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Abstract

A-beta (1-42) peptide (AP (1-42)) is a potential candidate for the prediction of
Alzheimer’s disease. In this study, we demonstrate a nanostructured biosensor based
on electrochemical impedance spectroscopy (EIS) with uniformly deposited gold
nanoparticles (GNPs) as the sensing electrode for effective detection of Ap (1-42). An
anodic aluminum oxide (AAOQO) layer with a nanohemisphere array was used as the
substrate. A gold thin film was sputtered onto the AAO substrate to serve as the
electrode for GNP deposition and the sensor for AP (1-42). AP (1-42) antibody was
prepared, and its specificity with AP (1-42) was verified by Western blot. We
observed aggregation of Ap (1-42) at 1 pg ml"'. The morphology of AP (1-42) was in
the form of round aggregates with diameter of around 1500-2000 nm. EIS
measurements for nanostructured biosensors were used to determine the concentration

of AP (1-42). The plot for the dependence of EIS concentration measurement resulted
in an equationARct = 29098*log [AP (1-42)] + 90150 with an R? value of 0.9916. The

linear detection range was between 1 pg ml™ and 10 ng ml™ of AB (1-42).

Keywords: electrochemical impedance spectroscopy (EIS); anodic aluminum oxide

(AAO); A-beta (1-42) peptide; Alzheimer disease (AD); nanostructured biosensor
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1. Introduction

Alzheimer’s disease (AD) is the sixth leading cause of death in the United States,
and its progression cannot be prevented, cured, or slowed. AD is thought to be caused
by the accumulation of insoluble fibrils, also known as amyloid plaque, in the brain.
The major component of amyloid plaque exists in two primary forms: A-beta (1-40)
peptide (AP (1-40)) and A-beta (1-42) peptide (AP (1-42)) [1]. These peptides [2] are
produced by processing a larger amyloid precursor protein [3], resulting from
sequential cleavage by two proteases, named B- and y-secretases [4-6] and differ in
the absence or presence of two extra C-terminal residues. The formation of senile
plaques in the brain tissues consisting of AP (1-42) aggregates is considered a major
pathological hallmark of AD. A recent report [7-9] showed that AB (1-42) is more
hydrophobic, aggregates more easily, and is present at higher concentrations in the
plaques of AD individuals than AP (1-40). Thus, monitoring AP (1-42) [10,11]
concentration may be a suitable candidate to predict AD. Niels Andreasen et al. [12]
found decreased levels of AP (1-42) in cerebrospinal fluid (CSF) of probable and
possible AD individuals. Two CSF pools were used as internal controls: a normal CSF
pool sample from patients with psychiatric or minor neurological disorders with a
mean AP (1-42) value of 700 pg ml™, and an AD pool with a mean AP (1-42) level of
383 pg ml'. To diagnose probable cases of AD prior to onset, the plasma
concentration of AP (1-42) from patients should also be monitored. It was
demonstrated by Pankaj D. Mehta et al. [13] that AB (1-42) levels in plasma in

patients with AD and controls could be detected from 25 to 85 pg ml™.

A few attempts have been made in the past to develop new assay methods for
screening AP (1-42). These methods include capillary electrophoresis [14], mass

spectrometry [15], enzyme-linked immunosorbent assay [16], surface plasma
3
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resonance spectrometry [17], scanning tunneling microscopy [18], surface-enhanced
Raman spectroscopy [19], cell-based assays [20], quartz crystal microbalance [21]
and fluorescence-based methods [22]. Most of these methods are time consuming,

expensive, labor intensive, and require months or years to complete.

Since electrochemistry is known to be a cost-effective method to construct
biosensors because of its high sensitivity, reliability, and convenience, more studies on
the development of electrochemical peptide-based biosensors should be conducted
[23]. Electrochemical impedance spectroscopy (EIS) detection, which is a label-free
process, has enabled simplification of detection and enhancement of measurement
sensitivity [22-25]. The EIS method [26] measures the impedance of an
electrode—solution interface by applying a small sinusoidal applied potential
difference at a particular frequency to the interface. The impedance of the
electrode—solution interface changes when the target analyte is immobilized on the
probe. Therefore, the concentration of the target analyte can be detected in relation to

the impedance variations.

Meijia Wang et al. [27] used colloidal Au to enhance the amount of antibody
immobilized on a gold electrode and ultimately monitored the interaction of
antigen—antibody by impedance measurement. Kagan Kerman et al. [28] presented the
first electrochemical detection, characterization, and kinetic study of the aggregation
of AB (1-42) using three different voltammetric techniques at a glassy carbon
electrode. Kagan Kerman et al. [29] demonstrated the application of gold
nanoparticles (GNPs) in the electrochemical detection of protein phosphorylation.
Immobilization of AP (1-40) peptide on Au-colloid-modified gold electrodes was
developed by Iwona Szymanska [30]. The electrochemical sensing of

saccharide—protein interactions using a couple of sialic acid derivatives and

4
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Alzheimer’s AP (1-42) was described by Miyuki Chikae et al. [31]. Kamrul Islam et
al. [2] proposed a simple microfluidic biosensor to analyze very small quantities of
AP (1-42) on gold surfaces that were modified with GNPs onto the thiol groups of
self-assembled 1.6-hexandithiol cross-linkers. On the basis of oligopeptide, a novel
strategy to fabricate an electrochemical biosensor is proposed in this study by
fine-tuning the scan pulse frequency of square wave voltammetry to synchronize with
the surface electron transfer (ET) of the oligopeptide modified on an electrode surface

was developed by Hao Li et al. [32].

The challenges to detect AP (1-42) in plasma is how to reduce the detection limit
down to 10 pg ml™” since AP (1-42) levels in plasma in patients with AD and controls
were detected from 25 to 85 pg ml™. The sensitivity of a biosensor relies on the
amount of analytes that can be attached on the sensor’s electrode. Recent
advancements in micro/nano technologies have enhanced the attachment operation
[33,34]. Nanomaterials provide a substantially large surface area than that of bulk
material or thin film and have been used to magnify the detection signal of biomedical
devices [24,35]. Tsai et al. [35] used the barrier layer of anodic aluminum oxide
(AAO) film as the template and deposited gold film and gold nanoparticles (GNP) as
the electrodes to detect dust mite antigen Der p2. The detection limit of the 3D gold
nanoparticle-based biosensor was examined by electrochemical impedance
spectroscopy analysis and found to be 1 pg ml”'. Chen et al. [36] developed an
electrochemical impedimetric biosensor based on nanostructured polycarbonate
substrate and 3D GNP electrode. The detection limit to detect the dust mite antigen
was down to 0.1 pg mI™". Liu et al. [37] used AAO/Au thin film/ GNP electrodes to
detect the Immunoglobulin E (IgE) in the serum of an asthma patient. Chin et al. [38]

reported detection of mutations to the MD-2 gene promoter using a nanostructured
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biosensor with a sensing electrode of gold nanoparticles (GNPs) on a nanohemisphere

array.

In this study, we demonstrate an EIS-based nanostructured biosensor, with
uniformly deposited GNPs as the sensing electrode for the effective detection of Af3
(1-42). In this device, an anodic aluminum oxide (AAO) layer with a nanohemisphere
array was used as the substrate. A gold thin film was sputtered onto the AAO substrate

for serving as the electrode for GNP deposition and sensing AP (1-42). AP (1-42)

antibody was prepared, and its specificity was verified with A} (1-42) by Western blot.

We observed the aggregation of AP (1-42) on the nanostructured biosensor surface.

An EIS analysis was implemented to measure the concentration of A3 (1-42).

2. Experimental
2.1. Nanostructured impedance biosensor fabrication

The nanostructured impedance biosensor for the detection of AP (1-42) is
schematically illustrated in Figure 1. The barrier layer surface of an AAO membrane
was adopted as the substrate. A gold thin film was sputtered onto the substrate,
followed by uniform electrochemical deposition of GNPs on the gold thin film.

The fabrication details of the nanostructured biosensor are similar to those of
previously reported [35] and are concisely depicted below. An AAO membrane was
prepared using the conventional anodization process. A honeycomb-like surface
barrier layer, containing convex honeycombs of around 80 nm in diameter, was
obtained after removing the remaining aluminum from under the barrier layer. The
shape of the honeycombs on the barrier layer surface was further modified with 30
wt% phosphoric acid. An electrode consisting of a 10 nm Au thin film was sputtered

onto the modified barrier layer surface using a radio frequency magnetron sputter. To
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make certain that the sensing area of each biosensor was consistent, a ¢ = 5.5 mm
hole was punched into the center of a 2.5 x 2.5 cm® piece of parafilm. The bottom
surface of the parafilm square was coated with a thin layer of AB glue, and the
parafilm was adhered to the Au film barrier layer surface. Finally, a GNP layer was

synthesized on the Au thin film by electrochemical deposition.
2.2. Chemicals

Compounds 11-mercaptoundecanoic acid (MUA) and 2-(N-morpholino)
ethanesulfonic acid (MES) were obtained from Sigma-Aldrich. Hydroxysuccinimide
(NHS) and I-ethyl-3-[3-dimethylami-nopropyl] carbodiimide hydrochloride (EDC)
were purchased from Acros-Organics. K;[Fe(CN)g]-:3H,O and Ky[Fe(CN)g] were
obtained from SHOWA Inc. 10X Phosphate buffered saline (PBS) buffer was
purchased from GeneMark Inc. All the chemicals were used without further
purification. Serum coloring agents, protein agents, bovine serum albumin (BSA), and
rabbit anti-mouse IgG/FITC were obtained from Sigma-Aldrich. AB (1-42)
monoclonal antibody (12F4) immunoglobulin G (IgG) was obtained from NOVUS
Inc. AP (1-42) antigen was purchased from Abcam Inc. AB (1-42) antigen is an E.
coli-expressed recombinant AP (1-42) protein; thus, it is a monomer. The protein
sequence is (H-Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys
-Leu-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-
Val-Gly-Gly-Val-Val-lle-Ala-OH). The protein GST- AP (1-42) is attached with GST

tag.

2.3. Surface preparation and immobilization of the antibody/antigen
Detection of the AB (1-42) was performed to examine the feasibility of the

proposed nanostructured biosensor in clinical applications. The procedures for the
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immobilization of antigen on the sensor chip are illustrated in Figure 2. (A)
Deposition of gold nano particles on the surface of sensing electrode. The surface of
the sensing electrode was washed by successively dipping it in acetone, ethanol, and
DI water, followed by ultrasonic shaking for 5 min. (B) 1% x 107 mel =1 20uL of
a MUA solution was dipped onto the electrode surface. The sensor was washed three
times with a 95% ethanol buffer solution. (C) 30 uL of a NHS and EDC solution with
a molar ratio of 1:15 (2 % 107 moli™: 30 x 107" mol ™) in 15 107 mel ™
MES bufter was dipped onto the sensor and incubated for 1 hour. (D) The sensor was
washed three times with DI water followed by dripping 30 uL of a (10 pg mI™") A
(1-42) monoclonal antibody IgG solution onto the sensor and then incubating for 30
min. AB (1-42) monoclonal antibody 12F4 is reactive to the C-terminus of beta
amyloid and is specific for the isoform ending at the 42™ amino acid. (E) The sensor
was rinsed three times with a PBS buffer solution. The binding sites of the antigen
molecules that did not bond with the MUA membrane were filled using 30 pL of a
7% BSA solution. (F) 30 pL of the A-beta (1-42) peptide solution was incubated onto
the sensor for 30 minutes. to ensure thorough binding.
2.4. Electrochemical analysis

An SP-150 potentiostat (Bio-Logic, USA) was implemented for the cyclic
voltammetry (CV) and EIS analysis. The EIS analysis was used to distinguish
between antibody and antigen through the measurement of impedance differences.
The working electrode, counter electrode, and reference electrode were the
nanostructured sensor, Pt film, and Ag/AgCl/3M KCl, respectively. A mixture of 5
mM Fe(CN)s", 5 mM Fe(CN)s>~, and 0.1 M KCI in 100 mM MES (pH = 6.0) was
used as the buffer solution. The applied DC power and AC power were 0 V and 10
mV, respectively. The scanning AC frequency was between 0.02 Hz and 200 kHz.

2.5. Elemental composition analysis
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A PHI 5000 VersaProbe (ULVAC-PHI, Japan) X-ray photoelectron spectroscopy
(XPS) instrument was used to analyze the elemental compositions of the electrode

surface at each stage of immobilization.

3. Results and Discussion

3.1. Western Blot analysis

The AP (1-42) peptide was purchased from Abcam Inc. AP (1-42) antigen is an E.

coli-express ed recombinant AP (1-42) protein; thus, it is a monomer. The protein A
(1-42) is attached with GST tag. As show in Figure 3, we used western blot analysis
to verify that AB (1-42) solution from Abcam Inc. A standard consisting of a known
amount of synthetic antigen was also extracted into the SDS sample buffer. The
migration of molecular size markers is indicated in kilodaltons. Figure 3 showed that
the molecular mass of AP (1-42) with GST tag is 31 kDa. We also can find a light

band around 4.6kDa which was the expression of AP (1-42) without GST tag.

3.2. Sensor fabrication

Figure 4 shows the sensor fabrication results as SEM images of the AAO barrier
layer and the GNP-deposited hemispheric electrode array. The gold nanoparticels
deposited on the orderly hemispheric electrode array were uniformly and compactly
deposited. The diameter of the uniformly deposited GNPs shown in Figure 4B was
measured to be 10-15 nm. The high surface-to-volume ratio of the proposed
nanostructured biosensor allows more antibodies to attach onto the electrode.
Compared to the flat gold electrode which used a sodium citrate solution as the
stabilizer, AAO/Au/GNP electrode showed uniform distribution and dense deposition.
Our previous report [36] proposed that the uniformly propagated electric flux

perpendicular to the hemispheric Au thin film pulls the positive charges carrying Au
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nanoparticles in the electrolyte. This means that of AAO/Au/GNP can be densely
deposited onto the surface without the necessary of any reducing agent and stabilizer.
A cyclic voltammogram trace was used to estimate the effective sensing areas for
the adhesion of the analytes. Figure 5A showed the cyclic voltammograms for flat
gold electrode, AAO/gold electrode and AAO/Au/GNP electrode in in 5 mM
Fe(CN)¢'", 5 mM Fe(CN)s®  and 0.1 mol dm™ KCI in PBS buffer (pH 7.4). There
were three measuring conditions: three electrode configurations (Au working
electrode, Ag/AgCl1/3M KCl reference electrode, and Pt counter electrode) each with a

scan rate of 50 mVs |

. Figure 5B shows the corresponding current versus time for
Figure 5A. By integrating the area under the reducing peak in Figure 5B, the total
electric charge of the flat Au electrode, AAO/Au thin film electrode and AAO/Au thin
film/GNP electrode are 1482.78uC, 2347.04uC and 2796.3uC, respectively. Since a
charge of 386uC per centimeter of gold electrode is required to form AuO, the
effective area of the flat Au electrode, AAO/Au thin film electrode and AAO/Au thin
film/GNP electrode were 3.8414cm?, 6.0804 cm? and 7.2443 cm’, respectively. The
uniformly distributed GNPs on the nanohemisphere enhance the sensing area. The
distingulishing feature of our sensor scheme is that both the hemispheres and
electrochemically deposited GNP are uniformly distributed which allows more A
(1-42) antibody/antigen immobilization on the sensing surface.

3.3. Antibody/antigen immobilization

3.3.1. Elemental composition analysis

In Table 1, we have extracted results from the XPS spectra regarding the atomic

percentage of different elements interfering in chemical functionalization in this study:

gold, carbon, oxygen, sulfur, and nitrogen. In fact, we can confirm the chemical
stability of the grafted alkanethiolate after formation of the MUA self-assembled

monolayers (SAMs); the S/Au ratio remains far above the ratio of the untreated
10
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sample. After being modified by EDC/NHS on a MUA linker, the N/Au ratio also
remains far above the ratio of the untreated sample. Moreover, the contact angle was
measured with uncoated and coated MUA. Functionalization confirms the presence of
COOH group: the immobilization of MUA on the surface shows hydrophilic behavior
unlike the uncoated surface, which is largely hydrophobic. Combined with the XPS
analysis, these results clearly demonstrate the covalent grafting of the immobilization
of MUA and EDC/NHS on the prepared surfaces.
3.3.2. Cyclic volyammograms

The cyclic volyammograms of the AAO/Au/GNP electrode was measure (Figure
6) before and after each step of surface modification with MUA, EDC/NHS, IgG,
BSA and AP (1-42). As expected, K;[Fe(CN)¢]/K4[Fe(CN)s] shows the reversible
behavior on a bare Au electrode with the peak cathode current (I.) at 0.4274 mA.
After the covalent attachment of MUA, the shape of the CV changes dramatically. A
quasi-reversible voltammogram with a separation of peak potential (AE,) of 407mV
was observed for AAO/Au/GNP electrode after modification with MUA. The
EDC/NHS treated MUA/GNP/AU/AAO electrode showed an increase in the peak
separation of AE,499mV. This is attributed to repulsive interaction of polyanions of
NHS layer formed over the electrode surface with anionic probe [Fe(CN)¢'] and
[Fe(CN)¢ ] at the surface interface. The decreases in the peak separations of AE,
346mV, 302mV and 231mV after the immobilization of AP (1-42) antibody, BSA and
AP (1-42), respectively. This significant change in the CV curve revealed that the A3
(1-42) antibody/antigens were effectively immobilized on the nanostructured
electrode.
3.4. Optimization of antibody immaobilization

To optimize AP (1-42) antibody immobilization, the original 0.5mg ml™

antibody solution was diluted to Ing ml”, 10ng ml™', 100ng mI™, 1ug ml™, and 10pg
11
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ml”. After immobilization of antibody, EIS was conducted to measure the variation in
charge transfer resistance at different antibody concentrations since it is known that
EIS is more sensitive than CV in evaluation of SAMs. The frequency ranges for the

measurements are 200kHz to 20mHz.

The impedance results have been fit by complex nonlinear least-squares (CNLS)
to four equivalent circuits. Impedance measurements are often fit to the Randle
equivalent [39], where Ry is the charge transfer resistance, Cq is the differential
capacitance, and R; is the solution-phase resistance. AP (1-42) can be most sensitively
detected through the increase in the charge transfer resistance with increasing protein
concentration, since this causes an increase in the protein film thickness on the
electrodes. However, there is an increasing trend to present novel equivalent circuits.
Lee et al. [40] propose a modified Randles equivalent electrical circuit including a
solution resistance, Rs, a constant phase element, CPE, an electron-transfer resistance,
Re, and a Warburg impedance, Z,. CPE are being frequently used in place of Ci.
Instead of an ideal capacitor, the CPE is used to compromise errors due to
microscopic roughness and atomic scale inhomogeneity in surfaces. Amirudin et al.
[41] presented an equivalent circuit for a polymer-coated metal, where R, is the
uncompensated solution/electrolyte resistance, R is the coating pore resistance, Cg is
the coating capacitance, Cq is the electrode double-layer capacitance, R is the

Faradaic charge-transfer resistance and Z, is the Warburg diffusional impedance.

A drawback in previous circuit model to fit our experimental results is that the
physical significance of nano semi-sphere structures and self-assembly layers is not
included. To fit our experimental results, the equivalent circuit in Figure 7 was used as
the model to represent the nanostructured biosensors in this study, where Rs is the

solution resistance, Qs is the constant phase element between electrodes and

12
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nanostructures, Rnano 1S the nanostructures resistance, Ry denotes the charge transfer
resistance, and Q is the constant phase element between protein and nanostructures.
Rt can be represented by the diameter of the Nyquist plot of the EIS analysis and can
be used to indicate the resistance variations due to the antibody bindings. To
understand the variations between antibody immobilizations with different
concentrations, Ry is considered as an indicator for the evaluation of the optimal
antibody concentration on the nanostructured electrode. Figure 8 and Table 3 show
various Ry values with respect to corresponding antibody concentrations. It was found
that the values of Ry for 1 pg ml™” and 10 pg ml" diluted antibody solutions were
similar. A saturated Ry value was obtained at a concentration of 10 pg ml”, diluted
from the original 0.5 mg ml"' sample. This indicates that this concentration was
sufficient to cover the surface of the nanostructured electrode. The concentration of

AP (1-42) antibody 10 pg ml™" was used in the following experiments.

3.5. Aggregation

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were
used to determine the three-dimensional surface morphologies of nanostructured
biosensors after the attachment of A (1-42) and other consecutive layers. The A3
(1-42) with different concentrations (1 pg ml™', 10 ng mI™, 100 pg mI™, 10 pg ml”,
and 1 pg ml™") were first applied to the samples and incubated for 30 min. From SEM
images, the bare nanostructured biosensor was observed as a smooth semi-sphere with
GNPs (Figure 4B). After modification with 1 pg ml' AB (1-42), nanostructured
biosensors showed several opaque areas owing to poor conductivity (Figure 10A). In
Figure 9B, the morphology of AP (1-42) was in the form of round aggregates with a
diameter of 1500-2000 nm. AFM images revealed that AB (1-42) was in the form of

horizontal round aggregates with 1.58-3.83 pum and vertical round aggregates with

13
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152.3-139.4 nm (Figure 10). AFM analysis was performed as described. Briefly,
samples containing A (1-42) aggregates were prepared for AFM analysis by spotting
a 10 pl of peptide solution onto freshly cleaved mica (Ted Pella). Ashok Parbhu et al.
[42] examined the aggregation of freshly prepared AP (1-42) and the role of AP (1-42)
concentration, imaging medium (air, water, or PBS), and agonists/antagonists on Af3
(1-42) fibrillogenesis by AFM. AFM analysis of AP (1-42) aggregates after 12 h was
reported by Ruitian Liu et al. [43]. Rajinder Bhatia et al. [44] demonstrated that
freshly prepared A (1-42) appear as discrete globular aggregates as imaged by AFM.
Neurons examined by SEM 24 hour after addition of the AP (1-42) exhibited severe
surface blebbing [45]. The round-shaped object of AP (1-42) is considered to be the
self-assembling structure of amyloid-derived diffusible ligands®’. After modifications
with 10 ng ml™", 100 pg ml™, 10 pg ml™", and 1 pg ml™”, few AP (1-42) aggregate into
round shapes on the nanostructured biosensors. To prevent aggregation, the
concentrations of A (1-42) used in the EIS measurement were 10 ng ml”, 100 pg

ml”, 10 pgml™, and 1 pg ml™".

3.6. Standard curve

In this study, EIS measurements for nanostructured biosensors were used to
quantitatively screen the concentration of AP (1-42) below 10 ng ml'. The
concentration of AP (1-42) antibody 10 pg ml" was used in the experiments. Each
step of Au electrode modification was detected by EIS. The complex impedance is
displayed as the sum of the real (Z') and imaginary (-Z") components. The
impedance spectrum consisted of a linear part at low frequencies, resulting from the
diffusion-limited electrochemical process, and a semicircular portion at high
frequencies, corresponding to the ET limited process. The diameter of the semicircle

exhibited the ET resistance and blocking effect of the modified layer on the surface.

14
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The changes in its value were associated with the blocking behavior of the peptide
layer on the biosensor surface for the redox probe, [Fe(CN)4]’ 7% which was reflected
in the impedance spectra as an increase or a decrease in the diameter of the semicircle
at high frequencies. The results extracted from the EIS measurements, which
connected with each step of the electrode modification, were in good agreement with
those obtained from EIS (Figure 10). The bare gold electrode exhibits small R values
of the impedance spectra presented as Nyquist plots (Figure 11, curve A). The
semicircle in the impedance spectra after the deposition of MUA (Figure 11, curve B)
became larger because it acts as an insulating layer on the electrode by introducing a
barrier to the interfacial ET. The deposition of EDC/NHS on MUA increased the
semicircle diameter, which indicated a higher ET resistance at the electrode interface
(Figure 11, curve C). The immobilization of antibody IgG, BSA, and antigen on the
biosensor surface were also monitored by EIS. The frequency ranges for the
measurements are 200 kHz to 20 mHz.

Table 4 shows the values of the circuit element from the experimental spectra
after MUA, EDC/NHS, IgG, BSA and immunoreactions of 100 pg ml™" Ap(1-42). The
statistical values of mean + standard deviation were calculated in five repetitions. The
values of mean error and maximum error for the fitting data simulated by the
proposed circuit were 0.78% and 7.82%. The mean error value 0.72% indicated a
small difference between the experimental results and simulated data, respectively. In
the comparison of solution resistance listed in table 4, Rs kept nearly constant even
with different biomolecule modifications on gold nanostructured electrode. The Rs
element only represents the solution resistance and not the sum of the solution
resistance and the modified layer resistance. The value of Qs was about four time
smaller than the value of Qg, resulting from a smaller thickness and a larger

permittivity of the electrical double layer relative to those of the MUA, EDC/NHS,
15
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IgG, BSA, and AP(1-42) layers. Ry was larger than Rnano because of the denser
structure of the modified layers which stop the electron transfer. Only the value of Ry
increased with the MUA, EDC/NHS, IgG, BSA, and AB(1-42) modification.
Compared to the value of Qs and Qy, the capacitive elements showed weak changes.
After MUA, EDC/NHS, IgG, BSA, and AB(1-42) modification, the values of Ry were
12.8+1.9 kQ, 34.84+3.6 kQ, 49.3+2.8 kQ, 58.1+£3.3 kQ and 646.0+3.7 kQ, resprctively.
Rt can be used to evaluate the binding interaction of nanohemisphere biosensors.

Figure 12 shows the derived calibration plot that corresponds to the ET
resistance at the sensing interface with different concentrations of the antigen. The
change in ET resistance is calculated as an average of five measurements using the
following equation (Table 5):

AR = Reiag)— Reian) (D

where Reyag) 1s the value of the ET resistance after antigen binding to antibody and
Reiab) 1s the value of the ET resistance after the antibody is immobilized on the
electrode.

The plot for the dependence of EIS concentration measurement resulted in an
equation ARy = 29098*log [AP (1-42)] + 90150 with an R? value of 0.9916 where
[AB (1-42)] is the concentration of AP (1-42). The linear detection range existed
between 1 pg ml" and 10 ng ml" of AP (1-42). These experimental results were
indicative of a successful working model for the detection of AP (1-42) on the
fabricated biochip. Although the R? value for the standard curve obtained is 0.9916,
more experiments are required to be repeated to verify the reproducibility of the
device. Before the devices can be real clinically implemented, we plan to do the
serum detection for both volunteers and AD patients.

The range of linearity (R*=0.9916) extended from 1 pg ml™ to 10 ng mI™" which

is much wider than that reported for the measurement of AP (1-42) by ELISA.
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Moreover, it is important to remark that the range is adequate for the determination of

AR (1-42) in clinical samples. The equation described the linear portion in the
calibrated is ARct = 29098*log [AB (1-42)] + 90150. The limit of detection was

calculated according to the criterion of ten times the standard deviation (n=5)
provided by 1pg ml™ as the noise estimate. The value achieved, 0.01 pg ml™, was
more than 4 orders lower than the lowest values reported for Ap (1-42) measurement
by ELISA (100 pg ml"', approximately). The distinguishing features of the proposed
devices over the reported work can be attributed to four hypotheses. First, the 3D
nanostructure of the AAO film could enhance the binding surface of the GNPs.
Secondly, the uniformly distribution of the GNPs also enhance the symmetrical
distribution of the electrical field intensity. The uniform distribution of the GNPs on
the hemisphere array enabled the MUA molecules to attach to individual GNPs,
allowing more complete bindings of EDC/NHS molecules and A (1-42). Thirdly, the
hemisphere surface allowed the small disturbance of samples that might enhance the
binding of AP (1-42) antibody and A} (1-42). Finally, the electrochemical impedance
spectroscopy is more sensitive than enzyme-linked immunosorbent assay such as
ELISA and Western Blot. Hence the signals of electrochemical impedance
spectroscopy can be greatly enhanced.
3.7. Reproducibility and selectively

The reproducibility of the immunosensor was estimated by determining 100 pg
ml™" AP (1-42) solutions on different days with different immunosensors prepared for
each test. Relative standard deviation value was 1.7% (n=5), therefore demonstrating
the reproducibility of the proposed immunosensors. In order to investigate the
selectively of the label-free impedimetric immunosensor for AP (1-42) detection, the

effect of interfering compounds in AP (1-42) solution was examined. AP (1-42)
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solution with the concentration of 100 pg ml"' was passed through a column with Af
(1-42) antibody 12F4 to remove AP (1-42) antigen. The solution was examined by the
immunosensor. The EIS results showed that no significant change in the impedimetric
responses of R element. Furthermore, serum from a volunteer was washed by a
column with AP (1-42) antibody 12F4. Therefore, there was no AP (1-42) in the
serum. In the EIS measurement, there is no significant change measured by the
immunosensor. Then, serum from the same volunteer was also measured by
immunosensor. The selectively results provide the high specificity of the
immunosensor and its potential to operate in real samples.

The results confirm the proposed nanostructured biosensor with little sample
consumptions (25u1), short sample preparation (less than 2 hours) and short detection

time (3 minutes) compared to enzyme-linked immunosorbent assay such as ELISA
and western blot. In our future works, serums of the AD patients and control group
will be collected to establish a complete standard curve for efficient serum detection
using the proposed nanostructured biosensors. To enhance the reproducibility and
stable of the device, the fabrication of nanostructured plastic substrate using a nickel
nanomold by means of hot embossing is going to develop.
4. Conclusion

We have developed a sensitive electrochemical nanostructured biosensor, based
on uniformly deposited GNPs as the sensing electrode, for the effective detection of
AP (1-42). An AAO nanohemisphere array was used as the substrate while deposition
of a gold film on the substrate served as the electrode for GNP deposition. Uniformly
distributed GNPs on the hemispheric array may increase the surface area of the
electrodes so that an increased number of MUA molecules may attach to the electrode,

thereby increasing the sequential binding of EDC/NHS and IgG molecules. From the
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Western blot, the specificity between AP (1-42) and AP (1-42) antibody was verified
experimentally. EIS measurements for nanostructured biosensors were used to screen

the concentration of AP (1-42). The plot for the dependence of EIS concentration
measurement resulted in an equationARct = 29098*log [AB (1-42)] + 90150 with an

R? value of 0.9916. The linear detection range existed between 1 pg ml' and
10 ng ml"' of AB (1-42). The limit of detect of AB (1-42) is at least low as 1pg ml™.
This study also demonstrated that the AP (1-42) aggregated when the concentration
was 1 pg ml™. The morphology of AP (1-42) was in the form of round aggregates

having diameter of 1500-2000 nm, determined by SEM and AFM images. The
proposed nanostructured biosensor with little sample consumptions (25ul), short

sample preparation (less than 2 hours) and short detection time (3 minutes) compared
to the measurement of A (1-42) by ELISA and western blot. The nanostructured
immunosensors can perform simple and sensitive detections to specifically measure

the AP (1-42).
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Figure 1 Schematic illustration of the nanostructured biosensor

Figure 2 Immobilization of AP (1-42). (A) Deposition of gold nano particles on the
surface of sensing electrode. The surface of the sensing electrode was washed by
successively dipping it in acetone, ethanol, and DI water, followed by ultrasonic
shaking for 5 min. (B) 10 x 107 % meol ™" 20uL of a MUA solution was dipped onto
the electrode surface. (C) 30 uL. of a NHS and EDC solution with a molar ratio of
1:15(2 %107 moll™*: 30X 107 ¥ moli™?)in 15 » 107¥ mol I™* MES buffer
was dipped onto the sensor and incubated for 1 hour. (D) 30 pL of a 10 pg ml™ Ap
(1-42) antibody IgG solution was dipped onto the sensor and then incubating for 30
min. (E) The sensor was rinsed three times with a PBS buffer solution. The binding
sites of the antigen molecules that did not bond with the MUA membrane were filled
using 30 puL of a 7% BSA solution. (F) 30 uL of the A-beta(1-42) peptide solution
was incubated onto the sensor for 30 minutes.

Figure 3 Western Blot analysis of AP (1-42) solution (A) Protein marker (B) GST-AB
(1-42) solution from Abcam Inc.

Figure 4 SEM images of the (A) AAO barrier layer and (B) the GNP deposited
nanostrucutred electrode

Figure 5 Cyclic voltammograms for three different electrodes (AAO/Au/GNP,
AAO/Au film, and flat Au) in 53 107% moli™* Fe(CN)6*, 53 107% moli™?
Fe(CN)6", and 0.1 moll™* in PBS buffer (A) I-V curve (B) I-t curve

Figure 6 Cyclic voltammograms of (A) MUA; (B) NHS/EDC; (C) antibody IgG; (D)
BSA and (E) AP (1-42) immobilized electrode

Figure 7 Equivalent circuit for the nanostructured biosensor

Figure 8 The charge transfer resistances (R.) values with respect to corresponding
antibody concentrations

Figure 9 SEM images (A) x3000 (B) x30000 of the substrate after modification with 1
ng ml™" AB (1-42) for 30 min

Figure 10 AFM images of the substrate after modification with 1 pg ml™" AB (1-42)
peptides for 30 min

Figure 11 The impedance plots of (A) bare Au electrode; (B) MUA; (C) NHS/EDC,;
(D) IgG antibodies; (E) BSA and (F) with 100 pg mI"' Ap (1-42) immobilized
electrode

Figure 12 The changes of R values with respect to corresponding antigen

concentrations
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Table 1 XPS measurements for Au, C, O, S, N atom content ratio. We report also the
water contact angle for characterized surface

Table 2 Cyclic voltammograms for the bare Au, MUA, IgG, BSA, and AP (1-42)
immobilized electrodes

Table 3 The charge transfer resistances (R.) of different antibody concentrations

Table 4 Values of the circuit element from the experimental spectra after MUA,
EDC/NHS, IgG, BSA and incubation of 100 pg ml" AB(1-42). The statistical values of
mean + standard deviation were calculated in five repetitions

Table 5 Values of AR from the experimental spectra for different A (1-42) peptide
concentrations. The statistical values of mean + standard deviation were calculated

in five repetitions
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Table 1 XPS measurements for Au, C, O, S, N atom content ratio. We report also the

water contact angle for characterized surface

. . o
Atomic composition / at% Contact angle /o

Atom content ratio Au C O S N
(a)Uncoated 63.7 31.1 4.9 - - 7.0
(b)MUA 15.1 67.1 173 0.5 - 67.7
(c)MUA and EDC/NHS 3.0 70.1 21.1 4.1 1.8
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Table 2 Cyclic voltammograms for the bare Au, MUA, IgG, BSA, and AP (1-42)

immobilized electrodes

MUA EDC/NHS 1gG BSA AB(1-42)

AE,/ 0.407 0.499 0.346 0.302 0.231
\Y%
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Table 3 The charge transfer resistance (R of different antibody concentrations

AB(1-42)  AP(1-42) AP(1-42) AB(1-42)  AP(1-42)
Antibody Antibody Antibody Antibody Antibody
(Ingml™)  (1ongml™)  (100ngml™)  (Ipgml™")  (10pg ml™)

Ret / kQ 994 1234 1503 1583 1620
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Table 4 Values of the circuit element from the experimental spectra after MUA,
EDC/NHS, IgG, BSA and incubation of 100 pg mI™ AB(1-42). The statistical values of

mean + standard deviation were calculated in five repetitions

Re/ Q Roano/ kKQ  Qs/nF R/ kQ Qq/1F

MUA 413%02 93+02  28102+1.8 1283+L%  9231.2+1.1

EDC/NHS 387412 88409 23822421 348.8+3.6  9140.5-0.7

1¢G 395421 9.041.1  2591.3+1.0 493.1:28  9126.8+0.6

BSA 403+0.1 8.8+03 24865413 5807433  8952.740.8

AB(1-42) 40.040.8 89404  2477.6=2.5 646.0-3.7 8793.9+0.5
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Table 5 Values of AR from the experimental spectra for different AP (1-42) peptide
concentrations. The statistical values of mean + standard deviation were calculated

in five repetitions

AP(1-42)  AP(1-42) AB(1-42) AB(1-42)
(Ipgml™)  (10pg mI™) (100pg mlI™)  (10ng ml™)

AR, /kQ 8548431 122661+ 290 15271+ 256 203.504L4.27
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ACCEPTED MANUSCRIPT

Figure 1 Schematic illustration of the nanostructured biosensor
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Figure 2 Immobilization of AP (1-42). (A) Deposition of gold nano particles on the
surface of sensing electrode. The surface of the sensing electrode was washed by
successively dipping it in acetone, ethanol, and DI water, followed by ultrasonic
shaking for 5 min. (B) 10 * 107 mol!™* 20uL of a MUA solution was dipped onto
the electrode surface. (C) 30 pL of a NHS and EDC solution with a molar ratio of
1:15 (25207 moli™: 30 x 10 % mol ™) in 15 107 moli™ MES buffer
was dipped onto the sensor and incubated for 1 hour. (D) 30 pL of a 10 pg ml" AP
(1-42) antibody IgG solution was dipped onto the sensor and then incubating for 30
min. (E) The sensor was rinsed three times with a PBS buffer solution. The binding
sites of the antigen molecules that did not bond with the MUA membrane were filled
using 30 pL of a 7% BSA solution. (F) 30 uL of the A-beta(1-42) peptide solution

was incubated onto the sensor for 30 minutes.

31

Page 31 of 41



ACCEPTED MANUSCRIPT
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Figure 3 Western Blot analysis of AP (1-42) solution (A) Protein marker (B) GST-Af3
(1-42) solution from Abcam Inc.
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Figure 4 SEM images of the (A) AAO barrier layer and (B) the GNP deposited

nanostrucutred electrode
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Figure 5 Cyclic voltammograms for three different electrodes
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Figure 6 Cyclic voltammograms of (A) MUA; (B) NHS/EDC; (C) antibody IgG;
(D) BSA and (E) AP (1-42) immobilized electrode

35

Page 35 of 41



RS Qs

Figure 7 Equivalent circuit for the nanostructured biosensor
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Figure 8 The charge transfer resistances (R.) values with respect to corresponding

antibody concentrations
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Figure 9 SEM images (A) x3000 (B) x30000 of the substrate after modification
with 1 pg ml™ AB (1-42) for 30 min
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Figure 10 AFM images of the substrate after modification with 1 pg ml™" AB (1-42)
peptides for 30 min
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Figure 11 The impedance plots of (A) bare Au electrode; (B) MUA; (C) NHS/EDC;

Re(z)€2

(D) IgG antibodies; (E) BSA and (F) with 100 pg ml™" Ap (1-42) immobilized

electrode
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