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ABSTRACT: As the occurrence of Alzheimer’s disease (AD) has

increased, the detection and treatment of AD have become global

social issues. Effective early detection and wide-range screening of P-value = 0.009
AD allow patients to gain early control and delay brain  swo
degeneration. For these reasons, we choose electrochemical sensors
to complete the detection task. Although bio-electrochemical
technology for antibody and antigen sensing is not a new
technology, considering the scarcity of tear samples for dementia
and since the existing AD detection techniques are highly invasive
and expensive for subjects, we have to use the traditional detection
techniques for the early screening of Alzheimer’s disease via trace- 203 w0 w0
amount specimens. An AD-related protein in the eye is thought to e

be an important biomarker for early detection. To carry out

detection using tear samples as a test specimens, a tear collection device was developed in this study that extracted 10 uL of tear fluid
from a tear Schirmer strip. In this research, we distinguished healthy people in different age groups and detect Af in both tear and
blood samples. We developed a biosensor, which could detect Af in tear specimen from 1 to 100 pg/mL. Also, this biosensor is
inexpensive, disposable, and easy to use. In our result, the concentration of Af in tears was approximately 10 times more than that in
blood. This study demonstrates the feasibility and prospects of future screening for AD-associated biomarkers by a dynamic
comparison between blood and tears.
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A- ccording to the 2015 Global Dementia Report, on an compared to Af, ,, which can rapidly aggregate into an

average, one person every 3 s is diagnosed with dementia. oligomeric peptide in the brain.* A fibrillary A stack, followed
The report also estimated that the total population suffering by final plaques, is formed in the brain, which causes neuronal
from dementia will increase to 113.5 million people in 2050." death. Therefore, Af3,_,, is the most important peptide in the
Among all of the reported cases worldwide, Alzheimer’s disease pathway leading to AD. In addition, the toxicity produced
(AD) is the most common type of dementia, accounting for during the process of aggregation of Af to form plaques

60—70% of all dementia cases.” Currently, among many kinds
of hypotheses, the “amyloid-like hypothesis” is the most
accepted pathogenic mechanism for AD progression. This
hypothesis focuses on two major related pathological proteins.
One is the amyloid precursor protein (APP) and the other is
the Tau protein.’

APP is a transmembrane protein that is abundantly
distributed on brain nerve cells. -Secretase is first cleaved at
the carboxyl terminus of the amyloid precursor protein to form

triggers excessive phosphorylation of the Tau protein. Once
the Tau protein is hyperphosphorylated, it begins to detach
from the microtubules and accumulates in the synapse. This
disrupts the neuron signaling pathway and ultimately leads to
the death of neurons.”® Currently, the US Food and Drug
Administration approves the usage of cholinesterase inhibitors
and NMDA receptor antagonists for the treatment of AD.”*

the carboxyl-terminal fragment of the amyloid precursor Received: November 27, 2020 P M
protein. Subsequent further cleavage by y-secretase yields a Accepted:  May 17, 2021

peptide fragment of 39—43 amino acids in length. These Published: May 28, 2021

peptide fragments are referred to as f-amyloid peptides. The =
most abundant f-amyloid (Af) peptides in the body are ~

AP _4 and AP _4. APi_4, is more likely to be decomposed as
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However, currently available drugs for the treatment of AD can
only decelerate the occurrence of symptoms and delay the
progression of the disease but are unable to completely cure
AD.

Neuroimaging techniques allow for the immediate observa-
tion of changes in the structure and function of the brain and
have the advantage of being noninvasive and accurate. The
extent of Aff accumulation and the metabolism of brain cells
are monitored using Pittsburgh Compound-B positron
emission tomography (PIB-PET) and fluorodeoxyglucose
positron emission tomography (FDG-PET). Magnetic reso-
nance imaging (MRI) and computed tomography (CT) scans
are used to observe the shrinkage of the cortical region of the
brain. Nevertheless, the major disadvantages of neuroimaging
are that it is expensive and is prone to radiation exposure.
Therefore, neuroimaging techniques are not suitable for early
detection of AD.

Analysis of concentrations of A and Tau proteins is one of
the ways to diagnose AD. In 2018, NIA-AA included Af and
Tau protein analysis from cerebrospinal fluid (CSF) as one of
the diagnostic parameters for AD.” After obtaining CSF by
lumbar puncture, the total amount of Tau protein,
phosphorylated Tau protein, and Af peptide in CSF were
detected by enzyme-linked immunosorbent assay (ELISA).
Although there are many types of Af peptides, AB,_4, and
Ap,_,, are better indicative of AD because Af;_,, in CSF is
directly related to A in the brain.'’""> A decrease in the
concentration of Af,_,, in CSF may be related to the
accumulation of Af in the brain.'* Previous studies have
shown that although the concentration of Af,_,, in CSF of
patients with AD is not much different from that of the healthy
control group, a significant decrease can be found by
comparing the ratio of Af|_4, to Ap|_4. The ratio of Af| 4,
to Af;_4 is more reliable as compared to Af,_,, alone because
the ratio can compensate for differences in peptide levels
between individuals.'>'® Clinical studies have confirmed that
the ratio of Af;_4 to Af|_4, in the brain of normal people is
9:1. Since AD is caused due to the accumulation of Af,_,,, the
ratio of Af}_4 to AB,_,, approaches 1:1 in AD patients.”_19
The biochemical examination of cerebrospinal fluid can
directly reflect the biochemical changes in the brain. However,
as mentioned before, this is an invasive test and the cost of
performing ELISA is high.

Since the optic nerve is one of the 12 pairs of cranial nerves,
changes in the eye can potentially reflect changes in the brain.
Many researchers have been investigating ophthalmic bio-
markers in relation to AD, including visual changes, eye
movements, pupillary responses, ocular images, and biochem-
ical and microRNA changes in ophthalmic fluids.”*~** These
biomarkers are expected to help develop the early detection
strategies for AD. However, ophthalmic detection is mostly
based on optics at present. Previous studies have indicated
deposition of A on the lens and the retina.”>~>" One of the
recent studies in 2019 explored the aspect of extraction of
vitreous humor from the eye for quantification of A and Tau
proteins. An intelligence state check scale for cognitive
assessment was performed simultaneously. The results showed
that people with poor cognitive functions had significantly
reduced amounts of A and Tau proteins. This gave further
evidence that the ocular proteins are important for the early
detection of AD.”

A biosensor based on electrochemical impedance spectros-
copy is a device that converts the changes in physical or
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chemical diversity into an electrical signal. Substances such as
antigens, proteins, microorganisms, glucose, chemicals, and
drugs can alter the electrode surface and affect the signal.”*~**
Currently, the application of electrochemical sensors is more
advanced in clinical testing. Electrochemical sensors have high
sensitivity and rapid response rates. Moreover, electrochemical
sensors require less specimen volume as compared to other
chemical detection methods, such as HPLC, fluorescence
immunoassay, immunomagnetic reduction assay, etc. Although
a ospecimen of tears and blood can be diluted to meet the
demand for the amount of detection assay, the concentration
of target protein in the specimen might not reach the detection
limit. Therefore, detection of Af,_4, and Af oligomers using
an electrochemical sensor has been performed recently.’*™>
Since the currently available AD detection methods have
individual flaws, using electrochemical technology to examine
minimally invasive samples, such as blood and tears, is a way to
reduce the detection cost and widen the detection limits for
testing in the future. Tears contain many physiological and
chemical components similar to human blood, such as
cholesterol, sodium, potassium, and blood sugar. To
accomplish the aims of early detection and wide-range
screening of AD-associated biomarkers, our study reveals the
results from healthy people of different age groups and a novel
biosensor for quantitative detection. We use a disposable
screen-printed-electrode that contains three kinds of different
material electrodes. This screen-printed-electrode is different
from that used in the traditional three-electrode electro-
chemical method. In the traditional method, there is a need to
prepare an environment to contain three kinds of electrodes,
but this screen-printed-electrode contains all electrodes on the
same flat. Also, the specimen volume requirement is less than
that of the traditional examination method. However, to
facilitate the acquisition of specimens, the construction of a
simple device for extracting tear samples from Schirmer strips
is important. Furthermore, this study also monitors the
progression of Af alteration in tear and blood to help better
understand this age-associated disease.

B MATERIALS AND METHODS

Chemicals and Materials. 11-Mercaptoundecanoic acid
(MUA), potassium hexacyanoferrate [K;Fe(CN)4], potassium
hexacyanoferrate [K,Fe(CN)], potassium chloride (KCI), N-
hydroxysuccinimide (NHS), and 2-(N-morpholino)-
ethanesulfonic acid (MES) were purchased from Sigma-
Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC) and ethanolamine were purchased from
Alfa Aesar and JT Baker, respectively. A mouse monoclonal
antibody MOAB-2, which can detect multiple Af, ,, and
Ap,_4, conformations including unaggregated and oligomeric
and fibrillar forms, was purchased from Merck. All other
chemicals were analytical grade and used without further
purification. Phosphate-buffered saline (PBS, 1X, pH 7.2) was
purchased from Fisher Scientific. Ultrapure water (18 MQ cm)
was produced from a Milli-Q water purification system and was
used throughout the experiments.

Electrochemical Measurements. The disposable screen-
printed-electrodes (SPEs) were purchased from Vida Bio
Technology Co. Ltd. The SPEs consisted of a three-electrode
system containing a 1.68 mm* Ag/AgCl electrode, a 5.2 mm*
Au electrode, and a 54 mm?® carbon electrode, and the total
area of electrodes is 40 mm X 12.5 mm. These three-electrode
systems were chosen as reference, working, and counter

https://doi.org/10.1021/acs.analchem.0c04980
Anal. Chem. 2021, 93, 8099-8106


pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.0c04980?rel=cite-as&ref=PDF&jav=VoR

Analytical Chemistry

pubs.acs.org/ac

electrodes, respectively. Moreover, the working electrode was
composed of a highly sensitive nanostructure based on 3D
deposited gold nanoparticles. All electrochemical measure-
ments were performed using a CHI920D electrochemical
instrument (CH Instruments, Inc.) connected to a computer
for data collection.

Data Analysis and Statistical Method. The data was
calculated by fitting the equivalent circuit with the built-in tool
of Zsim in CHI920D. We used the coefficient of determination
and standard deviation to deliberate the accuracy of our
standard calibration curve. Blood and tear samples were
analyzed by standard deviation and Student’S t-test. P-value
were utilized for statistical significance.

Preparation of the Tear Sample Collection Device.
Currently, the commonly used methods to obtain human tear
fluids include the use of Schirmer strips and capillary tubes. In
this study, the Schirmer strip method was chosen to collect
human tear fluid samples over the capillary tube method as the
capillary tube method requires a skilled professional to operate.
For this reason, a new device was also designed to collect
human tear fluid samples. This device consisted of an external
1.5 mL centrifuge tube and an internal central filter. The
central filter is an important component of this device because
it is used to separate the tear fluid sample on the Schirmer
strip. To fabricate the central filter, 1000 yL micropipette tips
were first cut into three parts and then restructured in a unique
manner. After reconstitution, the resultant length of the central
filter was 3 cm. Figure 1 shows the detailed structure of this
tear fluid sample collection device.

Central filter (micropipette tips)

1.5 mL centrifuge tube

Figure 1. Tear fluid sample collection device.

Tear and Blood Sample Collection. To determine the
concentration of Af in healthy subjects of different ages, this
study included S0 healthy volunteers from the age of 20 to 79
years without any chronic diseases like dry eye, diabetes,
peripheral vascular disease, and Alzheimer’s disease. The
number of male and female subjects was 13 and 37,
respectively. Figure 2 shows the number and gender
distribution in different age groups. Both tear fluid and
blood samples were collected from every volunteer within a 3 h
time period. First, the tear fluid samples were collected by
inserting the Schirmer strip into the lower conjunctival sac
without anesthesia. While collecting tears, the volunteers
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Figure 2. Distribution of healthy volunteers from different age groups.
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closed their eyes until the Schirmer strip absorbed tear fluid till
the 20 mm mark, and then, the strips were removed
immediately. After the strips were removed from the eyes,
they were rolled up forcefully and put into the tear fluid
collection device. The samples were then centrifuged at 13 000
rpm for 5 min. After centrifugation, the central filter device was
removed. The tear fluid samples get separated from the strips
and are collected at the bottom of the sterile 1.5 mL centrifuge
tube. The samples were stored at —20 °C before use. Next, 3
mL blood samples were collected from the arms of the
volunteers in tubes containing sodium heparin to avoid
coagulation. The details of the participants and test samples
in the study were collected by the Institutional Review Board
of National Taiwan University Hospital Hsin-Chu Branch
(NTUHHCB-IRB) (NTUHHCB 106-075-E).

Standard Ap Solution Preparation. To prepare the
standard A solution, lyophilized peptide powders of Af;_4
and Af,_,, were directly dissolved in 80 L of NH,OH (1%),
diluted to a final concentration of 1 mg/mL using 1X
phosphate-buffered saline, and then immediately stored at —20
°C. Before the experiment, the AB,_,, and ApB,_,, stock
solutions were diluted to various working concentrations,
including 10 pg/mL, 1 yg/mL, 100 ng/mL, 10 ng/mL, 1 ng/
mL, 100 pg/mL, 10 pg/mL, and 1 pg/mL. The Af,_, and
Ap,_,, stock solutions contain both monomeric form and
oligomeric form.

Fabrication of the Electrochemical Immunosensor.
The schematic diagram of the surface modification procedure
for the immunosensor is illustrated in Figure 3. To ensure the
cleanliness of the working electrode surface, the surface was
rinsed with DI water before using the electrode. Then, 10 uL
of 10 mM 11-MUA solution (prepared in 99.5% ethanol) was
dropped onto the gold working electrode to form self-
assembled monolayers (SAMs) on the gold electrode. The
modified electrode was rinsed with absolute ethanol to remove
unbound and unwanted particles. To activate the carboxyl
group (R-COOH) for antibody coupling, a solution containing
30 uL of EDC (10 mM) and NHS (10 mM) in 25 mM MES
(pH S.5) was added onto the modified electrode for 1 h and
then rinsed with DI water. The immobilized SAM with
activated carboxyl groups was further inoculated with 30 yL of
a monoclonal antibody solution (10 yg/mL) and incubated for
1 h and then rinsed with 1X PBS solution. Finally, 50 4L of an
ethanolamine solution (0.1 M) was utilized to inactivate the
NHS ester so that it would not react with antibodies, therefore
minimizing the influence of nonspecific binding. Finally, 10 4L
of various concentrations of Af,_,, peptide solution or tear/
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Figure 3. Schematic diagram of the electrode surface modification process.
blood sample was dropped onto the sensor and incubated for 2 ‘;g ‘ - . .
h to ensure specific binding between the antibody and the 301 i
antigen. 25
Electrochemical Measurements. The electrochemical < 2z
measurements utilized in this work include cyclic voltammetry _:_': 10
(CV) and electrochemical impedance spectroscopy (EIS) = %
analysis. Both electrochemical measurements were carried out g _ogif?ff:f:::::::xm--ﬂ' ~~~~~~
in the presence of a 5 mM ferri/ferrocyanide redox couple 5 A0 o (%) Bare gold
([Fe(CN)4]*/*) in a 0.1 M KClI buffer solution. For cyclic RO I < (O Epenis
voltammetry measurements, the electrical potential was 251 . (D) Einclomine |
scanned from —0.2 to +0.6 V, with a scan rate of 100 mV/s. -30 s
For electrochemical impedance spectroscopy, a small ampli- '3'5_0_26 T oho 0 040 020 030 040 050 060
tude AC signal was applied to the working electrode, resulting Potential / V
in a response frequency. The analysis of AC voltage and o ’
current response showed the impedance behavior of the 5 .
working electrode. In our experiment, 0.15 V DC power and 5 R ‘
mV AC power were applied for impedance measurement of 704, w ":‘Lj’ g
frequencies ranging from 0.02 Hz to 100 kHz. 60 . « %) e gold
£ . o o o °®MUA
B RESULTS AND DISCUSSION 5 w0 : ”
Electrochemical Characterization of Different Mod- L w “ o ) Ap
ification Steps. Electrochemical characterization of the = 30 ’ ",
stepwise modified electrode fabrication process was carried N : °,
out by CV and EIS using a S mM redox couple reagent. Figure 201 w0 i
41 shows the cyclic voltammograms of different modification 10 ot T
steps. A couple of redox peaks were found at the bare gold 0 i”“\,, oo s 2(©) >
electrode, and the mean of bare gold redox peaks (peak (A)) 02 0 02 04 06 08 10 12 14 16
was the working potential for our EIS measurements. The 7'/ le+50hm

current peak clearly decreased at each modification step, and at
the antibody modification step, no redox peaks were observed.
To pass a current between the electrodes and the reagent,
electrons were transported through the working electrode
surface, reagent, and the counter electrode. Due to electron
transfer efficiency, modification of the working electrode
created a barrier for electron transport, which affected the
magnitude of the peak redox current. The results of EIS
measurements were analyzed by the Randles model for
equivalent circuit analysis, which is shown in Figure 4II. The
Randles model consists of resistors, capacitors, and Warburg
components, where R, is the electron transfer impedance
caused because of the attachment on the modified electrode.
This is the main component that we used to calculate our tear
and blood sample results. R, is the resistance caused by
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Figure 4. (I) CV of the gold electrode on SPEs at different
modification steps. (II) Nyquist plot of each modified layer. The
electrode was recorded in a 5 mM redox probe [Fe(CN)4]*>~*" in 0.1
M KCL. The inset circuit (Randles model) represents our equivalent
circuit. R, is the solution resistance, Cg is the double-layer
capacitance, R, is the charge transfer resistance, and Z, is the
Warburg impedance.

dynamic solution, which we used to investigate electron
transfer impedance of a ferri/ferrocyanide redox couple
reagent. Cy represents the double layer capacitance between
the gold electrode and our redox reagent, and Z,, represents
the Warburg element that describes mass transport at different
frequencies. The unmodified electrode surface was very clean
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and was tested to have great conductivity. The semicircle on
the impedance map was small, which shows that the electrons
were easily transferred this time, resulting in very low
impedance. Figure 4II demonstrates EIS measurement
characteristics for each modification step. Curve (A) represents
the impedance of the working gold electrode during the
formation of the first layer of SAM from 11-MUA. MUA has a
high negative charge, and the presence of SAM prevents the
easy transfer of electrons to the electrode surface. Thus, its
impedance is much larger than that of the bare electrode.
Curve (B) represents impedance after EDC/NHS modifica-
tion. EDC was used to activate the thiol group of 11-MUA
and, in conjunction with NHS, could protect the carboxyl
group of the antibody. An increase in impedance at this step
indicates that the carboxyl group has been activated to form an
NHS ester group. Curve (C) represents impedance after the
Ap antibody was immobilized on the electrode. After the
antibody was immobilized, the electrode surface structure
began to thicken. Thus, electrons were not easily transferred to
the electrode surface. Curve (D) represents impedance after
blocking with ethanolamine. This step served to deactivate the
NHS ester that was not attached to the antibody. Unspecific
binding of the target antigen was also prevented by this step.
Curve (E) demonstrates that the increase in impedance after
blocking was caused due to the conjugative specificity of A
and the antibody.

Tear Fluid Collection. In most clinical tear tests, the
general method for collecting tears is to use capillary tubes.
The advantage of capillary collection is that we can obtain tear
samples directly without the need for dilution or centrifuga-
tion. However, this method is more difficult for collecting
tears, not only because collecting tears by capillary requires a
trained professional but also because of the human fear of the
capillary touching the eyes. In this study, tears were collected
by Schirmer strips and centrifuged in a tear collection device to
avoid the tears getting absorbed back into the strips. The
average weight of the tears absorbed on a 20 mm strip was
about 13 mg. After centrifugation at 13000 rpm, a 1.5 mL
centrifuge tube contained approximately 10 mg of tear sample
at the bottom. The density of tear fluid is 1.005 g, which means
that approximately 10 yL of the tear sample can be obtained
from each Schirmer strip after centrifugation.

Analysis of a f-Amyloid Standard Solution. Our gold-
based electrode immunosensor was designed to measure
different amyloid concentrations. The resistance responses
due to Af were recorded at frequencies ranging from 0.02 Hz
to 100 kHz. Before the measurement of volunteer samples,
confirming the efficacy of the modified electrode was
necessary. We tested not only the positive control but also
the negative control. We tested PBS with the fully modified
electrode, and the resistance ratio was 1.015, which meant that
the resistance is nearly unchanged when testing only PBS. To
make blood and tear measurement data more relevant, an Af
standard calibration curve was also necessary. Figure 5 shows
the calibration curve obtained due to the correlation of Af;_,,
concentration and resistance response. These calibration
curves show the detection limit of the biosensor. The
concentration of Af was in the range of 1 pg/mL to 1 ng/
mL, indicated by the red line in Figure 5. Although this
correlation was a nonlinear relationship, we could still produce
a conversion formula for the range of 1 pg/mL to 1 ng/mL
with a correlation coefficient of 0.9959. Moreover, the Af
biosensor fabricated in this study still had a linear relationship
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Figure 5. Correlation between Af concentrations and resistance
changes. Calibration curves for AB;_,, over the concentration ranges
of 1—-100 pg/mL (blue line) and 1 pg/mL to 1 ng/mL (red line). The
error bars represent the standard deviation of the tests with the same
concentration.

in the range of 1—100 pg/mL, which meant that the difference
in impedance growth was fixed for every decade of increase in
the representative concentration with a correlation coefficient
of 0.99489, as shown by the blue line in Figure S. However,
Figure S also indicates that the measurement at 1 ng/mL had
deviated from the linear relationship of the blue line.
Therefore, we could assume that the biosensor approached
saturation after 100 pg/mL. In short, the result obtained from
the proposed fabrication process of our electrodes covered a
wide range of A concentrations and indicated relatively high
sensitivity and a low detection limit. Moreover, the Af
standard solution used in our research contains both
monomeric form and oligomeric form, as the Af in biological
samples. In addition, the linear range included the applicable
region and the peptide forms for detecting target samples,
which means that the sample can be used without being
condensed or diluted.

Human Tear and Blood Analysis. As mentioned before,
Ap is an important peptide related to Alzheimer’s disease, and
noninvasive sample analysis is important for current research.
To evaluate suitable sensors for practical applications, our
sensor was applied for the detection of Af in human-derived
specimens, which included tear and blood samples from a
healthy population. The tear samples used here were collected
by centrifuging our tear fluid collection device, as mentioned
previously. Blood specimens were tested using the entire blood
sample. Figures 6 and 7 show the impedance value
distributions of Af in tears and blood and are grouped based
on age to establish a relationship between age and Af content
in healthy human specimens. For both tear and blood results,
the change in impedance value was calculated by subtracting
the R, value (blocking) from R, (sample). Antibodies we used
in the experiments were analyzed for their specificity in
previous studies, and results showed that the antibodies were
specific for Af,_4, and Af,_,,. As previously mentioned, R
gradually increased at every step where fabrication materials
were added. Therefore, the AR, value of the specimen
increased from approximately 20 to 100 k€, which indicated
that blood and tears contain Af peptides that could specifically
bind to the Af antibody.

Due to physiological differences among humans, chemical or
environment factors during the electrode surface modification
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Figure 6. Distribution of f-amyloid peptide impedance values in tear
samples from subjects of all ages.
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Figure 7. Distribution of f-amyloid peptide impedance values in
blood samples from subjects of all ages.

process, and the differences in the subsequent peptide linkages
affected by previous modification stages, it is necessary to
normalize the measured values of detected resistance. The way
to normalize the results is to divide the R, (sample) value by
the R, (blocking) value. This normalization assumes that the
antibody has a fixed probability for specific binding to the
target peptide. It is safe to say that the greater the impedance
before sample detection, the more the target peptides that
subsequently attach to the electrode.

After normalizing the data that was measured by EIS, the
growing ratio of impedance value represented the concen-
tration of Af in blood and tear samples. The results shown in
Figure 8 indicate that Af peptide concentration detected in the
tear samples was greater than Af concentrations in blood
samples across all age groups.

Figure 8 shows that the resistance ratios in human tear
samples from Af measurement results were distributed
between 2.4 and 3.2, with an average value of 2.712. In
human blood samples, the values were found between 1.9 and
2.3, with an average value of 2.083. The Af concentration level
of an individual sample can be derived from the linear function
as mentioned in the Analysis of a f-Amyloid Standard Solution
section. This concentration can be estimated using the
following linear equation

x = (EIS(Q) — 1.9583)/0.685

Using the mean of the EIS analysis results and the above
equation, the concentration of Af was estimated to be
approximately 10 pg/mL in tear samples and approximately
1 pg/mL in blood samples. This result indicates that tears
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Figure 8. Mean resistance ratios of the tear and blood samples. The
ages in each group were separated by 10 years. The error bars
represent the standard deviation of the resistance ratio.

contain 10 times the amount of Af peptide in blood. Gijs et al.
reported that their result in the case of healthy controls also
showed Af in tears,”® due to the different tear collection
methods and the subjects’ average age. We did not test the
same concentration.

Although Figure 7 shows the amount of Af in blood and
tears, we still cannot clearly understand the interdependency of
the amount of Af and age. However, it is noteworthy that age
and resistance ratio distributions shown in Figure 9 indicate

P-value = 0.009
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Figure 9. Histogram of the Af resistance ratios of the blood sample
with reference to age. The age groups were separated by 20 years. The
error bars represent the standard deviation of the resistance ratio.

that Af content in healthy subjects was inversely proportional
to age. Furthermore, the youngest age group (ages 20—39) and
the oldest age group (ages 60—79) differed significantly in
their A ratio (p < 0.01). This indicates that A} concentrations
in the population of different age groups are related to a certain
significant degree.

Bl CONCLUSIONS

In this research, we chose an electrochemical impedance
spectroscopy biosensor, even though this technique has been
employed in many fields in the past few decades. However, the
existing AD detection techniques (for example, high-perform-
ance liquid chromatography (HPLC), mass spectrometry
(MS), enzyme-linked immunosorbent assay (ELISA), etc.)
require a great quantity of samples. These techniques have
some detection restrictions and are too expensive or time-
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consuming to employ on early detection and wide-range
screening. Consequently, our novel biosensors solve these
problems. We can use samples sparingly and shorten the
detection time to complete an examination. The excellent
results show that the structure of the simple device for
extracting tear fluid samples from Schirmer test strips is
innovative, effective, and remarkable.

This study conducted a feasibility test for early detection of
AD-associated biomarkers via detection of Af in blood and
tears. The most important breakthrough in this study is that
the concentration levels of Af among various age groups
differed significantly. A concentration in young healthy
individuals is more than that in elderly people in both the
testing samples of tear and blood. This proves that Ap
movement from peripheral tissues to the central nervous
system with age occurs in all human beings regardless of
whether they are suffering from AD or not. Another
considerable discovery is that the concentration of Af in
tears is 10 times more than that in blood. Therefore, tears
might be a more practical specimen to be used for early
detection due to their higher Af content and less invasiveness
for patients.

The Af detection method demonstrated in this study can
greatly reduce the cost of testing and discomfort of the
subjects. Furthermore, it demonstrates the practicality of future
screening for AD-associated biomarkers via the usage of blood
and tears.
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