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1 | INTRODUCTION
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disease, associated with a-syn buildup, has an increased
risk linked to a-syn gene locus triplication, leading to
higher a-syn levels."*> Moreover, specific a-syn varia-
tions, such as A53T and A30P, have been implicated in
PD,%’ hindering the breakdown of a-syn, leading to its
accumulation.® Monomeric a-syn change into oligomers
when the equilibrium between a-syn production and
clearance is disrupted.’

Recent evidence emphasizes the crucial role of
oligomeric a-syn, detectable in cerebrospinal fluid
(CSF), blood, and saliva, in the onset of PD.*"'* Studies
have identified a-syn oligomers (OAs) in the blood and
CSF of PD patients, hinting at their potential use as
diagnostic biomarkers.”™'® ELISA and single-molecule
immunoassays utilizing highly specific antibody pairs
have been employed to detect OAs."°?* Yet, develop-
ing antibodies specific to pathogenic a-syn assemblies,
including oligomers, remain challenging as current
aggregate-specific antibodies cannot distinguish between
oligomers and fibrils.?*

Circular dichroism,2* Fourier transform infrared spec-
troscopy (FTIR),” Western blot,?® ELISA,?” and thioflavin
T (ThT) fluorescence?® are among the techniques used to
detect OAs. However, these methods have limitations such
as high cost, slow response time, and the need for bulky
instruments. Hence, the oligomer-based a-syn protein
detection technique stands out due to its simplicity, high
sensitivity, and specificity. Nevertheless, longitudinal
surface plasmon resonance (LSPR)-based fiber optic
biosensors exhibit high precision, specificity, and sensitiv-
ity in protein detection.”” Additionally, these biosensors
offer rapid response times, portability, and suitability for
on-site applications.>’ Therefore, LSPR-based fiber optic
biosensors hold promise as effective alternatives for a-syn
detection.

Fiber optic biosensors operate based on the coher-
ent interaction between incoming photons and metal
nanoparticles. Among the commonly used metal nanopar-
ticles in LSPR applications are GNRs, distinguished by
two absorption bands: the longitudinal surface plasmon
resonance (L-SPR) and the transverse surface plasmon
resonance (T-SPR). L-SPR and T-SPR represent the
electron oscillation along the longer and shorter axes of
GNRs, respectively. The sensitivity of GNRs to changes
in size and the surrounding medium’s refractive index
(RI) varies between L-SPR and T-SPR. TSPR demonstrates
lower sensitivity to these alterations, while L-SPR exhibits
a shift to longer wavelengths (redshift) in response to an
increased aspect ratio of GNRs, displaying heightened
sensitivity to RI changes.*!

The characteristics of LSPR heavily rely on nanoparti-
cle size, shape, dielectric properties, and the nature of the
surrounding environment, impacting the electron charge
density on the particle surface.’*** LSPR is highly respon-

sive to changes in the RI within the local environment.
In numerous sensing methodologies, alterations in peak
wavelength or absorbance in the absorption spectrum of
MNPs are employed as indicators of LSPR sensor response.

Another crucial factor influencing the effectiveness of
LSPR-based fiber optic biosensors is the design of the FO
probe. Studies have indicated that U-shaped FO probes can
significantly enhance sensitivity, especially for biomarkers
with low concentrations, like oligomeric a-syn, due to their
heightened RI sensitivity.!

11-Mercaptoundecanoic acid (MUA) is used to form a
self-assembled monolayer on the surface, thereby enhanc-
ing sensor performance.’” This enhancement encom-
passes the improvement of target molecule binding to the
sensor surface, an increase in detection sensitivity, and
the establishment of stability in the sensor surface.’*3*
MUA was selected for the surface functionalization of
nanoparticles due to its nontoxic properties.*> The inter-
action between MUA and GNRs is attributed to the
affinity of thiol groups for the gold nanoparticles.>® Con-
sequently, MUA emerges as the most suitable molecule for
establishing a stable surface within the scope of this study.

Chitosan (CH), a carbohydrate polymer, has emerged
as a valuable transducer owing to its robust mechani-
cal properties, strong adhesive behavior, biocompatibility,
biodegradability, high availability, and sustainability.’” As
a polysaccharide, CH can interact with amyloid molecules
through its glucosamine groups, positioning it as a promis-
ing candidate for sensor applications.***’

In this study, U-shaped LSPR based fiber optic biosen-
sor probe was specifically tailored for detecting a-syn
oligomers MUA-capped GNRs were immobilized onto the
fiber-optic probe’s core and bio-functionalized with CH
to create the sensing region on the fiber (Figure 1). The
outcomes of this study demonstrated that the biosensor
developed using a CH-coated sensor probe could detect
a-syn oligomers with a low LOD and high selectivity.

2 | MATERIALS AND METHODS

2.1 | Reagents and materials

All reagents required for this work were acquired
commercially and used without further purification.
These included cetyltrimethylammonium bromide
(CTAB 99%) and tetra chloroauric(III) acid (extra
pure) (HauCl,. 3H,0) from Sigma-Aldrich, along
with silver nitrate (extra pure) (AgNOj.extra pure),
sodium borohydride (98%) (NaBH,), trisodium citrate
(Na3;C4H507) , high-molecular-weight CH (HW), N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide ~ hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), L-ascorbic
acid, 11 MUA, and 3-aminopropyltriethoxysilane (APTES)
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purchased from Sigma-Aldrich. Additional items obtained
were absolute ethanol, methanol, sodium hydroxide
(NaOH), phosphate buffer saline (PBS) tablets, and
hydrochloric acid from Merck Chemicals. Deionized (DI)
water was produced using a water purification system.

2.2 | The crafting and cleansing of the
U-formed fiber optic detection device

A fiber optic probe was constructed using an optical fiber
featuring a 400 um diameter core and a rigid polymer
cladding with 425 um diameter (purchased from Thorlabs).
The fiber underwent polishing on both ends, and hydroflu-
oric acid (HF) (48%) was utilized to eliminate the cladding
section of the fiber. To create the U-shape configuration for
the probe, the etched area was subjected to a butane flame
within the 2 cm region’s center and then manually bent
to achieve the desired curvature. Following this, the fiber
probe was immersed in a fresh piranha solution (compris-
ing H,0,:H,S0, in a 1:4 ratio) at 60°C for approximately
20 min to eradicate all organic and inorganic impurities.
After this treatment, the probe underwent multiple rinses
with DI water to eliminate any residual acidic substances.
Afterward, the fiber was dried using a stream of nitrogen
and then heated in an oven at a temperature of 100°C for
30 min to generate hydroxyl groups on the glass surface.

2.3 | Functionalization of fiber optic
sensor probe

The sensor probe, treated with piranha solution, was then
immersed in a 1% (v/v) APTES solution overnight. Follow-
ing rinsing with ethanol, the probe was heated to 80°C
in a hot air oven for 2 h to create a strong and consistent
silane layer. Afterward, the probes underwent a cleaning
process involving ethanol and DI water. The probes were
dried using nitrogen gas and then subjected to heat at
110°C in an oven for 1 h. After establishing the amino-
silanized layer on the sensor probe, the probe was dipped
into an MUA-capped GNR solution for 24 h. Further treat-
ment involved exposing them to an EDC-NHS solution
(400 mM:100 mM) for 3 h at room temperature (RT). A
solution containing 0.015 g of CH dissolved in 12.5 uL acetic
acid and 1.2 mL DI water was vortexed for 3 h to achieve a
uniform solution. The probes treated with EDC-NHS were
placed in a CH solution for 24 h. These probes, coated with
GNRs and functionalized with CH, were used to detect
oligomers. The CH coating durations were implemented
for 48, 36, and 24 h, respectively, and the CH thicknesses
on the fiber probe were observed to be 2.26 um, 120 nm,
and 75 nm.

2.4 | Synthesis of GNRs

2.41 | Synthesis of GNR seeds

CTAB-coated seeds were produced through a modi-
fied method derived from the seed-mediated technique
described by Nikoobakht and El-Sayed.*® Essentially, the
nanoparticles were formed by combining a freshly made
ice-cold NaBH, solution (0.1 mL, 0.0264 M) with a solution
containing HAuCl, (0.025 mL, 0.05 M) and CTAB (4.7 mL,
0.1 M). This resultant mixture underwent vigorous stirring
for 2 min while kept at a temperature of 28°C. Following
its preparation, the solution, exhibiting a faint brown tint,
was employed for subsequent experiments an hour later.

2.42 | Growth of seeds

After the seeds are made, they are turned into GNRs in the
next stage of the manufacturing process. To create a growth
solution, a specific sequence of substances is added to a
10 mL aqueous solution of 100 mM CTAB. This includes
530 pL of 10 mM HauCl,-3H,0, 140 pL of 10 mM-AgNOs,
75 uL. of 100 mM L-ascorbic acid, and 2 uL of 5M HCI (37%).
Once all of these chemicals are combined, 60 pL of the
previously prepared seed solution is quickly added to the
growth solution, whereas it is stirred continuously at 30°C.
The solution is then left untouched overnight at 30°C.

2.43 | MUA-capped GNRs

A technique based on pH was used to remove CTAB com-
pletely from the surface of the synthesized GNRs. The
process involved the following steps: First, any excess
CTAB from GNR solutions with different aspect ratios
was removed by centrifugation. Then, the GNRs were sus-
pended in DI water, and a 20 mM MUA aqueous solution
was prepared by dissolving 44 mg of MUA in 10 mL of
DI water. The MUA solution was sonicated, and a NaOH
(0.2 M) solution was added to it while stirring and under-
going periodic sonication until the MUA was dissolved. For
the replacement of CTAB present on the GNRs’ surface, the
MUA solution was stirred for varying durations (2, 4, 6, and
24 h) in the presence of purified GNR solutions.

2.5 | Oligomer alpha-synuclein
formation

One milligram of recombinant alpha-synuclein (Milli-
pore, AG938-1IMG) was dissolved in a buffer containing
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20 mM Tris-HCI (pH 7.5), 0.1 M NaCl, and 1 mM MgCl,,
resulting in a concentration of 1 mg/mL. To eliminate
potential fibrils, the proteins were centrifuged at 20,000 g
for 20 min at 4°C, and the resulting supernatant was
stored at —80°C until further use. The oligomerization pro-
cess followed a previously described method with some
modifications.*! The proteins were thawed at RT and incu-
bated for 16 h at 37°C without agitation, followed by an
additional 12-h incubation at 56°C. Subsequently, the reac-
tion samples were centrifuged at 20,000 g for 20 min at
4°C. The confirmation of oligomerization was achieved
through Western blot analysis, ThT testing, and electron
microscopy. Monomeric proteins were utilized as a control
in these experiments. For the ThT test, in the final reac-
tion, 4.5 uM concentrations of monomeric and oligomeric
alpha-synucleins were combined with 20 uM ThT (Sigma-
Aldrich, T3516-5G) in PBS. The samples were placed in
black wall clear bottom 96-well plates (Corning, 3904)
and incubated for 1 h at 37°C with continuous shaking
at 400 rpm. The Biotek Synergy HTX Multi-Mode Reader
was used to measure fluorescence intensity with excitation
set at 440 nm and emission at 485 nm. The fluorescence
intensities between the oligomers and monomers were
compared.

2.5.1 | Western blot analysis

Monomers and oligomers were mixed with a 4X sam-
ple buffer (Thermo Fisher, B0O007) containing 10% beta-
mercaptoethanol and boiled for 5 min at 100°C. Follow-
ing this treatment, the samples were loaded into 4%-
12% polyacrylamide gels (Thermo Fisher, NW04120BOX)
and transferred onto PVDF membranes (Thermo Fisher,
PB5310) using a Trans-Blot Turbo system (Biorad, 1704150).
The membranes underwent blocking with 5% skim milk
for 1 h at RT. They were then incubated overnight
with an anti-alpha-synuclein antibody (Thermo Fisher,
328100) at a dilution ratio of 1/375, followed by a 2-
h incubation at RT with a secondary antibody (Abcam,
ab97040) at a dilution ratio of 1/3000. Subsequently, the
membranes were treated with a chemiluminescent sub-
strate (Thermo Fisher, 34580), and the resulting signals
were captured using the Microchemi 4.2 imaging system
(DNR).

2.6 | Characterization methods

In order to investigate how CH attaches to specially made
fiber probes, multiple characterization techniques were
employed. Fourier-transform infrared spectroscopy (FTIR)

spectra were analyzed using a Nicolet 6700 Thermo FT-IR
Spectrometer within the 7800 to 350 cm™ range to study
the chemical bonding and functional groups involved.
Raman spectroscopy measurements were conducted with
Nd:YAG excitation and 0.3 cm™! resolution in the spec-
tral range of 200 to 2200 cm™!, employing the Renishaw
in Via Reflex Raman spectrometer to complement the
FTIR data with information on vibrational modes. To ana-
lyze the optical characteristics of the synthesized gold
nanorods, UV-vis absorption spectroscopy was performed
using a Varian Cary 100 Bio UV-Vis Spectrophotometer,
recording the absorption spectrum in the range of 190-
900 nm with a quartz cuvette of 10 mm path length.
To observe the probe’s surface topography, scanning elec-
tron microscopy (SEM) was utilized. For this, a uniform
layer of gold with a thickness of 5 nm was prepared to
enhance conductivity, and images were captured using a
Philips X130 ESEMFEG/EDAX instrument at 20 kV in a
specific working mode. Transmission electron microscopy
(TEM) was applied to produce high-resolution micro-
graphs of oligomer and monomer protein species, as well
as GNR particles. For TEM analysis, samples were placed
on copper grids coated with formvar/carbon films and
stained with a 1% aqueous uranyl acetate solution. The
micrographs were obtained using a JEM 2100 Plus TEM
equipped with a Gatan US4000 CCD.

2.7 | Concentration analysis

The sensor probe was exposed to oligomer a-synuclein
concentrations (10, 20, 40, 100 pM) at room tempera-
ture, washed with PBS, and blocked with Bovine Serum
Albumin (BSA) to prevent non-specific binding. Detec-
tion performance was evaluated for CV% in Eq. (1) and
accuracy/recovery values in Eq. (2)

CV% = SD/mean X 100 €))

Accuracy/recovery% = (calculated mean)/

(theoretical mean) 2

3 | RESULTS AND DISCUSSION

In this study, CH was coated on MUA-capped fiber probes
to improve the sensitivity of the sensors. Various methods,
including probe functionalization, nanorod production,
and protein formation, were used to characterize the sen-
sor produced and reveal its sensitivity. The results obtained
are discussed below.
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FIGURE 1 Fabrication of the sensor probe. Functionalization respectively, (A) Cleaning fiber probe by using Piranha Solution sulfuric
acid and hydrogen peroxide (4:1), (B) APTES treatment, (C) MUA-capped GNRs coating, (D) EDC/NHS treatment and chitosan coating, (E)
Oligomer form of a-syn detection.
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FIGURE 2 Scanning electron microscopy imaging of the fiber probe (A) before HF etching and (B) after HF etching.

3.1 | Gold Nanorod and MUA-capped sensitivity of the sensor to changes in the refractive index
Gold Nanorod analysis (RI)*>46:47
Accordingly, GNRs and MUA-capped GNRs were pre-
The U-shaped LSPR-based fiber optic probe fabrication  pared through multiple steps. The hydroxylated working
strategy is displayed in Figure 1. probe was incubated in MUA-capped GNR overnight
U-shaped multimode fiber probe was fabricated by  to construct the immobilization matrix. The synthesized
chemical etching with hydrofluoric acid of the cladding =~ MUA-capped GNRs were immobilized on the sensor probe
region.*>** The fiber immersed in a 48% HF solution,  surface after being treated with APTES solution and the
ensuring uniform coverage. The HF acid diffuses slowly =~ morphological changes were observed by using SEM and
into the silica lattice, potentially altering the mass of = Raman in Figure 3.
fiber.** The thickness of the fiber, which initially was Due to instability of CTAB bilayer, the passivation of the
404.24 ym, decreased to 267.92 um after chemical etching, ~ nanorod surface by MUA ligand takes place.*® Parameters
as observed in the SEM image in Figure 2. The reduction  like pH value and stirring time are essential for synthesiz-
in the fiber core diameter to 267.92 um is a direct conse-  ing MUA-capped GNRs. SEM images show demonstrating
quence of the etching process and the etching process has ~ GNR-MUA complexes’ dispersion. This shows no substan-
increased the surface area of the sensor. By decreasing the  tial changes in their morphology compared to the initially
fiber thickness, the interaction of the evanescent field with ~ synthesized MUA-capped GNRs under pH 10. The stabil-
the surrounding medium increased, thereby improving the ity of MUA-capped GNR prepared in a basic environment
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SEM images of fiber probe surfaces with (A,B) non-aggregated MUA-capped GNRs with pH 10 (C) aggregated MUA-capped

GNRs with pH 4 and pH 5, (D) Normalized UV-visible spectra of GNR (black line) and MUA-capped GNR (red line) occurrence were
observed after 24 h stirring. After GNRs were coated with MUA, the wavelength shift was monitored from 774 nm to 780. (E) Raman spectra of
sensor probe for bare fiber (dark green), APTES coated (light green), and MUA-coated fiber (red).

and its homogeneous attainments have also been observed
in other studies.*>" As shown in Figure 3A,B, it is evi-
dent that MUA-capped GNRs (stirred for 24 h at pH 10) on
the sensor probe surface maintained homogeneous distri-
bution. The nanoparticle size was shown in SEM images,
indicating that particle sizes are within an acceptable range
(Figure S1). At lower pH values (stirred 4 h at pH 5 and),
the increase of interactions leads to aggregation of MUA,
which can be observed in Figure 3C.

The absorption spectra depicted in Figure 3D showcase
distinct plasmon bands for both GNRs and MUA-capped
GNR solutions. Notably, the transverse plasmon wave-
length (TPW) appears near 530 nm, whereas the longitu-
dinal plasmon wavelength (LPW) peaks around 774 nm
for GNRs. The MUA-GNR spectrum showed a redshift
from 774 to 780 nm in the longitudinal surface plas-
mon peak because of surface modification, and the TPW
showed from 530 to 540 nm. In the ligand exchange pro-
cess, thiols attach to gold surface through Au-S bonds,
reducing the number of free electrons of GNR. Increas-
ing electron density results in a higher Surface Plasmon
Resonance (SPR) frequency; thus, the SPR shifts toward
the red end of the spectrum when the electron density
is decreased.”*?> The longitudinal surface plasmon peak
shift is attributed to alterations in the RI at the GNRS’ sur-
face, resulting from the ligand exchange. Previous research
reveals that LPW is more sensitive to changes in the

RI within the surrounding environment of GNRs than
TPW.>*>* These findings substantiate prior reports, affirm-
ing the heightened sensitivity of GNRs with increased
aspect ratios. Figure 3E shows Raman analysis which
was conducted to evaluate the bonding of GNRs coat-
ing on U-shaped probes, both before and after the layer
with MUA-capped GNRs. The surface functionalization
process on the fiber surfaces was achieved via a self-
assembly method utilizing APTES monolayer formation.
This process was initiated by the piranha treatment, which
introduced abundant surface hydroxyl groups (-OH) on
the fiber samples through a hydroxylation process. A dis-
tinctive peak between 2900 and 3010 cm™! on the uncoated
fiber surface indicates the existence of ~-OH bonds on
the surface. Subsequently, during the silanization step,
APTES self-assembled monolayers were formed on the
fiber surface, showcasing various atomic bands in the ver-
tical direction. Notably, specific vibrations were observed
at 327 and 1605 cm ™, as indicated.> The thiol (SH) groups
present strong adherence to the GNR surface by forming
a covalent metal-sulfur bond, thereby creating a well-
ordered, self-assembled monolayer. The process involved
the addition of an aqueous GNR particle suspension to
a solution containing this alkane and ethanol. Various
vibronic modes of the hydroxyl groups (around 2900 cm™')
and the end groups of the thiol molecule (about 750 cm™)
were observed in the Raman spectrum.>®
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FIGURE 4 Cross-sectional scanning electron microscopy (SEM) images of the probe showing chitosan film thicknesses after (A) 48
hours (B) 36 hours, and (C) 24 hours (D) FTIR spectra of sensor probe immobilized with gold nanorods: bare fiber probe (black line) chitosan
coated fiber probe (red line) in the 500 cm™ and 4000 cm? spectral ranges. Chitosan chemical composition is presented through spectral
ranges between 3256 cm™ and 3391 cm™. Other vibrations obtained at 1550 cm™ and 1651 cm™ represent NH2 bending/Amide I band & C=0,

respectively.

3.2 | Sensor probe analysis

The chemically treated MUA-capped GNRs immobilized
probe underwent a process to establish a stable CH film.
Figure 4 presents SEM images of the thickness of CH-
coated on the fiber probe and the analysis conducted using
FTIR. The resulting CH film thicknesses were measured
at 2.26 um after 48 h (Figure 4A), 122 + 3 nm after 36 h
(Figure 4B), and 75 + 4 nm after 24 h (Figure 4C) by
using SEM. The sensor probes were incubated in CH solu-
tion for 48, 36, and 24 h, respectively. FTIR spectroscopy
was utilized to illustrate the binding of CH onto the sen-
sor probe. Figure 4D displays the FTIR spectra of the
fiber probe surfaces, depicting the spectra before (black
line) and after (red line) the functionalization with CH.
Through FTIR spectroscopy analysis, the chemical com-
position of the fiber probe surfaces before and after CH
modification was characterized. Upon CH functionaliza-
tion, the FTIR spectrum of the fiber optic sensor probe
region exhibited distinctive features. A notable trans-

mission dip was observed around 3256 and 3391 cm™},

which signifies the overlapping O-H and N-H stretch-
ing vibrations.”” Additionally, vibrations observed at 1550
and 1651 cm™! correspond to NH, bending/amide I band
and C=O0, respectively. An important observation was the
absence of the N-H stretching at 3256 cm ™~ in the spectrum
obtained for optical sensor probes solely immobilized with
GNRs. This absence confirms the cross-linking of CH, fur-
ther confirming its successful binding and presence on the
fiber probe surface.’®

3.3 | Oligomerization of alpha-synuclein

Oligomerization was performed without agitation to pre-
vent fibrillization. We used Western blot, ThT test, and
electron microscopy to show the protocol’s success. The
ThT test showed that there are no fibrils in monomeric and
oligomeric samples in Figure 5. ThT is an amyloid-binding
dye that initiates strong fluorescent signals when bound
to amyloid fibrils. According to the ThT test, oligomers
showed the same fluorescent signal intensity as monomers
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FIGURE 5

Verification of oligomerization. (A) The graph displays the fluorescent intensity of monomers and oligomers at the initial

(TO) and final (T28) stages of the reaction. The samples exhibited similar and non-increasing fluorescent intensities, indicating that
oligomerization did not induce fibrillization. (B) A Western blot comparison between oligomerized samples and monomers revealed the

presence of higher molecular weight structures in oligomerized samples. The marker of this membrane was visualized separately using

colorimetric imaging. (C) Transmission Electron microscopy (TEM) analysis demonstrated that oligomerized samples (below) formed larger
structures than monomers (above), supporting the findings from the ThT test and Western blot. (MA: monomeric alpha-synuclein, OA:

oligomeric alpha-synuclein, M: marker).

and the test buffer that contains only ThT. Therefore, it has
been demonstrated that oligomerization did not cause fib-
rillation. Otherwise, Western blot and electron microscopy
analysis verified the oligomerization by molecular weight.
Western blot analysis showed that the oligomerization
samples had higher molecular weight complexes besides
monomers. The findings of electron microscopy supported
the ThT test and Western blot analysis.

3.4 | Refractive index sensitivity

The sensor probe, featuring a CH film and a matrix of
MUA-capped GNRs, underwent exposure to diverse RI
solutions to evaluate the influence of the CH film on the
LSPR response. Variations in the solution’s RI around the
fiber-optic sensor, coated with the nanoparticle matrix, can
alter the LSPR characteristics, thereby inducing changes
in absorbance. In our experimentation, glucose solutions
with concentrations of between 20 and 90 mM in DI
water were prepared, corresponding to an RI in the range
of 1.373-1.395. Figure 6A illustrates the absorbance spec-
trum observed for the optical sensor probe modified with
a CH-coated fiber probe. The alterations in absorbance
concerning different refractive indices are delineated in
Figure 6B. Upon thorough analysis, the calculated average
sensitivity for these variations was determined to be 502.69
AL/RIU.

3.5 | Absorbance measurements for
oligomer alpha-synuclein

. The proposed apparatus detects oligomer form of a-syn
by using CH. Given the GNRs’ sensitivity in detecting
oligomeric a-synuclein, the biosensing experiment was
conducted at a stable RT of 25°C.

Figure 7 illustrates the absorbance spectra correspond-
ing to concentrations of 10, 20, 40, and 100 pM of
oligomer a-syn introduced into PBS. Notably, concentra-
tions of oligomer a-syn in the cerebrospinal fluid of PD
patients typically range from 1 to 10 pM.>® Accordingly,
the CH-coated fiber optic probe was exposed to lower
concentrations of OAs (10-100 pM). In Figure 7A, inter-
estingly, lower oligomer concentrations demonstrated a
proportional increase in the shift of peak absorption wave-
length with rising OA concentration. However, a similar
trend was not observed for absorbance values, identi-
cal to the detection of oligomer a-syn protein in PBS.
Specifically, upon binding 10 pM oligomer a-syn, a red-
shift of 0.3 nm was detected, whereas a shift of 1.2
nm was observed with 100 pM oligomer a-syn protein.
In contrast, there was no observable wavelength shift in
the control experiment using alpha-synuclein-free PBS.
Analyzing the variation of peak absorbance wavelength
shift against oligomer a-syn concentration through regres-
sion analysis revealed linearity with an R? value of 0.968
(depicted in Figure 7B). The calculated LOD was deter-



APAYDIN ET AL.

(A) (B
. pe= 20 MM Glucose| 70
\ 60 i Ghusoed y=502.69x -636.13
\ 90 mM Glucose| 2
\ = R°=0.986
= Y £ 65—
8 &
Q b=
=
g » 60
o 14
»
o
< g ]
55
0 | 1 1 | 1
700 300 900 1000 1.370 1.375 1.380 1.385 1.390 1.395 1.400
Wavelength [nm] Refractive Index [RIU]

FIGURE 6 These graphics depict a nanostructured sensor’s light absorption and scattering properties for measuring variations in
refractive index. A) absorbance changes for MUA-capped GNR-coated probe across a range of refractive index values. B) shift in localized
surface plasmon resonance wavelength against the refractive index for a similar sensor using nanorods.
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FIGURE 7 Absorbance values for oligomer alpha synuclein in PBS. (A) LSPR spectra of chitosan functionalized biosensor probe after
treatment with PBS solutions having varying oligomer a-syn concentrations, (B) Concentration versus LSPR shift plot. Curve fitting was
performed using a linear fit equation on GraphPad Prism. The figure shows the best-fit line (solid) within the confidence band (dashed).

mined to be 11 pM. The observed LOD is similar to oligomer form of a-syn protein. The parameters were
that reported in a previous study using oligomer a-syn assessed based on 80%-120% accuracy/recovery conditions
protein®. Impressively, the proposed device enabled rapid ~ and <20% CV value.
diagnosis of a-syn oligomer within 15 minutes, signifi- According to the results shown in Figure 8A,B, the
cantly quicker than conventional biosensors. This high- oligomer a-syn captured on the surface demonstrated good
lights the potential of the developed LSPR biosensor in PD accuracy/recovery and low CV% values within the concen-
diagnostics, with promising applications in point-of-care tration range of 10-100 pM for oligomers a-syn protein.
analyses. The recovery rates for oligomer a-syn proteins spiked
with mimicked serum samples at concentrations of 10,
20, 40, and 100 pM using the proposed U-shaped fiber
3.6 | Recovery, accuracy, and coefficient optic biosensor were 97.30 %, 118.65 %, 105.83 %, and 103
of variation analyses %, respectively, with corresponding CV values of 11.903 %,
9.838 %, 1.114 %, and 6.773 %. This data confirms that the
Table 1 displays the accuracy/recovery and precision proposed sensing system is applicable for oligomer a-syn
parameters (expressed as the coefficient of variation protein with enough CV% and accuracy/recovery values in
[CV%]) related to the concentration analysis of the concentration analysis.
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TABLE 1
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The values for accuracy/recovery and coefficient of variation (CV%) in the concentration analysis of oligomer alpha-synuclein

protein detection. The presented values include the calculated concentrations along with their respective standard deviations (SD).

Concentration (pM) Calculated concentration (pM) SD Recovery % CV%
10 9.7 1.0819 97.3 11.903
20 23.5 2.3119 118.65 9.838
40 42.33 0.4715 105.803 1.114
100 103 6.9761 103 6.773
Note: The presented values include the calculated concentrations along with their respective standard deviations (SD).
TABLE 2 Comparison of alpha-synuclein detection reported in the literature.
Sensor Method Limit of detection (LOD) Reference
Electrochemical biosensor EIS 55 pM 6
Electrochemical biosensor EIS 1.13 ng/mL o7
Electrochemical biosensor cv 3.5x 107 ng/mL o8
Electrochemical biosensor SWvV 0.03 fM 69
Electrochemical biosensor Ccv 1pM 70
Electrochemical biosensor EIS 1.2 pM L
Optical biosensor Localized surface plasmon resonance (LSPR) 70 nM 2
Optical biosensor Localized surface plasmon resonance (LSPR) 11 pM This study
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Absorbance values for oligomer alpha synuclein in Mimicked serum sample. (A) Absorbance spectra of chitosan

functionalized biosensor probe after treatment with mimicked serum sample solutions having varying oligomer a-syn concentrations, (B)

Linearity plot of a-syn oligomer fitted with linear parameter equation on GraphPad Prism from the output of absorbance spectra. Curve

fitting was performed using a linear fit equation on GraphPad Prism. (OA: Oligomer alpha-synuclein).

3.7 | Selectivity of the sensing platform

CH is a polymer containing amino and hydroxyl groups,
which enables the immobilization of various biomolecules
and creates specific binding sites through these groups.
The cholesterol, hemoglobin, L-histidine, and monomer
form of a-syn protein samples were selected to verify the
selectivity of the oligomer form of the alpha-synuclein
plasmonic sensor.Hemoglobin is found in high concentra-
tions in biological samples;®" cholesterol was chosen to
evaluate its potential interactions with lipids on the CH

surface and cholesterol, in particular, is found in blood
and is a critical component to consider in ensuring accu-
rate detection in biological samples,’” and L-histidine is a
common amino acid found in the structure of proteins .
It was chosen to see the interaction potential of the CH-
coated sensor surface with amino acids.®® In Figure 9, the
response values of samples were obtained. The absorbance
peak was lower than the oligomer alpha-synuclein (100%)
peak value for cholesterol (8.33%), hemoglobin (10%), and
L-Histidine (16.67%), and their response values were close.
For alpha-synuclein monomer, the selectivity percentage
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FIGURE 9 Selectivity test of the sensing system for oligomer

form of a-syn. The response values of cholesterol, hemoglobin,
L-histidine, monomer, and oligomer are separate. The error bars are
standard deviations of three replicates.

was found to be 66.33%. Alpha-synuclein monomers and
oligomers share structural similarities but also exhibit
significant differences. Monomers are intrinsically disor-
dered proteins, meaning they do not have a specific three-
dimensional structure and are highly flexible. Oligomers,
on the other hand, are formed by the aggregation of
monomers and typically exhibit more defined beta-sheet
structures, making them more stable. These structural
characteristics can cause the sensor to respond closely
to both forms.** As shown in Figure 9, the oligomer a-
syn protein strongly interacted with the CH-coated fiber
probe, and no considerable shift was obtained in sam-
ples containing other interfering proteins. These results
suggest that the sensor demonstrates good selectivity for
oligomeric a-synuclein, making it a promising tool for the
detection of a-synuclein oligomers, which are key markers
in neurodegenerative diseases.

In this study, CH was successfully used as the biorecog-
nition element. However, the close values of monomer
and oligomer indicate a need for enhanced selectivity.
As shown in Table 2, different LOD values obtained for
the detection of alpha-synuclein protein were reported.
Future work could explore the use of specific antibod-
ies or aptamers that are selective for oligomers together
with CH to obtain a synergistic effect.>%° Such biorecog-
nition elements could enable more effective recognition of
oligomers, thereby further improving system performance

4 | CONCLUSION

This study aims to design a highly sensitive and spe-
cific label-free biosensor based on LSPR using GNRs,
targeting a potential biomarker for PD. The biosensor
was constructed by immobilizing GNRs onto a fiber
probe and functionalizing the surface with appropriate
molecules. In this investigation, the analyte of interest
is an oligomeric form of alpha-synuclein protein, which
serves as a biomarker for PD. GNRs coated with MUA
were employed to create a self-assembled monolayer on
the sensor surface. CH was conjugated onto the sensor
surface to interact with the analyte. The RI sensitivity of
the silanized GNR-coated surfaces was determined to be
502.69 AA/RIU nm/refractive index unit (RIU). The LOD
in PBS was determined to be 11 pM. This study can be
extended by exploring additional avenues, such as incor-
porating the system into a microfluidic platform to reduce
sample volume and improve the control of the detection
process.
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