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Abstract

Changes in isoforms of Tau protein, which are aaltfor microtubule functioning, are accepted
as being responsible for diseases characterizegkimentia, in particular Alzheimer's disease
(AD). In this comprehensive study, a single-useradaiosensing probe for the determination of
Tau-441 protein was developed by utilizing the poafenanocomposites consisting of reduced
graphene oxide (rGO) and gold nanoparticles (AuNBng electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV). Tiamocomposite surface (rGO-AuNP) was
modified with 11-mercaptoundecanoic acid (11-MUA} as covalent anchorer to increase the
sensitivity of the assay. Surface coverage valuk @nhole ratio were calculated using EIS
data. Kramers-kronig data, which helps to interprstrumental errors, are also calculated. The
immunoreaction of Tau-441 with anti-Tau was mordtbrsimultaneously with Single
Frequency Impedance (SFI). The changes in surfacphmlogy were evaluated with scanning
electron microscopy (SEM), atomic force microsc@py¥M) and Fourier transform infrared
spectroscopy (FTIR). The designed immunosensor stioa linear response within the
concentration range of 1-500 pg / mL for the tam®dlyte Tau-441 and the limit of detection
was found to be 0.091 pg/mL. The promising pointhedf study is that this neuro-biosensor
system can capture the Tau-441 target protein tin $&rum fluid and cerebrospinal fluid (CSF)

samples with recoveries ranging from 96% to 108%.

Keywords: Alzheimer’ disease; biosensor; electrochemicalddgmce spectroscopy; Tau;

pinhole; reduced graphene oxide



Introduction

Alzheimer's disease (AD), the most common causelemhentia, is a chronic disease that
presents as cognitive symptoms, behavioral andhpsygical symptoms, and thus leads to
difficulty in performing daily living activities [L AD is characterized by the accumulation of
two different proteins: senile (neuritic plaquesganeurofibrillary tangles which are associated
with aggregation of microtubule protein Tau in rang [2].

Tau is a protein that is normally found in axonsg @generally unfolded to stabilize them by
binding to microtubules that form the cell skele{8n 4]. Under pathological conditions, the
phosphorylation of tau increases, which in turnueed the affinity of the microtubules and
causes imbalance in the cell skeleton, especmaliyeurons [5, 6]. In Alzheimer's pathology, tau
and hyperphosphorylated tau are said to be amoogdrkers in CSF reflecting the main
pathological changes in AD. High tau levels in @@®F of patients with AD may give an idea
about the neuronal injury and degeneration intgmsithe brain [7, 8].

As shown in many studies, the development of neagederative diseases such as Alzheimer's,
Parkinson's, Huntington's disease begin approxigna@ 20 years before clinical findings are
seen [9-11]. For the diagnosis of AD dementia,Nladional Institute for the Aging-Alzheimer's
Association has proposed biomarkers for investgasind as "optional clinical tools that can be
used wherever and where appropriate by the climitiBhe biomarker test makes the diagnosis
of Alzheimer's disease more precise by contributingvidence of the process [1, 12, 13]. The
major obstacle is the inability to identify biolegli markers with conventional methods as their
concentrations in biological fluids are low. Modft the neuro-biosensors developed for the
diagnosis of biomarkers for neurodegenerative desg@romise highly sensitive, selective and
impressive detection levels [14]. In this way, dintributes to diagnosis of the disease in very
early stages. This urgent need for neuro-biosenser®ssitates the creation of new and

effective biological platforms. In this study, ane@omposite formed with rGO and AuNP was



deposited on the surface of disposable Indium xideo (ITO) electrodes and a new anti-Tau-
based detection probe was developed.

rGO is widely used in the biosensor field due $oldrge surface area provides high efficiency
for antibody immobilization [15]. rGO is depositdde to high sensitivity for the determination
of a wide range of analytes at various electrodet s1s glassy carbon [16], indium tin oxide
[15] or gold and polymers [17]. The nanomaterials @ signal-transmitting elements for the
detection of chemical or biological markers andvjite great promise when integrated into
labels in recognition elements to mediate curréow for to indicate detection of the analyte
[18]. Because the conductivity of nanostructurextebdes is extremely high, they have faster
electron transfer kinetics. Nanostructured materie highly selective due to their unique
electronic structure and the surface chemistrjhe$é¢ materials can be adjusted to the type of
analyte [19, 20]. AuNPs are inert, and can be easddified for the target analyte. They can
react with molecules containing various functiogadups, such as thiols or amines, and allow
these functional groups to be biologically functibred with different ligands (peptides,
proteins and aptamers) in order to specificallyntidg biological targets [21]. While the
antibodies immobilize to the surface by self asdgmteducing the binding capacity of the
target antigen, immobilization to a gold-modifiedrface contributes positively to many
analytical characteristics, especially the seldgtiof antigens [22].

The resulting hanocomposite with rGO-AuNP offerghhefficiency for the immobilization of
the antibody and selective determination of the-Z4u protein. In addition to extensive
analytical evaluations, the aim of the study i®waluate the sensing ability of the developed

system in CSF and serum.

Materials and Methods
Reagents and apparatus
The characteristics of ITO-coated PET (polyethyetpbthalate) films used as working

electrodes are as follows: conductivity and surfeesistance 550 nm (> 79%) and €0-



respectively and electrode dimensions of 2 x 0.5 Bopply Company: Sigma-Aldrich, St.
Louis, MO, USA). Ag/AgCl reference electrode watusated with KCI and counter (platinum
wire) (Supply Company: iBAS, Warwickshire, UK). Td441 from human plasma and
monoclonal anti-Tau antibody from rabbits were otgd from Sigma Aldrich (St. Louis, MO,
USA). Tau-441 and anti-Tau stock solutions werentiadied at -20 °C at certain concentrations
until studies were performed. Gold (Ill) chloridéhydrate was obtained from Sigma Aldrich
(St. Louis, MO, USA) and rGO was supplied from Grape Supermarket (Graphene
Laboratories, Inc. 4603 Middle Country Rd. Unit 12alverton).

1 M KCI containing 5mM [Fe(CN)6f~ and 5mM [Fe(CN)6f~ was prepared in 50 mM
phosphate buffer for use as a redox probe.

FTIR spectra, AFM and SEM analyzes operating i@ tange of 4000-400 cm’, were
recorded in order to investigate the nature oflibads on the surface when developing the
neuro-biosensor. Morphological changes in nanoceitg® and immobilization steps were
monitored by SEM (FEI-Quanta FEG 250 Model) and AF\FM analysis was performed at
NKU Scientific and Technological Research CenteABN.TEM) using AFM PLUS +,
NanoMagnetic Instruments. Images were obtainedgudia AFM tapping mode (256 x 256

points with scan rate 5um/s.).

Preparation of electrodes and modification with rGO

Before proceeding to the advanced design stegweaiduro-biosensor, the ITO-PET disposable
electrodes are cleaned as described in our presiody in detail [23]. rGO solution dispersed
in dimethylformamide [24] was prepared by sonigatior 60 minutes with ultrasound. Then,
15 pL of the prepared rGO dispersion solution wagged onto clean ITO-PET electrodes and
the electrodes were allowed to dry overnight.

Design methodology for Tau-441 neuro-biosensing pfarm

The ITO electrodes modified with rGO were dippedaim electrochemical cell containing

HAUCI,;.3H,O (1 mM) solution prepared in 50 mM pH 7.0 phosphaaffer. Electrochemical



deposition of gold nanoparticles onto the ITO stefavas carried out with 10 consecutive
cycles at a scanning rate of 50 mV/s betweenV02) 1.3 V potential [25]. The resulting ITO
electrodes with rGO-AuNP nanocomposite were washiidl ultra-pure water and then dried
with ultra-pure argon gas. The ITO electrodes rGANR nanocomposite formed on the surface
were immersed into 11-MUA solution prepared in atiiaand allowed to incubate overnight.
After incubation, the electrodes were first washath ethanol, then washed with ultra-pure
water. The nanocomposite-doped 11-MUA-modified teteles were incubated for 60 minutes
at room temperature by immersion in an aqueoustisolucontaining 0.4 mM N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochide (EDC) and 0.1 mM N-
hydroxysuccinimide (NHS) for activation of the caxlylic acid terminal groups found in 11-
MUA and their covalent interaction with the amincogps in the anti-Tau antibody. The
electrodes were washed with ultra-pure water ar@drith ultra-argon gas, then immersed in
solutions containing 100 pL of anti-Tau and incedaffor 60 minutes at room temperature in a
dark environment. After incubation with the antidTantibody, the electrodes were washed with
ultrapure water to remove unbound antibody molecaled then dried with argon gas. Finally,
the antibody-immobilized electrodes were incubdt#d60 minutes in 0.5% BSA solution to
block non-reactive ends and prevent non-specifierattions. After this last step, the neuro-

sensor prepared was maintained at + 4 °C untildZdumeasurements were performed.

Scheme 1

Determination of Tau-441 with the neuro-biosensinglatform

Each of the 11-MUA-modified ITO-based electrodeshwianocomposite added (rGO-AuNP)
were incubated for 60 minutes at room temperatutee dark with standard Tau-441 solutions
prepared at different concentrations. After theibation period, the neuro-biosensor was gently
washed in ultra-pure water to remove physicallyealosd Tau-441 molecules. EIS and CV

measurements for each Tau-441 concentration weferped by measurements at the working



electrodes in the redox solution. EIS and CV meaments were recorded with EChem Analyst

software program.

CSF and serum samples analysis

The amount of Tau-441 in human cerebrospinal ffuid human serum was analyzed using the
standard addition method to evaluate the usefulrsthe nanocomposite-doped neuro-
biosensor system in clinical applications. Tau-&bhcentrations used for standard addition
were 100 pg/mL and 400 pg/mL. Measurements wereategd 3 times for each CSF and serum
sample. The CSF and serum samples were randondgtaglfrom Namik Kemal University
Medical Faculty 2013/86/07/05 with the approvaltbé ethics committee. CSF and serum

samples were stored in specific portions at -2Qiil measurements were performed.

Results and Discussion

Evaluation of fabrication steps for neuro biosensig platform by EIS and CV

A synergistic cooperative-based hybridizing biosernetween rGO and AuNPs was developed
to enhance electrochemical performance for detertioin of the Tau-441 protein. The
nanocomposite formed by rGO-AuNP was left in theMUA solution overnight and was
expected to form strong covalent interactions \&@ith on the surface to form SAMs. SAMs not
only cover the surface but also reduce the numbearmlom orientations and produce smooth,

reproducible and stable structures [26].

Figure 1 clearly shows the cyclic voltammogram®rded during the electrochemical synthesis

of Au nanoparticles by electrochemical depositiarttee ITO surface modified with rGO.

Figure 1

The prominent peak in Figure 1, which indicates difterence in the surface. In addition,
reduction of Au in the first cycle occurred at abe®60 mV against the Ag/AgCI reference

electrode, but the reduction potential with theesdpd screening cycles shifted to -1.020 V



(small graph inserted in Figure 1) due to nucleatno the accumulation. This shift is indicative

of the accumulation of gold nanoparticles on théese.

ITO electrodes with rGO-AuNP nanocomposite werevadld to incubate overnight in 11-MUA
solution. Formation of the SAMs layer and covalérteraction occurred between the Au
surface and -SH, while the functional -COO ternsnalere treated with EDC and NHS to
ensure efficacy in the immobilization of anti-Tathe cross-linking of the EDC-NHS with the
anti-Tau on the carboxylic acid groups of 11-MU/Auked in the immobilization of anti-Tau

on the surface.

In the impedance spectra of the steps involvedéndonstruction of the neuro-biosensor for
determination of Tau-441, the charge transfer cearfgr each step and the voltammograms

from the CV are shown in Figure 2.

Figure 2

EIS provides detailed information about the chamgeahe surface properties of modified
electrodes. The semicircular diameter at high feegies corresponds to the Rct while the linear
part at low frequencies corresponds to the diffugicocess. Figure 2.A and Figure 2.B show
that the bare ITO electrode has a very high chaagesfer resistance (approx. 20x2=40 kohm)
due to its insulating properties. However, after t8O-AuNP nanocomposite was deposited on
the ITO, a smaller Rct was observed (Supportingrmétion). Since rGO - AUNPs composites
are excellent electrically conductive materialgytlaccelerate the transfer of electrons causing
Rct to fall. SAMs, which occur on the surface aftegeraction between -SH groups of 11-MUA
and the nanocomposite modified surface, causedcaease in charge transfer resistance due to
functional COO-terminals pushing the redox probe meaking diffusion difficult. As a result of
the covalent immobilization of the anti-Tau proteim the surface, the insulating layer formed
by the protein layer prevents the transfer of etexst at the interface, which is reflected as a

significant increase in charge transfer resistgabeut 10 kohm).



The heterogeneous electron transfer rate conséne ¥kO) of the redox probe is a distinctive
element used to verify the electronic transportess in the nanocomposite film. According to
the charge transfer kinetics, k0 is expressed|msv®[27]:

k’=RT/n*FPAR,C @
where R is the gas constant, T is temperature, theisnumber of electrons involved in the
electrode reaction, F is the Faraday constant, #héselectrode area (0.25 9nand C is the
concentration of the redox probe.
Table 1 shows the changes in the resistance aratitapce of the neuro-biosensor system
together with the kvalues. The rGO film on the ITO electrode surfafter the accumulation of
gold nanoparticles showed a very high Value, a result of increased electron transport.
Subsequently, the immobilization of anti-Tau cauaesignificant decrease in the value 6f k
(2.12 x 10’ m s%; this confirms the slow transport of electrong do the insulating property of
the protein molecules and the formation of the leicteode.
The progressive steps in the neuro-biosensor systemsisting of rGO and AuNP
nanocomposite and ultimately the immobilization tbeé anti-Tau on the sensing surface
increased the double charge layer thickness anbitedh the interface electrochemical process
of the redox probe. Electrode capacitance, Cdltedses and electron transfer resistance, Rct,

increases. This is the result of impedimetric bavasf the neuro-biosensor system.

Table 1
The development steps for the neuro-biosensormystere also followed by CV (Figure 2C).
When developing the neuro-biosensor system for dbermination of Tau-441, the peak
potential separation between anodic and cathodiesv@E,= E,. - E,)) was 0.32 V at the ITO
electrode modified with rGO and increased to 0.46after the gold nanoparticles were
deposited. After the SAMs were generated with 11Aidh the modified ITO surface with
rGO-AuNP nanocomposite, th&E, value increased rapidly to 1.02 V. This is used tfe

electrochemical evaluation of the conductivity loé telectrode and is inversely proportional to



the electron transfer rate. This rapid increassvidence that in addition to the aliphatic groups

of the 11-MUA, the conductivity is greatly reducduk to the carboxylic terminals.

Maodification of the electrode surfaces with a resis monolayer results in passivation, and thus
changes the alternating current (ac) responsederms of the equivalent circuit, two
components will be affected. At higher frequencig®ere the electrode reaction is fully kinetic-
controlled, heterogeneous charge transfer resistanexpected to increase due to the inhibition
of the electron transfer rate. At low frequencibg, Warburg impedance is expected to deviate
from the linear dependence ¢o 2 This deviation occurs when the defects or pinhatethe
single layer are very different from the diffusitayer thickness. However, when the diffusion
layers overlap with the pinholes, the ac respohé@nafrequencies is similar to the behavior of

the bare electrodes [28-30].

The surface coverage valuég§) can be determined from the following equation &&er

forming SAM with 11-MUA on the nanocomposite-moddiITO surface:

R ClAuNP)

Ogis= 1- (W (2)

Rct ™ is the charge transfer resistance of the gold panticles deposition step, and REY®

is the charge transfer resistance of the mono layrenation on the gold nanoparticle-coated
electrode surface. In the light of these data,vidae ofégs was 0.975. However, Amatore et
al. [30] suggest that when ti#gs value reachegg ;s > 0.9, it is not sufficient to find equation 2.
In this case, the surface coverage value can lo@agst using a pattern based on the pinhole

size [30] :

Ops =1- (U—W) 3

m-ow
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Ow is the Warburg coefficient and this coefficiemtalculated using the Yo value obtained

from the equivalent circuit model of the AuNP-cah&tectrode using the following equation:
=1 4
? /Yo.\/i “)

The value of m is the slope of the linear rangeepoked in the high frequency region of the

-1/2

graph Z' vso obtained from the electrode modified with 11-MUXccording to equation

3, 05 was found to be 0.9925.

The radius of the defects in the single layer d&eddistance between them were estimated using
the microarray model proposed by Amatore et all f&Lording to this model, it is assumed
that pinholes are active regions with a uniformuwadnd are distributed uniformly in a single

layer [32]

The cross-section of the pinhole areafds) may be related to the size of the pinholes aad th

distance between adjacent pinholes:

_ ra?
(10s)= > (5)
Where ra is the radius of the pinhole and rb is#ititus of the non-active area surrounding the
electrode. The pinhole radius can be determinad free frequency value corresponding to the

pivot point between the high and low frequencydfi@l Z" - © ~*

, and this frequency value is
easily calculated from the maximum of thé Z » ~ . Tokuda et a[33] expressed this

maximum frequency with equation 6:

e
1
NI

(6)
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where ¢ is the radial frequency of the transit®apporting information Figure 1S is the' Z
o ~*graph of the 11-MUA-modified electrode and the maxin frequency from the graph is

seen to be 7.97 Hz. In this case ra and rb camlbalated from the following equation:

D
q_0,36 r& @)

D is the diffusion coefficient of the redox specisl is 7.6 x 10 cnf s ' [34].

_ ow _ ra2
1= (2) = 2 ®
According to these equations, the pinhole radiasdf 11-MUA SAM is calculated as 1.1 um,
while the centers of two adjacent pinholes (rb atra distance of 12.7 um. For many SAM-
coated electrodes, these values are expectednalioe range of 0.1-10 pm and 1-100 pm,

respectively, so the results are consistent wigvipus studies [30, 35, 36].
Optimization parameters of Tau-441 neuro-biosensor

The optimization parameters required for the repedale neuro-biosensing system were tested.
The experimental details of the optimization stadieffect of rGO concentration, optimum 11-
MUA concentration, optimum anti-Tau concentratianyl the obtained results are given in the

supporting information (Figure 2S, 3S)
Analytical properties of the developed neuro-biosesor system

Standard Tau-441 solutions prepared with diffecemicentrations and the neuro-biosensor
system with optimum conditions were measured bydfl& CV techniques. The relationship
between the Tau-441 concentration and the elettaosfer resistance was determined by the

equivalent circuit model added to Figure 2.A.

In the case of very rapid electron transfer praegess the biosensor surface, the linear portion

of the impedance spectrum along with the radiuigois also located in the Nyquist graph,

12



but a very slow electron transfer step resultslarge semicircular region without a linear part,
as seen in Figure 3.A. The calibration graph offthe-441 neuro-biosensor was plotted using

the following equation.

ARct = Rct(Tau-441)- Rct(BSA)
The concentration-dependent increase in Rct isatide of the formation of an antigen-
antibody complex with immunoreaction; and this tesa kinetic barrier that disrupts
interfacial electron transport at the bioelectreddace. The calibration plot (Figure 3.B) drawn
with data from the EIS spectrum showed that theeldged neuro-biosensor system gave a
linear correlation in the range of 1-500 pg/mL (K& 3.B). The values of LOD (detection limit)
and LOQ (quantitative limit) for Tau-441 were detéred as 0.091 pg/mL and 0.3 pg/mL,
respectively, for the nanocomposite-modified nebigsensor system. These results emphasize
that the AUNP-rGO hybrid structure has excelleptwae ability for Tau-441 antibody-antigen

binding.

Figure 3

The capacitance of the electrochemical double I&9dl) depends on the solvent molecules,
the immobilized biomolecules, the films supportthg immobilization and detection processes,
and all the compounds present at the interface.nhe dielectric constant or the thickness of
the double layer on the transducer surface chaagespacitance change is induced [37]. When
forming a capacitive biosensor, the electrode serfs usually covered with an additional
insulating layer to reduce faradaic currents (iceincrease the charge transfer resistance in
parallel with the capacitance). The biological detn element is immobilized on this layer.
While increasing the capacitance with increasingi-#41 concentration, charge transfer
resistance increases (Table 1). This is the impefdicproof that increasing concentrations of

Tau-441 (1-500 pg/mL) can be measured with theldpee biosensing platform.
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The results of the cyclic voltammograms for Tau-#dmarker in the concentration range of
1-500 pg/mL are shown in Figure 3.C. The anodic @attiodic peak currents decreased due to
increasing Tau-441 concentration. This is the nestéftion of the barrier resistance on the
surface to the electrons with increasing proteimcentration which have difficulty in diffusing

to the surface. At this point, we can state that@V and EIS results comply with each other.

The values of Kramers Kronig transformations (K.KX.0f the neuro-biosensor system
developed for the determination of Tau-441 areryiveTable 1. In principle, K.K.T are used to
determine whether the impedance spectrum of thermsyss affected by, for example, bias
caused by instrumentation or time-dependent phenam&.K. transformations can be
evaluated to show that the equivalent circuit masléhsufficient. [38-40]. The K.K transform
values of the rGO-AuNP-based neuro-biosensor engghtsat the data for impedance obtained
from the developed system and the data presentethdoyequivalent circuit model are in
harmony. As the development steps of the sensarrgseed, a more linear and stable K.K

conversion was observed.

Repeatability of measurements using a biosensdersysnean that the measurements are
made by the same instrument and method, where humpan is required the same observer
participates and the measurements are made fargpriod of time when the basic value can
be considered to be constant. The repeatabilitthefITO-based rGO-AuNP nanocomposite-
modified and 11-MUA-doped neuro-biosensor was dateed by analyzing the same
concentration of Tau-441 (100 pg/mL) prepared Withsingle-use electrodes under optimum
conditions. As a result of repeatability studids toefficient of variation, mean value and
standard deviation of the system were calculated6&8%, 105.95 and 6.70 pg/mL,

respectively.

The reproducibility of the neuro-biosensor for Tl assay was assessed by monitoring the

Tau-441 responses in the range of 1-500 pg/mLebthiosensor systems prepared at different

14



times with the same procedure. As a result of épeaducibility studies, it was found that the
responses of 6 neuro-biosensors showed similaariigefor Tau-441 and 1-500 pg/mL. The
relative standard deviations of the slopes anddetes of the reproducibility shown in Figure
4S were found to be 3.02% and 3.41%, respecti\idlg.main point in reproducibility studies is
that the biorecognition element is immobilized dre tsensor surface by preserving the

biological activities and thus repeated measuresneart be made.

The interaction between receptor-ligand and thength of this interaction in an immunosensor
directly affects the reusability and analyticalp@sses of the immunosensor. When the lifetime
of the receptor ligand complex is too long, itsenegration capacity also increases. Therefore,
the evaluation of the lifetime of the complex igywémportant especially in biosensor studies
developed for biomedical purpose [41]. The regdi®raf the developed neuro-biosensor was
performed by immersing the sensing electrodes @ 04 pH 3.5 glycine-HCI buffer for 5
minutes to dissociate the Tau-441 antibody-antigemuno-complex. While the electrodes
gave approximately the same impedimetric respams$eet concentration of 100 pg/mL of Tau-

441 over 4 cycles, rGO material began to pour ftoenelectrode surface after the 4th cycle.

Selectivity is the ability of the biosensor to pEwe the target molecule from within the
analytical environment. Figure 3.B shows that HBPSYN alpha and RACK-1 make a very
small contribution to the biosensor. This insigrafit contribution for nonspecific interactions
of some proteins to the total Rct response is ¢iseltr of the high selectivity of the biosensor
against the specific target Tau-441. The abilityadbiosensor to distinguish a target analyte
from other species in a complex matrix is key tocgssful applications in real-time monitoring.
Although the formation of the immunocomplex carsbéective, the signal transduction process
is usually prevented by the presence of other uretbsubstances and their effects on the
electron transfer path. In this regard, it is tHoupat modifying the sensing surface with rGO-

AUNP nanocomposite doping and with 11-MUA contrésuto the selectivity of the system.
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Stability is the ability to produce a signal of tiame magnitude when a biosensor is
repeatedly used with the same analyte concentrati@n time. It can also be evaluated by
monitoring the sensor sensitivity intermittentlyrishg a given storage period. The ability of the
neuro-biosensor system to measure the same coaemt(100 pg/mL) of Tau-441 was
monitored for 10 weeks (Figure 5S supporting infation). It was observed that the system
maintained its stability for 8 weeks and a parteduction in the impedance signal occurred
from 9th week onwards. This emphasizes that theoAeiwsensor system developed has an
effective storage capacity. However, decreasesénsignal may be related to the loss of

adsorption force over time and thus deterioratiothe sensing unit.

Single frequency impedance

The kinetic behavior of the immunocomplex betweeniAau and Tau-441 was evaluated by
monitoring the changes in impedance and phase ahglenstant frequency in a non-faradaic
environment. The selection and analysis of theueegy (10 Hz) to be applied to the system
were determined with the help of the Bode curvgufgé 4A shows the Bode plot for the neuro-
biosensor. Bode graphics provide information altogitkinetics at the electrode/solution
interface for various applied frequencies. The r@@dified electrode showed capacitive
properties at a frequency range of 10 to 3,000aHd,a frequency of <10 Hz. It then shifted to
the frequency range seen in Figure 4 by the imnaabibn of anti-Tau, which is an indication

of immobilization.

Figure 4

The impedimetric follow-up at 10 Hz for the forn@tiof the immunocomplex between Anti-
Tau and Tau-441 is as shown in Figure 4B. The ftomaf the immunocomplex is completed
in about 2000 s seconds (35 minutes). At the eridi®period, while the change in impedance
is about 250 ohms, the change in the phase angte &I data are evidence that Tau-441

successfully interacts with the biosensing platfosfl analysis is an EIS technique used to
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reduce the complexity of a single frequency, sigagjuisition and processing, making it a
convenient, simple and inexpensive analysis teckidhus, the sensor provides advantages

such as rapid response, low cost and high anglgsigr for clinical experiments.

Evaluation of Tau-441 level in clinical samples

The amount of Tau-441 found in CSF and serum sagakected randomly from patients who
attended Namik Kemal University neurology clinicsadetermined by the present neuro-
biosensor system. To assess the analytical rétiabflthe produced neuro-biosensor, Tau-441
was analyzed using the standard addition methbadriman cerebrospinal and serum fluid.

There are studies showing that the average valiawin healthy men and women in CSF is
250 pg/mL [42] and the mean value in serum is ¥5phd43]. The results obtained with the
developed neuro-biosensor system using the staadaition method are shown in Table 2.
When the chart is examined, it is seen that theabiosensor system developed more sensitive
responses in the CSF environment. When the statisgsults are evaluated together, it can be
stated that rGO-AuNP nanocomposite-11-MUA-modifieadiro-biosensor system is promising

for clinical use in detection of Tau-441, an Alzher's biomarker.

Table 2

SEM, AFM and FTIR results

Morphological changes in the neuro-biosensor systieming the step-by-step development
were visualized by scanning electron microscopyg\fe 5). Figure 5A shows the adsorption of
rGO on the bare ITO surface. The freckled imagemémt after the deposition of gold
nanoparticles on the surface modified with rGO c¢ates the nanoparticles (5B). When the
rGO-AuNP composite structure was treated with 11Aviihe formation on the surface
changed again to form 5C. The surface after theTant immobilization on the structure is

clearly visible with globular form in Figure 5D. the step where BSA was immobilized on the
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surface in order to prevent non-specific adsorptiire morphology of the surface was
transformed into Figure 5E. As a result of the imivinteraction of Tau-441 with the bio-

recognition unit, the morphology of the surface &dwanched appearance as seen in Figure 5F.

Figure 5

The surface morphology of the neuro-biosensor sy$te the determination of Tau-441 was
also evaluated with AFM (Figure 7S). Changes inghéace roughness of the Tau-441 neuro-
biosensor were evaluated by root mean square (RMY roughness is the square root of the
distribution of surface height and is consideretdéanore sensitive than the average roughness
in cases where there are large deviations fronrmiben. It represents the standard deviation of
the surface profile changes and is used in coniputabf skew and kurtosis [43]. While the
RMS value for the step where the surface was cdivéuwith rGO was 0.54 pm, it was 0.48
um after the gold nanoparticles were depositedherstirface. With the immaobilization of Anti-
Tau, the formation of an insulating layer on thefeeee was reflected as 0.32 pm. In the last
step, as a result of the interaction of the Tau-ith the biorecognition unit, the RMS value
was 0.29 um. All these data and AFM images sugherformation of neuro-biosensors on the

surface.

Comparison of the designed Tau-441 neuro-biosemisbpreviously-reported studies is shown
in the table. There are many studies reportingttiaimount of this protein in body fluids may
be important in the early diagnosis of disease. él@w, the electrochemical-based biosensor
systems for Tau determination in the literaturecariée limited. The detection platform used in
the design of the biosensor allowed Tau-441 todterchined at 0.091 pg/mL This value is
relatively remarkable to other studies, considetirggpracticality and cost of the developed
system. In addition, the neuro-biosensor systereldped was proven to have clinical
applicability potential by analyzing the amounfl@fu-441 found in both serum and CSF. This

study, which is quite valuable in this respecprismising.
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Table 3

Conclusions

The aggregation of Tau protein and the formatiotan§les in AD are among the key points in
the disease. Early detection of this protein mayetamsignificant effect on the course of the
disease and the quality of life of the patient. fikgato the nanocomposite platform consisting of
gold nanoparticles and rGO, this biomarker wastifled in a selective, sensitive and wide
range (1-500 pg/mL). In addition, the neuro-biosemdatform has high reproducible,
repeatable and storage capability. The single-lestrede (ITO) used in the production of the
developed biosensing platform increases the paditjiof the study. ITO-PET electrodes are
open to modifications but have low cost. The higfliof the study is that the rGO-AuNP-based
11-MUA-modified neuro-biosensor platform can anelylze Tau-441 protein in both CSF and
serum selectively. On the other hand, the handifaipe study is that it takes a long time to
prepare the sensing probe (about 2 days when itioobare included). Sensing probe can be
prepared faster and time can be saved if pracadations are offered to shorten incubation
times with further studies. Also, working with adar number of real samples can make it

possible to test the reliability of the developedim-biosensing probe.
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Tables

Table 1.Impedimetric parameters of neuro-biosensor destigps.

Neuro-biosensor Rct (ohm)  4QuF) K (@mst) KKT
ITO/rGO 350.5+1.9 1025+ 41 2.3xf0 20.7
ITO/rGO/AuNP 308+2.2 16.4+0.5 1.8xf0 3.1
ITO/rGO/AUNP/11-MUA 466.7£3.2 2.3+0.02 2.69%x10 9.3
ITO/rGO/AuNP/11-MUA/anti-Tau 529.7+£3.6 2.3+0.02 24107 8.2
ITO/rGO/AUNP/11-MUA/anti-Tau/BSA 4460+ 47.6 2.9+0.03 - 0.5
1 pgimLTau-441 5754+52.6 2.8+001 -

20 pg/mL Tau-441 7145+ 66.4 2.6£0.03 --

60 pg/mL Tau-441 8432+ 68.2 2.6£0.03 --

100 pg/mL Tau-441 11080% 104.2.6: 003 -

200 pg/mL Tau-441 12420+ 133.2.6£0.03 --

300 pg/mL Tau-441 15920% 161.2.3: 002 -

400 pg/mL Tau-441 17600+ 175.4 .8+ 0.02 -

500 pg/mL Tau-441 21640+ 195 0.4+0.004




Table 2. Determination of Tau-441 concentrations in CSF serdim samples with the
developed neurobiosensor system.

Contentof  Addition .
CSF Tau-441 CSF content Detection RSD (%, n=3) Recovery

number : _ content (pg.mC;, n=3 %
1 249 100 355.5/341.5/333.8 3.2 101.6
400 695.5/633/648.8 4.9 102.6
) 188 100 302 /295.5/277.7 4.3 101.3
400 566 /555.4 [572.6 15 96.1
100 4145 /422.3 | 407.7
3 3035 1.7 97.2
400 705.5/717.71726.6 1.5 102
100 501.1/492.5/523.3
4 395.7 31 102
400 848/805.5/846.2 28 104.7
Content of -
Addition .
Serum number Tau-441 content Detectlorll _ RSD (%, n=3) Re%overy
serum (pg.mLY content (pg.mL, n=3) (%)
(pgmcy PO
1 115 100 120/115.5/119.6 2.1 106.1
400 419.5/433/408.8 2.6 102.2
) 927 100 125.5/133.3/136 4.1 107.2
' 400 425 /433.5 /420.6 15 100.9
3 10 100 115/122.2 /107.7 6.3 104.5
400 417.7 /1 407.9 / 415 1.2 101
100 122/132.5/123.3
4 15.9 4.5 108.6
400 422 /415.5/426.2 1.3 101.3
c o5 & 100 132.5/132.5/143.3 4.6 108.4
. 400 425.5/435.5/436.9 1.4 101.7

27




Table 3.Comparison of the analytical properties of varidas-441 biosensors reported in the
literature.

Electrode Immobilization  Measurement Determination
; . LOD Ref.
configuration o
procedure principle range
Gold tau-tau EIS 0.2-1.0 uM 0.001 pm [45]
nanoparticle interaction
Gold microband  Protein G layer EISand CV  0.00006QLpM 0.03 pM [46]
Gold film 3-MPA SAMSs DPV 1000 pg/mL-16 [47]
pg/mL

GCE chemically rGO grafted with
exfoliated anti-Tau SWV 0.08 pM-80 pM 75 fM [48]
single-layer rGO antibody

aptamer—
Gold electrode antibody DPV 0.5 pM - 100 pM 0.42 pM [49]
sandwich assay
rGO-AUNP ) uasams  EIS CVand g g6 ng.mit 0091 pbyosent study
nanocomposite SFI pg.mL
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Figure Legends

Scheme 1Schematic presentations of immobilization stepsafti-Tau antibody.

Figure 1. Cyclic voltammograms of the gold nanoparticle dstag on the ITO electrode
surface (Inserted subfigure shows the reductiok pégold).

Figure 2. Electrochemical impedance spectra (A), chargesteainchanges (B) and cyclic
voltammograms (C) for immobilization steps. EISit{@ frequency: 50 000 Hz, final
frequency: 0.05 Hz, points: 5, formal potential pand CV (potential betweer500 mV and

1000mV, scan rate: 100 mV s—1, step size: 10 mV).

Figure 3. Impedance spectra obtained for different conceatrs.of Tau-441 (A),
concentration-dependent calibration plot for tad-é#tained using the neuro-biosensor based
on anti-Tau under optimal working conditions (B)decyclic voltammograms (C) obtained for
different concentrations of Tau-441

Figure 4. Bode plot (A) and SFI spectrum of the designad-oiiosensor.

Figure 5. Step-by-step morphological SEM images for thegie=il biosensor. (A) ITO/rGO,
(B) ITO/rGO/AUNP, (C) ITO/rGO/AUNP/11-MUA, (D) ITOGO/AUNP/11-MUA/ANtI-Tau,

(E) ITO/rtGO/AUNP/11-MUA/Anti-Tau/BSA, (F) ITO/rGO/MNP/11-MUA/Anti-

Tau/BSA/Tau-441
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Highlights

This neurobiosensor in combination with rGO-AuNP-MUA developed for the selective determination
of Tau-441, a prominent biomarker for AD.

The devel oped neuro-biosensor offers awide determination range (1-500 pg.mL™) for target protein
Tau-441, both in CSF and in serum samples.

Surface coverage values, pinholes and Kramers Kronig data of modified sensing-surface were
determined in detail.
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