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Abstract

Alzheimer’s disease (AD) is connected to aggregation of amyloid-3 (A[3) peptide and formation of insoluble plaques in the brain.
A3 level can be monitored as an AD early diagnosis route. In this study, an irregular shaped microporous gold nanostructure with
a typical size of 150 x 250 nm was electrodeposited on a polycrystalline gold surface at 0 mV (vs. AgCl) using sodium
alendronate. The nanostructure was then characterized by field-emission scanning electron microscopy. An electrochemical
peptide-based biosensor was fabricated by immobilizing an A ;_4;)-binding peptide on the gold nanostructure. Binding of
A (1-42) by the peptide was followed electrochemically using ferro/ferricyanide as a redox probe. Differential pulse voltammo-
grams in a potential range of 0—500 mV (vs. AgCl) with typical peak potentials at 224 mV are linear in the 3~7000 pg mL ™"’ AR
42y concentration range, with a 0.2 pg mL ™" detection limit. The biosensor is free of interferences and was applied to the
quantitation of A(;_4» in artificial cerebrospinal fluid and spiked serum samples.
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Introduction

Alzheimer’s disease (AD) is related to aggregation of
amyloid-f3 (Ap) as (3-sheet conformation and formation of
insoluble plaques in the brain [1]. AB(_40) and AP_42) are
well-known forms of this oligopeptide. A3(;_42) has a higher
tendency toward aggregate and neuronal cell death. A3 level
can be monitored in biofluids such as cerebrospinal fluid
(CSF), whole blood, plasma and serum as AD early diagnosis
before incidence symptoms of dementia. In patients suffering
from AD, the concentration of A3 in the CSF decreases due to
accumulation in the brain (<500 pg mL™") [2], and accumu-
lated A3 fibrils can be released in the bloodstream. So far,
various methods were reported for early diagnosis of AD in-
cluding enzyme-linked immunosorbent assay (ELISA) [3],
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electrochemiluminescence [4], surface-enhanced Raman
spectroscopy [5], electroanalysis [6], fluorometry [7], local-
ized surface plasmon resonance [8], and ultraviolet-visible
spectrophotometry [9]. False-negative diagnoses, high cost,
time consuming operation, feeble sensitivity, and low stability
are some of disadvantages of these assays. Finding highly
sensitive, selective and stable diagnosis methods to A3 deter-
mination is essential and required.

Antibodies, aptamers, peptides and artificial receptors have
been used extensively as biorecognition elements in biosensors
fabrication [10—12]. The goal of diversity in the biorecognition
element is usually to improve the sensitivity and specificity of the
biosensors. However, antibodies suffer from some important dis-
advantages such as expensive production, inability to cause
chemical modification, and irreversible thermal denaturation
[13]. Although aptamers have important benefits including high
stability, quick chemical production, none-immunogenicity, flex-
ible conformation and easy chemical modification [14], there are
several limitations such as nuclease degradability, tertiary struc-
ture dependence on the solution characters, renal filtration in
some in-vivo applications, and interaction with some intracellular
and similar-structure targets [15]. Synthetic peptides have some
major advantages including easy C-terminus modification, small
size, being chemically defined and none-immunogenicity [16].
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The use of nanostructures in the design of biosensors has
led to an increase in the surface concentration of the
biorecognition element, creation of a specific location for the
optimal immobilization of the biorecognition element, incre-
ment in binding the target into the immobilized biorecognition
element and improvement in the electron transfer process [10,
11]. For preparation of a suitable nanostructured transducer
surface via electrodeposition, the components of synthesis so-
lution and electrodeposition conditions are important and ef-
fective, and should be controlled [17]. Gold nanostructures are
multifunctional, conjugatable and morphologically tunable,
and have specific localized surface plasmon resonance prop-
erties, controllable surface chemistry, a high surface-to-
volume ratio, and high biocompatibility leading to a variety
of applications in different areas including diagnostics, sens-
ing, imaging, and therapy [18-20].

In this study, a specific peptide sequence creates a strong
and successful bond with the surface of a microporous gold
nanostructure through the thiol group of'its cysteine residue to
fabricate an A 3(;_42) biosensor. In designing and selecting this
peptide sequence, a high specificity to capture Af3_42) was
considered. For electrodeposition of the microporous gold
nanostructure, alendronate was employed as an amine-
bearing molecule and shape directing agent to attain a special
morphology and uniform surface. Ferrocyanide/ferricyanide
redox couple was employed as a redox marker to quantify
Af(1_42 in clinical samples.

Materials and methods
Reagents and chemicals

AP(1-42), heparin, hemoglobin, human serum albumin (HSA),
bilirubin, tetrachloroauric acid, alendronate sodium, potassium
chloride, potassium ferricyanide and potassium ferrocyanide
were purchased from Sigma (USA, sigmaaldrich.com). 6-
Mercapto-1-hexanol (MCH), ethyl acetate, dithiothreitol (DTT)
, sulfuric acid, hydrochloric acid and hydrogen peroxide were
purchased from Scharlau (Spain, scharlab.com). Deionized
water (DW) was employed to prepare the solutions. A specific
peptide sequence of CPPPPTHSQWNKPSKPKTNMK was
purchased from PepTron (Korea, peptron.com).

Apparatus

The microporous gold nanostructure was evaluated by
field-emission scanning electron microscopy (FESEM)
with energy-dispersive X-ray spectroscopy (EDS) capa-
bility, using a TESCAN Mira 3-XMU microscope
(Czech Republic, tescan.com).

A digital voltmeter of Mastech MS8340B (China, mastech-
group.com) was used to measure the open circuit potential
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(OCP) of the working electrode during immobilization of
the peptide. Voltammetric studies were performed using a
potentiostat/galvanostat of p-Autolab (the Netherlands,
metrohm-autolab.com) equipped with the GPES software. A
conventional three-electrode system comprising a gold disk
(Au) electrode of 2 mm in diameter as the working, a platinum
wire as the counter, and a silver/silver chloride, 3 mol L™
potassium chloride as the reference electrode were employed.
Differential pulse voltammograms (DPVs) at a pulse time of
50 ms, a potential sweep rate of 10 mV s ' and a pulse width
of25 mV were recorded. All measurements were performed at
room temperature otherwise stated.

Synthesis of microporous gold nanostructure

Firstly, the Au electrode (of 2 mm in diameter) was polished
on a polishing pad and then on 0.05-pum alumina powder until
a mirror-like surface was observed. Then, the electrode was
rinsed with DW and then immersed in a 3:1 ethanol/water
mixture and sonicated in an ultrasound bath for 8 min. The
Au electrode was dipped in a solution containing 20 mmol L™
tetrachloroauric acid, 500 mmol L' sulfuric acid and
150 mmol L' sodium alendronate. Electrodeposition was
performed at 0 mV during 300 s and the resultant electrode
was denoted as the MGN/Au electrode.

Fabrication and evaluation of the biosensor

The preformed S-S bond between the peptide molecules was
broken by DTT. 50 uL of 10 umol L™" peptide solution was
mixed with 10 uL 500 mmol L' DTT for 20 min. Then,
100 uL ethyl acetate was added and mixed by a vortex; then,
the upper layer was discarded for three repeated times. 10 puL
of the resultant solution was immediately dropped on the sur-
face of the MGN/Au electrode and leaved at 4 °C for a desired
time. After that, the electrode was rinsed with DW, and 10 uL
1 mmol L' MCH was dropped on the electrode surface and
leaved at room temperature for 30 min. After final rinsing with
DW, the biosensor was attained.

To optimize the immobilization time of the peptide on the
microporous gold nanostructure surface, we electrodeposited
the working electrode of the screen printed electrodes from
DropSens (Spain, dropsens.com) followed by dropping the
peptide, while OCP changes were measured over time at 4 °C.

To find the optimized time of binding of A[3(1_45) into the
immobilized peptide (the biosensor surface), we bound
100 pg mL™" Af(1_42) at each 5-min interval at 37 °C, trans-
ferred the biosensor into a 20 mmol L'
tris(hydroxymethyl)aminomethane hydrochloride solution,
pH = 7.4 (Tris buffer) containing 0.5 mol L™" potassium chlo-
ride and 0.5 mmol L™ ferrocyanide/ferricyanide (1:1), and
DPVs were measured at each binding time. This experiment
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(prolonging the binding time) was continued till the peak cur-
rent in DPVs reached a constant value.

To quantify A4, using the biosensor, we captured dif-
ferent concentrations of Af3(1_42 (0.003, 0.01, 0.03, 0.1, 0.3,
0.5, 1,3,5and 7 ng mLﬁl) dissolved in Tris buffer by the
biosensor and measured DPVs for each concentration.

Analysis of real samples

50 mL artificial CSF was prepared by mixing desired amounts
of the following materials to attained the reported concentra-
tions. Artificial CSF contained potassium chloride of
2.5 mmol Lfl, magnesium chloride of 1.2 mmol Lfl, D-
glucose of 10 mmol L', calcium chloride of 2.0 mmol L%,
sodium dihydrogen phosphate of 1.24 mmol L™', sodium
chloride of 126 mmol L™ and sodium hydrogen carbonate
of 26 mmol L™, that adjusted at pH =7.35 (by adding HCl
or NaOH of 100 mmol Lfl) and bubbled with 95% air and 5%
CO,. Serum samples (from 5-mL blood samples) were obtain-
ed from healthy individuals. Five serum and five CSF samples
were diluted (final dilution ratio of 1:1) with Tris buffer con-
taining 0.5 mol L™ potassium chloride and 0.5 mmol L™
ferrocyanide/ferricyanide (1:1), spiked with stock AR 42)
solutions of 20, 50, 200 or 1000 pg mL™" prepared in Tris
buffer to attain different concentrations of Af3(;_42) (2, 5, 20,
50 and 200 pg mL™"). DPVs were measured for these spiked
samples and analyzed similar to previous section.

Results and discussion
Choice of materials

Nanostructures of noble metals (especially gold) having diver-
sity in shape, size and morphology are highly attracted be-
cause of unique physicochemical properties. Among the noble
metals and nanostructures, anisotropic gold nanostructures
represent high (re)activity and surface area making them suit-
able for fabrication of biosensors transducer. For synthesis of
gold nanostructures, electrodeposition is a potentially interest-
ed route due to advantages of easy controllability, preparation
of the nanostructures as pure and uniform deposits, and tena-
bility for fabrication of a variety of zero to two dimension
nanostructures [10, 11, 17]. Therefore, electrodeposition of a
microporous gold nanostructure with a high surface area was
followed in this study to immobilize a thiolated A3 1_42)-spe-
cific peptide with a high surface concentration. This led to
amplification of the electrochemical signals arriving at incre-
ment in the detection sensitivity and specificity. As for the
peptide, the last 16-amino acids row of the peptide sequence
is specific to capture Af3(;_42y [21]; the cysteine-terminal of
the peptide acts as a linker to the surface of microporous gold
nanostructure through the thiol (functional group of cysteine)-

gold binding, and the PPPP row acts as a spacer to place a
distance between the capturing part and the transducer surface.

Characterization of the microporous gold
nanostructure

In order to investigate surface morphology and structure of the
microporous gold nanostructure, FESEM images at different
magnifications were recorded, and are shown in Fig. la, b.
The images show that the gold nanostructure comprising of
irregular shaped objects covers the entire surface with typical
size of 150 x 250 nm. These nanostructures provided a high
porosity surface full of “micro”scale pinholes at the surface.
The EDS spectrum shown in Fig. 1¢ also confirmed the purity
of the microporous gold nanostructure without deposition/ad-
sorption/occupation of sodium alendronate. As to the role of
sodium alendronate in the electrodeposition of the micropo-
rous gold nanostructure, it should be noted that different ad-
ditives with different functional groups affect the morphology,
structure and size of electrodeposited gold structures [10, 11,
17, 18]. The applied potential led to a rapid formation of gold
nuclei that was also accelerated by the underlying gold sub-
strate [22]. Alendronate at once coordinated and formed par-
tial electrostatic complex with these gold nuclei [23] through
its primary amine group [24] on the (1 1 1) gold plane surface.
Further growth was then followed along this (1 1 1) direction.

To check the privilege of the microporous gold nanostruc-
ture to use as the biosensor transducer, we electrochemically
determined the true surface area of the MGN/Au electrode
(and the Au electrode as well) using the redox transition of
ferrocyanide/ferricyanide (1:1, 0.5 mmol L") in 0.5 mol L™
KCl and 20 mmol L™ tris(hydroxymethyl)aminomethane hy-
drochloride, pH = 7.4 by recording cyclic voltammograms at
different potential sweep rates. Supplementary material S1
demonstrates these voltammograms and the corresponding
analysis. According to these results, the true surface area of
the MGN/Au and Au electrodes was obtained as 0.185 and
0.032 cm 2, respectively, indicating a roughness factor of 5.7
(compared to the true surface area of the Au electrode) or 5.9
(compared to the geometric surface area of the Au electrode)
for the MGN/Au electrode. As indicated above, and as expect-
ed, the microporous gold nanostructure can provide a high
peptide surface concentration.

Fabrication of the biosensor and quantitation
of AB(1-42)

To prepare the biosensor through immobilization of the pep-
tide on the MGN/Au electrode surface, the time of peptide-
microporous gold nanostructure incubation should be opti-
mized. Changes in the OCP value of the MGN/Au electrode
during immobilization of the peptide are shown in
Supplementary material S2. For the peptide, values of the
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Fig. 1 a, b FESEM images of the microporous gold nanostructure at different magnifications. ¢ an EDS spectrum of the nanostructure

point of isoelectric of 9.24 [25], 10.78 [26] and 10.81 [27] can
be calculated. In any case, the peptide had a net positive
charge at physiological pH (working pH of the biosensor),
and its immobilization progression led to decrement in the
negative potential; it and reached the stable value after about
80 min. This time that was selected for the peptide immobili-
zation was shorter than that reported for the immobilization of
thiolated oligonucleotide on some different gold nanostruc-
tures [10] and a thiolated aptamer on an array of gold
nanodumbbells [11].

Scheme 1 The biosensor
fabrication procedure and A3
42) determination

Au electrode

@ Springer

Supplementary material S3 shows DPVs recorded using the
biosensor after binding 0.1 ng mL! AP (1_42) at different times.
Upon increment in the binding time, the peak current lowered
and after 30 min reached a stable value and remained constant
upon prolonging the binding time. Therefore, 30 min was se-
lected as the optimized binding time. This time is shorter than
the optimized binding time of thrombin-antibody and
thrombin-aptamer [28], platelet-derived growth factor-
aptamer [29], thrombin-aptamer [30] prostate-specific anti-
gen-aptamer [31], and troponin I-aptamer [11]. Before

- i, .

Nano electrode Peptide MCH Ferro/ferricyanide AB



Microchim Acta (2019) 186: 766

Page 50of 8 766

10
9o @ — Biosensor
g — 3 pg/mL
— 10 pg/mL
7 30 pg/mL
6+ —0.1 ng/mL
= —0.3 ng/mL
<7 — 0.5 ng/mL
4 — 1 ng/mL
3r — 3 ng/mL
— 5 ng/mL
2r \. — 7ng/mL
1 ) TS
0 1 1 1 1 1
0 100 200 300 400 500
E/mV
9
8.5 y =-0.6017x + 7.1451
. R =0.9976
3
75 ¢
7 -
6.5
b
6 1 1 1 1
-3 -2 -1 0 1

log (C/ng mL'l)

Fig. 2 a DPVs recorded using the biosensor before and after capturing
AP 1_42) of different concentrations of 0, 0.003, 0.01, 0.03, 0.1, 0.3, 0.5,
1,3,5and 7ngmL . b Dependency of the peak currents on the AB 142y
concentration derived from panel (a) as a calibration plot. The peak
currents were measured at 224 mV

capturing A[3(;_42), the biosensor surface had a specific positive
surface charge related to protonation of the peptide amino
acids, and the redox marker had a desired access to the biosen-
sor surface for electron exchange. The redox marker signal is,
therefore, high due to electrostatic attraction of the marker and
the biosensor surface; usually, the biorecognition elements bear
negative charge at physiological pH. Upon Af3(;_42, binding,
the negative surface charge of the biosensor was increased
because A[3(;_42) has an isoelectric point of 5.31 [32], and in
the working pH of the biosensor, it has a net negative charge.
The biosensor fabrication procedure and Af3(;_42) determina-
tion are schematically presented in Scheme 1.

Table 1 Precision (n = 3) for assay of three A[3(;_42, concentrations by
the biosensor

RSD% RSD
(intra-day assay) (inter-day assay)

AB_42 level / pg mL™!

10 3.79 5.35
30 2.08 5.17
200 3.15 3.79

Figure 2a shows DPVs recorded using the biosensor before
and after capturing A[3(;_45, of different concentrations of 0.003
to 7 ng mL ™", and dependency of the peak current on the AP
42) concentration as a calibration plot is displayed in Fig. 2b.
Af1_42) concentration increment led to a regular decrement in
the peak current due to repelling the redox marker from the
biosensor surface after A(;_42) binding. According the calibra-
tion plot, the regression equation is I, (uA) = (=0.6017 +0.0104)
log (Capi_42y/ng mL™")+(7.1451 £0.0129), R*=0.9976.
Considering a signal decrement value equal to 3 X SD (where
SD is the standard deviation of the blank signal) as the signal
of the limit of detection (LOD) and the use of the slope of the
calibration plot, LOD was obtained as 0.2 pg mL ™.

Determination of AB(;_4,) in plasma and CSF

In Alzheimer’s disease, A (;_42, plasma and CSF levels are
lowered [33-35] because of aggregation in the brain [35].
Results of a study indicated Af3(;_42y plasma levels as 18.05

+5.1 and 27.11 +2.45 pg mL™" for Alzheimer’s disease and
elderly normal controls, respectively [34]. A cohort study was
performed on normal subjects in three age ranges of <34, 35 <

age <64, and > 64 years [33]. The results showed that the
normal plasma level of AP _42) had an average value of
17.65+5.71 pg mL . In addition, AP (1_42) levels in CSF of
healthy persons and Alzheimer’s patients were obtained as
1678 +436 and 709 +304 pg mL ™', respectively [35].
Therefore, all of these Af3(1_42) levels can be placed within
the linear range of the biosensor, and the biosensor can deter-
mine the AP(;_42) levels as low as those reported for the bio-
logical fluids of the Alzheimer’s patients. To compare the
figure of the merit of the biosensor with those reported for
other methods of Af3(;_42) determination, a literature survey
was performed and the result is presented in Supplementary
material S4. This comparison indicated that the biosensor can
detect a very low concentration of A3. Additionally, the re-
ported methods were mainly immunosensing; the peptide-
based biosensing had advantages such as high affinity of the
peptide, simplicity over the antibody, lower cost, and resis-
tance to immunogenicity.

Reproducibility and repeatability of the biosensor

In order to evaluate the reproducibility and repeatability of the
biosensor, A3(1_42) solutions of three different concentrations
were quantified through independent measurements over a
same day (for intra-day assay) as well as three different days
(for inter-day assay); the results are given in Table 1. In addi-
tion, an Af3(;_42) solution of 0.1 ng mL " was quantified three
times using one biosensor. A relative standard deviation
(RSD) 0f 2.95% was attained.

Fabrication reproducibility of the biosensor was evaluated
by 6 times fabrication of similar biosensors and after each
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Fig. 3 DPVs recorded using the biosensor in the presence of a bilirubin,

fabrication time, a DPV was recorded. The data are presented
in Supplementary material S5. The peak current change in the
voltammograms had a RSD value of 1.33%, indicating the
reproducibility of the fabrication procedure.

To inspect the ability of the biosensor for re-analysis of a
sample or multiple uses for analysis of several samples, we re-
corded a DPV using the biosensor. Then, it was bound with an
AP 1_42) solution of 0.1 ng mL " and a DPV was measured. The
biosensor was then dipped into hot DW at 90 °C for 5 min to
release the bound A (;_4). The biosensor was then rinsed with
Tris buffer, and a DPV was recorded, rinsed with Tris buffer, and
re-bound with the same A [3(;_4, solution. This cycle was repeat-
ed five times, and the two five-set of DPVs are shown in
Supplementary material S6. Change in the peak current differ-
ence before and after binding with A(;_4>) had a RSD value of
3.76%, indicating the good regeneration ability of the biosensor.
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Stability, selectivity and applicability of the biosensor

The biosensor stability was determined by recording DPVs
after binding with an Af3(;_42) solution of 0.1 ng mL ™" in
consecutive days. During this analysis, the biosensor was
stored in Tris buffer at 4 °C. Changes in the peak current over
time are displayed in Supplementary material S7. It was ob-
served that the peak current was decreased to 86% of its initial
value after 14 days, and 70% after 17 days.

Selectivity of the biosensor was appraised by recording DPVs
for binding different concentrations of bilirubin, hemoglobin,
heparin and HAS, and are shown in Fig. 3. Values of the peak
currents in these voltammograms are reported in Supplementary
material S8. It should be noted that due to the high level of HSA
in the serum, a higher concentration of 50 ng mL™' was also
checked. The results indicated that these interfering species did

Table 2  Determination of AP (;_4) in serum and artificial CSF samples by the biosensor

Sample CSF#1 CSF#2  CSF#3  CSF#4  CSF#5  Serumil Serum#2  Serum#3  Serum#4  Serum#5
Amount added / pg mL™' 2 5 20 50 200 2 5 20 50 200
Amount found / pg mL ™" 1.92 4.87 22 51 190 1.88 4.76 193 56 201
Percentage 96.0 97.4 110 102 95.0 94.0 95.2 96.5 112 100.5
RSD (n=3) 6.5 4.0 2.8 3.9 1.6 1.5 4.5 1.1 33 4.0
Bias% —4.0 —2.6 10 2.0 5.0 —6.0 —4.8 =35 12 0.5
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not significantly affect the biosensor signal with a very good
selectivity.

To investigate the applicability of the biosensor in determi-
nation of A[3(;_45) in real matrices, spiked serum and artificial
CSF with AB(;_4») were quantified. The values added and
obtained for Af3(;_42) are displayed in Table 2. The values
found by the biosensor and those added were in good accord
confirming the applicability of the biosensor.

Conclusion

We used a simple electrodeposition procedure for preparation
of a microporous gold nanostructure. The microporous nano-
structure was checked for immobilization of an A{3(;_42) Spe-
cific peptide and detection of its binding with a high sensitiv-
ity. The high sensitivity would be due to favorable conforma-
tion of the immobilized peptide, deflection ability of the pep-
tide for an efficient binding, higher peptide surface concentra-
tion, and/or enhanced diffusion regime of the marker.
Simplicity, low-cost and lack of interference were other ad-
vantages of the biosensor. The biosensor would be applicable
for point-of-care diagnosis of Alzheimer’s disease.
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