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A B S T R A C T

Aggregation of alpha-synuclein (aSyn) occurs in presynaptic neurons and constitutes a key factor for the pro
gression of Parkinson’s disease, emphasising the urgency of early detection to support effective treatment. Un
fortunately, a reliable, sensitive and cost-effective diagnostic tool has so far been lacking.

Thus, this work presents a novel biosensor for detecting aSyn using plastic antibodies coupled to electro
chemical detection. This biosensor was designed for portability and compatibility with point-of-care devices and 
exploits the electropolymerization of methylene blue (MB) together with aSyn on the carbon working electrode 
of screen-printed electrodes (SPEs). By electrochemical impedance spectroscopy (EIS) measurements, the sensor 
showed exceptional analytical performance in detecting aSyn monomers in human CSF samples. It showed a 
linear trend of response from 1 fM to 10 pM with an impressively low limit of detection of 69 aM. Selectivity tests 
confirmed the predominant response to aSyn monomers, a less intense response to oligomers and insensitivity to 
fibrils.

Overall, this plastic antibody-based electrochemical sensor represents a significant breakthrough as it is the 
first of its kind to accurately, sensitively and selectively detect aSyn monomers with a partial response to olig
omers. Its simplicity and reproducibility promise to contribute to the early and effective diagnosis of Parkinson’s 
disease.

1. Introduction

Parkinson’s disease (PD) is a chronic and progressive neurodegen
erative disease, of increasing prevalence. (Zhu et al., 2024; Van Den 
Eeden et al., 2003). It is linked to a loss of dopaminergic neurons in the 
substantia nigra pars compacta, leading to motor symptoms (as resting 
tremor, rigidity and bradykinesia) and non-motor symptoms (con
stipation, behavioural disturbances during REM sleep and hyposmia) 
(Postuma and Berg, 2017; Fearnley and Lees, 1991). Neuro
pathologically, PD has intraneuronal inclusions that are known as Lewy 
bodies and Lewy neurites, consisting mainly of α-synuclein (aSyn) 

(Spillantini M. G., Schmidt M. L., Lee V. M., Trojanowski J. Q. and M., 
1997). aSyn is a small, soluble, intrinsically disordered protein of 140 
amino acid residues (14 kDa) encoded by the SNCA gene (Eliezer et al., 
2001; Maroteaux et al., 1988; Xia et al., 1996). Mutations in the SNCA 
gene and gene duplications/triplications cause familial forms of PD and 
increase the risk of developing the disease (Koukouraki and Doxakis, 
2016; Polymeropoulos et al., 1997). Currently, the diagnosis of PD is 
achieved based on the assessment of clinical symptoms, which may be 
unclear in the early stages, leading to possible misdiagnosis (Donadio 
et al., 2014; Hughes et al., 1992).

aSyn is emerging as a candidate biomarker for PD. The protein is 
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detectable in various readily available body fluids, including cerebro
spinal fluid (CSF), plasma or serum, and tear fluid (Anderson et al., 
2006; El-agnaf et al., 2006; Maass et al., 2020). While there has been 
interest in assessing seed-competent, aggregated forms of aSyn 
(Siderowf et al., 2023), the detection of the total levels of aSyn in PD is 
also important for several reasons. As a biomarker, it was recently shown 
that the levels of aSyn in PD and in individuals at risk are increased in 
brain-derived extracellular vesicles in blood (Yan et al., 2024). More
over, exposure of the N-terminus of monomeric aSyn influences its ag
gregation propensity (Stephens et al., 2020), and it is likely that 
increased levels of aSyn will fuel aggregation into oligomeric and 
fibrillar species. In this context, measuring monomeric/total aSyn is 
valuable for inferring on possible pathological alterations. Thus, it is 
important to devise sensitive and accessible assays to measure the levels 
of monomeric/total aSyn, to complement information obtained by 
measuring aggregated forms of the protein.

Biosensors are widely used for biomarker detection due to their ad
vantages such as speed, sensitivity and cost-effectiveness compared to 
traditional techniques such as enzyme-linked immunosorbent assay 
(ELISA) or Western blot (An et al., 2010; Liu et al., 2017). Electro
chemical immunosensors for the detection of aSyn have been reported in 
which an FTO-based electrode was modified with cysteamine and 
anti-aSyn (Md. ChuangYe Ge, Mahbubur Rahman, Wei Zhang, Nasrin 
Siraj Lopa and Sujin Yoon, Hohyoun Jang, Xu Guang-Ri, 2020; Xu et al., 
2015). These devices displayed a linear trend of response from 10 to 
1000 ng/mL, but the antibodies used did not discriminate between 
monomeric and aggregated forms. Using molecularly imprinted polymer 
technology, synthetic antibodies can be produced as an alternative to 
natural antibodies. These synthetic counterparts are inexpensive, stable 
and highly sensitive (Ana R. Cardoso et al., 2019a,b).

According to the recent literature, there are some studies on elec
trochemical biosensors for aSyn (Hassan et al., 2019; Silva et al., 2024), 
from which only few are based on plastic antibodies (Pilvenyte et al., 
2023). These are detailed in Table 1. Existing studies use conventional 
electrodes made of carbon (Ma et al., 2020), gold (M. Lee et al., 2021; M. 
H. Lee et al., 2021) or ITO (Lee et al., 2020). Some approaches use highly 
conductive materials based on conjugated microporous polymers and 
graphene nanosheets to alter glassy carbon electrodes (GCEs) for 
detecting aSyn in human serum (Ma et al., 2020). The plastic antibody 
material was prepared by electropolymerization of pyrrole and showed 
selectivity for aSyn when tested against its beta and gamma isoforms, 
although no aggregation information was provided. In another 
approach, different ratios of 3,4-ethylenedioxythiophene (EDOT) and 
hydroxymethyl-EDOT (EDOT-OH) were copolymerized on an ITO sur
face to detect the aSyn peptide in the culture medium of differentiating 
midbrain-like organoids (Lee et al., 2020). This sensor was tested for 
possible interference by human serum albumin (HSA), but further 

testing is required to confirm its selectivity in CSF samples. In two other 
studies, aSyn peptide sequences were used as templates to detect the 
protein in human brain organoids by electropolymerization of anili
ne/m-aminobenzenesulfonic acid (AN/MSAN) on Au electrodes under 
specific conditions (M. Lee et al., 2021; M. H. Lee et al., 2021). In one 
study, transition metal dichalcogenides (TMDs) were used to increase 
the conductivity and HSA was combined with aSyn to test for possible 
interference.

None of the current electrochemical-based biosensors targeting aSyn 
assess the sensor’s response to the protein’s level of aggregation, a 
critical factor for accurate screening. This information is crucial for 
physicians as the diagnosis and prognosis of PD depends on knowing the 
extension of aSyn aggregation. Furthermore, to effectively screen for 
monomeric forms of aSyn, it is essential to use monomeric aSyn in the 
imprinting phase to avoid detecting aggregated forms. Given the 
increasing prevalence of PD, biosensors should be designed as portable 
devices to enable point-of-care (PoC) diagnostics. Thus, in the present 
study, a novel electrochemical biosensor containing a new plastic anti
body targeting monomeric forms of aSyn is presented. This biosensor 
utilizes a multifunctional compound capable of forming multiple in
teractions with the target peptide, resulting in an imprinted polymer 
film.

Thus, this study details the modification of carbon SPEs through the 
bulk electropolymerization of methylene blue (MB) around monomeric 
aSyn. MB contains aromatic rings that can undergo electro
polymerization and amine functional groups that enable electrostatic 
interactions with the protein, thereby contributing to the formation of 
the imprinted cavity within a polymeric matrix. As far as we know, we 
reported the first use of MB as monomer for protein imprinting in Syn
uclein (2022) Meeting (Proceedings of Synuclein Meeting 2022), which 
were the first steps of this whole manuscript, with two other papers 
using it for detecting small molecules (melatonin and chlorpromazine) 
(Liu et al., 2022; Sunon and Ngamchuea, 2023). The sensor surface 
modification was characterized using cyclic voltammetry (CV), elec
trochemical impedance spectroscopy (EIS), and square-wave voltam
metry (SWV). Calibration curves of various aSyn-imprinted and 
non-imprinted polymer-coated electrodes were recorded. Finally, the 
sensor’s application was tested on spiked human cerebrospinal fluid 
(CSF) samples.

2. Materials and methods

2.1. Synthesis of monomers, oligomers, and fibrils of alpha-synuclein

2.1.1. Production and purification of peptides
Human recombinant aSyn was extracted and purified from trans

formed BL21(DE3)-competent cells according to previously established 

Table 1 
Comparison of developed molecularly imprinted polymers for detecting α-synuclein.

Monomer Target imprint Electrode 
material

Assembly Potential range Linear 
range

LoD Reference

AN and MSAN Peptide sequence 
from aSyn

Gold AN and MSAN, electropolymerized to poly(AN- 
co-MSAN) on Au electrodes

– 69.4 aM - 
69.44 fM

0.694 
fM

(M. Lee et al., 
2021)

AN and MSAN Peptide sequence 
from aSyn

Gold AN and MSAN with TMDs, electropolymerized to 
poly(AN-co-MSAN) on Au electrodes

− 0.6 to 0.6 V at a scan 
rate of 100 mV s− 1

0.07 fM - 
7.1 pM

0.04 
fM

(M. H. Lee 
et al., 2021)

EDOT and 
EDOT-OH

Peptide sequence 
from aSyn

ITO glass EDOT and EDOT-OH copolymerized as poly 
(EDOT-co-EDOT-OH).

− 0.6 V–1.1 V at a scan 
rate of 100 mV s− 1

0.065 pM - 
0.65 nM

4 pM
Lee et al. 
(2020)

Pyrrole aSyn GCE GCE/GS/CMP/GA/aSyn. Electropolymerization 
of pyrrole. NaOH solution

− 0.35 V–0,85 V at a 
scan rate of 50 mV s− 1

6.94 fM - 
555.6 pM

2.43 
fM Ma et al. 

(2020)
MB aSyn Carbon SPE Carbon SPE/MB and aSyn monomers/oxalic acid − 0.3–0.7 V at a scan 

rate of 50 mV s− 1
1 fM − 10 
pM

68.8 
aM

This work

AN: aniline; CMP: conjugated microporous polymer; EDOT: 3,4-Ethylenedioxythiophene; EDOT-OH: hydroxymethyl EDOT; GA: glutaraldehyde; GCE: glassy carbon 
electrode; GS: graphene nanosheets; ITO: Indium tin oxide; LoD: limit of detection; MB: methylene blue; MSAN: m-aminobenzenesulfonic acid; NaOH: sodium hy
droxide; aSyn: alpha-synuclein; SPE: screen-printed electrode; TMDs: transition metal dichalcogenides.
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methods (Reimer et al., 2022). Oligomers were prepared according to 
the method described in (Kumar et al., 2020). Fibrils were prepared 
using llyophilized recombinant aSyn monomer, which was resuspended 
in sterile PBS (Gibco) to a final concentration of 5 mg/mL and main
tained in an Eppendorf Thermotop shaker at 37 ◦C, 1050 rpm for 5 days 
to induce fibrillization as previously described in (Ruesink et al., 2019).

2.2. Methods for alpha-synuclein characterization

2.2.1. Antibodies
α-Syn mouse monoclonal antibody was purchased from Biosciences; 

the α-Syn aggregate-specific rabbit monoclonal antibody (MJF14) was 
purchased from Abcam; the fibril-specific antibody FILA5 (rabbit poly
clonal antibody) was referenced in (Lindersson et al., 2004). Two sec
ondary antibodies were used: horseradish peroxidase (HRP)-conjugated 
rabbit polyclonal anti-mouse antibody (Dako, P0260) and 
HRP-conjugated porcine polyclonal anti-rabbit antibody (Dako, P0217)

2.2.2. Thioflavin T assays
0.5 μg aSyn monomer, oligomer, preformed fibrils and the bio

physical nature of aSyn, PBS or were assayed for thioflavin T (ThT) 
signaling as previously described in (Ruesink et al., 2019).

2.2.3. Dot blot test
Dot blots were performed as previously described according to 

(Ruesink et al., 2019). The quantification of the blot was performed 
using ImageJ.

2.3. CSF samples

The CSF was obtained from a male control patient who showed no 
signs of neurodegenerative, neuroinflammatory or neurooncological 
diseases.

2.3.1. Ethical statement
The local ethics committee approved before the study began. Both 

patients gave their written consent. CSF samples were collected ac
cording to published protocols (Teunissen et al., 2009).

2.4. Biosensor assembly, analysis and evaluation

2.4.1. Apparatus
The electrochemical tests were carried out using a PalmSens4 

potentiostat/galvanostat operated with PSTrace 5.8 software. The SPEs 
used in the experiments were commercial products from Metrohm 
DropSens, specifically DRP-110. These SPEs had 3-electrode systems, as 
a carbon counter (CE) and working electrode (WE) and a silver reference 
electrode (RE). The electrodes were connected to the potentiostat via a 
PalmSens switch box.

2.4.2. Reagents and solutions
All chemicals compounds used were of analytical grade and the so

lutions were prepared with high purity Milli-Q water (conductivity 
<0.1 μS/cm) of laboratory quality. The chemical reagents were used 
according to (A. R. Cardoso et al., 2019a,b), sulfuric acid 95–97% from 
Honeywell Fluka, methylene blue (MB) from Merck, oxalic acid 98% 
from Acros Organic, glucose from Alfa Aesar and urea from Fisher 
bioreagents.

A fresh 1 mM solution of MB was prepared in 10 mM phosphate 
buffered saline (PBS) at pH 7.4. In addition, solutions of 500 mM sulfuric 
acid and 500 mM oxalic acid were prepared with highly purified Milli-Q 
water. Electrochemical tests were performed with 5.0 mM (K3[Fe 
(CN)6])/(K4[Fe(CN)6]) at pH 7.4 in 10 mM PBS. Each aSyn standard 
solution was prepared in 10 mM PBS (pH 7.4); aSyn solutions contain 
the monomeric form, unless stated otherwise. The human cerebrospinal 
fluid (CSF) samples were also diluted in 10 mM PBS (pH 7.4).

2.4.3. Electrochemical measurements and procedures
All electrochemical tests were carried out in triplicate. The electro

chemical measurements used in this work were according to (Serrano 
et al., 2022).The data analysis were made by (Serrano et al., 2022).

Electrode surface modification was made by three electrochemical 
measurements mentioned in (Serrano et al., 2022). using a redox probe 
solution of 5.0 mM ([Fe(CN)6)]3-)/([Fe(CN)6)]4-) in 10 mM PBS buffer at 
pH 7.4. Curve fitting was generated using EIS assays with standard so
lutions of aSyn protein in PBS and CSF samples (diluted 1:1000 in PBS 
buffer) ranging from 0.1 fM to 1 nM. The analytical performance of the 
sensor against different forms of aSyn (monomers, oligomers and fibrils) 
at a concentration of 0.1 pM was assessed in the selectivity evaluation. 
The protein concentration was measured using the bicinchoninic acid 
(BCA) assay (Pierce), with a 30-min incubation period (Reimer et al., 
2022). The limit of detection (LoD) was determined by finding the point 
where the two linear segments of the electrical response versus con
centration curve intersect. (Harvey, 2000).

2.4.4. Biosensor assembly
The electrochemical biosensor was constructed using the molecular 

imprinting technique, as shown in Fig. 1. The assembly was carried out 
on commercially available carbon SPEs and all tests were performed in 
triplicate. The setup started with cleaning the electrodes by CV (− 0.2 to 
+1.0 V; at a scan rate of 100 mV/s; 30 cycles) in a 500 mM sulfuric acid 
solution. The electrodes were then rinsed and dried in a nitrogen at
mosphere. The resulting electrochemical response was measured using a 
standard solution of 5.0 mM (K3[Fe(CN)6/(K4[Fe(CN)6]) in PBS buffer. 
The plastic antibody was formed by electropolymerization in a solution 
containing 1 mM MB and 0.1 μM synthetic aSyn protein using chro
noamperometry (150 s at − 0.15 V) at room temperature (~25 ◦C). Prior 
to this step, the MB solution was deoxygenated with nitrogen gas for 1 
min. For the control polymer, the same procedure was performed 
without the protein. After the polymerization step, the electrode was 
treated with PBS by CV (− 0.4 to +1.0 V; scan rate of 100 mV/s; 10 
cycles) to stabilize the surface. The sensor layer was then washed and 
dried in a nitrogen atmosphere.

The electrochemical changes on the sensor surface were analysed 
using the standard redox probe solution (K3[Fe(CN)6]/K4[Fe(CN)6]) in 
buffer solution. The WE was then incubated with 6 μL of a 500 mM 
oxalic acid solution for 1 h to remove the protein and create voids. After 
another round of washing and drying, the response of the sensor was 
again compared to the standard redox probe solution. Finally, PBS buffer 
solution was drop casted on the electrode and CV scanning was used 
(− 0.4 to +0.3 V; scan rate of 100 mV/s; 20 cycles) to stabilize the sensor 
surface. The tested SPEs were then stored overnight in a refrigerator at 
4 ◦C.

2.4.5. Performance of the analytical of the plastic antibody
The evaluation of analytical performance of the sensing layer in PBS 

buffered solutions was made as in (A. R. Cardoso et al., 2019a,b). The 
protein concentrations varied from 0.1 fM to 1 nM, all within the same 
linear range and tests were performed in triplicate. For CSF samples, 
standard solutions used human CSF control samples diluted 1:1000 in 
PBS buffer as background, in the same concentration range of aSyn. The 
time of incubation was set to 30 min.

Fig. 1. Schematic representation of assembly of the plastic antibody by mo
lecular imprinting technology on the carbon SPE.
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3. Results and discussion

3.1. Protein characterization

The biophysical properties of the α-synuclein (aSyn) species used in 
this study were evaluated using thioflavin T-binding assays for the 
monomeric, oligomeric and fibrillar forms of aSyn. aSyn oligomers 
exhibited a higher β-sheet content than monomeric aSyn, although 
significantly less than that of preformed aSyn fibrils (Fig. 2A). Dot-blot 
analysis with antibodies that bind to the entire aSyn (Syn-1) and to 
the aggregated aSyn conformations (FILA-5 and MJFR-14-6-4-2) showed 
that aSyn monomers were recognised exclusively by the Syn-1 antibody. 
In contrast, aSyn oligomers and preformed fibrils were recognised by all 
three antibodies (Fig. 2B). In particular, the preformed fibrils were 
better recognised by MJFR-14-6-4-2 and especially by FILA-5 than the 
oli gomers (Fig. 2C and D). These results and the thioflavin T binding 
data suggest that the oligomers used in this study are an intermediate 
species between monomeric and fibrillar aSyn and structurally resemble 
monomers rather than fibrils. This distinction was used to identify the 
different forms of aSyn (monomeric, oligomeric and fibrillar aSyn) in 
contact with the sensory layer. This emphasises the importance of dis
tinguishing between these forms — an ability that current biosensors 
lack.

3.2. Biosensor assembly

The WE was modified according to the schematic diagram in Fig. 1
and monitored by CV, EIS and SWV assays using a standard redox probe. 
Initially, the carbon SPEs were treated with a sulfuric acid solution to 
eliminate surface contaminants and oxidize the carbon surface (making 
it more hydrophilic) (Rebelo et al., 2016a, 2016b). Overall, the resulting 
electrochemical data signalled increasing current peaks and decreasing 
Rct values after cleaning (Fig. S1). The oxidation peaks as obtained by 
CV had average current values of 124.67 ± 3.86 μA; the average Rct 

values in EIS were 309.93 ± 6.48 Ω; and the average current in SWV was 
70.09 ± 5.55 μA.

After the cleaning process, the electrode surface underwent bulk 
polymerization through the addition of methylene blue (MB) and the 
monomeric form of aSyn. “Specifically, the oxidation peaks of MB and 
aSyn were − 0.25 V and +0.63 V, respectively (Fig. S2). The use of a 
potential range encompassing both potentials would generate radicals of 
both species and induce their copolymerisation, irreversibly trapping 
aSyn in a polymer matrix (Liu and Mu, 1999). Therefore, the use of 
cyclic voltammetry (normally used in the polymerization of MB) (Brett 
et al., 1999) could lead to partial oxidation of aSyn as a large potential 
range is involved. Instead, chronoamperometry was used to prevent 
chemical modification of aSyn. It allowed the use of a single potential 
value that led to the oxidation of (only) MB, ensuring the formation of 
radical MB species and thus stimulating the electropolymerization of 
aSyn.” Moreover, poly(MB) is a semiconductive polymer that facilitated 
electron transfer on the electrode surface, resulting in reduced 
charge-transfer resistance and enhanced sensitivity (Karyakin et al., 
1993). Electrochemical assays confirmed the formation of poly(MB) 
polymer (Fig. S1). CV data demonstrated increasing current values 
(145.33 ± 2.87 μA); EIS data showed a marked reduction in Rct values 
(18.3 ± 1.88 Ω); and SWV data revealed a significant increase in current 
(126 ± 2.83 μA) compared to the initial values.

Following polymerization, the template aSyn was removed to 
generate imprinted cavities capable of binding aSyn in samples. This was 
achieved through by acidic treatment with oxalic acid on the WE, fol
lowed by electrochemical readings (Fig. S1). CV data (Fig. S1D) 
exhibited minimal variation compared to electropolymerization read
ings (141.33 ± 1.70 μA), being the least sensitive technique used; EIS 
data (Fig. S1E) demonstrated an increase in Rct values to 47.12 ± 6.84 
Ω, opposite to the response during polymer formation; and SWV 
(Fig. S1F) indicated a decrease in current to 114.33 ± 4.50 μA.

In parallel to the plastic antibody assembly, a control non-imprinted 
material was assembled. As shown in Fig. S1, the electrochemical 

Fig. 2. A) Thioflavin T fluorescence signal of PBS or 0.5 μg α-syn monomer, oligomer or preformed fibril (excitation at 450 nm and emission at 486 nm). The 
background PBS measurement was subtracted from the signals of α-syn monomer, oligomer and preformed fibril. Thioflavin T fluorescence signal is represented in 
arbitrary units (AU). Figure shows mean ± SD of three independent experiments (***p < 0.001, ****p < 0.0001, one-way ANOVA followed by Tukey’s multiple 
comparisons test). B) Representative image of antigenicity of PBS, α-syn monomers, oligomers, and preformed fibrils to Syn-1 (total α-syn antibody), MJFR-14-6-4-2 
(aggregation-specific α-syn antibody) and FILA5 (fibril α-syn specific antibody) was determined using dot blot. Dots consists of 100 ng protein spotted in duplicates. C 
and D) Quantification of MJFR-14–6-4–2/Syn-1 (C) or FILA5/Syn-1 (D) α-syn signal ratio normalized to monomer signal. Figures show mean ± SD of three inde
pendent experiments (**p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA followed by Tukey’s multiple comparisons test).
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responses indicated similar chemical modifications in the non-imprinted 
material, though the changes observed in CV, EIS, and SWV were 
slightly more pronounced compared to the imprinted version. These 
results were attributed to more extensive polymer formation in the 
absence of the protein. By not having aSyn within the monomers in 
solution, the polymer chains are under more favourable conditions for 
growth, as aSyn does not hinder the addition of monomers to the 
growing chains. After completion of the removal step, the electro
chemical data displayed slight differences from the controls, indicating 
the removal of unreacted reagents or loosely bound oligomeric struc
tures during the acidic wash.

Overall, the poly(MB) functioned as a conductive polymer under the 
tested conditions, resulting in increased current and decreased resis
tance values. The imprinted and control materials demonstrated dif
ferences related to the presence of the target protein, with more 
extensive polymer formation observed in the control material. The 
removal of aSyn from the imprinted polymer partially reversed the 
polymerization effects, as expected.

3.3. Analytical performance in PBS

Evaluation of the analytical performance of the sensor by incubation 
of the WE with increasing concentrations of monomeric aSyn standard 
solutions. Following each incubation, the 3-electrode system was 
washed, and the electrochemical measurements taken by casting the 
iron redox probe prepared in PBS. The results are calibration data 
plotted Rct against the logarithm of the protein concentration.

The EIS measurements of the plastic antibody showed that higher 
protein concentrations led to an increase in the diameter of the semi
circles in the Nyquist plots, which indicates an increase in the electrical 
surface resistance (Fig. 3-C). The biosensor showed a linear trend of 1.0 

fM and 0.10 nM, with an average slope of 25.31 Ω/decade and a stan
dard deviation of ~0.86%. At higher protein concentration, the sensing 
layer reached saturation. The reproducibility of the sensor was evalu
ated by performing at least three independent tests with different SPE 
units, achieving a squared correlation coefficient of at least 0.99 for all 
calibrations (Fig. 3-D). The electrochemical response demonstrated 
excellent reproducibility, with relative standard deviation (RSD) values 
ranging from~0.72% to ~4.09%. Overall, these findings confirmed that 
this plastic antibody is highly sensitive for detecting the monomeric 
aSyn, with an impressive LoD of 0.18 fM.

Parallel measurements were performed using non-imprinted control 
devices to assess the non-specific response of the sensing layer (Fig. 3-A). 
Generally, the control sensor responses were random in relation to the 
increasing protein concentration across all tested SPEs (Fig. 3-B). 
Consequently, these results indicated that the control electrodes were 
unable of detecting aSyn monomers, in any of the tested concentrations, 
thereby demonstrating negligible non-specific interactions between the 
protein and the surface of the carbon electrode.

3.4. Sensor analytical performance in CSF samples

Given that CSF is a highly promising biofluid for the detection pf 
aSyn and the diagnosis of synucleinopathies, the analytical performance 
of the sensor layer was evaluated with CSF control samples. This 
approach also provides valuable insights into the behavior of the elec
trodes when operating with real samples. For these assays, the CSF 
samples were diluted 1:1000 in 10 mM PBS (pH 7.4). Each assay was 
performed in triplicate. Analytical characteristics were derived by 
plotting calibration curves of charge transfer resistance (Rct) from EIS 
measurements against the logarithm of the protein concentration 
(Fig. 4-B,D). The imprinted sensor displayed linear response over the 

Fig. 3. Nyquist plots (A,C) of the EIS measurements and the corresponding calibration curves (B,D) of SPEs containing the plastic antibody (C,D) and the control 
material (A,B), in 5.0 mM (K3[Fe(CN)6]/(K4[Fe(CN)6]) in 10 mM PBS buffer (pH 7.4). Standard solutions were prepared in PBS buffer with different concentrations of 
monomeric aSyn. Data represent the mean ± SD of three independent devices.
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range of 1.0 fM to 10 pM, with the standard deviation of the calibration 
slope being ~0.53%, for a slope average of 41.69 Ω/decade concen
tration; the squared correlation coefficient for all calibrations was 0.99 
(Fig. 4-D). The reproducibility of the system was confirmed by relative 
standard deviation (RSD) values ranging from ~3.22% to ~5.6%, 
showing a linear trend. Compared to results obtained in buffer, the use 
of CSF blank solutions produced more sensitive responses for mono
meric aSyn, with an excellent limit of detection (LoD) of 68.8 aM. 
Therefore, this sensor is applicable in the real PD detection scenarios. In 
PD patients the reference concentration of aSyn in CSF samples is at the 
ng/mL level, which is significantly higher than the concentrations in 
healthy control subjects, which are in the range of pg/ml (Eusebi et al., 
2017; Kapaki et al., 2013; Shalash et al., 2017).

In parallel, equivalent measurements were conducted using control 
sensors to evaluate the imprinting process and monitor the non-specific 
response of the sensor layer (Fig. 4-A). Similar to the calibrations with 
PBS, the response of the controls exhibited random responses against to 
increasing protein concentrations across all tested devices (Fig. 4-B). 
These results indicate that the control sensor was unable to detect aSyn 
monomers, in any of tested concentrations, demonstrating that this 
sensor exhibited negligible non-specific interactions between the pro
tein and the carbon surface.

3.5. Selectivity for the monomeric form of α-syn

Selectivity studies were performed to determine the selectivity of the 
sensor for the monomeric form of aSyn were conducted by testing the 
plastic antibody-based sensor independently against monomers, oligo
mers, and fibrils. For this purpose, the different protein forms were 
incubated on the WE at a concentration of 0.1 pM for 30 min. Data 
analysis involved plotting the Rct values from EIS measurements against 

the logarithmic concentration of the various aSyn forms (Fig. 5). The 
results indicated that the imprinted sensor was unable to detect fibrils 
(with a blank relative difference of 4.46 ± 1.93%), likely due to the 
more complex, condensed, and larger structure of fibrils, which do not 
fit into the polymer-formed cavities (Kumari et al., 2021). While the 
sensor could recognize oligomers (with a blank relative difference of 
35.16 ± 1.41%), this response was not as significant compared to that 
for monomers (with a blank relative difference of 49.27 ± 2.46%). This 

Fig. 4. Nyquist plots (A,C) of the EIS measurements and the corresponding calibration curves (B,D) of SPEs containing the plastic antibody (C,D) and the control 
material (A,B), in 5.0 mM (K3[Fe(CN)6])/(K4[Fe(CN)6]) in 10 mM PBS buffer (pH 7.4). Standard solutions were prepared in a background of CSF diluted 1:1000 in 
PBS buffer with different concentrations of monomeric aSyn. Data represent the mean ± SD of three independent devices.

Fig. 5. Absolute Rct values of three different imprinted-based sensors obtained 
for 0.1 pM aSyn standard solutions in different forms (monomers, oligomers, 
and fibrils). Error bars represent the mean ± SD of at least 3 indepen
dent devices.
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can be attributed to oligomers being an intermediate form in the protein 
aggregation process, where small oligomers have a structure not dras
tically different from monomers (Li et al., 2019). Selectivity tests with 
other components in the CSF besides oligomers/fibrils were not per
formed, as the previous calibrations in diluted CSF showed negligible 
interference of the combination of all components.

Overall, the developed electrochemical sensor based on plastic an
tibodies showed a high selectivity for aSyn monomers and was able to 
effectively monitor them in CSF samples in which the presence of fibrils 
is excluded in principle. The sensor detects more intensively to mono
meric forms than to oligomers, so the levels detected can be attributed to 
both forms in the case of unknown samples. This further emphasises the 
need to evaluate the different forms of aggregation in the detection of 
aSyn and also questions the validity of previous work where studies 
were performed with aSyn in uncontrolled levels of aggregation.

In general terms, the selectivity of the imprinted sensor was also 
evaluated by testing the response of the plastic antibody on the carbon 
SPE to other components in CSF. Glucose and urea were used for this 
experiment as they dominate this biological fluid. These compounds 
were tested in mixed solutions of aSyn and interfering compound and 
compared with a solution containing only aSyn (1.0 pM). Each solution 
was incubated on the WE for 30 min. The results shown in Fig. S3B
indicate little interference from glucose (− 2.8 ± 7.3%) and urea (− 12.6 
± 4.0%), thereby confirming the good selectivity of the plastic antibody 
for aSyn.

Moreover, to assess the usefulness of the sensor, spiked CSF samples 
were tested, checking the behaviour of the system at different concen
tration levels of aSyn. Specifically, concentrations of 0.1, 1.0 and 10 pM 
spiked aSyn over blank CSF samples were analysed by extrapolation at 
the calibration curve, and the observed errors were of +7.3, − 5.6 and 
− 4.8%. Further testing would be required in CSF samples from PD pa
tients to which the authors did not have access at the time of publication.

4. Conclusions

This work presents for the first time a sensor based on plastic anti
bodies that can detect the monomeric form of the protein aSyn with high 
sensitivity, selectivity and reproducibility. Previous works reported do 
not mention which form of a-Syn is being employed, although this is 
critical in clinical terms. The electrochemical sensor is assembled with a 
plastic antibody on standard carbon SPEs, involving the bulk polymer
ization of MB in the presence of the target protein. The resulting sensor 
showed exceptional sensitivity for aSyn monomers, covering a linear 
range from 1 fM to 10 pM and achieving an impressive LoD of 68.8 aM in 
CSF samples (plasma and serum samples were not tested). Overall, this 
innovative plastic antibody using molecular imprinting technology is 
specifically designed to detect aSyn monomers, offering the potential for 
early detection of PD by identifying the protein before the formation of 
aggregates. This study presents a new analytical tool that could be uti
lized for early and cost-effective PD diagnosis in future clinical 
applications.
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