 
a very sensitive electrochemical biosensor for its measure-
ment is detailed here. Through the use of catalytic hydrolysis 
by alkaline phosphatase (ALP), electroactive molybdophos-
phate anions were precipitated on a GCE, while it was still 
in place. After that, tDNA recycling amplification is per-
formed. The four DNA strands that comprise X-shape DNA 
(X-DNA) are designated S1, S2, S3, and S4. The work of 
DNA polymerase allowed them to be further stretched in 
four directions. Both X-DNA motifs that were produced 
were subsequently polymerized. At the same time, ALP is 
encased in a network of hydrogels to create a porous mate-
rial of the ALP@DNAhg type. Reducing the amount of GO 
and functionalizing it with AuNPs (Au@rGO) was used to 
modify the GCE. Strand displacement capture of ALP@
DNAhg initiates tDNA recycling assembly for signal ampli-
fication. Massive quantities of ALP are rendered immobile 
as a consequence of this. Once molybdate (MoO4

2−) and 
pyrophosphate have been introduced, phosphate may be 
produced by catalyzing the hydrolysis of pyrophosphate by 
ALP. When it comes into contact with molybdate, it will 
create phosphomolybdate anions (PMo12O403−), which are 
redox active. The detection limit is 3.4 × 10−3 pM, and the 
amperometric signal is concentration-dependent within the 
1.0 × 10−2 to 1.0 × 104 pM range for tDNA (Hua et al. 2019).

To better understand the function of sialic acid (SA) in 
the degenerative process of AD, it is crucial to conduct sen-
sitive and targeted monitoring of SA in the CNS. Research-
ers developed an electrochemical biosensor using a new 
stimuli-responsive copolymer to detect SA in mouse brains 
with high sensitivity and selectivity. It is worth mention-
ing that the copolymer enhanced the detection sensitivity to 
0.4 pM by converting SA recognition into a conformational 
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transition and wettability switch. This allowed redox labels 
and targets to be more easily accessed and enriched on the 
electrode surface. The proposed approach enhanced sens-
ing signals and showed good selectivity toward SA com-
pared to possible interference molecules coexisting in the 
intricate brain system. This was made possible by the direc-
tional hydrogen-bonding interactions in the copolymer and 
the high affinity between phenylboronic acid (PBA) and 
SA. The electrochemical biosensor, which exhibited excep-
tional analytical capabilities, was effectively used to assess 
the dynamic shift of SA levels in real-time brains of mice 
administered AD in conjunction with in vivo microdialysis. 
The first-ever report of the precise concentration of SA in 
several brain areas of live AD mice is a significant step for-
ward in our knowledge of SA's function in physiological and 
pathological processes (Ding et al. 2017).

Polymeric‑Based Electrochemical Sensors 
in Diagnosis of MS

It is crucial to diagnose MS, a neurological inflammatory 
disease that progresses over time. Short non-coding RNAs, 
also known as miRNAs, have emerged as promising pre-
dictive biomarkers for the early diagnosis of a wide range 
of disorders due to their aberrant expression. Regarding 
MS, miR-155 is a top biomarker. To detect miR-155, the 
researchers used a non-label electrochemical nano biosen-
sor that was sensitive, inexpensive, and non-invasive. An 
aptamer-modified graphite sheet (GS) substrate containing 
a nanocomposite of SWCNTs and PPY serves as the miR-
155 capture probe in the biosensor. Researchers conducted 
all electrochemical experiments using Fe(CN)63-/4-present 
as a redox probe. The biosensor can detect concentrations as 
low as 10 aM and has a dynamic range from 10 aM to 1 µM. 
Additionally, the biosensor that was created was effectively 
tested on human serum. The suggested biosensor shows 
promise as a tool for early MS detection due to its simplicity 
of manufacture, almost cost-effectiveness, high selectivity, 
repeatability, and reproducibility (Shariati et al. 2022).

A new class of biomarkers called TDP-43-associated 
proteinopathies, frontotemporal lobar degeneration (FTLD), 
and amyotrophic lateral sclerosis (ALS) has just come to 
light. Unfortunately, there are several drawbacks to the cur-
rent detection systems, including their complexity, high cost, 
and reliance on human operators. Researchers introduced a 
new electrochemical biosensor for TDP-43 detection incor-
porated into a lab-on-a-chip (LoC) platform. To immobilize 
TDP-43 Abs specifically, the sensor uses transducer func-
tionalization using electrosynthesized PPY derivatives con-
taining carboxylic groups. One indirect method for detecting 
and quantifying TDP-43 is differential pulsed voltammetry 
(DPV). The chip is sensitive to concentrations of TDP-43 
protein ranging from 0.01 ng/mL to 25 ng/mL, has a linear 

detection range, and responds quickly. Its LOD is 10 pg/mL. 
Additionally, TDP-43 can be used as a POC diagnostic tool 
due to its effective detection in complex matrices such as 
serum from both healthy persons and ALS patients. There 
is hope for improving the diagnosis and treatment of ND 
using an electrochemical biosensor built onto a chip because 
of its high sensitivity, fast response, and robust performance 
(Turco et al. 2024).

Researchers are beginning to explore the biological uses 
of hydrogels, which are also finding more and more use in 
fabricating electrochemical sensors. An electrochemical 
sensor generates a sensing signal by interacting with a sens-
ing element and the analyte of interest. These sophisticated 
sensors convert raw data into usable electrical signals that 
scale with the concentration of the analyte of interest, allow-
ing for both quantitative and qualitative analyses. Hydrogels 
may serve as platforms for biomolecules to maintain their 
biological activity because of the one-of-a-kind micro-
water environment they produce. Concurrently, the three-
dimensional structure of hydrogels allows them to possess 
an exceptionally high specific surface area. Hydrogels are, 
therefore, mainly used as a platform for biomolecule immo-
bilization in electrochemical sensor research. The remark-
able sensitivity with which these biomolecular hydrogels can 
detect analytes makes them invaluable in the MS diagnostic 
process (Fu et al. 2019; Abune et al. 2021; Liu et al. 2022).

Normal and abnormal physiological and pathological 
processes rely on matrix metalloproteinase-9 (MMP-9). 
MS is a chronic autoimmune disorder that affects the CNS. 
This enzyme serves as a peripheral biomarker for neuro-
inflammation in MS. The current method for tracking MS 
subclinical disease activity involves costly MRI examina-
tions. Detecting MMP-9 using a disposable, low-cost sen-
sor device appropriate for home monitoring of inflammation 
might be a practical alternative to expensive MRI scans. By 
doing so, researchers can anticipate when anti-inflammatory 
treatments will not work, allowing for earlier therapeutic 
intervention to reduce neuronal damage and avoid impair-
ment. The details of creating a disposable sensor that can 
detect MMP-9 quickly and efficiently are detailed here. Elec-
trodes were coated with oxidized dextran and then cross-
linked with peptides that included particular cleavage sites 
for MMP-9 to create biosensors. Impedance measurements 
were used to track the films' breakdown when exposed to 
the enzyme. Within 5 min of adding MMP-9, the sensor 
would typically show a noticeable change in impedance, 
indicating a fast reaction. MMP-2 is a protease that may 
impede MMP-9 detection; however, the sensors exhibited a 
completely insignificant response. Calibration curves were 
constructed using the most sensitive and selective peptide 
sequence, Leu–Gly–Arg–Met–Gly–Leu–Pro–Gly–Lys. 
The detection range of MMP-9 was 50 to 400 ng/ml, which 
is clinically relevant. On electrode surfaces of varying 
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roughness, two distinct hydrogel degradation processes were 
discernible; both processes seemed appropriate for tracking 
MMP-9 activity. The sensor materials may be readily modi-
fied to react to different proteases by choosing peptide cross-
linkers with appropriate cleavage sites (Biela et al. 2015).

Polymer‑Based Electrochemical Sensors 
in Diagnosis of PD

Among neurological diseases, PD is characterized by pro-
found impairments in both motor and non-motor functions. 
One protein identified as a very sensitive PD biomarker is 
PARK7/DJ-1. For this reason, a MIP-based sensor based 
on the DJ-1 protein was used. The researchers detailed cre-
ating and improving an SPCE surface, including MIPPy, 
for identifying the DJ-1 protein. To make the MIPPy DJ-1 
imprinted sensor, molecular recognition-capable nano 
matrices were synthesized by electropolymerizing pyrrole 
(Py) monomer on an SPCE electrode using CV. In addition, 
the MIPPy sensor was compared with the AuNP-attached 
impedimetric immunosensor. Using CV, EIS, and SEM, 
MIPPy/immunosensors were characterized. The MIPPy-
based sensor showed analytical performance similar to the 
DJ-1 immunosensor, with a LOD 1 nM and a linear range of 
1 nM to 500 nM. Using these MIPPy/immunosensors, the 
DJ-1 analysis was conducted satisfactorily in control and 
over-expressed N2A cells. Additionally, there was a strong 
association between the MIPPy-based sensor, the AuNP/PPy 
immunosensor, and the Western blot (Kumar et al. 2022).

A molecularly imprinted electrochemical sensor for sen-
sitive detection of α-Syn was built using this material in 
conjunction with graphene nanosheets (GS) as electrode 
modification materials. Electropolymerization of pyrrole 
was used to synthesize the MIP sensor, which was then 
characterized using SEM, CV, and DPV. CMP–GS nano-
composites substantially raised the MIP sensor's sensitiv-
ity by enhancing the GCE's electroactive surface, signal 
intensity, and electron transport rate. Under ideal circum-
stances, the sensor's linear range extended from 1 × 10−4 to 
8 ng mL − 1, and there was a significant improvement in 
detection limits compared to previous approaches, reaching 
as low as 3.5 × 10−5 ng mL−1 at S/N = 3. A possible approach 
for detecting α-Syn in the blood of PD patients might be the 
sensor, which exhibited great sensitivity, minimal interfer-
ence, and good stability. In addition, the researchers devel-
oped a novel approach to using CMPs in MIP electrochemi-
cal sensors (Ma et al. 2020).

Researchers created and studied electrochemical sens-
ing and biosensing, a novel conductive ink incorporating 
carbon black into a poly(vinyl alcohol) matrix. To improve 
electrical conductivity and reaction kinetics, Palladium NPs 
were added to the devices after they were evaluated using 
morphological and electrochemical methods. The metal 

deposition characteristics were examined using chemo-
metrics, and the sensor was used to identify PD biomark-
ers, including α-Syn and adrenaline. The neurotransmitter 
showed a linear behavior of 0.75 to 100 μmol L−1, and the 
device showed a LOD of 0.051 μmol L−1. Then, synthetic 
CSF samples were used to evaluate the three-electrode setup. 
The apparatus was then altered with specific Abs to measure 
α-synuclein with EIS. For α-Syn concentrations in phos-
phate buffer, a linear range of 1.5 to 15 μg mL−1 was found, 
with a computed LOD of 0.13 μg mL−1. When the suggested 
immunosensor was used on blood serum samples, the linear 
range of α-Syn was between 6.0 and 100.5 μg mL−1, with a 
LOD of 1.3 µg mL−1. Its potential applicability to compli-
cated matrices is shown by the fact that both linear curves 
attend the range for the actual diagnosis (Orzari et al. 2024).

Clinical care for PD may be enhanced by a portable test 
that quickly determines levodopa levels. To improve the 
electrochemical detection of levodopa, researchers added 
polymers to screen-printed electrodes (SPEs). CV applied 
a thin coating of polyaniline on the surface of the electrode. 
Electrode conductivity was unaffected by the extensive sur-
face covering seen by SEM. Researchers measured levodopa 
at physiologically appropriate concentrations by discrimi-
nating between a common interferent (ascorbic acid) and a 
structurally related molecule (L-tyrosine) using DPV meas-
urements with the electrodes modified with polyaniline. The 
polymer layer did not allow for the separation of dopamine 
and levodopa. Nevertheless, these two molecules are iden-
tical except for an amino acid moiety in dopamine and a 
free amine group in levodopa. According to density func-
tional theory calculations, Aniline created a hydrogen bond 
between the monomer's amino group and the meta-hydroxyl 
group found in dopamine and levodopa, with comparable 
binding energies. Therefore, SPEs functionalized with poly-
mers are a valuable tool for measuring PD-relevant chemi-
cals; nevertheless, to get selective detection, more optimiza-
tion is required (Noguchi et al. 2022).

Among the first-generation selective adenosine A2A recep-
tor antagonists, istradefylline (IST) stands out. It is now avail-
able to PD patients who are having "off" periods as an auxil-
iary therapy, according to a recent FDA approval. Scientists 
detailed the process of creating a new electrochemical sensor 
and used it to test plasma samples for IST using an anodic 
stripping square wave voltammetric (ASSWV) technique. The 
sensor, which is composed of zirconium (Zr) NPs on top of a 
pencil graphite electrode (PGE) surface, was created by layer-
ing an acid orange 10 (AO10) polymer platform on top of the 
ZrNPs. Equipped with SEM, EIS, X-ray powder diffractom-
etry, and CV, the sensor was characterized. The sensor was 
then used to create an ASSWV approach based on oxidation 
for IST estimation. By following the ICH standards for analyti-
cal method validation, researchers improved the ASSWV tech-
nique and confirmed its analytical performance. This method's 
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linear range was 25 × 10−9—170 × 10−9 M. Quantitation was 
21 × 10−9 M, and the LOD was 6.9 × 10−9 M. It was proven that 
the ASSWV approach was accurate and precise. With recovery 
values of 96.0–97.9%, the approach achieved selectivity. The 
quantification of IST in human plasma samples was effectively 
accomplished using the suggested ASSWV technique. To sum 
up, the ASSWV technique that has been suggested is the first 
electrochemically viable strategy for IST estimation in plasma 
samples from humans. The approach contributes significantly 
to IST pharmacokinetic research, therapeutic monitoring, and 
safety profile refinement (Ali et al. 2025).

Researchers have proposed a surface-imprinted polymer 
(SIP) EIS biosensor to detect the aggregation of α-Syn. This 
biomarker manifests in saliva and blood during the first 
stages of PD when the BBB diminishes. Polycaprolactone 
(PCL) is stamped onto interdigitated EIS electrodes using a 
low-temperature melt stamping process to create the surface-
imprinted polymer stamp. The end product is a small-foot-
print biosensor that is ideal for non-invasive monitoring of 
the disease biomarker and is cost-effective. The sensors were 
tested with α-Syn dilutions in deionized water and matrix 
solutions with constant ionic content and decreasing α-Syn 
concentrations to eliminate the concentration-related back-
ground effects. The gadget's answer verified that it specifi-
cally targeted the monomeric α-Syn protein. The sensor has 
a linear detection range of 5 µg/L and a LOD of 5 pg/L. In 
the future, researchers' approach to measuring α-Syn mono-
mers for PD patients has excellent promise since it encom-
passes the normal range of α-Syn in saliva. As a possible 
tool for ongoing monitoring of the disease biomarker, the 
sensor's capacity for repeat sensing was shown by regen-
erating the SIP surface and reusing it (Massey et al. 2024).

Scientists examined the sensitivity of electrochemical 
screen-printed sensors made using graphene-based con-
ductive PEDOT: PSS (G-PEDOT: PSS) and Polyaniline 
(G-PANI) inks applied to a working electrode for the detec-
tion of various dopamine concentrations. The suggested 
inks' microstructures were examined using an SEM char-
acterization approach. Researchers evaluated the developed 
electrodes' dopamine detection effectiveness by investigating 
CV electrochemical approaches using a ferri/ferrocyanide 
redox pair. Dopamine detection using screen-printed elec-
trodes has been improved with G-PANI ink regarding LOD 
and stability. Additionally, researchers investigated electro-
chemical analysis for dopamine-specific detection independ-
ent of ascorbic acid (Ghosh, et al. 2022) (Table 2).

Challenges and Future Perspective

AD is a neurological disease that worsens with time, making 
it increasingly difficult to perform tasks, including memory 
loss and daily chores. The global prevalence of dementia 

is projected to rise from 50 million in 2018 to 152 million 
in 2050, with a cost of approximately $1 trillion in 2018 
and $2 trillion in 2030. One person in three will develop 
dementia, according to these estimates. There will likely 
be a significant increase from the current 60% of dementia 
patients living in low and middle-income nations to 71% 
in the year 2050. The majority of dementia cases (approxi-
mately 50% to 70%) are caused by AD. AD has surpassed 
all other causes of mortality in China, ranking fifth among 
urban and rural residents. More than 13 million individuals 
in China are affected by AD and other forms of dementia, 
and out of every five patients globally, are of Chinese nation-
ality. Human research has shown that Aβ and Tau work 
together to alleviate AD symptoms. Memory loss and cog-
nitive impairment are symptoms experienced by AD patients 
as a result of abnormal tau alteration that impedes regular 
neural connections and extensive synapse loss caused by 
Aβ aggregation. The sad reality is that 75 percent of people 
with dementia either do not get a diagnosis or are given 
inadequate medications for their condition. Hence, sensi-
tive and selective biosensors are critically needed for early 
AD detection, controlled progression, and therapy window 
opening (Cheng, et al. 2024).

The development of biosensors that can detect multiplex 
biomarkers, as opposed to single biomarkers, has far more 
promise for the early identification of neurodegeneration. 
Research in recent years has also shown that neuroinflam-
mation occurs with neurodegeneration, which has led to 
identifying new potential biomarkers. Although these indi-
cators are essential, very few biosensing applications can 
locate them. The researchers' long-term objective is to cre-
ate affordable, easy-to-use biosensing tests that can identify 
AD and PD in their early stages by analyzing biomarkers in 
blood and CSF, respectively. There are no accessible sensing 
studies for preclinical AD and PD diagnosis, even though 
significant sensing investigations have been undertaken 
globally. Medical professionals will be better equipped to 
tackle ND in its early stages if research findings are widely 
disseminated. ND is projected to be the leading illness in 
the following decades. The early initiation of therapy, better 
living circumstances for patients, higher quality of life, and 
reduced economic health burden on states will be the climax 
of this fight (Karaboğa and Sezgintürk 2022).

New advances in EC sensing technologies have made 
blood p-tau detection more precise. Because they convert 
biological interactions into electrical signals, EC-based 
immunosensors allow for sensitive and inexpensive detec-
tion. Problems with the' lack of conductivity of Abs, the use 
of nanomaterials in sensor production, and the influence of 
environmental variables all work against the goals of stabil-
ity and repeatability. Also, there are still a lot of obstacles 
to overcome, such as evaluating complicated biological 
samples and doing real-time measurements, which calls for 
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new developments to make these platforms more practical 
and reliable. With their low manufacturing costs, structural 
flexibility, and excellent specificity, aptamer-based EC sen-
sors provide a viable alternative to Ab systems. On the other 
hand, researchers must figure out how to improve sensitiv-
ity, decrease nonspecific binding, and stabilize aptamers 
in complicated situations. Future research should focus on 
overcoming these challenges and incorporating aptamers 
into scalable systems. Tau detection has used several differ-
ent EC methods, each with advantages and disadvantages, 
including CV, DPV, SWV, and EIS. Due to their sensitivity, 
quick reaction, and low detection limits, voltammetry tech-
niques—specifically CV, DPV, and SWV—are extensively 
used. Problems with throughput and false positives caused 
by physisorption prevent further clinical usage. There must 
be an improvement in the capacity to scale and handle many 
samples. The charge transfer characterization of EIS-based 
sensors might be improved with a better grasp of AC electri-
cal circuits, although these sensors already have a high sensi-
tivity for tau detection. Multiplexed EIS sensors may be used 
to provide more thorough and earlier-stage AD diagnostics. 
The FET-based sensor can detect biomarkers at femtomo-
lar or pM concentrations, giving it exceptional sensitivity. 
Nevertheless, significant problems remain, such as reliable 
signal modulation, the requirement to reduce background 
noise, and discrepancies in equipment performance caused 
by material flaws (Chen et al. 2023; Wang et al. 2025; Brett 
2022).

In terms of early PD detection, electrochemical biosen-
sors provide several advantages, such as high sensitivity, 
specificity, mobility, and the capacity for real-time analy-
sis. Nanomaterials, including QDs, carbon nanotubes, and 
AuNPs, have enhanced the functionality of these biosensors. 
Future research should improve biosensors' robustness and 
repeatability, create multiplexed biosensors that can detect 
numerous biomarkers simultaneously, and develop better 
POC diagnostic systems. This crippling illness may now be 
detected at an earlier stage because of the development of 
electrochemical biosensors that can detect PD biomarkers. 
By integrating the unique properties of nanomaterials with 
the specificity of biological recognition components, these 
biosensors provide a promising approach to the sensitive, 
rapid, and reliable detection of PD biomarkers. Improving 
PD diagnosis and treatment will need continuous research 
and development before these technologies can be used in 
clinical settings (Khatami, et al. 2024).

Integrating electrochemical sensing systems with new 
inconspicuous body-worn inertial sensors is another prom-
ising avenue for biosensors' potential future uses. Wearable 
inertial sensors, such as gyroscopes and tri-axial accelerom-
eters, are tiny, lightweight devices that may be attached to 
various body parts to measure multiple motor tasks. Numer-
ous studies suggest that inertial sensors may provide helpful Ta
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information on motor performance by recording spatiotem-
poral and 3D kinematic data about the body's spatial orienta-
tion and motion. More precisely, wearable inertial sensors 
have mainly been used to measure the severity of PD and 
objectively assess motor symptoms. In addition, develop-
ments in microelectronics have made it possible to create 
discreet, bendable, and comfortable devices that can be inte-
grated into clothing ("e-textile"). Thus, it would be likely 
to correlate the intensity of motor symptoms with the plas-
matic levels of L-Dopa in real time using a combination of 
electrochemical devices that sense L-Dopa levels and novel 
wearable inertial sensors. Using the present motor symptoms 
and activity-dependent changes in free-living situations, 
this method would maximize real-time therapy tactics by 
customizing pharmaceutical regimens. Researchers hypoth-
esized that integrating technology would further enhance 
closed-loop adaptive systems' dependability. Research in the 
future that incorporates digital signal readout, smartphone-
based integrated systems, and wearable sensing devices may 
provide a clearer picture of the clinical and neuropathologi-
cal progression of PD. Multiple essential biomolecules may 
be detected simultaneously because of this. Researchers rec-
ommend that in the future, scientists figure out how to make 
small electrochemical devices that individuals may wear and 
connect wirelessly with their doctors so that therapy can be 
more focused on the individual. Resources made available 
by the Internet of Things will encourage the broad adoption 
of multimodal wearable devices for innovative telemedicine 
approaches in PD patients. This will allow for more inte-
grated and global healthcare management (Asci et al. 2022).

Due to the progressive nature of MS, further treatments 
are necessary. MS diagnostic and therapy method analyses, 
including hydrogels, pique several researchers' attention. To 
illustrate the point that peripheral immune activation con-
tributes to the etiology of MS and that a symbiotic micro-
biome in the intestines may be required to start the immune 
response, research into the microbiome of the intestines is 
expanding at a rapid pace. Another promising field for future 
hydrogel applications is wearable electronic sensors. These 
might be mass-produced and provide valuable capabilities, 
such as tracking mobility, fatigue, and balance as MS pro-
gresses. Moreover, by mimicking the specific characteris-
tics of natural CNS tissues in vitro, including binding and 
delivery via NPs, 3D hydrogel systems make it possible to 
cultivate and understand cell–matrix interactions. Hydrogel 
material development, MS diagnosis, and prognosis moni-
toring may all focus on these topics (Liu et al. 2022).

Employing nanotechnology in electrode manufacturing 
may solve the many problems associated with employing 
biosensors for neurodevelopmental disorder (NDD). To 
identify and track a wide variety of neural alterations, NDD 
biosensing technologies have been updated with nanotech-
nological instruments. Sensitivity, detection range, and 

response time have all been enhanced, thanks to the wide-
spread employment of NPs in the last few years. Small, 
highly hydrophobic, charged, and functionalized NPs may 
enter nervous system cells. As a result, the enhanced func-
tionalized biosensors will be able to identify neurological 
illnesses early on, monitor biomarker changes more effec-
tively, and have a rapid response time. In addition, it is fea-
sible to synthesize a variety of nanostructures, which may be 
used to develop biosensors that exhibit improved sensitivity, 
selectivity, and LOD. These characteristics can potentially 
provide future optical, electrochemical, and electronic sens-
ing devices with great promise (Gautam 2022).

Additionally, as efficiency and long-term stability are 
crucial for using biosensors as screening tools, they must 
also be assessed. In light of the remarkable advancements in 
nanomaterial production and functionalization, nanomateri-
als have been used in biosensing. In this context, nanoma-
terials have been used as electrode modifiers in biosensors; 
the most common nanomaterials are carbon and Au-based 
ones, particularly MWCNTs, which have made it possible to 
get the lowest LOD (10−2 fM) among the biosensors in this 
study. Modifying transducers with nanoscale nanostructures 
by improving conductivity and facilitating the immobiliza-
tion and orientation of biological recognition components 
allows for improved electrochemical performance. Addition-
ally, the signal has been amplified by using nanomaterials 
as labels because of their electroactivity and electrocatalytic 
qualities, which allow for a greater sensitivity despite their 
more complex application. Once again, Au nanomaterials—
either by themselves or in conjunction with other materi-
als—are widely used in this sector. Metal–Organic Frame-
works are then used as reporter carriers. The introduction of 
electrocatalytic labeling has also been a significant advance-
ment, as it makes it easier to identify biomolecules at neutral 
pH, providing more integrated sensing systems and cutting 
down on analysis time. These two factors are crucial for 
satisfying market demands. In light of this, it should be men-
tioned that, regarding LOD, using labels has not been shown 
to provide a greater benefit in signal amplification than using 
nanomaterials as electrode modifiers. Reaching the lowest 
LODs is impossible using nanomaterials as labels or elec-
trode modifications. This demonstrates how much more can 
be done to enhance the use of nanomaterial combinations 
for biosensing. Remarkably, biosensors that use MIPs or 
recognition proteins have the lowest LODs, implying that 
the biological recognition element should be another factor 
to be considered (Toyos-Rodríguez et al. 2020).

Graphene and other carbon materials can be combined 
with lamellar monomers to form hydrogels, making them 
ideal for electrochemical sensors. Researchers anticipated 
that in the future, hydrogels could be composed of mono-
mers made from a nanosheet of many different 2D mate-
rials. The availability of non-organic hydrogels will rise 



	 Cellular and Molecular Neurobiology (2025) 45:5252  Page 32 of 38

with the discovery and exploration of new 2D materials. 
By doing so, the electrical flaws in hydrogels made of poly-
mers may be essentially eliminated. When combined with 
other efficient components, new hydrogels may accomplish 
the same vast array of uses as traditional electrochemical 
sensors. Yet, carbon compounds and their oxidized deriva-
tives are often employed in hydrogel production because of 
their intrinsic hydrophobicity. Hydrogels are usually reduced 
after synthesis because surface oxidation of carbon materi-
als significantly impacts their electrical characteristics. One 
difficulty with using these carbon materials is controlling 
the amount of reduction. A future challenge will be finding 
a way to accurately regulate the decrease in carbon mate-
rial hydrogels. Hydrogel electrochemical sensors are not 
yet superior to other traditional types of electrochemical 
sensors in terms of performance. Its detection performance 
is often subpar compared to more technically sophisticated 
solid-state electrochemical sensors. Nonetheless, hydrogel 
sensors have several benefits: longevity, repeatability, and 
stability. Applying widely used sensing technologies like 
immunosensing and DNA sensing to hydrogel electrochemi-
cal sensors should result in high performance. More popu-
larly analyzed compounds, such as blood glucose and H2O2, 
are used in studies. These compounds can be detected with 
extreme sensitivity using established electrochemical sen-
sors. Hydrogels' unique milieu may make various sensing 
technologies work more reliably. Thus, the future of this 
discipline will also revolve around finding ways to use the 
hydrogel's characteristics to meet specific detection demands 
that need a particular microenvironment (Fu et al. 2021).

Electrochemical sensors for neurotransmitter assessment 
have recently seen extensive use of CPs and composites of 
these materials. One exciting new development in the detec-
tion of neurotransmitters is using electrochemical sensors. 
Synthesizing novel sensing probe materials to enhance sen-
sor performance (sensitivity, selectivity, biocompatibility) 
has been the primary focus of research in the last several 
years. Composites of CPs and other synthetic nanomaterials 
are extensively used to fabricate sensor surfaces. Improved 
sensor stability, selectivity, and sensitivity are all benefits of 
using these nanocomposites. The charge transport character-
istics and electrochemical redox efficiency of various CPs, 
such as polythiophene, functionalized polyterthiophene, 
PPy, PANI, PEDOT, and poly(o-phenylenediamine), are a 
result of the delocalization of π-electrons across the poly-
meric backbone. It was clear that the combined action of NPs 
and CPs significantly enhanced the sensors' performance. 
In addition, other detection approaches, like enzymatic or 
MIP ones, have not garnered as much interest as the direct 
electron transfer mechanism of electroactive neurotrans-
mitters (Moon et al. 2018). CPs–metal NP-based sensing 
components effectively address the complicated composition 
of biological samples that comprise many main interfering 

species, including tyrosine, uric acid, and ascorbic acid. The 
suggested electrochemical sensors showed excellent anti-
interference capacity for detecting dopamine, serotonin, and 
epinephrine in synthetic and complicated matrices. Selectiv-
ity of the analytical measures is a difficult challenge in actual 
sample analysis. Apart from the selectivity factor, another 
challenging problem in creating new electrochemical sensors 
is the low concentration of neurotransmitters in biological 
fluids. Moreover, the adaptability of the CPs–metal NPs 
preparation techniques guaranteed their effective immobili-
zation on various substrates, including flexible, textile-based 
substrates for patch sensor design, in addition to the broad 
range of substrates previously described. By fine-tuning the 
size distribution and polydispersity of the metal NPs, the 
electrochemical in situ reduction of metal precursors over 
polymeric coatings showed significant promise for con-
structing electrochemical sensors.

New electrochemical preparation techniques for 
CPs–metal NP synthesis based on sinusoidal voltages and 
currents have also been devised. The complementary actions 
of the CPs and metal NPs improved overall analytical per-
formance. Moreover, their processability, high mechanical 
stability, and chemical stability improved the analytical 
applications of the novel materials based on graphene QDs 
(GQDs) and the generated CPs–metal NP-sensing materials 
(Leau et al. 2023).

Despite progress in neurotransmitter sensing, most meas-
urements were taken in controlled environments, and just a 
handful of publications utilize in vitro systems. Address-
ing several obstacles before implanting in proof-of-concept 
devices helps speed the technology’s transition from stand-
ard conditions to clinical applications. These obstacles 
include biocompatibility, interferences, and nonspecific 
adsorption. Making interface materials that are both selec-
tive and sensitive may help with these kinds of problems. 
On top of that, these platforms aim to create wearable, port-
able, non-invasive, affordable, and proof-of-concept devices 
that can cut down on sampling time and frequency. In addi-
tion, a thriving field of research might help advance clinical 
and pharmaceutical applications: the creation of label-free 
biosensors and ultra-small, multiplexed arrays of nanoelec-
trode sensors (Moon et al. 2018). Focusing on the large-
scale synthesis of transducers with enhanced biocompat-
ibility is also crucial for better integration with biosensors, 
increasing cost-effectiveness, and promoting better-tailored 
sensors. Collaborations between physicians, scientists 
studying nanomaterials, and electrical specialists may also 
improve the commercialization of electrochemical sensors, 
advance the sensing technology, and improve patients' qual-
ity of life. However, many published articles either do not 
provide the requisite significant proof of better analytical 
performance of enzymes or do not include essential tests 
that show their stability and usability under physiological 
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settings for successful commercial biosensor development. 
Thus, it is strongly advised that a better understanding of the 
ideal operating conditions and principles of electrochemical 
sensor-based neurotransmitter monitoring be encouraged to 
improve the efficiency and impact of enzymes on the signal 
provided (Fredj et al. 2023).

Recent studies on using carbon NPs in AD diagnosis have 
shown that these NPs may interact with, identify, and harm 
amyloid plaques. Similarly, CNTs and graphene allotropes 
may improve sensor conductivity. Electrospun nanofibers or 
metallic NPs, on the other hand, may functionalize the elec-
trode surface to improve transducer signals by creating bind-
ing sites for the immobilization of biomarkers or recognition 
elements. Modern technology has allowed for the develop-
ment of MIP, a noise-filtering algorithm that enhances sen-
sor selectivity by interacting only with the target analyte. 
Better biosensors may be developed using nanotechnology's 
flexibility, as shown in these instances (Gautam 2022; Has-
seb et al. 2022; Siafaka et al. 2021; Mishra et al. 2021). It is 
possible to detect Aβ42 p-Tau 441, α-Syn, α-amylase, and 
lysozyme using electrochemical biosensors based on MIP 
technology. Similar to AD and PD, studies have shown that 
MIPs may diagnose ND in addition to recognizing those who 
are under stress. CPs are an excellent choice for precise and 
simple MIP biosensing systems. Moreover, Ppy is a suitable 
and popular polymer for identifying AD markers in breath, 
CSF, and blood. α-Syn, α-amylase, Aβ42 p-Tau 441, and 
electrochemical biosensors based on MIP technology may 
all be found. MIP-based biosensors have a lot of potential 
for diagnostic applications. Researchers showed that MIP 
has observable limitations. The development of biosensors 
enhances people's quality of life by enabling quicker and 
more precise diagnosis of certain ND (Pilvenyte et al. 2023).

Over the last ten years, research on sensors based on 
nanocomposite technology has increased dramatically. 
Researchers are now interested in creating sophisticated 
nanocomposite materials, including CPs, GQDs, CNTs, 
graphene-based 2D and 3D nanocomposites, hierarchical 
porous carbon, MIPs, and MOFs. Numerous nanocompos-
ites have been examined to develop electrochemical sensors 
for neurotransmitter assessments because of their intriguing 
characteristics, including high surface area and exceptional 
conductivity. Electrochemical sensors based on nanocom-
posite technology are becoming strong contenders for future 
diagnostic uses because of their quick and sensitive neuro-
transmitter estimation. The resilience and repeatability of 
the sensors are necessary since fouling issues brought on by 
the adsorption of proteins from the actual samples inevitably 
lead to measurement difficulties. Despite the many benefits 
of electrochemical sensors, biocompatibility and real-time 
continuous monitoring pose significant obstacles to their use 
with neurotransmitters in human samples. These difficulties 
may be solved by altering the sensors with a high surface 

area nanocomposite and target-specific characteristics that 
easily resist fouling effects. By incorporating the above-
mentioned changes, electrochemical sensors may undergo 
further advancements that might transform neurotransmitter 
diagnosis. Additional research is needed for smartphone-
based sensors, skin-like biomimetic sensors, electrode arrays 
that can detect a panel of neurotransmitters concurrently 
(with efficient calibration and computational techniques), 
and implantable sensors with fast responses. Creating high-
throughput portable/miniaturized sensor arrays using nano-
composites has been the focus of subsequent developments 
(Rajarathinam et al. 2023).

There may be issues with combining these fake identifi-
ers with sensors, as no commercially available MIP sensing 
devices exist. Currently, there is not a lot of buzz or invest-
ment in MIP sensors in the business sector. The simplicity, 
accessibility of electronic components, and ease of mass 
manufacture of electrochemical devices make their fabrica-
tion on a large scale a viable prospect. But now, few MIP 
sensors can be mass-produced practically due to their high 
manufacturing needs. For example, MIP sensors made using 
industrial processes like printing, direct deposition, or soft 
lithography seem outmatched by those made utilizing multi-
step reactions. To make MIPs much more efficient during 
synthesis, researchers must find new ways to make them 
automatically and on a large scale. One possible approach 
to producing MIP-based electrochemical sensors on a wide 
scale is to combine nanomaterials with printing processes 
(Li et al. 2024).

Changing the materials is a standard method for improv-
ing the properties and performance of electrochemical sen-
sors. Integrating with MIPs is crucial to address the selec-
tivity problem. When the template molecule, functional 
monomer, and other components are present, MIP design 
uses a variety of polymerization processes, including heat 
and photopolymerization, to create polymeric structures that 
recognize and bind to the template molecule selectively (Kul 
et al. 2025). Moreover, heat or a photo-initiator may be used 
depending on the polymerization technique. Depending on 
the components and objective of the MIP, several polymeri-
zation techniques might be used. For example, electropo-
lymerization is the in situ production of the polymer on 
the electrode surface using an electrochemical process. Its 
simplicity and quickness are its merits. Photopolymeriza-
tion is one in situ technique that employs a light source for 
photoinitiation. The procedure is quick and steady. However, 
working with compounds that may degrade when exposed 
to light is difficult. The thermal polymerization technique, 
which is easy to use, creates a highly stable polymer, has 
readily available components, and requires heat. On the 
other hand, a relatively long polymerization time might be 
harmful. Moreover, NPs might be added to improve the MIP 
structure's porosity and surface area, among other properties. 
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Consequently, exceptional selectivity may be attained by the 
designed MIP-based electrochemical sensors. Notwithstand-
ing this most critical advantage, MIP design may have disad-
vantages such as stability issues and the need for a thorough 
and laborious optimization process (Kul et al. 2025).

Additionally, the MIP-based sensors described for these 
analytes effectively detect and quantify at concentrations of 
pM or higher. Notably, aptamers, polymers, and other nano-
materials (carbon dots, QDs, Au, Ag NPs, and CNTs) were 
used to obtain low detection limits and greater sensitivity. 
Determining the range of sub-nanomolar protein concentra-
tions is a complex issue (Shah et al. 2022). To address the 
current problems, many strategies have been put forward, 
such as surface imprinting, porous hierarchical imprinted 
film, and increased active surface area that permits relatively 
simple and selective access for the protein analyte. MIPs 
encounter several challenges in achieving ultrasensitive 
detection limits, despite their many benefits, which include 
excellent selectivity, a range of preparation techniques, 
exceptional shelf life, and sustainability under harsh experi-
mental settings. Difficulties include nonspecific binding, 
uneven polymer particle sizes, imprinted cavity swelling, 
and laborious optimization. As a result, MIP-based commer-
cialization and POC testing tools are still in their infancy. It 
is important to note that very few publications have achieved 
ultrasensitive (i.e., ≥ pM LOD) analyte detection. It has been 
shown that the employment of aptamers, nanomaterials, and 
dual recognition techniques greatly impacted the detection 
limits and guaranteed pM to attomolar detection sensitiv-
ity. However, it is well known that MIP-based sensors have 
become a flexible substitute for biological and biomedical 
Abs and sensor probes in immunoassays. Nano MIP syn-
thesis has become a feasible substitute for bulk MIP synthe-
sis in recent years. The nano MIP sensors have the benefit 
of long-term storage and are varied in terms of stability, 
cost-effectiveness, selectivity, and specificity. Ultimately, 
researchers showed that MIPs have advanced significantly 
and are now a practical method that provides ultrasensitive 
sensitivity and exceptional selectivity (Shah et al. 2022).

Conclusion

A more significant proportion of the global population will 
suffer from NDDs as the average age of the population con-
tinues to climb. Developing sensitive, quick, dependable, 
and cost-effective techniques of NDD detection based on 
developing analytical technologies is more critical than ever 
before. A promising future lies ahead in developing electro-
chemical biosensors that might shed light on the patholo-
gies of ND. Their diagnostic and developmental medicine 
applications have made them desirable instruments. Syn-
thesizing novel sensing probe materials to enhance sensor 

performance (sensitivity, selectivity, biocompatibility) has 
been the main focus of research in the last several years. 
Composites of CPs and other synthetic nanomaterials have 
been extensively used to fabricate sensor surfaces.

Regarding electrochemical sensors, these nanocomposites 
significantly improve sensitivity, selectivity, and stability. 
There is no performance benefit to using hydrogel electro-
chemical sensors compared to more traditional methods. Its 
detection performance is often subpar compared to more 
technically sophisticated solid-state electrochemical sensors. 
Nonetheless, hydrogel sensors have several benefits: longev-
ity, repeatability, and stability. Polymers have been shown 
to help improve the performance of electrochemical-based 
diagnostic systems in detecting neurological illnesses. These 
methods are now more sensitive, accurate, and precise while 
minimizing LOD. There has been a dearth of research on 
other neurological disorders, such as MS and PD, in com-
parison to people living with Alzheimer's. The LOD may 
be effectively determined via meta-analyses and systematic 
reviews. Researchers should also focus on improving the 
performance of electrochemical biosensors for neurological 
illness diagnostics by studying the usage of different poly-
mers and nanopolymers. Future research into electrochemi-
cal-based clinical diagnostics, mainly focused investigations, 
can provide significant benefits.
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