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An α-helical peptide-based plasmonic biosensor for highly specific 
detection of α-synuclein toxic oligomers 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Plasmonic biosensing for identification 
and quantification of oligomeric 
α-Synuclein. 

• Based on the use of a novel peptide 
(PSMα3) as bioreceptor for direct fast 
detection. 

• PSMα3 targets only toxic oligomer 
aggregated forms of α-Syn with high 
specificity. 

• Full assay development with high 
sensitivity (0.13 nM) in cerebrospinal 
fluid. 

• Promising strategy for early and specific 
diagnosis of Parkinson’s disease.  
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A B S T R A C T   

Background: α-Synuclein (αS) aggregation is the main neurological hallmark of a group of neurodegenerative 
disorders, collectively referred to as synucleinopathies, of which Parkinson’s disease (PD) is the most prevalent. 
αS oligomers are elevated in the cerebrospinal fluid (CSF) of PD patients, standing as a biomarker for disease 
diagnosis. However, methods for early PD detection are still lacking. We have recently identified the amphipathic 
22-residue peptide PSMα3 as a high-affinity binder of αS toxic oligomers. PSMα3 displayed excellent selectivity 
and reproducibility, binding to αS toxic oligomers with affinities in the low nanomolar range and without 
detectable cross-reactivity with functional monomeric αS. 

* Corresponding author. Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC, CIBER-BBN and BIST, Campus UAB, Bellaterra, 08193, Barcelona, 
Spain. 
** Corresponding author. Institut de Biotecnologia i de Biomedicina and Departament de Bioquímica i Biologia Molecular, Universitat Autònoma de Barcelona, 
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Results: In this work, we leveraged these PSMα3 unique properties to design a plasmonic-based biosensor for the 
direct detection of toxic oligomers under label-free conditions. 
Significance and novelty: We describe the integration of the peptide in a lab-on-a-chip plasmonic platform suitable 
for point-of-care measurements of αS toxic oligomers in CSF samples in real-time and at an affordable cost, 
providing an innovative biosensor for PD early diagnosis in the clinic.   

1. - Introduction 

Neurodegenerative disorders are a major cause of disability globally, 
with Parkinson’s disease (PD) being the fastest-growing neurological 
condition. In 2019, global estimates indicated that there were over 8.5 
million individuals with PD. Tightly connected with aging, this number 
is projected to double by 2040, putting a lot of pressure on the public 
health system and society as a whole (https://www.who.int/news-roo 
m/fact-sheets/detail/parkinson-disease). To date, no blood test, brain 
scan, or other assays can be used as definitive diagnostic tests for PD, 
with current diagnostic methods relying mainly on expert clinical 
assessment of motor symptoms and neuroimaging [1]. Unfortunately, by 
the time of diagnosis, the disease has already progressed to a relatively 
advanced stage, with around 60% of dopaminergic neurons within 
substantia nigra pars compacta irreversibly lost. At this stage, it may be 
too late to delay disease progression. Thus, there is an urgent need for 
orthogonal molecular diagnostic approaches capable of detecting PD at 
its early stages. 

PD is pathologically characterized by the accumulation of protein 
aggregates in affected neurons, primarily composed of α-synuclein (αS) 
[2,3]. αS oligomers, rather than neuronal amyloid inclusions, are 
believed to be the actual pathogenic culprits behind gain-of-toxicity, 
altering cytoskeletal structure, membrane permeability, calcium 
influx, reactive oxygen species generation, synaptic firing, and neuronal 
excitability [4,5]. There is evidence that αS oligomers are elevated in the 
cerebrospinal fluid (CSF) of PD patients as compared to non-PD controls, 
indicating that their levels in this biofluid can be used as a biomarker for 
PD, opening an opportunity for diagnosis [6–8]. However, our lack of 
knowledge on the structure of αS oligomers, and their transient, het-
erogeneous, and dynamic nature make their tracking and quantification 
a challenging task. The production and use of antibodies for αS have 
been the preferred option as a specific element for diagnostic and 
therapeutic purposes, for example, to inhibit protein aggregation [9]. 
Thus, in early studies, the detection of αS aggregates in CSF and other 
biological fluids like plasma or serum relied on immunoassays such as 
ELISA [10–12] or CLIA [13] with antibodies generally targeting αS 
linear epitopes. This has led to unwanted cross-reaction with the soluble 
monomeric αS, which indeed is much more abundant in CSF [4,14,15]. 
Thus, such approaches show large variability and limited reliability 
[16]. A few additional established techniques have also been employed 
for detecting toxic oligomers like immunohistochemistry, proximity 
ligation assays, Luminex-based assays, which also require antibodies 
[17,18]. Similarly, recent strategies rely equally on incorporating 
available antibodies in different biosensor prototypes with different 
sensing configurations (optical, electrochemical, etc). All of them 
eventually might suffer from the same drawbacks associated with using 
these receptors. DNA based aptamers [19] as another kind of bio-
receptors have been recently produced for oligomeric forms of αS [20] 
although they also showed recognition for Aβ1− 40 oligomers. Recent 
advances in ultrasensitive protein amplification assays such as 
Protein-Misfolding Cyclic Amplification (PMCA) and Real-Time Qua-
king-Induced Conversion (RT-QuIC), originally developed for diag-
nosing human prion diseases, have shown promising results for 
detecting misfolded protein aggregates, with implications for patients 
identification and stratification [7,8,21]. However, they also exhibit 
significant limitations in their clinical implementation for routine di-
agnostics. First, it is impossible to know which is the specific αS species 
that is amplified in the reaction, and thus, the molecular biomarker on 

which the diagnostic is based. Secondly, the assays display low 
inter-laboratory reproducibility and they require long assay times and 
trained staff [22–24]. These caveats must be addressed before they can 
be established as reliable diagnostic tests for PD in the clinic. 

Recently, employing structure-activity studies, we described a small 
α-helical peptide, phenol-soluble modulin α3 (PSMα3), which exhibits a 
high degree of specificity for PD-related oligomers [25]. PSMα3 binds to 
αS toxic oligomers with high selectivity and reproducibility, attaining 
affinities in the nanomolar range, comparable to that of antibodies. 
Importantly, this interaction cannot be interfered by the much more 
abundant functional monomeric αS. Thus, we envision PSMα3 as a novel 
molecular entity for selectively detecting these pathogenic αS species in 
biofluids. The use of small peptides has emerged as an attractive alter-
native to bigger receptors like antibodies as they can be designed and 
easily produced to have high affinities (for instance through phage 
display libraries) and can be further modified to introduce coupling 
groups or to even improve their performance. They can provide 
enhanced stability and have been studied and incorporated in different 
biosensing assays for different target molecules for disease diagnostics 
and therapeutic monitoring [26–29]. 

In the present work, we exploit PSMα3 affinity and conformational 
selectivity to develop a diagnostic test that enables the quantitative 
detection of toxic αS oligomers in a direct, user-friendly, one-step 
approach, providing results in as little as 20 min. The device, a compact 
plasmonic biosensor prototype, employs small gold sensor chips that 
have been customized to incorporate the specific peptide and allows the 
direct capture of the toxic oligomers. The biofunctionalization of the 
sensor chips and the detection assay conditions have been carefully 
optimized to take full advantage of the excellent specificity that this 
novel receptor can provide, resulting in remarkable sensitivities, with a 
level of detectability in the order of 130 pM, without αS soluble 
monomeric interference, allowing direct analysis of complex fluids like 
CSF. This strategy employs sustainable practices [30,31] and constitutes 
a promising proof of principle for the development of PSMα3-based 
conformation-specific diagnostics tools. This strategy offers an attractive 
alternative to currently available strategies for fast and direct single-step 
detection of αS oligomers in biofluids. 

2. Materials and methods 

2.1. Chemical and biological reagents 

Organic solvents (acetone, ethanol, and ethanol absolute) were 
purchased from Panreac (Barcelona, Spain). Reagents for carboxylic 
acid activation (N-(3-dimethyl aminopropyl)-N′-ethyl carbodiimide hy-
drochloride (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS)), 16- 
mercaptohexadecanoic acid (MHDA), 11-mercapto-1-undecanol 
(MUOH), compounds and salts for PBS 10 mM (10 mM phosphate 
buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.4), and MES 0.1 M (2-(N- 
morpholino) ethanesulfonic acid, pH 5.5), Tween 20, and ethanolamine 
(EA 1 M, pH 8.1) were provided by Sigma-Aldrich/Merck (Steinheim, 
Germany). Neutravidin (NA) was purchased from Thermo Fisher Sci-
entific (Madrid, Spain). The specific peptide [25] modified with biotin 
(PSMα3-b, MEFVAKLFKFFKDLLGKFLGNN{Lys(Biotin)}) or with an 
additional cysteine at the N-ter (PSMα3-cys, CMEF-
VAKLFKFFKDLLGKFLGNN), and a control nonspecific peptide (dPSMα3 
MEFVAKLFPFPKDLLGKFLGNN) with the same modifications were pro-
vided by GenScript Biotech Corp (Rijswijk, Netherlands). Human 
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Cerebral spinal fluid CSF samples, from single donors, were obtained 
from Zen-Bio Inc (Durham, United States). Artificial CSF (aCSF) was 
provided by Tocris Bioscience (Bristol, United Kingdom). Mouse 
anti-human alpha-synuclein oligomer-specific (AsyO2) was purchased 
from Agrisera (Vännäs, Sweden). Milli-Q water was employed for all the 
buffers’ preparation. 

2.2. α-Synuclein expression and purification 

Escherichia coli BL21 harvesting a pT7-7 plasmid encoding the αS 
wild-type gene were grown in LB medium supplemented with 100 μg 
mL− 1 ampicillin to an optical density of 0.6–0.8 (600 nm). Protein 
expression was induced with 1 mM isopropyl β-D-thiogalactopyranoside 
(IPTG) for 4 h. Cell cultures were centrifuged and washed up by resus-
pension and centrifugation in PBS pH 7.4. The cell pellets were resus-
pended in lysis buffer (10 mL per liter of culture, 50 mM Tris pH 8, 150 
mM NaCl, 1 μg mL− 1 pepstatin, 20 μg mL− 1 aprotinin, 1 mM benzami-
dine, 1 mM PMSF, 1 mM EDTA, and 0.25 mg/mL lysozyme), lysed by 
sonication and centrifuged at 20,000 g for 30 min. To isolate αS protein, 
the supernatant was heated at 95 ◦C for 10 min, followed by centrifu-
gation at 20,000 g for 30 min. The resulting soluble fraction was mixed 
with streptomycin sulfate (10% w/v) at a ratio of 136 μL/mL and 
incubated for 15 min. After centrifugation, the soluble extracts were 
fractionated by adding an equal amount of saturated ammonium sulfate. 
The insoluble fraction was resuspended in Tris buffer (20 mM pH 8) at a 
ratio of 10 mL per liter of culture and then dialyzed against the same 
buffer. The dialyzed protein was filtered through a 0.22 μm filter and 
loaded onto an anion exchange column (HiTrap Q HP, GE Healthcare, 
Chicago, USA) using Tris buffer (20 mM pH 8) as buffer A and Tris buffer 
(20 mM pH 8, NaCl 0.5 M) as buffer B. The fractions containing αS were 
further purified using size exclusion chromatography with PBS buffer 
(pH 7.4) on a Hiload 26/60 Superdex 75 preparation grade column (GE 
Healthcare, Chicago, USA). The protein purity was assessed by 15% SDS- 
PAGE. The purest fractions were freeze-dried and stored at − 80 ◦C. The 
purified monomeric αS was dialyzed twice against 5 L Milli-Q water, first 
for 4 h and then overnight, and its concentration was determined by 
measuring the absorbance at 280 nm with an extinction coefficient of 
5960 M− 1 cm− 1 αS samples were freeze-dried for 48 h in aliquots of 6 
mg. 

2.3. α-Synuclein oligomers preparation 

To prepare oligomeric αS samples, each αS 6 mg aliquot was resus-
pended in 500 μL of PBS pH 7.4 to a final concentration of 800 μM. The 
resulting aliquots were filtered through 0.22 μm PVDF filters and then 
incubated at 37 ◦C without agitation for 20 h. The incubated reaction 
was subsequently subjected to ultracentrifugation at 288,000 g in a 
SW55Ti Beckman rotor to remove fibrillar species that may have formed 
during the incubation period. Any excess monomeric protein was 
eliminated by four successive rounds of cleaning using 100 kDa centri-
fuge filters from Merck (Darmstadt, Germany). The concentration of the 
final oligomeric solution was determined by measuring the absorbance 
at 280 nm and using an extinction coefficient of 5960 M− 1 cm− 1. The 
samples of αS oligomers prepared in this manner have been found to be 
stable for many days at room temperature, but in this study were used 
within three days of their production. 

As an internal quality control, the isolated αS oligomer samples were 
analyzed by dynamic light scattering (DLS), far-UV circular dichroism 
(CD) Transmission electron microscopy (TEM), and anilinonaphthalene- 
8-sulfonic acid (ANS) fluorescence spectroscopy (see Fig. S1). The size of 
the oligomers was assessed through dynamic light scattering, utilizing a 
Zetasizer Nano ZS instrument (Malvern Instruments Limited, UK) at a 
temperature of 25 ◦C, with a fixed angle of 90◦. For each sample, three 
separate measurements were taken, each consisting of twenty runs. 
Monomer and oligomer preparations at 7 μM in PBS pH 7.4 were 
analyzed using Far-UV CD spectroscopy (Jasco J-815 CD spectrometer 

Halifax, Canada), at a temperature of 25 ◦C. The CD signal was measured 
over a range of 260 nm–190 nm using a bandwidth of 1 nm, a response 
time of 1 s, and a scan speed of 200 nm/min. A 0.1 cm quartz cell was 
used for the measurements, and each measurement consisted of ten to 
twenty accumulations. ANS fluorescence was recorded for 5 μM of 
sample and 250 μM of ANS, incubated for 1 h, on a Jasco J-815 CD 
spectropolarimeter (Jasco Corporation) (Ex. 365 nm, Em. 400–650 nm). 
To perform negative staining electron microscopy analysis, oligomer 
samples were diluted to a concentration of 0.1 mg/mL in PBS. Subse-
quently, they were applied onto glow-discharged carbon-coated copper 
grids, for 1 min. Sample excess was removed by blotting with ashless 
filter paper. Grids were subjected to negative staining using a 2% (w/v) 
uranyl acetate solution for 1 min. Excess uranyl acetate was absorbed 
using ashless filter paper. The electron microscopy analysis was carried 
out using a TEM JEOL JEM1400 microscope, operating at an acceler-
ating voltage of 120 kV and equipped with a CCD GATAN 794 MSC 
600HP camera. Representative images from each grid were selected for 
further examination. 

2.4. Plasmonic biosensor device 

The device employed in this work based on surface plasmon reso-
nance (SPR) has been developed and integrated into a compact platform 
(20 × 20 cm) (Fig. 1A) and it has been described previously [32]. The 
device is based on the Kretschmann configuration and operates with a 
fixed incidence angle (θ = 70◦). The polarized light (a collimated 
halogen light set in TM polarization) reaches the sensor through the 
prism coupling, generating an evanescent field on the sensor surface. 
The evanescent field is very sensitive to refractive index changes (RI), 
and any change on the sensor surface disturbs the local RI, thus altering 
the properties of the reflected light, which is collected by a fiber coupled 
to a CCD spectrometer (i.e. SPR-wavelength displacements (Δλ, nm). 
This strategy allows monitoring the binding (i.e. increase in the local RI 
and wavelength displacement to higher λ) or desorption (i.e. decrease in 
the local RI and wavelength displacement to lower λ) events in real-time. 
Using a custom-made readout software, this Δλ can be followed in 
real-time via polynomial fit. The device incorporates a flow cell, a fluidic 
pump to constantly deliver fluid to the gold sensor chips (the plasmonic 
sensors), and injection valves to enable the introduction of samples. 

2.5. Plasmonic sensor chip preparation 

The gold sensor chips (glass substrates with 1 nm of titanium and 49 
nm of gold) were fabricated by electron beam deposition (AJA Inter-
national Inc. ATC-8E, Orion, USA). Before the surface bio-
functionalization, the chips were cleaned, first by sequential immersion 
in different solvents of increasing polarity (i.e., acetone, ethanol, and 
Milli-Q water) and heated sonication for 1 min (for each solvent). Then, 
the chips were dried with N2 flow and placed inside a UV/Ozone 
Procleaner Plus (Bioforce Nanosciences. Utah, US) for 20 min. Finally, 
the chips were rinsed with ethanol and dried with N2 flow. After the 
cleaning procedure, the chips were chemically modified through the 
formation of a self-assembled monolayer (SAM) of mercaptohex-
adecanoic acid (MHDA) and 11-mercapto-1-undecanol (MUOH) (ratio 
MHDA:MUOH 1:5). The chip was then rinsed with ethanol and water 
and dried with N2 flow and placed into the plasmonic device. Our bio-
functionalization approach consisted of the covalent immobilization of 
NA (100 μg mL− 1) to carboxyl groups present in the SAM through EDC/ 
NHS reaction, followed by the immobilization of the biotinylated PSMα3 
(PSMα3-b, 100 μg mL− 1) through avidin-biotin interaction. The 
unreacted carboxylic groups on the sensor surface were blocked with an 
EA solution injection for 2 min. Finally, the sensor chips were kept under 
a continuous flow of PBST (PBS 10 mM + 0.01% Tween 20) at 20 μg 
mL− 1. Fig. 1B shows detailed schematics and a representative in-situ 
peptide immobilization of all the steps involved in the covalent 
coupling to the gold sensor chip. The biofunctionalization with the 
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PSMα3-cys was achieved by direct capture over the gold sensor chip 
surface in the presence of a lateral spacer, 6-mercaptohexanol (MCH). In 
this case, a cleaned gold chip was immersed in a solution of PSMα3-Cys: 
MCH (1:1) overnight at room temperature. The chip was rinsed and 
dried with N2 flow, and finally, placed into the plasmonic device. 

2.6. α-Synuclein oligomer detection assays 

PSMα3-modified plasmonic chips were employed for the direct 
detection of αS oligomers. Several oligomer solutions (150 μL) at 
different concentrations (between 50 nM and 250 nM, expressed as αS 
monomer equivalents) were injected, and the binding to PSMα3 was 
monitored in real-time (i.e. shift in the resonance peak position (Δλ, 
nm)). For the low concentration range (1 nM–10 nM) a sandwich-based 
assay was considered to increase the signal. In this case, the oligomer 
solution was mixed with anti-human alpha-synuclein oligomer-specific 
(ASyO2, 2 μg mL− 1) before sample injection into the device (i.e. the 
binding of the oligomer-ASyO2 complex was monitored in real-time). 
Calibration curves were obtained by analyzing different oligomer con-
centrations in triplicate in standard buffer (PBS) and in human CSF 
(diluted to 1% in PBST). A solution of HCl 1 mM was injected (120 s) 
after each oligomer sample to completely dissociate the oligomer- 
peptide interaction, allowing the reuse of the biosensor during five 
successive cycles. 

2.7. Data analysis 

After signal stabilization, the final response (Δλ) was extracted from 
the real-time sensorgrams once the whole sample volume had passed 
through the flow cell. This time corresponds to approximately 1500 s 
after the injection, considering the flow rate employed and the sample 
volume. All the data were analyzed and processed using the Origin 2018 
software (OriginLab, Northampton, MA). Calibration curves were ob-
tained evaluating different concentrations of the oligomer (in direct 
assay) and the complex oligomer + ASyO2 (in sandwich assay). The 
mean sensor signal (Δλ) and its standard deviation (SD) were plotted 
versus oligomer concentration. The data were fitted either to a linear 
regression equation (y = aX + b) or a non-linear fitting (saturation 
binding curve: Y=Bmax*X/(Kd + X). The limit of detection (LOD) for 
each approach was calculated as the concentration corresponding to 
three times the blank standard deviation. 

2.8. Accuracy study with blind samples in buffer and CSF 

The assays’ accuracy was evaluated by preparing five samples (S1 – 
S5) in the high concentration range for direct assay and three samples 
(S6 – S8) in the low concentration range, for sandwich-based assay. 
These samples were prepared by a different researcher (blind samples 
for the analyst) by spiking CSF with known oligomer concentrations. 

Fig. 1. A) Photograph of the experimental SPR device and all the components, including the plasmonic gold chips employed in this work. B) Schematics of the five 
steps biofunctionalization process (left) and the real-time monitoring of the wavelength displacement (Δλ) for an in-situ sensor chip biofunctionalization with PSMα3- 
b peptide (right). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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These samples were analyzed as previously described. Concentrations 
were determined by interpolating from the CSF 1% analytical curve for 
both assays (direct and sandwich). Finally, the accuracy was calculated 
by the following equation: 

Accuracy (%)=
[Oligomer]measured

[Oligomer]spiked
x 100  

3. Results and discussion 

3.1. Design of a PSMα3-based biosensor assay strategy 

The technical challenge that represents the specific αS oligomers 
targeting has hindered the clinical diagnosis of Parkinson’s disease and 
related synucleinopathies. Here, we present an unexplored avenue to 
address this limitation. Using single-molecule fluorescence techniques, 
we recently demonstrated that our model peptide PSMα3 binds αS toxic 
oligomers in solution with high affinity (Kd = 6.7 nM) [25]. In contrast, 
PSMα3 does not recognize the functional soluble αS monomer, to the 
point that even in a 100-fold excess of monomer, its oligomer recogni-
tion properties remain unaltered. Such conformation-specific interac-
tion is achieved by targeting a specific epitope in the N-terminal P1-P2 
region of αS whose conformation is distinct in the monomer and the 
oligomer [33]. These data evidenced that PSMα3 could be potentially 
utilized to develop a novel bioreceptor to achieve conformational 
specificity in diagnostic platforms. Such a receptor would provide an 
unprecedented opportunity to selectively target these pathogenic as-
semblies and overcome one of the main factors explaining the persistent 
failure of conventional immunoassays such as ELISA or single-molecule 
immunoassays [34–36]. In this study, we sought to generate a 
user-friendly device incorporating PSMα3 as the key bioreceptor on a 
label-free optical biosensor based on the SPR phenomenon. The per-
formance of plasmonic biosensing is well-established from a research 
perspective and also from the application point of view [37,38]. The 
biosensor prototype employed here possesses unique features that make 
it suitable for in-vitro diagnostics as Point-of-Care devices, as it allows 
direct, sensitive, and fast monitoring of biomolecular interactions. The 
performance of the current device has already been demonstrated for 
several applications in clinical diagnostics that require low sensitivity 
levels [32,39]. To incorporate PSMα3 into the plasmonic device, we 

considered two strategies for the biofunctionalization of the gold plas-
monic chips: (i) engineering an additional cysteine amino acid in the 
PSMα3 sequence (PSMα3-Cys) to facilitate the direct attachment to gold 
through the strong gold-sulfur interaction, or (ii) adding a biotin tag 
(PSMα3-b), which can then be coupled to an avidin-modified chip in an 
oriented manner. Both strategies, shown in Fig. 2, are widely employed 
[40,41], and provide excellent levels of reliability and reproducibility. 

For PSMα3-Cys-based biofunctionalization, two different approaches 
were considered (i.e. in-situ —binding under continuous flowing of the 
peptide solution through the gold sensor chip—, and ex-situ —static 
incubation with the sensor chip outside the biosensor device—). The in- 
situ immobilization, which allows for monitoring of the process, showed 
the efficient attachment of the peptide on the surface (i.e. Δλ≈8–10 nm, 
for different peptide concentrations between 20 and 50 μg mL− 1. 
However, we did not observe oligomer detection at the assayed con-
centrations (20–50 nM) (data not shown). The ex-situ approach involves 
a longer period of incubation (usually overnight) but resulted in olig-
omer recognition at the tested concentrations (Table S1). This finding 
may indicate a more efficient and well-packed attachment and 
arrangement of the peptide on the surface. Nevertheless, we also 
observed significant recognition of the monomeric form of αS (see 
Table S1). Altogether, these results suggest that PSMα3-Cys distribution 
on the sensor chip surface fails to recapitulate its binding properties in 
solution. 

To bypass this limitation, we included a lateral spacer, 6-mercapto-
hexanol (MCH) in the biofunctionalization step, which can help modu-
late the peptide density on the sensor surface. This new strategy 
improved oligomer recognition while significantly reducing undesired 
monomer signals (Table S1). This was particularly clear for the ratio 
PSMα3-Cys/MCH 1:1. To confirm that the recognition mechanism was 
consistent with our previous data [25], we immobilized a negative 
control peptide, dPSMα3, that has a 91% sequence similarity with 
PSMα3 but incorporates two mutations (K9P-F11P) that disrupt PSMα3 
helical folding and thus, oligomer recognition in solution. As expected, 
functionalized dPSMα3 biosensors fail to recapitulate PSMα3 oligomer 
binding (Table S1). 

For the PSMα3-b approach, to facilitate peptide attachment to the 
surface, we employed neutravidin. Compared to avidin protein, which 
has a relatively high isoelectric point (pI = 10.5) rendering it susceptible 

Fig. 2. Biofunctionalization strategies studied for the immobilization of PSMα3 peptide on the surface of plasmonic chips.  
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to nonspecific adsorption of anionic molecules, neutravidin (and strep-
tavidin) are non-glycosylated analogues, with a lower pI (6.5 for neu-
travidin) which significantly reduces this effect. For this reason, these 
versions are nowadays preferred for assay development and biosensing 
[42–45]. Several concentrations of PSMα3-b peptide were immobilized 
(50, 100, and 200 μg mL− 1) obtaining similar immobilization signals 
(around Δλ≈ 3 nm), which were significantly lower than for the 
PSMα3-Cys approach. However, the binding of the oligomer was higher 
and more consistent for 100 μg mL− 1 of peptide (immobilization of 
Δλ≈3.11 ± 0.29 nm) (Table S2). This result suggests that, despite 
immobilizing very similar amounts of peptide (i.e. similar signals ob-
tained in the process), peptide distribution and packing are crucial for 
oligomer recognition. This observation is consistent with the previously 
observed structure-dependent activity of PSMα3 [25]. Noteworthy, this 
strategy showed a lower signal for αS monomer compared to the 
PSMα3-Cys approach (Table S2) which suggests a surface even less 
prone to nonspecific adsorptions. Again, employing the control peptide 
dPSMα3 resulted in no recognition of the oligomer (even lower than in 
the case of PSMα3-Cys), nor the monomer. Overall, a more favorable 
arrangement of the PSMα3 in the PSMα3-b approach -more distant to the 
sensor surface due to the presence of a protein layer in between (NA)- 
might enable a freer and more effective folding that could explain the 
superior performance of the biotin-based strategy. Hence, also consid-
ering the best outcome in terms of reproducibility with PSMα3-biotin 
and the slightly better specificity pattern achieved, we selected this 
strategy for further experiments and biosensor development. 

3.2. Sensitivity and specificity of the PSMα3-b biosensor-based assay 

We next assessed the sensitivity of our approach by analyzing sam-
ples with different oligomer concentrations; Fig. 3A shows representa-
tive detection signals (real-time sensorgrams) obtained in a direct assay 
for different oligomer concentrations in standard PBS buffer. The signal 
gradually increases as the oligomer concentration augments, whereas 
the monomeric form of αS showed a much lower binding at the highest 
tested concentration. A direct and linear relationship was observed be-
tween the oligomer concentration and the signal (Fig. 3B) for the con-
centration range analyzed (from 50 nM to 250 nM). The limit of 
detection (LOD) was determined to be 5.1 nM (monomer equivalents) 
(R2 = 0.993). Importantly, detecting the αS monomer in the same con-
centration range was significantly minimized (Fig. 3B), indicative of the 

affinity and specificity provided by the PSMα3 peptide. These experi-
ments can be performed over the same sensor chip, which allows for its 
reusability by disrupting the PSMα3-oligomer interaction with changes 
in the medium properties (pH and/or ionic strength). Employing acid 
conditions, the PSMα3-immobilized sensor surface stability was guar-
anteed for 5 cycles, as observed in Fig. S2, where the oligomer signal for 
the same concentration is maintained and then decreases (up to 47%) in 
the sixth cycle. 

Besides this direct, one-step approach, we introduced a secondary 
reagent as an amplification step to improve the sensitivity of our assay. 
This strategy is commonly employed with evanescent wave-based bio-
sensors like SPR, as the molecular weight of the biomolecules has a 
direct correlation with the local RI on the surface (i.e. increase of the RI 
enhances the signal (Δλ)). Antibodies that bind to different epitopes of 
the target or DNA sequences that bind to complementary regions of 
oligonucleotide targets, for example, can be used, either as free reagents 
or bioconjugated to other larger entities like nanoparticles, to further 
amplify the signal [46–50]. Specifically, we employed an 
oligomer-specific monoclonal antibody anti αS (ASyO2), which ac-
cording to the supplier, recognized mainly the oligomer (and to a much 
lower extent, the monomeric form of the protein). The αS oligomer 
encompasses around 30 aggregated monomers [25,33], it provides 
sufficient binding epitopes in its structure to interact with both the 
antibody and the PSMα3 peptide (Fig. 4A). By incorporating an antibody 
concentration of 2 μg mL− 1, we observed an enhancement in the signal 
at the lowest concentration range, between 0 and 10 nM (concentrations 
below the detection limit by direct oligomer capture) (Fig. 4B in black), 
being the signal stabilized at higher concentrations (Fig. S3). Increasing 
the concentration of antibody did not result in an increase in the signal 
for at the highest range of concentrations (i.e. 5-50 nM) and eventually, 
it slightly elevated the background signal (i.e. signal after incubation of 
the antibody with a sample with no oligomer was Δλ = 0.01 ± 0.02 nm 
and 0.035 for 2 and 5 μg mL− 1, respectively). The calibration curve 
obtained for the sandwich assay in PBS (Fig. 4B) yielded a LOD of 0.2 
nM (R2 = 0.987), almost 20 times lower than the LOD obtained for the 
direct capture assay (Fig. 3B), which significantly expands the capability 
of the assay for much lower oligomer concentrations. 

3.3. Effect of artificial CSF (aCSF) on the biosensor-based assay 

To assess the performance of the assay under conditions that closely 

Fig. 3. A) Real-time sensorgrams for different oligomer concentrations in a direct assay over a sensor gold chip covered with a SAM of MHDA/MUOH (1:5), 
neutravidin (100 μg mL− 1), and PSMα3-b (100 μg mL− 1). A sample containing only monomer (250 nM) was also measured as a control. B) Calibration curve in the 
standard buffer for the oligomer compared with the monomer signals obtained in the same range of concentration. Each signal corresponds to the mean ± SD of 
duplicate measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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mimic real samples, we first tested the assay behavior of artificial CSF, a 
colorless liquid with physiological pH (pH of 7.19) commonly employed 
as a vehicle solution for administering tests to the central nervous sys-
tem. This aCSF closely matches the electrolyte concentrations of 
endogenous CSF and is prepared from high-purity water and analytical- 
grade reagents according to the supplier’s specifications. Employing this 
fluid, we observed similar behavior in the recognition (see Fig. S4A for 
real-time sensorgrams) and a direct and linear relationship between the 
oligomer concentration and the signal in the high-concentration range 
(from 50 to 250 nM), as shown in Fig. S4B, reaching a LOD of 6.5 nM 
(slope = 0.00143 nm nM− 1, R2 = 0.988). Similarly, the sandwich assay 
format for the low range of concentrations resulted in an improvement 
in the overall assay sensitivity and performance (see calibration curve in 
Fig. 4B (in red) reaching a LOD of 1.0 nM (R2 = 0.970)). 

3.4. Effect of CSF on the biosensor-based assay 

With a focus on applying the described biosensor in real samples and 
providing a diagnostic tool for Parkinson’s disease, we investigated the 
influence of real CSF, a fluid far much more complex than the saline- 
based aCSF, as it contains a variety of biological specimens (proteins, 
including immunoglobulins, lipids, etc.) which may interact nonspecif-
ically or impede the oligomer-peptide interaction. Real CSF samples 
came from donors without neurodegenerative disease symptoms 
(although all of them were affected by other illnesses or clinical condi-
tions). The analysis of a control sample resulted in a very high back-
ground signal (Fig. S5). Diluting the CSF in the buffer assay (PBS) 
gradually reduced the nonspecific signals as the dilution factor increased 
(Fig. S5); however, it was not completely minimized even at CSF diluted 
100x (1% CSF). We found that including Tween 20 in the dilution buffer 
(PBS) significantly improved the biosensor’s performance, reducing 
nonspecific interactions completely. The assay buffer composition effect 
on the analytical parameters was evaluated (0.01 and 0.05% of Tween 
20 in PBS) in the presence of CSF samples and the oligomer. The pres-
ence of this surfactant agent in analytical assays can avoid nonspecific 
interaction and improve reproducibility, as demonstrated in other im-
munoassays [14,23]. As shown in Fig. S6A in the presence of 0.01% 
Tween 20, the background signal was completely reduced for 1% of CSF 
(considered time: 1500 s). Besides, the interactions established between 
the oligomer and PSMα3 were not affected by the presence of this 

detergent (i.e. in PBS with 0.01% Tween, no CSF), as the signal remained 
similar to the one obtained with PBS and similar reproducibility (i.e. 
intra-day and inter-day variability of 9% and 13.3.% for PBST and 3.1% 
and 14.9% for PBS, respectively). Employing a higher Tween concen-
tration (0.05%) further reduced the effect of CSF also at lower dilutions 
(2% CSF), but the binding to the peptide was interfered by this amount 
of additive (Fig. S6B). According to these results, we incorporated 
Tween in the CSF dilution buffer and evaluated the biosensor perfor-
mance in CSF samples (CSF diluted at 1% using PBST 0.01% Tween 20). 
A direct and linear relationship between the oligomer concentrations 
and the signal was obtained (from 100 to 250 nM), as shown in the direct 
assay’s analytical curve in Fig. 5A. The LOD obtained in this assay was 
16.6 nM (slope = 6.86⋅10− 4 nm nM− 1, R2 = 0.981). This LOD was three 
times higher than the value obtained under standard buffer conditions, 
which might be associated with a possible hindrance of 
peptide-oligomer interaction due to the CSF matrix or the Tween 
treatment. 

The sandwich assay was implemented for the low-range oligomer 
concentrations in 1% of CSF to improve the sensitivity. The analytical 
curve for the sandwich assay (from 1 nM to 7 nM) is shown in Fig. 5B. In 
this case, saturation appears to occur at slightly lower oligomer con-
centrations, possibly due to a lower affinity in this more complex me-
dium compared with standard buffer. With this approach, we achieved a 
two-order-of-magnitude lower LOD (0.13 nM, R2 = 0.974), significantly 
improving the performance of the assay. Table S3 summarizes all the 
LOD values obtained for the different assay formats and conditions. It is 
worth mentioning that analyzing diluted CSF 1% for the low range of 
concentration results in a very low LOD that is comparable to the value 
obtained in standard conditions, although the direct approach performs 
worse in this case. This LOD expressed as αS monomer equivalents 
(considering its MW = 14464 Da), might in fact be strictly lower, in the 
low pM, given that oligomers typically consist of 30 monomers [33]. 
However, in these conditions, the detection of the monomer appears to 
be slightly higher for the same range of concentrations, although dis-
playing more random and less reproducible signals, which suggests 
nonspecific binding rather than an actual recognition by PSMα3. This 
could be associated with the high background signal already observed in 
the absence of αS species (0 nM concentration in Fig. 5B). We confirmed 
that, in fact, under all the conditions evaluated (buffer solutions and also 
diluted CSF), once immobilized, the PSMα3 peptide retains its 

Fig. 4. A) Antibody-mediated SPR signal amplification strategy. B) Calibration curve obtained in PBS (black) and aCSF (red) for the sandwich assay. [ASyO2] = 2 μg 
mL− 1. Each signal corresponds to the mean ± SD of duplicate measurements. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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recognition features intact and solely binds to oligomeric species. We 
analyzed mixture solutions containing both oligomer and monomer 
species, observing that even with a significant excess of monomer (1:5 of 
oligomer:monomer, 200 nM:1000 nM) the obtained signal remained the 
same (see Fig. S7). 

Next, the accuracy of the PSMα3 peptide-based biosensor assay was 
evaluated by spiking CSF control samples with αS oligomers. Five blind 
samples (concentration unknown for the researcher performing the 
analysis) were prepared (S1 to S5) covering the working range and 
below the LOD (Table 1). The samples were diluted 100-fold and directly 
measured with the biosensor. The response obtained was monitored in 
real-time for each sample and the signal was interpolated in the cali-
bration curve for the direct assay (calculated from Fig. 5A). The same 
analysis was performed on a sandwich assay: three blind samples were 
prepared (S6 to S8) in the working range of the assay (1–7 nM), and the 
signals were interpolated in the calibration curve for the sandwich assay 
(calculated from Fig. 5B). The oligomer concentrations obtained with 
the biosensor were calculated and listed in Table 1. 

A remarkable correlation was observed with accuracy values be-
tween 90 and 122%, both in the direct and antibody-mediated assays. 
Accuracy values indicate a slight overestimation in the direct assay, 
except for the lowest concentration. The opposite behavior was observed 
for the low-concentration rage with the sandwich assay. The narrow 
detection range in this case, before observing saturation (around 4 nM 
and above) might affect the accuracy. In any case, accuracy values fall 
within the acceptable range (from 80% to 120%) for receptor-based 
assays (like conventional immunoassays), demonstrating the excellent 

performance of the developed biosensor. 
There are only a few examples of detection assays reported in the 

literature that focus solely on oligomeric forms of αS, likely due to the 
limited availability of receptors with sufficient specificity. Table 2 
summarizes the most representative strategies based on biosensing re-
ported so far, mainly in optical and electrochemical transductions, 
employing different recognition elements. However, some examples do 
not strictly compare the specificity for monomer species, or they focus 
on the detection of total αS. To our knowledge, none of these assays have 
been analytically validated with real CSF, the most relevant fluid to be 
considered for PD diagnosis. This underscores the value of our devel-
oped assay and highlights its potential as a valuable tool for detecting 
oligomeric αS in clinical samples. 

4. Conclusions 

In this study, we implemented a label-free biosensor-based detection 
test that enables fast, one-step identification and quantification of the 
oligomeric aggregated toxic forms of αS in CSF samples. Considered as 
one of the most promising pathology-associated biomarker for Parkin-
son’s disease, oligomer quantification can inform about disease pro-
gression and unearth a diagnostic tool. With that aim, we employed 
PSMα3, a recently characterized amphipathic cationic helical peptide 
with an exceptional affinity for αS toxic oligomers, to detriment of 
monomer species. We have carefully optimized the assay conditions, 
including the selection of the most appropriate sensor chip bio-
functionalization and detection parameters to enable direct and efficient 
capture of oligomeric forms in a reproducible way. Overall, our data 
serve as a proof-of-principle to demonstrate that PSMα3 can be imple-
mented in diagnosis platforms as a promising bioreceptor for 
conformation-specific oligomer detection. 

Orthogonal approaches were employed to improve the assay’s 
sensitivity and specificity, achieving the best performance by immobi-
lizing the specific peptide through the avidin-biotin strategy onto the 
sensor chip surface. The biosensor reached good values of limits of 
detection (16.6 nM in direct assay and 0.13 nM in sandwich assay) in 
CSF samples with a short time-to-result (30 min). Furthermore, the re-
sults obtained by blind sample testing demonstrate excellent assay ac-
curacy (90–122%) for both strategies. 

These promising results position our biosensor device, which relies 
on the specific interaction between the PSMα3 and the toxic αS species, 
as a first-in-class tool for the rapid and accurate diagnosis of Parkinson’s 

Fig. 5. A) Calibration curve in 1% diluted CSF in PBST for direct assay and B) sandwich assay for the oligomers (black dots) and the monomers (red dots). Sensor 
response, Δλ, represents the mean ± SD of duplicate measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Table 1 
Accuracy study with blind samples in the plasmonic biosensor (direct and 
sandwich assay).  

Sample αS Oligomer Concentration (nM) Accuracy % 

Spiked Measureda 

S1 200 192.3 ± 31.9 96.2 
S2 163 169.7 ± 20.5 104.1 
S3 115 123.7 ± 13.3 107.6 
S4 60 73.5 ± 8.3 122.5 
S5 7.5 <LOD – 
S6 2.5 2.6 ± 0.7 104 
S7 4 3.6 ± 0.7 90 
S8 6 5.8 ± 1.6 96.7  

a Mean ± SD of two measurements. 
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disease and related synucleinopathies, as well as for the evaluation of 
therapeutic efficacy in clinical trials. It is important to highlight that our 
technology is easily transferable, offering an avenue for the analysis of 
more accessible peripheral tissue specimens such as skin [61], olfactory 
mucosa [62] or saliva [63]. However, additional data on PD patients are 
needed to confirm their diagnostic performance in this neurodegenera-
tive disorder. 

We consider the plasmonic prototype presented here to be a signif-
icant step forward toward PD diagnosis. With the incorporation of the 
PSMα3 peptide and all necessary components in a compact and user- 
friendly design, it has the potential to be employed in a variety of 
sceneries, from laboratory environments to decentralized settings closer 
to the patient. This will help overcome existing limitations and meet the 
present needs of the medical community. 
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Table 2 
Comparison between some biosensors described in the literature for α-synuclein and its species with our designed SPR-biosensor.  

Biosensor Bioreceptor Species, LOD Linear Range Sample/fluid Ref 

Total αS Oligomer Monomer/ 
fibril    

Optical (Localized SPR- fiber optic 
probe) 

Chitosan film   70 nM 70–700 nM Buffer [51] 

Optical- GNP aggregation 
(colorimetric) 

DNA aptamer  10 nM  20–30000 nM Buffer [52] 

Optical- SPR DNA aptamer  8 pM  0.1 nM- 0.5 
μM 

Buffer [52] 

Optical - SPRi Peptoid αS binding peptoid-7 2 pg/mL 
(estimation)a  

n.p n.p. Serum 1:6000 [53] 

Electrochemical (EIS) DNA aptamer  1–3 pM  <0.5 μM Buffer [52] 
Electrochemical DNA aptamer  10 pM  60 pM-150 nM Serum 10% [54] 
SPR–Ti4+@TiP NP amplification Antibody (αS) 0.07 pg/mL   1–20 pg/mL Filtered CSF 

1% 
[55] 

0.032 pg/mLb 0.1–10 pg/ 
mLb 

Electrochemical DPV and EIS) Antibody (αS) 3.62 ng/mL (DPV)   10–1000 ng/ 
mL 

Serum 1% [56] 

1.13 ng/mL (EIS) 10–1000 ng/ 
mL 

Electrochemical (SWV) Antibody (oligomeric αS)  0.03 fM  0.5–500 fM Plasma 
0.025% 

[57] 

Electrochemical (DPV) GNP-modified 
graphene 

Antibody (αS) 4 ng/mLc   4–128 ng/mL Plasma (50%) [58] 

Electrochemical (EIS) Antibody (αS) 0.08 pg/mL   0.5–10 pg/mL Buffer [59] 
Electrochemical (DPV) MB-tagged aptamer adsorbed on 

ERGO  
0.64 fM  1 fM – 1 nM Serum [60] 

SPR Peptide (PSMα3)  16.6 nM  100–250 nM CSF 1% This 
work 0.13 nM 1–3 nM 

GNP: Gold nanoparticles; SPRi: Surface plasmon resonance imaging; EIS: Electrochemical Impedance Spectroscopy; DPV: differential pulse voltammetry; SWV: square 
wave voltammetry; MB: methylene blue; ERGO: electrochemically reduced graphene oxide. 
n.p.: not provided. 

a Estimation considering the higher concentration level in serum (~12 ng/mL) and the dilution ratio employed by the author (1:6000) as a limited to distinguish PD 
serum from normal serum. 

b Values obtained for phosphorylated αSyn. 
c Lower limit of quantification (LLOQ). 
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[39] E.C. Peláez, M.-C. Estevez, R. Domínguez, C. Sousa, A. Cebolla, L.M. Lechuga, 
A compact SPR biosensor device for the rapid and efficient monitoring of gluten- 

J.F. Giarola et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.aca.2024.342559
https://doi.org/10.1016/j.aca.2024.342559
https://doi.org/10.1007/978-3-319-57193-5_18
https://doi.org/10.1038/42166
https://doi.org/10.1038/42166
https://doi.org/10.3390/ijms25021135
https://doi.org/10.1007/s00401-017-1755-1
https://doi.org/10.1007/s00401-017-1755-1
https://doi.org/10.1126/science.aan6160
https://doi.org/10.1126/science.aan6160
https://doi.org/10.1186/alzrt255
https://doi.org/10.1001/jamaneurol.2016.4547
https://doi.org/10.1002/ana.25447
https://doi.org/10.1111/jnc.14713
https://doi.org/10.1038/srep02540
https://doi.org/10.1038/srep02540
https://doi.org/10.1371/journal.pone.0196056
https://doi.org/10.1016/j.neulet.2015.05.030
https://doi.org/10.1186/s40035-019-0155-y
https://doi.org/10.1186/s40035-019-0155-y
https://doi.org/10.1096/fj.03-1449com
https://doi.org/10.3389/fneur.2018.00415
https://doi.org/10.1016/j.neuint.2022.105358
https://doi.org/10.1016/j.neuint.2022.105358
https://doi.org/10.1080/10408363.2019.1711359
https://doi.org/10.1016/j.trac.2023.116922
https://doi.org/10.1039/D3NA00765K
https://doi.org/10.1021/ac300330g
https://doi.org/10.1002/acn3.338
https://doi.org/10.1186/s40478-020-00990-x
https://doi.org/10.1002/mds.27646
https://doi.org/10.1093/brain/awab431
https://doi.org/10.1038/s41467-021-24039-2
https://doi.org/10.1038/s41467-021-24039-2
https://doi.org/10.1021/acssensors.8b00159
https://doi.org/10.1016/j.bioelechem.2017.11.009
https://doi.org/10.1016/j.trac.2018.07.018
https://doi.org/10.1016/j.trac.2018.07.018
https://doi.org/10.3390/bios13020258
https://doi.org/10.3390/bios13020258
https://doi.org/10.1021/acs.jmedchem.6b01837
https://doi.org/10.1080/29934168.2023.2268943
https://doi.org/10.1080/29934168.2023.2268943
https://doi.org/10.3390/nano10061246
https://doi.org/10.1101/2023.02.10.527650
https://doi.org/10.1186/s13024-016-0072-9
https://doi.org/10.1186/s13024-016-0072-9
https://doi.org/10.1002/acn3.729
https://doi.org/10.3988/jcn.2011.7.4.215
https://doi.org/10.3988/jcn.2011.7.4.215
https://doi.org/10.1016/j.biosx.2022.100175
https://doi.org/10.1039/D3AN01241G
https://doi.org/10.1039/D3AN01241G


Analytica Chimica Acta 1304 (2024) 342559

11

free diet directly in human urine, Anal. Bioanal. Chem. 412 (2020) 6407–6417, 
https://doi.org/10.1007/s00216-020-02616-6. 

[40] M. Soler, L.M. Lechuga, Biochemistry strategies for label-free optical sensor 
biofunctionalization: advances towards real applicability, Anal. Bioanal. Chem. 
414 (2022) 5071–5085, https://doi.org/10.1007/s00216-021-03751-4. 

[41] M. Yüce, H. Kurt, How to make nanobiosensors: surface modification and 
characterisation of nanomaterials for biosensing applications, RSC Adv. 7 (2017) 
49386–49403, https://doi.org/10.1039/C7RA10479K. 

[42] M. Lehnert, M. Gorbahn, M. Klein, B. Al-Nawas, I. Köper, W. Knoll, M. Veith, 
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