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ABSTRACT

A miniaturized biosensing platform, based on mooal amyloid-beta antibodies\B,y) that
were immobilized on a disc-shaped platinum/iridi(lPt/lr) microelectrode surface coupled with
an impedimetric signal transducer, was developedHe label-free and sensitive detection of
amyloid-beta peptide fragment 1-40 p#0); a reliable biomarker for early diagnosis of
Alzheimer’s disease (AD). A Pt/Ir microelectrode swalectropolymerized with poly(ortho-
phenylenediamine), a conducting free amine-comtginaromatic polymer; followed by
crosslinking with glutaraldehyde for subsequentptig of mABa, on the microelectrode surface.
This modification strategy efficiently improved thrapedimetric detection performance of40

in terms of charge transfer resistance (~400-foiffer@nce) and normalized impedance
magnitude percentage change (~40% increase) cothpaith a passive adsorption-based
immobilization method. The sensitivity of the miaromunosensing assay was found to be 1056
kQ/(pg/mL)/cnt and the limit of detection was found to be 4.81Infigwith a dynamic range of
1-10* pg/mL (R=0.9932). The overall precision of the assay, aasmed by relative standard
deviation, ranged from 0.8%.1%%, demonstrating its reliability and accuracy; whih respect
to assay durability and stability, the immobilize@\B., were able to maintain 80% of their
binding activity to A40 after incubation for 48 h at ambient temperaf@ge°C). To validate the
practical applicability, the assay was tested ubiragn tissue lysates prepared from AD-induced
rats. Results indicate that the proposed impedimaticro-immunosensing platform is highly
versatile and adaptable for the quantitative detedf other disease-related biomarkers.
Keywords:

Conducting polymer; Crosslinker; Covalent immolation; Impedimetric biosensor;
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1. Introduction

Alzheimer's disease (AD) is characterized behailjoksy progressive memory and cognitive
decline and physiologically by the presence of agtablished pathophysiological hallmarks in
the brain: extracellular accumulations of amyloateh peptide (B) and intracellular
neurofibrillar tangles of hyper-phosphorylated tprotein [1, 2]. A is generated by the
sequential cleavage of amyloid precursor proteiRRAresulting in the production of variable
lengths of A8, predominantly of 40 and 42 amino acid$48 and A42, respectively) [3-5]. In
healthy individuals, 40 is the most abundant form of34resent in human brain; however,
APB40 can undergo an aggregation process resultibeirpresence of toxic insoluble plaques
that are the hallmarks of AD [6-8].

Currently, enzyme-linked immunoassays (ELISA) & inost prevalent detection platforms
for identifying trace amounts of A However, although reliable ELISA are time consugnand
their dependence on labeled bioreagents may leadetoeased sensitivity due to reduced
biomolecular activities [9-11]. In this contextyapid, label-free analytical method would offer
an attractive option for overcoming these problexssociated with ELISA. Up to date, a few
label-free analytical platforms including surfaggianced Raman spectroscopy (SERS) [12],
interferometric reflectance imaging sensor (IR1$3][ localized surface plasmon resonance
(LSPR) [14], piezoelectric-driven microslit cantiey [15], matrix assisted laser desorption
ionization mass spectrometry (MALDI-MS) [16], totiaternal reflection ellipsometry (TIRE)
[17], and electrospray ionization mass spectrom€E$I-MS) [18] have gained scientific
attention for A detection. Regrettably, most of these platforme aften costly, require

sophisticated laboratory instruments and well-gdipersonnel for operation.



An impedimetric immunosensing assay, based on titegration of specific surface
antibodies as a bioreceptor and an electrochemiopkedance spectroscopy (EIS) signal
transducer presents a promising alternative fprd&tection. This type of assay has inherent
specificity and selectivity as it provides antigantibody biospecific interaction on electrode
surfaces, and at the same time, offers the advesita§ EIS-based biosensing technology,
including: label-free detection capabilities, ceffectiveness, high sensitivity, simple operation,
and easy miniaturization via microfabrication [19The use of EIS techniques for
immunosensing application is based on the prenhis¢ @n affinity interaction between an
antigenic bioreceptor and its targets/analytes esws change in the charge transfer kinetics
occurring across an electrode—electrolyte interfi@¥. Thus, by having sensitive ability to
detect this minute change in the interfacial impe#athe need for introducing electroactive
labels/tags to the antigen—antibody biorecognitewrents could be eliminated during EIS
measurements. In addition, in contrast to otherctedanalytical techniques such as
chronoamperometry (CA), cyclic voltammetry (CV)fféiential pulse voltammetry (DPV) or
square wave voltammetry (SWV) that are all reliant large, abrupt excitation signals for
measurement, EIS is a non-destructive techniqueeatroanalysis as it applies only very small-
amplitude excitation signals without significanttiisturbing the properties being measured,
leading to a stable and reliable immunosensindgtat[21, 22].

A critical aspect of immunosensing assay developmenthe antibody immobilization
strategy: A stable antigen—antibody immobilization detection surfaces with a complete
retention of their biological recognition propesties crucial for successful construction of an
immunosensing assay. Previously, we reported anumosensing assay based on passive

physical adsorption of antibodies on a platinumiinm (Pt/Ir) microelectrode surface for the



impedimetric detection of a disease biomarker [Z8]s reported assay enabled label-free, rapid,
and highly biospecific detection of the biomarkbgwever, it exhibited less sensitivity than
other reported studies [24, 25] and further improgat in surface chemistry modification was
needed to enhance assay sensitivity. Here, an iragrantibody immobilization strategy (Fig. 1)
in which the Pt/Ir microelectrode surface was medifwith poly(ortho-phenylenediamine)
(PoPD) via electropolymerization, followed by camll coupling of monoclonal amyloid-beta
antibodies 1A Bap) through crosslinking with glutaraldehyde (GA) thie microelectrode surface
is described. GA is a bifunctional compound thats Haeen mainly used in chemical
modifications of proteins and polymers; and in thbigdy, GA covalently linked to the amine
groups of lysine or hydroxylysine in th®AB,, creating a stable ‘click compound’ on the
microelectrode surface [26]. The covalently immiaed mAB,, was then used to bind the
detection target, p40. Quantitative electrochemical detection of thg&4@-mAp,, binding on
the GA—-PoPD-modified micro-immunosensing surfaces veehieved using an impedance
technique. Results indicated that the GA crosstigidovalent coupling strategy was able to
improve the immobilization efficiency oA, on the PoPD-modified Pt/Ir microelectrode
surface and significantly increased the sensitiyylowering the detection limit of the assay

against A40.

2. Material and methods
2.1. Chemicals

Ortho-phenylenediamine (oPD), sodium chloride (NaGlodium phosphate monobasic
(NaHPQy), GA, AB40 (1.0 mg), and mouseAB,, (1.5 mg/mL) were purchased from Sigma-

Aldrich (Missouri, USA). Sodium hydroxide (NaOH) waupplied from Merck (Darmstadt,



Germany). All chemicals were used without furtharification. The buffer solution used was
phosphate-buffered saline (PBS; pH 7.4, contairirig M NaHPO,, 3 M NaCl and 0.9 M
NaOH). All aqueous solutions were made in deioniater (eH,0) obtained from an Ariufh

pro purification system (Sartorius, Goettingen, iGamny).

2.2. Apparatus

All electroanalytical measurements were performexdingi an Autolab PG STAT302
potentiostat/galvanostat (Eco Chemie, Utrecht, Netherlands) controlled by Nova 1.11
software. A three-electrode electrochemical cefiststing of a disc-shaped Pt/Ir microelectrode
as a working electrode, a Pt rod counter electrade, an Ag/AgCI reference electrode, was
employed for impedimetric measurements using thtipselepicted in Fig. S1 in the
supplementary data section. All the electrodes weraly held in a fixed position by a
customized Teflon cell top with the detection emdmersed 2 cm into a cell vial (dimension:
25.6 mm inner diameter x 50 mm height) containi@gL of PBS electrolyte solution, and the
other ends of the electrodes were connected tpdtentiostat instrument through alligator clips.
The length of the three electrodes immersed ireteetrolyte was kept unchanged (2 cm) in all
the experiments in order to maintain a constardtielde surface area for measuring electrode—
electrolyte interface impedance. The surface mdggies of the micro-immunosensing surface
were analysed using a Supra™ 40VP field emissi@mrsng electron microscopy (FESEM)

system (Carl Zeiss, Oberkochen, Germany).



2.3. Fabrication of a disc-shapedPt/Ir microelectrode

A Teflon-coated Pt/Ir wire (inner diameter: pfh) (Advent Material, Odford, UK) was cut to
a length of 3 cm using a scalpel. Next, the outdtoh coating layer at one end of the Pt/Ir wire
was stripped to expose 0.5 cm inner bare Pt/Ir after which the exposed end was soldered
with a gold connector to facilitate the connect@as a working electrode to the potentiostat
instrument. The disc-shaped microelectrode survea® prepared by making a transverse path
that cut across the other end of the Teflon-coBtéd wire to produce a smooth tip end detection

surface (Fig. S2 in the supplementary data section)

2.4. Biofunctionalization of the Pt/Ir microel ectrode surface

The Pt/Ir microelectrode surface was modified WbPD via electropolymerization of 300
mM oPD in PBS using a chronoamperometry technigueOas0 V for 30 min followed by
rinsing with deH,O to remove any unbound or unreacted oPD mononier.r&sulting PoPD-
modified Pt/Ir microelectrode was then biofunctilred with mAB,, via cross-linkage with
GA—the two functional aldehyde groups of GA easdym stable covalent amide bonds with
the amine groups of the PoPD layer on the Pt/Iroeiectrode surface and those of th&fp,
Firstly, the PoPD-modified Pt/Ir microelectrode wiasubated in 3iL of 25% (v/v) GA in PBS
for 30 min, rinsed witldeH,O to remove residual GA, and left to dry at ambiemperature for
approximately 5 min. Next, the microelectrode wasubated in 3iL of 10° pg/mL mABap, in
PBS for 30 min at ambient temperature and rinsealnagith deH,O. The biofunctionalized
microelectrode was either immediately used for idipetric measurement or kept at 4 °C in

PBS until further use.



2.5 Electrochemical impedance spectroscopy (EIS)

A three-electrode electrochemical cell was set siglescribed in Section 2.2. Th&AB,—
GA-PoPD-modified Pt/Ir microelectrode was used agogking electrode and immersed in 20
mL of PBS containing different concentrations ¢f4Q. The electrochemical cell was incubated
for 20 min at ambient temperature to allow bindiagccur. Impedimetric-quantitative analyses
of the AB404mABa.immune complexes formed on the micro-immunosensurface were then
performed using EIS at frequencies ranging fror100° Hz with an excitation amplitude of
10 mV. The resulting impedance signals were digday Nyquist format by plotting the real
impedance component (Z’) against the imaginary slapee component (Z”). In the absence of a
redox probe (e.g. B¥Fe®), the resulting impedance signal was caused p40Ahat adhered to
the electrode surface [27]. The diameter of theidecte extrapolated in the Nyquist plots
represented the charge transfer resistangg tfiat provided information on the charge transfer
kinetics at the electrode—electrolyte interfacee Ry was determined by fitting the Nyquist plots

with a modified equivalent circuit model.

2.6 Animal grouping and brain tissue lysate preparation

Sprague-Dawley rats (adult male; 2800 g; gifts from the Collaborative Drug Discovery
Research Group, Faculty of Pharmacy, Universitinbédgi MARA (UiTM), Puncak Alam
Campus, Malaysia) were divided into five differexperimental treatment groups (Table 1). All
animals received housing and food and water, amdsw@bsequent experiments were in
accordance with the ethical guidelines of UiTM Coittee on Animal Research and Ethics

(Animal Ethics Clerance Reference No: 600-FF P7.5/2



Brain tissue lysates were prepared as previoussgrieed [28], with minor modifications.
Briefly, animals were sacrificed by cervical disdion and their brains were rapidly dissected
out. Brains were then homogenized using a glasogenizer (WiseStft, Wertheim, Germany)
in ice-cold PBS and the resultant lysate was deigied at 2000 xg, for 10 min at 4 °C. Finally,

the supernatant was collected and stored at —8htiCfurther use.

2.6.1 Impedimetric micro-immunosensing of AB40 in brain tissue lysates

The mAB.—GA—-PoPD-modified Pt/Ir microelectrode was immersed pL of brain tissue
lysate mixed with 20 mL PBS and impedimetric-quatitre analyses of the resultant
AB40-mABa immune complexes were performed using EIS. Thexges of impedance were

observed before (control) and after the additiosarfiples.

2.6.2 ELISA

The presence of 0 in brain tissue lysates was verified using thghHSensitivity 4340
ELISA kit (Milipore, Missouri, USA) according to ¢hmanufacturer’'s instructions. Generally,
the entire ELISA procedures for detectin@48 required about two days using afi0sample
volume and with a detection range of 16-500 pg/fitie absorbance was measured at 450 nm

and 590 nm, respectively, using a microplate reedECAN, Mannedorf, Switzerland).

3. Results and Discussion
3.1 Equivalent circuit model for impedimetric micro-immunosensing
Impedimetric micro-immunosensing is based on thecpple that the formation of antigen—

antibody immune complexes on the microelectrodd weult in impedance changes at the



electrode—electrolyte interface. In this study, thiemation of A340-mAB,,immune complexes
was observed to affect the impedance signal atntieefaces between the Pt/Ir microelectrode
and the PBS electrolyte solution; while Nyquisttplevere used to investigate this particular
impedance changes. These plots were then fitted at equivalent circuit model (Fig. 2)
consisting of the following parameters: resistaotcthe solution (B; Warburg impedance (J;
three elements of the.Rprotein adsorption resistance.{g), protein film resistance (&m),
and pore resistance {Rr); and the corresponding constant phase elemenE){CPPEgs
CPEim, and CPEye The equivalent circuit was made up of three d@ircomponents: at the high
frequency the impedance signal was due to e&FCPEye0n Pt/Ir microelectrode surface; at
the middle frequency the impedance signal was du&éé¢ Rim/CPEim; and at the lower
frequency it was due to the:R{CPEygs

The binding of A40 to the micro-immunosensing surface was descialsdtie formation of a
barrier to the current flow with the.Rys which represented the partial charge transfen ftioe
strongly bound A40 at the microelectrode surface; and also the,gsRfich accounted for the
adsorption of electroactive species and chargirthefiouble layer [29]. The association binding
constant (K between A40 and mABa, immobilized on the microelectrode surface was
determined to be k= 0.933 pg/mL (discussed in detail in the supplelamgndata section),
indicating that there were less free spaces omiiceoelectrode surface for other electroactive
species to be discharged, and as a result, th&agkemical behavior was deduced to be a
combination of RagdCPEygsat low frequency [30]. The Kqsvalue was chosen for quantitative
impedimetric detection of 40 as it was empirically found to be strongly ctated to the
modification and biorecognition events that occdron the microelectrode surface (data not

shown).
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3.2 Characterization of biofunctionalized Pt/Ir microelectrode

Following the electropolymerization with a PoPDdaythe Pt/Ir was biofunctionalized with
MAB4p Via a GA crosslinking-covalent coupling strategyehhance B40 detection. The reaction
mechanisms involved in the biofunctionalizationtted Pt/Ir microelectrode surface are depicted

in Fig. 3.

3.2.1 Surface characterization using FESEM

The surface morphologies of the Pt/Ir microeleatrdbfore and after biofunctionalization
were characterized by FESEM, as shown in Fig. 4ie Bare Pt/Ir microelectrode showed a
smooth metallic surface (Fig. 4Ai) and transforntech compact layer of wrinkled, flake-like
structures following the electropolymerization b&tPoPD on the microelectrode surface (Fig.
4Aii). After crosslinking with GA, thenAp,,was covalently immobilized on the microelectrode
surface, resulting in a dense, porous, and inhomemes surface appearance (Fig. 4Aiii). The
immuno-capturing of 40 on themAB.,—GA—PoPD-modified Pt/Ir microelectrode resulted in
scattered, granular-like structures (Fig. 4Aiv),iethmight be attributed to the formation of

AB40 aggregates and amyloid plaques on the microetexsurface [31].

3.2.2 Electrochemical characterization using EIS

EIS was performed on the Pt/Ir microelectrode foilltg each biofunctionalization step,
which included PoPD electropolymerization, GA ctimgsng, mA B4, immobilization, and 840
immuno-capturing, using PBS as the electrolytetsmiu The value of the polarization potential

was fixed at-0.2 V, where at this applied potential, the formatiof AB40-mApB,, immune
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complexes on the microelectrode surface exhibitegedance responses, resulting in the
appearance of single depressed semicircles in yijeist plots.

Fig. 4B shows the Nyquist plots of different moddiion layers carried out on the Pt/Ir
microelectrode surface. There was a change inehecgcle diameter (representing)Rafter
each modification step on the Pt/Ir microelectradeface. The Nyquist plot that included both
the semicircle and a linear region could only fowrdthe bare Pt/Ir microelectrode (control
surface) and PoPD-modified Pt/Ir microelectrodee emicircle diameter at higher frequencies
corresponded to & which controlled the charge transfer kineticsted electrode—electrolyte
interface; while at lower frequencies, the lineagion was associated with the typical trend of a
mass diffusion-limited electron-transfer procesg][3The R; for the PoPD-modified Pt/Ir
microelectrode (68.8 + 3.9k n = 3; Fig. 4B, x-line) was significantly small#ran that of the
bare Pt/Ir microelectrode (439 £ 0.18kn = 3; Fig. 4B, inset), revealing that PoPD iased
the electroactive surface area of the microeleetrdthis resulted in easier electron transfer from
the PBS electrolyte solution to the microelectraties to increased diffusion of small electrolyte
species onto the surface of the charged PoPD [88¢r Interestingly, R decreased further to
16.6 = 2.8 (n =3; Fig. 4B3-line), and 10.5 + 6.8 (n =3; Fig. 4B;line) after surface activation
with GA crosslinkers and subsequent covalent imiraattion of mA B4, onto the PoPD-modified
Pt/Ir microelectrode, respectively; revealing ti@A effectively immobilized and crosslinked
MABap It can be assumed that there were favourable aulale arrangements of immobilized
MABa, that presented better orientation onto the surfate GA—PoPD-modified Pt/Ir
microelectrode [34]. Therefore, theAB.,—GA—PoPD-modified Pt/Ir microelectrode allowed
easier electron transfer due to increased actives sior electrical contact between the

microelectrode and the electrolyte species in PAtisn. The Rifor the A340 boundmA Bas—
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GA-PoPD-modified Pt/Ir microelectrode increased 189 = 3.6 (n =3; Fig. 4BY-line),
revealing that the formation offd0—-mA ., immune complexes exerted surface blocking effects

resulting in a reduction of electron transfer te Bt/Ir microelectrode.

3.3.  Impedance responses on passive adsor ption and covalent immobilization of MAS,,

The proposed micro-immunosensing assay is an @fiidsed assay that use®B,, to
specifically bind to target @40, where the binding affinity of f40-mAB,pinteraction defines
the analytical performance of the assay. The inilization of mAp,, is a crucial step in the
development of the micro-immunosensing assay. Ia #tudy, two mAp,, immobilization
strategies were examined to determine their elelsémical impedance response towargg®
The mAB,, immobilization mechanisms included: (i) covalemtding through GA crosslinking
to the PoPD-modified Pt/Ir microelectrode surfaaeq (i) passive adsorption onto the PoPD-
modified Pt/Ir microelectrode surface.

Nyquist plots showed substantial differences inrdeged semicircles obtained from the
micro-immunosensing assay based on the covalenpbilization strategy compared with the
passive adsorption strategy (Fig. S3A in the supplgary data section). TheRalues were
extracted from a modified equivalent circuit ascdssed in Section 3.1. Here, thg f®r the
micro-immunosensing assay using the GA crosslinkeggtion showed a higher value (13.9 +
3.6 K; n = 3) compared with the passive adsorption eggsa(0.032 + 0.001®; n = 3). This
400-fold increase in the.Rvalue from the GA-modified Pt/Ir microelectrodeut be attributed
to free terminal amine groups in PoPD reacting widrbonyl groups in GA resulting in
production of amine-reactive aldehyde ends thatctfan as binding sites for stable

immobilization of MAB,, and also maintain the antibodies in their natianfermation,
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consequently increasinmgABap binding capacity for 40 [26]. Meanwhile, the lower Rvalues
obtained from the non-GA-modified microelectrode ymée attributed to inefficient
immobilization of mAPay, thereby reducing the capture efficiency of34@. In addition,
comparisons between the GA-modified microelectradé adsorbent microelectrode were also
determined for the variation of the normalized inigp@ce magnitude percentage changé) (n
selected frequencies ranging from 100 kHz to 1 KHm. S3B in the supplementary data

section) based on following equation (1) [35]:

_ Z(with GA crosslinking-Z (without GA crosslinking
Z (with GA crosslinking)

AZ )x 100 (1)

The calculated\Z showed that the micro-immunosensing assay with €dsslinking was
~40% higher (at ~10.5 kHz) than the passive adsormounterpart, revealing that the former
was able to enhance the immobilizationnohBa, on the PoPD-modified Pt/Ir microelectrode

surface and significantly improved the affinity 8ing for AB340.

3.4 Optimization of assay variables

The variables affecting the impedimetric micro-immogensing assay performance, the GA
concentration,mAB,, concentration, and incubation time of antigendmdy binding, were
sequentially optimized by detection against a§¢/mL of A340.

In this study, mAB., were covalently immobilized onto Pt/Ir microelexte surface
previously modified with a GA-crosslinked layer®6PD. GA is a bifunctional linker with two
aldehyde groups in both ends of its molecular stirecthat could form stable covalent amide

bonds with the amine groups of the PoPD layer enRtilr microelectrode surface and those of
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the mABap. An optimal concentrations of GA andAB,, are necessitated to form a stable
monolayer ofmA B4, on the Pt/Ir microelectrode surface for captumnmgre A340. The effects of
increasing GA concentration (0-55% (v/v)) and B, concentration (0-f0pg/mL) are shown
in Fig. S4A and S4B in the supplementary data gectiespectively. Taking into account the
intensity of R; and repeatability in terms of standard deviatithe GA and mABap
concentrations were found to be optimal on 25%)(ahd 16 pg/mL, respectively.

The incubation time required for the antigen—ardipbinding is also the important variable
that would affect the detection range ¥4®. Fig. S4C in the supplementary data sectionctiepi
the effect of increasing incubation time (5—-60 mam) impedimetric responses of the micro-
immunosensing assay. As can be seegq, eRhibited the continuous rise during 20 min
incubation, indicating that more and mor@4@ were captured by the micro-immunosensing
assay with the time accumulation. However, ther&ched a plateau after 20 min, suggesting
that the amount of P40 captured on the micro-immunosensing surface saasrated. Hence,

the optimal incubation time for the immunologicaiding betweemA ,, and A340 was 20 min.

3.5 Analytical performance of the impedimetric micro-immunosensing assay

The analytical sensitivity of the detection platfowas evaluated by testing against a known
amount of serially diluted 40 (1-16 pg/mL). Fig. 5A displays the obtained Nyquist plot
Data show that the Rincreased with increasing concentrations $i& observed directly from
the diameter of the semicircle in the Nyquist plobs the presence of increased34®
concentrations, the formation oBA0-mA ., immune complexes likely lead to blockage of any
remaining free spaces on the micro-immunosensirfgaiand thus resulted in a larger diameter

of the corresponding semicircle in the respectiygist plot [9]. The calibration curve showed

15



a good linear relationship between the 148d the 840 concentration in the range of {e§1—
10* pg/mL) with a coefficient of determination {of 0.9932, indicating that the response was
the direct result of p40 binding to themA B~ GA—-PoPD-modified Pt/Ir microelectrode through
antigen—antibody biospecific interaction. All exipeents were performed in triplicate, and the
relative standard deviation (RSD) values were 152B2%. The limit of detection (LoD) was
calculated based on standard deviation of the bkarkple and slope of calibration curve

according to the following equation (2):

3 x standard deviation
LoD = (2)
Slope

The LoD of the impedimetric micro-immunosensingagswas determined to be 4.81 pg/ofL
Ap40, which was the lowest among the recently reportabel-free electrochemical
immunosensing platforms as listed in Table 2. Guhese six immunosensing assays [23, 36-
40], only two [36, 37] have a LoD in the same ramgethe one achieved in this study but
showing fairly narrow linear dynamic range of détat and/or involving much more complex
detection scheme.

The sensitivity of the impedimetric micro-immunosery assay was also calculated based on

following equation (3):

Slope of calibration plot (3)
Active surface ared (cn?)

Sensitivity=

Where, A’ is the geometrical dimension of the Pt/Ir micexlode and was calculated to be

1.96 x 10 cnf. Based on this A value, the sensitivity was determined to be 1056

16



kQ/(pg/mL)/cnf which was a 100-fold increase compared to ouripusly reported study based
on passive adsorption strategy (10.28(pg/mL)/cnf) [23].

We subsequently performed an analytical spegifisitidy by incubatingnApa—GA—PoPD-
modified Pt/Ir microelectrode with neurochemicalsnmmonly found in cerebrospinal fluid,
including ascorbic acid (AA), uric acid (UA), anddéihydroxylphenylacetic acid (DOPAC); all
of which would have likely interfered with the detien of AB40 in brain lysate samples [41, 42].
Fig. 5B compares the obtained Nyquist plots befooatrol) and after the interactions with AA,
UA, DOPAC, and A40 at concentrations of 250M, 20 uM, 10 uM, and 4.81 pg/mL,
respectively. It is noteworthy that the concentnasi of the interference species being studied
were far higher than the normal levels presentdiliman cerebrospinal fluid [43]. The absence
of antigen—antibody interactions is clear, since & of AA, UA, and DOPAC were similar to
the control and much lower than that g#49. The RSD values of this study were 0.98-5.15%.
These results indicated that the micro-immunosensissay resisted interference well and

demonstrated excellent specificity.

3.6 Repeatability, durability and stability.

Repeatability, stability, and durability are amdhg major concerns in all assay development.
The repeatability of the impedimetric micro-immuansing assay was investigated by detecting
4.81 pg/mL of A40 for ten replicates on 10 different days. Theesponding R was highly
consistent (data not shown) with a low RSD valu®.84% indicating excellent repeatability of
the developed assay. In addition, we determinedyadarability and stability by incubating a
MABar—GA—-PoPD-modified Pt/Ir microelectrode in PBS siolntfor 48 h at ambient temperature

(25 °C) prior to A40 detection. After 48 h the microelectrode mammgdi 80% of its binding
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capacity for A40, indicating the covalently immobilizedA ., was highly stable on the Pt/Ir
microelectrode surface. This finding was signifitanhigher compared with the passive
adsorption strategy that only maintained 3.2% af&h [23].

Overall, the proposed GA crosslinking-covalent dmgpstrategy significantly enhanced the
repeatability, stability, and durability afAp., immobilized on the sensing surface; and therefore

exhibit appropriate feature for analytical purposes

3.7 Diagnostic evaluation with brain tissue lysate

The impedimetric micro-immunosensing assay wahéurevaluated using brain tissue lysate
samples prepared from rodent models mimicking Afuged by injection of syntheticpAinto
the brain. It is worth noting that syntheti@ Anjection initiates neurotoxic effects includinge
production of amyloidogenic APP fragments, whidmstate neurons to cleavepAnto its two
main forms: A40 and A42 [44]. Hence, the detection ofA0 in the brain tissue lysate was
possible using the (M0O-specific impedimetric micro-immunosensing assay.

Obtained results were validated against the regsomgeasured with ELISA using the same
brain tissue lysate samples. The correspondingv&ues for the impedimetric micro-
immunosensing assay and the absorbance values BAElere translated into 0
concentrations using respective calibration pl&g. comparing the developed impedimetric
micro-immunosensing assay with a similar immunodasgic assay, the ELISA, the usefulness
of the former as a diagnostic platform for AD wihsd evaluated.

Fig. 6 compares the (40 concentrations determined by the impedimetriccroni
immunosensing assay and ELISA for brain tissuetédysamples prepared from different groups

of rats (Table 1). Both assays showed similar ddafo performance characteristics in which in
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all the groups tested (WT, SH, AD+O, and AD+IB)eith were lower concentrations of40
compared with the AD control group. The RSD values the impedimetric micro-
immunosensing assay and ELISA were 6493% and 3.8-10.64%, respectivefenerally,
the AB40 concentrations detected using the impedimetiicraimmunosensing assay were
slightly lower than the ELISA. This variation waikdly due to the difference in thepAO
standard used to establish calibration plots amdahility to immobilize larger amounts of
antibodies on ELISA microplate surface [45]. Neleless, it is notable that the impedimetric
micro-immunosensing assay presented a lower LoBl(#g/mL) compared with the ELISA
(>16 pg/mL). These comparative studies showed thatirttpedimetric micro-immunosensing
assay was able to achieve rapid, label-free detecti AB40; and therefore we believe this assay

offers a promising alternative to the conventidéalSA method.

4. Conclusion

The detailed development of a highly sensitive dmnseng assay for quantitative
electrochemical detection of the AD biomarkep4A, has been presented. We demonstrated GA
crosslinking was able to improve the immobilizatioihmA B, as a biorecognition element for
AB40 on a PoPD-modified Pt/Ir microelectrode. Funmhere, the use of GA crosslinking-
covalent coupling strategy was empirically shownetthance assay performance in various
aspects including: assay precision (RSD = 0.84-9%)15stability (retaining 80% of assay
activity after 48 h incubation time), and sensitiv(LoD = 4.81 pg/mL). Non faradaic EIS
measurements were performed and the obtainedhBnged linearly with 40 concentrations
within the range of 1-TfOpg/mL. The real diagnostic applicability of the pedimetric

immunosensing assay was evaluated using brainetibggate samples and its diagnostic
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performance was proven to be more effective thamveational ELISA in terms of assay
simplicity, sample volume consumption, and lowestiedtion limit. In addition, the application
of an electric field-driven strategy in this bioserg assay significantly reduced the time it took
to quantify A340 compared with ELISA— 1.5 h compared with 2 d&ysese results, along with
the compact size of the microelectrode and theerdaigee analysis capability using impedance
techniques, suggest that this biosensing assag posverful tool in the imminent future for in-
vivo, real-time detection of p40 in the human brain and may be a potential atera for AD

diagnosis.
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Table caption

Table 1.Grouping of animals and experimental treatment.

Table 2.Comparison of the developed impedimetric micro-imogensing assay with the
reported label-free electrochemical immunosenslatigyms for A3 detection.
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Figure captions

Fig. 1. A schematic of the micro-immunosensing assay fqedmmetric label-free detection of
APB40. The experimental procedures comprised: (1)tEpolymerization of PoPD on a Pt/Ir
microelectrode surface; (2) Covalent immobilizatioh mAB,, on a PoPD-modified Pt/Ir
microelectrode surface via GA crosslinking; (3) Ilomo-capturing of A40; and (4)
Quantitative electrochemical detection of targft®@ using an impedance technique.

Fig. 2. Equivalent circuit model of the micro-immunosensasgay.

Fig. 3. Schematic representation of the reaction mechanmsmsrring during the preparation of
themAB.s—GA—PoPD-modified Pt/Ir microelectrode and subsagdetection of 840.

Fig. 4. (A) FESEM images of (i) bare, (ii) PoPD-modifig@di) mAB,;—GA—PoPD-modified,
and (iv) AB40-mAB.—GA—-PoPD-modified Pt/Ir microelectrodes under 1@) & magnification.
(B) Nyquist plots of PoPD-madified (x-line), GA—PBHnodified @-line), mAB.,—~GA—-PoPD-
modified (A-line), and A40-mAB.—GA—PoPD-modified &line) Pt/Ir microelectrodes. Inset:
Nyquist plot of a representative bare Pt/Ir micec&iode.

Fig. 5. (A) Analytical sensitivity evaluation of the impeaktric micro-immunosensing assay
using a known amount of serially dilute@®40. The corresponding linear range is depictetien t
calibration plot. (B) Analytical specificity evaltian of the impedimetric micro-immunosensing
assay using different interference species. Tha ears indicate the standard deviation from
triplicate experiments (n = 3).

Fig. 6. Comparison of the impedimetric micro-immunosensasgay and ELISA for detecting

AB40 in rat brain tissue lysate samples. The erros Ishow the standard deviation from
triplicate experiments (n = 3).

25



LIST OF TABLE

Table 1. Grouping of animals and experimental treatment.

Group f=4) Experimental treatment
Wild Type (WT) Normal rats serving as the negatieatrol group.
Sham (SH) Sham-operated rats given no injectiantim¢ brain.
AD Animal models mimicking AD, which was induced by

injection of synthetic A into the brain.

AD + olive oil (AD+O) AD-induced rats treated witblive oil and serving as the
therapeutic positive control group.

AD +ibuprofen AD-induced rats treated with ibuprofen and servam the
(AD+IB) therapeutic positive control group.




Table 2. Comparison of the developed impedimetric micro-imagensing assay with the
reported label-free electrochemical immunosenslatiggms for A3 detection.

Immobilization of Electroanalytical Liner range
SIS capturing antibody technique LoD (pg/mL) (pg/mL) RE:
Disc-shaped Covalent coupling; EIS 4.81 1-16 This
Pt/Ir Ab—GA-PoPD R?=0.9932 study
microelectrode
Screen-printed  Covalent coupling; DPV 5 5-800 [36]
gold electrode  Ab—sulfo-SMCC- R?=0.9977
MNG
Gold electrode  Dative binding; SWv 5.2 10-16 [37]
Ab—GNP-MPA R?=0.9643
Gold Covalent coupling EIS 43.3*** 43.3%+%— [38]
interdigitated ~ Ab—DTSP 4.33x10
electrode R?=0.99
Carbon Non-covalent binding; EIS 2.57 x 16+  45.14%— [39]
disposable Ab-Protein G— 4.51x16+
electrochemical EDC/NHS-MHDA- R?=0.9969
printed chip GNP
Carbon fiber Covalent binding; SWV 9.03x10¢** 9.03x10™*— [40]
microelectrode  Ab—EDC/NHS-— 6.32x10*
carboxylic R?= Not provided
functionalities on
electrode surface
Disc-shaped Passive adsorption; ~ EIS 1.08 x 16 1.08x16*— [23]
Pt/Ir Ab—PoPD 4.22x10*
microelectrode R?70.9622
* Value was expressed {tM and converted to pg/mL
i Value was expressed in nM and converted to fhg/m

*kk Value was expressed in pM and converted tampg/

Abbreviations: Ab (antibody); GA (glutaraldehyde); PoPD (polytmtphenylenediamine)); MPA (mercaptopropionic ac@NP (gold
nanopatrticle); EDC (1-Ethyl-3-(3-dimethylaminoprp@€arbodiimide); NHS (N-hydroxysuccinimide); MHD@ 6-mercaptohexadecanoic
acid); sulfo-SMCC (sulfosuccinimidyl-4-(N-maleimid@thyl)cyclohexane-1-carboxylate); MNG (magneti¢ragen-doped graphene);
DTSP (dithiobis(succinimidyl propionate));
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Highlights

* A novel impedimetric micro-immunosensing assay fzheimer's disease (AD)
biomarker detection was developed.

* A glutaraldehyde crosslinking-covalent couplingasggy was employed to immobilize
biorecognition antibodies on a microelectrode stgfa

* Immuno-interactions were determined by detectingpedance changes in terms of
charge transfer resistance at the electrode—elgetiaterface.

* This impedimetric micro-immunosensing assay wa® dbl detect the AD biomarker,
AP40, in brain tissue lysate.



