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a b s t r a c t

This paper reports a novel electrochemical impedance spectroscopy (EIS) biosensors that uses magnetic
beads trapped in a microwell array to improve the sensitivity of conventional bead-based EIS (BEIS)
biosensors. Unloading the previously measured beads by removing the magnetic bar enables the BEIS
sensor to be used repeatedly by reloading it with new beads. Despite its recyclability, the sensitivity of
conventional BEIS biosensors is so low that it has not attracted much attentions from the biosensor
industry. We significantly improved the sensitivity of the BEIS system by introducing of a microwell array
that contains two electrodes (a working electrode and a counter electrode) to concentrate the electric
field on the surfaces of the beads. We confirmed that the performance of the BEIS sensor in a microwell
array using an immunoassay of prostate specific antigen (PSA) in PBS buffer and human plasma. The
experimental results showed that a low concentration of PSA (a few tens or hundreds of fg/mL) were
detectable as a ratio of the changes in the impedance of the PBS buffer or in human plasma. Therefore,
our BEIS sensor with a microwell array could be a promising platform for low cost, high-performance
biosensors for applications that require high sensitivity and recyclability.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Enzyme-Linked Immunosorbent Assay (ELISA) is a prevalent
immunoassay method, and most of the ELISA assays have a de-
tection limit above the range of a few tens of pg/mL (Johnson and
Kotowski, 1993). However, some target biomolecules exist in a
sample with very lower concentration range, the ELISA fails to detect
these target and cannot report meaningful information. Therefore, it
is important to provide a highly-sensitive, reliable, low-cost detection
method for early diagnosis and precise monitoring of a disease in
blood. Many researchers have developed various types of bio-
sensors for use as immunoassay devices based on several princi-
ples, i.e., electrochemical principles (Akter et al., 2014; Chiriaco
et al., 2013; Chuah et al., 2012; Hu et al., 2013; Mao et al., 2012;
Zhang et al., 2015), optical principles (Brazhnik et al., 2015; Ewers
et al., 2011; Haes et al., 2005; Lee et al., 2015), electrical principles
(Choi et al., 2013; Gao et al., 2012; Huang et al., 2013; Luo and
Davis, 2013; Oh et al., 2013), and the principles of mechanical
transducers (Lee et al., 2005; Wu et al., 2001). Among them, the
electrochemical sensors and the nanotechnology(NT)-based field
effect transistor (FET) sensors using nanowires (Huang et al., 2013;
Kim et al., 2007) or carbon nanotubes (Li et al., 2005) are the most
promising for detecting the low concentration range of 10–
100 fg/mL (Centi et al., 2007; Gao et al., 2014; Kim et al., 2007;
Mohd Azmi et al., 2014). However, it has been difficult to com-
mercialize the NT-based FET sensors due to the long-term in-
stability of their electrical characteristics, which is caused by the
diffusions of ions from high ion-strength buffers into gate oxides
(Wen et al., 2011).

Electrochemical sensors are advantageous due to their inherent
simplicity, low cost of fabrication, and reliability in detecting
biomarkers (Rusling, 2013). The electrochemical impedance spec-
troscopy (EIS) sensors measure changes in the electrical im-
pedance spectrum generated by the interactions between bio-
markers and receptors. The region for receptor immobilization is
mostly on the surfaces of the electrodes or in the gaps between
electrodes, and the changes in the electrical properties that are
caused by the interactions between antibodies and antigen can be
measured. The direct immobilization of antibodies on the surface
of the electrodes hinders the repeated use of EIS sensors and
causes problems in their calibration. Hence, a particle-based, re-
newable, electrochemical immunosensor was proposed that used
magnetic beads and gold nanoparticle labeling (Liu and Lin, 2005).
The antibody-conjugated magnetic beads were attracted to the
surface of a carbon paste sensor by a magnetic field, the beads
were washed away from the surface of the sensor for reuse.
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Several groups also have reported particle-based EIS sensors to
detect different target molecules (Centi et al., 2007; Liu and Lin,
2005; Sarkar et al., 2008). However, their LODs (4100 pg/mL)
were so much greater than those of recently reported EIS sensors
with signal amplification (5.4 pg/mL) (Yang et al., 2015) or with
nanochannels (250 fg/mL) (Nagaraj et al., 2014).

In order to overcome the low sensitivity of conventional particle-
based EIS sensors, we propose a new bead-based EIS (BEIS) sensor
with high sensitivity as well as reusability. This sensor system is
composed of an EIS electrode array with microwells, a magnetic
bar to manipulate magnetic beads and a simple straight micro-
fluidic channel to inject the magnetic beads and other reagents.
While the magnetic beads of the antibody coating are trapped in
the microwells, a sample is injected and the reaction with antigens
occurs changes in the impedance of the surfaces of the beads, and
makes the difference with the beads incubated in a negative
control sample. After the difference is measured, the replacement
of the used beads with new beads of the same or a different an-
tibody allows the reuse of the BEIS platform. Sensitivity was en-
hanced by using a microwell array in which the magnetic beads
were located during the measurement of impedance. The micro-
well improves the sensitivity by concentrating the electric field on
the surfaces of the magnetic beads and also enhances the reliability
by maintaining the uniform number of magnetic beads.

The performance of the BEIS platform with a microwell array
was demonstrated by the immunoassay of prostate specific anti-
gen (PSA), which is a protein produced by the prostate gland and
which is a sensitive biomarker of prostate cancer or other prostate
disorders (Jia-dong et al., 2014; Shariat et al., 2011). It is well known
that the PSA concentration for a normal person ranges from 0 to
4 ng/mL in serum (Jang et al., 2015). Elevations in PSA between
4.0 and 10.0 ng/mL, as compared with PSA levels of less than
4.0 ng/mL, increase the odds of clinically significant (Association,
2000). Although the meaningful clinical level of PSA concentration is
very higher than the LODs in most biosensors, many research groups
have conducted the immunoassay of PSA to determine the per-
formance of the biosensors. One of the best LODs was achieved by
nano-FET at the level of 1 fg/mL (Kim et al., 2007). We also have
tested the performance of BEIS with a microwell array by detect-
ing PSA in Phosphate-buffered saline (PBS) buffer as well as in
human plasma, and the LOD of the proposed sensor platform was
comparable to that of nano-FET. It will be a promising sensor
platform since it can provide a non-labeled, low-cost, reusable
sensor that has high sensitivity.
2. Materials and methods

2.1. Regents and preparation of samples

For the preparation of magnetic beads with prostate-specific
antigen (PSA) antibody, we purchased tosylactivated magnetic
beads (Dynabeads M-280, diameter �2.8 mm) and monoclonal
anti-PSA (10-P20A) from Invitrogen and Fitzgerald Industries, USA,
respectively. The anti-PSA antibody of 1 mg/mL was immobilized
to the tosylactivated beads in 0.1 M phosphate buffer by incuba-
tion for 24 h on a roll mixer in an incubator at 37 °C. The beads
were washed with PBST (PBS including 1% Tween 20), and then
concentrated to 30 mg/mL in PBST (0.01% Tween 20). The mag-
netic beads were diluted in 0.1x PBS (mixture with 1x PBS and
deionized water) at a concentration of 3 ng/mL. For detection of
the PSA antigen (30C-CP1017) that was purchased from Fitzgerald
Industries, PSA was prepared with various concentrations, i.e.,
ranging from 10 fg/mL to 100 pg/mL with 0.1x PBS buffer solution.
2.2. Fabrication and structures of the BEIS platform

The fabrication process for a BEIS sensor is mainly metal pat-
terning on a commercial slide glass (or silicon dioxide wafer) as
shown in Fig. S1 in the supplementary. In order to remove any
organic contamination on the surface of a starting material, it was
cleaned by piranha cleaning process. Then, device patterns in-
cluding electrodes transferred to a slide glass by image reversal
process using AZ5214E by photolithography process. Titanium and
platinum was sputtered with the thicknesses of 20 nm and
150 nm, respectively. Then the lift-off process was used to make all
of the metal patterns. SU-2005 was used to make the microwells
on the metal patterns, and its layer also was used as a passivation
of the electrodes. The glass substrate was cured at 180 °C for
30 min on a hotplate. In addition, a microfluidic channel mold was
prepared by the conventional lithography method using SU-8
2005. A straight line pattern (width: 1 mm, length: 2 cm, depth:
100 mm) was formed on a blank silicon substrate by the SU-8
process. Due to the silicon substrate-Polydimethylsiloxane (PDMS)
adhesion problem, we had to treat the surface of the silane on the
silicon mold before pouring the PDMS. Then, PDMS was poured
onto the silicon substrate and degassed. After curing at 70 °C for
1 h, the PDMS layer was peeled off from the substrate, and the
undesirable residues were cut around a straight channel. After
making reservoir holes in the PDMS channel, the channel and the
detection devices were aligned and bonded, and this was followed
by oxygen plasma treatment.

Fig. 1(a) shows the photographs of a fabricated BEIS sensor and
a BEIS platform with a PDMS microfluidic channel. A layer of SU-8
was used to construct a microwell on each electrode pair to con-
centrate the electric field inside the microwell by preventing un-
desirable leakage current between the metal line and the buffer
solution in the microfluidic channel. This platform has multiple
microarrays of BEIS sensors with a microfluidic channel on a slide
glass or a silicon dioxide substrate, and a permanent magnetic bar
beneath a slide glass. Each BEIS sensor consisted of a 10� 10 array of
a microwell with an electrode pair (the width of working/counter
electrode � 270.2 mm, gap � 270.2 mm). The individual well
diameter and depth were 670.5 mm and 570.2 mm, respectively.
Therefore, each microwell could capture two or three magnetic beads
if the diameter of a bead is 2.8 mm.

2.3. Experimental procedures and electrical measurement for PSA
detection

Fig. 1(b) shows the experimental procedure using a BEIS plat-
form. After attaching the anti-PSA antibody onto the magnetic
beads, the magnetic beads were injected into the microfluidic
channel at a flow rate of 2 μl/min, the beads were attracted into
the inside of a microwell array by a magnetic bar located beneath
the bottom of a sensor. Then, the residual beads on the SU-8
surface were removed by the injection of PBS buffer solution. After
the washing step, a solution of PSA antigen was injected into the
microfluidic channel with a flow rate of 2 μl/min, and the flow was
stopped for 10 min while the PSA antigen was fully diffused into
the bottom of the microwell array and reacted with the antibody
on the surface of the beads. After reaction between the anti-PSA
antibody and antigen, the PBS buffer was used to remove non-
specific binding for a few minutes. The impedance of the BEIS
platform was measured after stopping the flow of solution. After
finishing a measurement, last two steps were repeated to measure
the change in the impedance of the magnetic beads as a function
of PSA concentrations. When a BEIS sensor was characterized, its
measurement was based on a three-electrode setup using an Au-
tolab measurement system (Autolabs PGSTAT302N). For this
configuration, an additional electrode was located outside of the



Fig. 1. Images of a proposed BEIS (Beads-based Electrochemical Impedance Spectroscopy) platform and experimental procedures; (a) images of the fabricated BEIS sensor
and the BEIS platform with a magnetic bar, (b) Schematics of experimental procedures using BEIS platform,
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BEIS sensor (reference electrode in Fig. 1(a)). During the frequency
sweeping, the frequency was varied from 1 Hz to 1 MHz, while the
amplitude of voltage was fixed at 50 mVrms.
3. Result and discussion

3.1. Operation principles based on electric field and equivalent
electrical circuit

To investigate the effect of the microwell on the distribution of
electric fields, a single well was modeled and simulated in COM-
SOLs software (Fig. 2) (Pryor, 2009). The simulation results con-
firmed that the distributions of electrical potential and electric
field are strongly affected by a microwell. When a bead was po-
sitioned on the electrode (Fig. 2(a), left), the lines of electrical
potential around/in a bead were more sparse than when a bead
was near the edge of the electrode. If a bead was positioned near
the edge of the electrodes, the distributions of electrical potential
were almost similar around a bead regardless of a microwell (Fig. 2
(a), middle and right). However, it is difficult to locate a bead in a
specific position without a guide structure such as the microwell.
In addition, it was noted that the electrical potential distributions
were weak above the SU-8 layer and that the most of the potential
between the electrode and the buffer solution dropped within the
SU-8 layer. A small decrease in the potential above the SU-8 layer
generated very small leakage current. Electric fields were more
concentrated around a bead than in the cases without a microwell



Fig. 2. Simulation results of the effect of a microwell on the distributions of electrical potential and elctric field from COMSOL software, and equivalent electrical circuit for a
BEIS platform; (a) Distribution of electrical potential (left: a bead located on electrode without a microwell, middle: a bead located between electrodes without a microwell, a
bead located between electrodes with a microwell), (b) Distribution of electric field (left: a bead located between electrodes without a microwell, middle: a bead located
between electrodes with a microwell, right: three beads located between electrodes with a microwell), (c) the structure of a BEIS sensor with consideration of electrical
components (left) and the derived equivalent electrical circuit.
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(Fig. 2(b), left and middle). Although three beads were packed in a
microwell, the electric fields effectively were confined around the
magnetic beads (Fig. 2(b), right). Therefore, the structure of the
microwell facilitated the location of a bead between the electrodes
and also focused the electric fields on the beads (Fig. S2). The
distribution of electrical potential is very important to understand
the sensing mechanism of a BEIS sensor. As the lines of electrical
potential around the beads becomes dense, the electric field
strength around a bead was increased. Then, more ion charges in
the buffer solution will cover the surface of a bead at lower fre-
quency to form the electrical double layer (EDL). The electric fields
are stronger in the bottom part of a bead, which means that a
thicker EDL is generated there than in the other surface region.
When charged biomolecules bind to the surface of a bead, they
perturb the EDL, and the changes in the EDL layer resulting from
the deformation of electrical field and ion diffusion result in a
measurable changes in the impedance (Nagaraj et al., 2014).
Therefore, the higher electric field forces more charges on the
beads to form the EDL region, and they also push more biomole-
cules into the EDL region close to the surfaces of beads. In terms of
net charge of the beads, the absorption or reaction of biomolecules
modulates the net charges on the beads, and ion diffusion near the
EDL region compensates for the change. Since the isoelectric point
of PSA is between 6.8 and 7.5, PSA has negative charges in the PBS
buffer (pH �7.4). As the concentration of PSA antigen is increased,
more PSA antigens are accumulated on the surfaces of the mag-
netic beads and more negative charges on the surfaces of magnetic
beads in EDL region. Therefore, the increment of PSA



K.-S. Shin et al. / Biosensors and Bioelectronics 85 (2016) 16–2420
concentration results in decreasing the impedance of a BEIS sensor
due to the ion diffusion caused by the perturbation of the EDL
region. The changes in impedance that occurs when biomolecules
are absorbed also can be explained by an electrical equivalent
circuit. The BEIS sensor was modeled as an equivalent electrical
circuit considering the structure of a sensor (Fig. 2(c)), which are
composed of one constant-phase element, two capacitors, and
four resistors. Rs is an electrolyte resistance, Rc is a contact re-
sistance between the electrolyte and the EDL region, C is a capa-
citance between electrodes, and CPEa and Ra are a constant-phase
element and a resistance between the electrolyte and the antigen
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effective binding area of PSA antigen on the beads. Those changes
cause a decrease in the total impedance of the equivalent circuit.

3.2. Control experiments with magnetic beads

Before conducting the whole process of PSA detection, first, we
checked the distribution of beads in the microwell-array after the
injection of the solution of magnetic beads. The number of beads
tended to increase slightly when the injection time was longer or
the flow rate is slower. The residue beads on the surface of SU-8
were washed away with slightly higher flow rate than that of the
bead injection flow. The flow rates of 2 μl/min and 10 μl/min were
used for the bead injection and washing steps, respectively. After
the washing step, we could still observe some of beads remaining
on the SU-8 passivation surface (Fig. 3(a)). However, those beads
did not affect the impedance measurement of the captured beads,
since the passivation layer blocked any effect of the uncaptured
beads. The distribution of the number of beads followed the
Poisson distribution, and it was difficult to find a microwell that
had more than five beads in the experiments (Fig. 3(b)). In most
cases, the number of beads trapped in a microwell ranged from
one to three, and the microwells with two beads were dominant in
every experiment. However, it is possible that the number of beads
could have changed during the experimental procedures. We as-
sumed the worst case as the number of beads was more than the
normal case by a factor of 10 times, and we conducted an ex-
periment to determine the effect of an abnormal number of beads
on the output impedance and phase from a BEIS platform (Fig. 3
(c)). In the worst-case experiment, the washing step was skipped
to increase the number of beads around an array of wells. In order
to increase the number of beads, we used 10 times more concentrated
magnetic beads, which is around 30 ng/mL. However, it does not
mean that the number of beads in microwells are also increased by
same factor but more beads can be easily stacked and distributed on/
around microwells as the concentration of beads is increased. The
impedance plot shows that the change of impedance at lower
frequency was smaller than that at higher frequency. The im-
pedance changes are less than 7% at 1 Hz and around 19% at
1 MHz, respectively, while the phase was changed only in the
range from 1 kHz to 1 MHz. Although the impedance was changed
slightly in the lower frequency range in the worst case, it could be
ignored in the normal experimental procedure because the
washing step reduced the variation in the number of beads in the
wells as depicted in Fig. 3(b).

3.3. Results of PSA detection with a BEIS platform

The concentration of PSA antigen was changed from 1 fg/mL to
10 ng/mL in the PBS buffer. Fig. 4 shows the Nyquist, impedance
and phase results with varying concentrations of PSA antigen as a
function of frequency. It is clear that the changes in the con-
centration of PSA antigen can effectively modulate the output re-
sponses from a BEIS platform due to the changes in the charge on
the beads caused by PSA antigen. Note that the impedance chan-
ges were dominant at lower frequencies, and the phase changes
were in a medium frequency range (1–100 kHz). However, the
number of beads and the ion concentration of PBS buffer also af-
fects the phase values in the medium frequency range. Therefore,
it is difficult to separate the effect of PSA antigen on the phase plot
from the mixed signal combined with the number of beads and
the ion concentration of the buffer solution. Fortunately, the
number of beads did not affect the impedance significantly at
lower frequencies if the buffer solution was not changed during
the experimental procedure. Therefore, it is recommended that a
low frequency impedance be chosen to determine the concentra-
tion of PSA antigen using a pre-defined buffer solution. The
responses measured and the results extracted from the equivalent
circuit (Fig. 2(c)) are exhibited as symbols and lines, respectively in
Fig. 4. The extraction was conducted in three steps with the
equivalent electrical circuit. First, four parameters of Ra, CPEa, and
Cb were initially fitted by NOVAs software using the measured
responses as a function of the concentration of PSA antigen with
the assumption that other three parameters of Rs, C and Rb are
constant to find the dominant parameter. Secondly, each parameter
of Rc, Ra, CPEa, and Cb was arranged with varying concentrations
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of PSA, and its linear relationship is extracted by linear fitting for
each parameter (as shown in Fig. S3). Third, all lines of Fig. 4 at the
different concentration were collected by applying all refined va-
lues of Rc, Ra, CPEa, Cb to the equivalent circuit in the simulation
mode in NOVA software, where refined values are deducted from
the fitted lines at specific concentrations in Fig. S3. All of the lines
that were extracted coincided well with the symbolic responses
with chi-squared in the range of 0.045–0.061. Although, the chi-
squared values are slightly larger than 0.05, these results imply that it
is acceptable that Rc, Ra, CPEa, and Cb are the dominant factors ra-
ther than Rs, C and Rb in the equivalent electrical circuit.

3.4. Sensitivity and limit of detection of a BEIS platform for PSA
detection

In order to evaluate the frequency effect on outputs responses
as a function of PSA antigen, the outputs of impedance were
plotted in Fig. 5 at different specific frequencies. The slope and the
linearity of the lines are important, since each slope represents the
sensitivity of a BEIS sensor at specific frequency. The slopes of
impedance decreased exponentially, from 4.6 MΩ/dec to 15 kΩ/
dec, with the increment of measuring frequency. However, it is not
a good way to define the sensitivity as the slope of absolute im-
pedance, since devices have some variations in the sensitivities
caused by different impedance levels, even though they were
fabricated at the same time or in the same batch. To resolve the
variation of sensitivity due to differences from device to device, we
defined a normalized sensitivity as the ratio of impedance changes
at a concentration of PSA antigen normalized by the initial re-
ference impedance as:

( )~
−

×
( )

Z Z

Z
Normalized Sensitivity %/dec 100

1

PSA Buffer

Buffer

where, ZPSA and ZBuffer are the impedances at a concentration of
PSA antigen in buffer solution and the impedance in only buffer
solution, respectively.

Therefore, when the sensitivities are expressed as normalized
sensitivities, their differences are of the same order. They are al-
most constant at frequencies less than 10 Hz, and they began to
decrease slightly above 10 Hz. The linearity was the best at 1 Hz
for which the linear recession value was 0.998, and it was de-
graded to 0.971 with the increment of frequency. Therefore, it was
concluded that the sensitivity and the linearity are enhanced by
decreasing the frequency of applied voltage.

We tested multiple devices (N¼4) in a platform to evaluate the
LOD of detecting PSA in PBS using average slope. Fig. 6(a) shows
the average impedance as a function of the concentration of PSA at
1 Hz, and the sensitivity was approximately 5.3 MΩ/dec. The
normalized impedance converted by Eq. (1) (Fig. 6(b)) gives the
normalized sensitivity in percentage as approximately 3.6%/dec.
The error bar at 1 fg/mL of PSA antigen is so large that some of the
sensors could not distinguish the signal change of PBS buffer with
those at 1 fg/mL of PSA antigen. Above 10 fg/mL of PSA antigen, the
error bars were small enough to discriminate the value of the next
point. Hence, it is reasonable to define the LOD of a BEIS platform
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Fig. 6. Sensitivities of BEIS platforms for detection of PSA antigen in PBS buffer and in human plasma; (a) sensitivity is 5.3 MΩ/dec at 1 Hz in PBS buffer, (b) sensitivity in
percentage is 3.6%/dec at 1 Hz in PBS buffer, (c) sensitivity is 1.4 MΩ/dec at 1 Hz in human plasma, (d) sensitivity in percentage is 3.5%/dec at 1 Hz in human plasma.
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as above 10 fg/mL. The LOD is comparable to that of a nano-
technology-based biosensor (Kim et al., 2007).

Next, human plasma was spiked with the known concentra-
tions of PSA in the range of 100 fg/mL and 10 ng/mL. To determine
the initial reference impedance (ZBuffer) of human plasma in a BEIS
platform, human plasma was injected into a microfluidic channel
for 5 min and washed by 0.1x PBS buffer, and the impedance was
used as an initial reference. All impedance levels with varying
concentrations of PSA in plasma were measured and plotted, as
shown in Fig. 6(c) and (d). The impedance levels and slope of
impedance were different from those of the previous PSA experi-
ment in PBS buffer due to the changes in the fabricated devices
(Fig. 6(c)). However, the normalized sensitivity in percentage was
3.5%/dec, which was close to that of PSA in PBS (3.6%/dec). Hence,
the normalized sensitivity was useful to compensate for the var-
iations in the impedances of the devices. The linearities in Fig. 6
(b) and (d) were about the same in the PBS buffer and human
plasma, i.e., 0.983 and 0.981, respectively. The LOD of PSA in hu-
man plasma was estimated as approximately 100 fg/mL, which
was higher than the previous LOD of PSA in PBS by a factor of 10,
but it is still comparable to that of the best EIS sensors or the
nanotechnology-based biosensor. In addition, we checked the reu-
sability of a BEIS platform to detect the PSA antigen and confirmed
that the sensor can be 3–5 times reusable. The testing results for
reusability (N¼3) were depicted in Fig. S4 in the supplementary.
4. Conclusion

A particle-based reusable electrochemical immunosensor using
magnetic beads demonstrated its advantage of repeated use, but
its detection limit (4100 pg/mL) were greater than those of re-
cently-reported EIS sensors. Hence, there are difficulties in ap-
plying BEIS to an early diagnosis of a disease due to its relatively
low sensitivity. We proposed a novel BEIS platform with a mi-
crowell array to push the LOD of reusable EIS devices to sub pg/mL
levels by sustaining the recyclability of the BEIS sensor. Microwell
arrays were used to concentrate the electric field on the surfaces of
magnetic beads to improve the sensitivity.

The performance of the BEIS platform with a microwell array
was confirmed by the immunoassay of prostate specific antigen
(PSA). The experimental results showed that the BEIS platform
with a microwell array could detect PSA with much higher sen-
sitivity at low frequency. It could detect levels of a few tens of
fg/mL in the PBS buffer and levels of a few hundreds of fg/mL of
PSA antigen in the human plasma. The LODs of the proposed BEIS
platform are comparable to those of advanced biosensors based on
nanotechnology, but BEIS has the advantageous of having a simple
fabrication process, low cost, and reusability. Since we demon-
strated that the BEIS platform with a microwell array is a highly
sensitive and rugged non-labeled biosensor platform, it is ex-
pected to one of the valuable platforms in immunoassays that
require high sensitivity.
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