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In this study, we developed a small size, low cost, highly sensitive electrochemical biosensor with a low limit of
detection by immobilizing specific anti-amyloid-f (a3) antibody onto a self-assembled monolayer functionalized
interdigitated chain-shaped electrode (anti-a/EDC-NHS/SAM/ICE). The anti-a3/EDC-NHS/SAM/ICE specifi-
cally detects a} 1-42 peptide (a peptide 1-42 amino acids long), which is one of main biomarkers of Alzheimer's
disease in human serum (HS). Electrochemical impedance spectroscopy (EIS) was used to characterize the im-
pedance change of the anti-af/EDC-NHS/SAM/ICE biosensor for a} 1-42 detection, which provided a wide
linear range of detection from 10 ~°-10° ng mL ™!, and a low limit of detection of aB in HS (100 pg mL ™) much

lower than the limit of detection of CSF a3 1-42 (~500 pg mL™1), and other biosensors. Therefore, the devel-
oped biosensor is sensitive enough to be used for the diagnosis of early stage Alzheimer's disease.

1. Introduction

Alzheimer's disease (AD) is the most common form of dementia,
defined as a group of symptoms associated with a decline in mental
abilities, such as memory and reasoning. Pathological proteins of AD
mainly include af3 peptide, and neurofibrillary tangles, formed from
abnormally phosphorylated tau proteins within the cytoplasm of neu-
rons (Gao et al., 2019; Kim et al., 2018; Chen et al., 2017; Rajasekhar
et al., 2017; Yu et al., 2015). Their deposition leads to neuron damage
by a series of pathways, resulting in memory and cognitive impairment
(Awasthi et al., 2016; Wang and Mandelkow, 2015; Blennow and
Zetterberg, 2009).

Diagnostic tools for the prediction of the staging of AD pathology
such as positron emission tomography (PET) for amyloid deposits and
magnetic resonance imaging (MRI) for mesial temporal lobe atrophy
have been under development, and are being applied in clinical practice
(Bullich et al., 2017; Morris et al.,, 2016; Madhavan et al., 2013;
Dickerson et al., 2009). PET and MRI are expensive and have potential
adverse side effects such as nausea, headache, vomiting, flushing, and
itching. An alternate diagnostic approach is the detection of biomarkers
in the cerebrospinal fluid (CSF). Studies have shown decreased levels
and low concentrations of abnormal afy 1-42 (a main of pathological
proteins of AD), and increased levels of total tau (t-tau) and phos-
phorylated tau (p-tau) proteins (Blennow, 2017; Sperling et al., 2013;

Gagni et al., 2013). However, the analysis of CSF biomarkers is an in-
vasive procedure with a lumbar puncture and back pain. There is also
high inter-laboratory variability of CSF biomarker analysis (Hampel
et al., 2004; Irizarry, 2004). Therefore, cost-effective and feasible
methods for the early diagnosis of af are required for AD management.
For this, the analysis of blood (serum, plasma, or serum microRNA)
biomarkers is of great interest (Azimzadeh et al., 2017; Jack et al.,
2010; Perrin et al., 2009). Since blood biomarkers provide a rich source
of proteomic species, this could help recognize AD earlier due to easy
blood collection and analysis (Irizarry, 2004). Although blood-based
biomarkers are an easy and less invasive method for the early diagnosis
of AD, only a few studies have been done (Doecke et al., 2012;
Apostolova et al., 2015). A better understanding of blood serum or
plasma biomarkers is an important point in the early diagnosis of AD,
and early detection of AD is the key to timely care measures to avoid
illness and help prevent patients from decline.

Electrochemical biosensors have been proposed as an important
strategy in biomarker sensing because of the rapid, sensitive, and se-
lective detection capabilities of aB at the pg mL™" level (Qin et al.,
2019; Xu et al., 2018; Rushworth et al., 2014; Ahn et al., 2011; Singh
et al., 2019; Li et al., 2012; Chikae et al., 2008). Nano- or micro-in-
terdigitated electrodes are highly recommended to enhance the sensing
performance of biomarkers in a tiny sample volume, since the sensing
area comparable to the size of analytes can be regulated by decreasing
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the gap between the interdigitated electrodes (Wang et al., 2017; Huang
et al,, 2014; Ino et al.,, 2011; Berggren et al., 2001). However, the
sensing area is not homogenous in the typical rectangular-shaped in-
terdigitated electrode because the electric fields highly concentrated at
the edge of the rectangular electrode. If the edge effect of the electric
fields distribution can be avoided by properly designing the electrode
shape, it leads to improve the homogeneity of the sensing area on the
electrodes and the reliability of the electrochemical sensor.

In this study, we fabricated the chain-shaped electrode to avoid the
edge effect of the electric fields distribution and developed a highly
sensitive electrochemical biosensor to detect a} 1-42 peptide levels in
human serum (HS). After immobilizing a specific anti-af} antibody onto
a self-assembled monolayer functionalized interdigitated chain-shaped
electrode (ICE), the biosensor could detect a3 1-42 in HS with a limit of
detection of 100 pgmL ™!, much lower than the critical concentration
value (~500pgmL~") of CSF ap 1-42. Compared with other assays
(summarized in Table S1), our biosensor has several advantages, in-
cluding a lower limit of detection and a wide linear range of detection
of af 1-42 in HS, low cost, small size, and ease of operation. The se-
lectivity of this system was also illustrated, with no significant inter-
ference from C-reactive protein, tumor necrosis factor-alpha, and in-
sulin.

2. Materials and methods
2.1. Materials

6-Mercaptohexanoic acid (MHA, 90%), N-(3-dimethylamino-
propyl)-N’ ethylcarbodiimide hydrochloride (EDC, crystalline), N-hy-
droxysuccinimide (NHS, 98.0%), bovine serum albumin (BSA), human
serum (HS), potassium ferrocyanide (K4Fe(CN)e), potassium ferricya-
nide (K3Fe(CN)g) were purchased from Sigma-Aldrich (Korea).
Amyloid-p 1-42 (ap 1-42, human) peptide and anti-af} antibody
MOAB-2 were purchased from Abcam (Korea). Phosphate buffered
saline (PBS, pH 7.4) was obtained from Tech and Innovation. De-io-
nized (DI) water (18.2 MQ cm) was obtained from the Milli-Q system
and used throughout the experiments.

2.2. Fabrication of interdigitated chain-shaped electrode (ICE)

The interdigitated chain-shaped electrode (ICE) was fabricated on a
glass slide substrate (13.5 X 16.0 x 0.5 mm). An electrode thickness of
25 nm for titanium and 50 nm for gold were deposited by an electron
beam evaporator, respectively. Afterwards, the paired electrode finger,
which consists of 5um spacing and width for working, and reference
electrodes were formed by the lift-off process. The design and a
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microscopic image of ICE containing gold fingers are shown in Fig. 1.

2.3. Development of the biosensor

The ICE was washed with pure ethanol, DI water, and dried in a N,
stream to remove any impure materials from the electrode surface.
MHA (50 mM) was attached to the cleaned ICE gold surface by in-
cubation for 12h, forming a self-assembled monolayer (SAM). The
SAM-modified electrode was subsequently immersed in an EDC
(75 mM)/NHS (5 mM) solution for antibody binding. Ten microliters of
anti-ap antibody (100ugmL~') was drop-casted onto the modified
electrode, and then kept in a humid chamber for 1 h to prevent drying
of the surface during binding. The anti-af antibody was immobilized by
a coupling reaction between the amino group of the anti-af3 antibodies
and the EDC/NHS-activated MHA molecules on the modified elec-
trodes. BSA (0.5% in 1X PBS, pH 7.4) was used to block nonspecific
adsorption, forming the anti-af}/EDC — NHS/SAM/ICE biosensor for
detection of afy 1-42 peptide (Fig. 1B).

2.4. Characterization of the SAM-modified electrode (SAM/ICE)

The surface morphology of the SAM/ICE was obtained by atomic
force microscopy (AFM, PSIA XE-100, Park Systems, Korea), operated
in non-contact mode, and scanned at a rate of 0.5 Hz. Energy-dispersive
X-ray spectroscopy (EDS, S-4700, HITACHI, Japan) was used for the
elemental analysis of samples. The surface morphology of the electrode
was depicted by the 3D image and roughness between bare ICE and
SAM-modified electrodes (Fig. 2).

2.5. Cyclic voltammetry

Cyclic voltammetry (CV) was used to characterize the electro-
chemical performances of the biosensor at various steps of the con-
struction. Measurements were conducted using EC-Lab (Bio-Logic, sp-
200, France) in a three-electrode configuration with the modified ICE as
the working electrode, a platinum coil as the counter electrode and Ag/
AgCl as the reference electrode in 5 mM (K4Fe(CN)g)/(K3Fe(CN)g) (1:1
ratio) in PBS pH 7.4.

2.6. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was measured using
EC-Lab (Bio-Logic, sp-200, France) in 5 mM (K Fe(CN)g)/(K3Fe(CN)g)
(1:1 ratio) in PBS (pH 7.4) at each step of the biosensor construction. A
bias voltage of 10 mV was applied between the working electrode (WE)
and the reference electrode (RE) (Fig. 1) in the frequency range of 100

A
ICE Sensing area - o
¥ pRapS e e
o o o
TT l"“ jz lz =§ on% oz% oz
= o p— ICE - gold d
20pm
SAM EDC-NHS
C )
Slow ) Nyquist plot
Fast S («) —
e Yoo o0 'g. ° ‘.g'. S 1.6x10' Iy £
“y o .‘Y’. \Y/ ‘Jii‘. VAR " ¢ & \ . \
9 ‘I Es.ox0f & Y/ & }¥o Y
H NH NH NH LH H LM NM K i
o o o o o o 0.0| NH .
7% 2 2 E 2 0.0 2.0x10°  4.0x10
Re(Z)Ohm
ap 1-42 @ [Fe(CN)* ap 1-42
i ©  peptide T b ) e ,,, pepude @ @
3 ® [Fe(CN)GJ* BSA
- i <— <—

Fig. 1. (A) Microscopic image of the sensing fingers in ICE, (B) Schematic of the biosensor construction at each stage of the process, (C) The faradaic impedimetric
surface engineering is based on the electron transfer resistance of the redox probe [Fe(CN)6]13/# in solution.
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Fig. 2. AFM topographic profile of (A) bare ICE, and (B) the self-assembled monolayer-modified electrode (SAM/ICE).

mHz-1 MHz to record EIS performance. The anti-a/EDC-NHS/SAM/
ICE biosensor was incubated in different concentrations of af
(1073-10* ng mL~1) for 20 min at room temperature. After measure-
ment with each concentration, the biosensor was washed with DI water
and PBS before recording EIS in 5 mM (K4Fe(CN)g)/(K3Fe(CN)g) in PBS
pH 7.4. The obtained EIS data were fitted to the Randle's equivalent
circuit model using ZView software (Southern Pines, USA).

3. Results and discussion

3.1. Electrochemical characterization of the anti-af3/EDC-NHS/SAM/ICE
biosensor

The biosensor fabrication is shown in (Fig. 1B). MHA was incubated
on the gold surface of ICE (ICE-gold) to form a SAM as described in
Section 2.3. AFM was used to characterize the morphology of the
electrode surface along the deposition of the SAM. Fig. 2A and B shows
the AFM 3D images from the glass substrate to gold electrode surface of
bare ICE, and SAM/ICE. The formation of a smooth surface was ob-
served after SAM deposition, which is demonstrated by the decreasing
roughness of the electrode surfaces from 2.4 nm to 1.5 nm for bare ICE
and SAM/ICE, respectively, confirming the changes in the electrode
surface after SAM modification. The corresponding EDS results of the
bare ICE and SAM/ICE are also exhibited in Fig. S1 (Supporting In-
formation). The oxygen (O) atomic percentage increased to 36% and
the sulfur (S) element increased to 1% after SAM deposition, indicating
that the ICE-gold was successfully modified by the SAM via the strong
affinity of sulfur for gold.

EIS was used to examine the deposition of materials to an electrode
surface, investigate the surface interface and detect the changes to the
biosensor surface through Nyquist complex-plane diagrams in the pre-
sence of 5mM (K4Fe(CN)g)/(K3Fe(CN)g) in PBS pH 7.4 over a frequency
range 1 MHz-100 mHz (Fig. 3A). The semicircle diameter of the im-
pedance spectra at each step of biosensor construction equals the in-
terfacial charge-transfer resistance (R.,). The fitting of the Nyquist plot
data (Fig. 3A) to the Randle's equivalent circuit model (Fig. 3B) in-
cluded the EIS parameters CPE (constant phase element for the elec-
trode-solution interface), R, (charge-transfer resistance), and Ry

(solution resistance). The R, value of the electrode changed after each
layer of SAM, EDC-NHS, anti-a}, BSA was deposited, respectively
(Fig. 3C). The significant increase of R, after SAM immobilization is
due to the -COO group and the carbon chain of the SAM which hinders
the electron transfer of the negatively charged [Fe(CN)s]®/* redox
couple, corresponding to the significant decline of the current intensity
in CV of the SAM compared to the bare ICE (Fig. 3D), resulting in the
decrease of conductivity of the electrode after SAM deposition. Subse-
quently, the treatment of EDC-NHS on the SAM-modified electrode
showed a decreased R and an increase of current intensity in CV,
demonstrating that the —-COO groups of SAM were completely acti-
vated with EDC — NHS coupling. The R, increased again after the im-
mobilization of anti-a} and BSA due to the binding of a particular
material on the biosensor surface which increased its surface resistance
(Martic et al., 2013). The final steps of the biosensor construction, by
addition of anti-ap and BSA on the modified electrode surface, were
also confirmed by CV (Fig. 3D).

3.2. Detection of af} by the biosensor

The detection of a} in a wide range of concentration from
10 3*ngmL~! to 10°ngmL~' by the anti-ap/EDC-NHS/SAM/ICE
biosensor was described in Section 2.6. The EIS measurements of af§
incubation (1073-10*ngmL~") are displayed as Nyquist plots in
Fig. 4A with the imaginary component of impedance (-Im(Z)) plotted
against the real component of impedance (Re(Z)). After using Randle's
equivalent circuit model (Fig. 3B) to fit the obtained EIS data, the
generated parameter R could be used a parameter for the sensitive
detection of af. The diameter and height of the semicircular Nyquist
plots in Fig. 4A increased with the addition of increasing concentration
of ap (1073-10*ngmL™1!), corresponding to increased R.. The R
enhanced gradually due to the binding of a specific amount of af} from
107 3-10*ng mL ! to the immobilized anti-af, leading to the hindering
of electron transfer between the [Fe(CN)¢]® /* redox couple and the
biosensor surface (Lien et al., 2015; Martic et al., 2013). The biosensor
response to af} was quantified as (R, — Rg)/Ro where Ry represents the
R value of the biosensor with anti-ap antibody deposition, and R,
represents the R, value of the biosensor with ap (10~ >~10*ngmL™1)
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Fig. 3. Electrochemical characterization of
the biosensor construction. (A) Nyquist
plots at each stage of biosensor modifica-
tion: bare ICE, SAM, EDC-NHS, anti-af,
BSA in 10mM K,Fe(CN)s/KsFe(CN)g (1:1
ratio) in PBS pH 7.4 in a frequency range of
1 MHz-100 mHz, (B) Randle's equivalent
circuit model, (C, D) variance charge
transfer resistance (R.) and CV at each
stage of biosensor modification.
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Fig. 4. Nyquist plots (A), and the calibration curve (B) of the biosensor after incubation with af3 (10~ %-10* ngmL 1) in 5mM (K4Fe(CN)e)/(KsFe(CN)e) (pH 7.4), Ry
and R, are the value of R, measured without or with analyte, respectively; symbols and bars represent the average and standard deviation of the data (n = 3).
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Fig. 6. Selectivity (A), and stability (B) of the biosensor, Ry and R, are the value of R, measured without or with analyte, respectively.

incubation (Fig. 4B). From the calibration curve in Fig. 4B, the limit of
detection (LOD) calculated according to equation (3S/b) (Shrivastava
and Gupta, 2011) where S is the standard deviation of the response and
b is the slope of the calibration curve was 0.07 ngmL ™' (70 pgmL™1),
and the linear range of detection (LRD) was (10~ >~10° ngmL ™).

3.3. Detection of af} in HS by the biosensor

We investigated the clinical capability of the anti-a3/EDC-NHS/
SAM/ICE biosensor for the detection of af3 in HS. Diluted HS (1:1000)
was prepared by dilution of pure HS in 1 x PBS buffer pH 7.4 to avoid
the matrix effects that make it difficult to get a robust calibration curve.
Different af concentrations (10~ >-10>ng mL~') were incubated with
the biosensor in HS for 20 min, and the electrical impedance mea-
surement was conducted in 5mM (K4Fe(CN)g)/(KsFe(CN)g) over a
frequency range of 1 MHz-100 mHz. The biosensor response to aff in HS
in Nyquist plots (Fig. 5A) exhibited the same tendency to that observed
for aP only (Fig. 4A), the R, increased with increasing af} concentra-
tions, demonstrating that the biosensor can detect a3 in HS. A cali-
bration curve of the response of the biosensor to af} is shown in Fig. 5B,
and the LRD and LOD of the biosensor in HS were found to be
(1073-10°ngmL~") and 0.1 ng mL~* (100 pg mL '), respectively. The
anti-aff/EDC-NHS/SAM/ICE biosensor presented a low LOD of af} in
both of HS and ap only (100 and 70 pg mL~?, respectively) compared to
other af sensors that have been reported recently (see Table S1), af-
firming the application of the biosensor in clinical practice.

3.4. Selectivity, interference, and stability tests

To confirm the selectivity of the anti-a}/EDC-NHS/SAM/ICE bio-
sensor, the effect of three analytes, tumor necrosis factor-alpha (TNF-a,
500 pgmL~Y), insulin (1ugmL~'), and C-reactive protein (CRP,
100 pg mL ') in HS were studied by using the relationship between the
interfacial resistance change and analyte concentration created from R,
values from three independent experiments (Fig. 6A). The biosensor
response to analytes in Fig. 6A was followed by (R, — Ro)/Ro where R,
represents the R, value of the biosensor with anti-aB antibody de-
position, and R, represents the R value of the biosensor with TNF-a,
insulin, or CRP incubation. The (R, — Ry)/Rp did not change much with
incubation of TNF-a, insulin, or CRP compared to the response with
incubation of af3, demonstrating that there was no significant binding of
anti-af3 antibody with CRP, TNF-a, or insulin. The change in R, with
incubation of af} was due to specific antibody-antigen binding, in-
dicating that the biosensor was selective for a3 detection. In addition,
the interference study of TNF-a, insulin, or CRP along with af in HS
was also displayed in Fig. S2. The (R, — Ro)/Ro maintains the same
value after adding a certain amount of interferants, indicating that the
presence of TNF-a, insulin, or CRP did not affect the detection of af} in
HS. EIS of the anti-af3/EDC-NHS/SAM/ICE biosensor was maintained

after 1 day, 2 days, and 1 week of storage at 4 °C (Fig. 6B), demon-
strating the stability of the biosensor.

4. Conclusions

For sensing a3 1-42 peptide, one of the AD biomarkers, we devel-
oped a low cost, small size, highly sensitive electrochemical biosensor
based on immobilizing a specific anti-af3 antibody onto a self-assembled
monolayer functionalized interdigitated chain-shaped electrode. Using
the interdigitated chain-shaped electrode designed to improve the
homogeneity of the sensing area, it was able to detect a 1-42 in the
range of 10 3-10®ngmL ™! with a LOD of 100 pgmL~! in HS, which
was much lower than the LOD of CSF ap 1-42 (~500pgmL~') and
other af3 1-42 biosensors that have been proposed recently. This label-
free and real-time impedimetric biosensor also demonstrated stability
for one week of storage at 4 °C, and good selectivity of af 1-42 in HS
including TNF-a, insulin, or CRP.
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