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Abstract

Screen-printing (thick-film) technology is well identified as a reliable technique for fabrication of electrodes which
can be used as transducer in biosensor, with several advantages including low cost, design flexibility, process
automation, good reproducibility and a wide choice of materials. However, the immobilization of antibody molecules
is a decisive factor for successful fabrication of immunosensors. Besides, the ability to measure human Chorionic
Gonadotropin (hCG) is important in establishing the diagnosis of gestational trophoblastic disease and germ cell
tumors. Moreover, Electrochemical Impedance Spectroscopy (EIS) recently has been being chosen as a main detection
method because it is label-free, less destructive to the activities of biomolecule and very sensitive with comparable
detection limits as optical-based sensor. In this work, a sensitive label-free impedimetric hCG-immunosensor was
constructed by using a commercial screen-printing carbon ink electrode (namely Disposable Electrochemical Printed
chip) as a basis. The hCG antibody was immobilized via the entrapment technique on the carbon ink electrode of
DEP chip using functional molecule, 1-pyrenebutanoic acid, succinimidyl ester. The experimental results exposed
that the designed immunosensor is more sensitive than other previously reported immunosensors, in the case of
detection limit and linear range for antigen detection. With optimal fabrication parameters, the detection limit for
a-hCG was 33 pg/mL in 10mM phosphate buffer saline (PBS) solution containing 1% bovine serum albumine (BSA).
Furthermore, the use of inexpensive DEP chip as a basis for these immunosensors will allow simple instrumentation,
disposable and portable at low cost. This work also demonstrates a new approach to develop a sensitive and label-

free impedimetric immunosensor based on screen-printed electrode for applications in clinical diagnosis.

Keywords: Human Chorionic Gonadotropin (hCG); Label-free im-
pedimetric immunosensor; Electrochemical impedance spectroscopy
(EIS); Screen-Printed Electrode; DEP chip

Introduction

Screen-printing (thick-film) technology is well identified as a reli-
able technique for fabrication of electrodes which can be used as trans-
ducer in biosensor with several advantages, including low cost, design
flexibility, process automation, good reproducibility and a wide choice
of materials [18]. Thus, it has been pursued as an alternative method
for production of modern biosensors which can be incorporated in
portable systems. Up to now, the biosensors based on screen-printed
electrodes have increased in the many areas of bioanalytical chemistry,
analysis mutant genes, and clinical diagnostic for health care and envi-
ronment [3,8,22]. Additional, a wide range of biomolecular recognition
elements such as enzymes, antibodies, or micro-organisms has been
used to develop these screen-printed biosensors [15]. Antibody-based
biosensors (immunosensors) are more sensitive and selective than en-
zyme-based biosensors because the antibodies can be bound specifi-
cally to an analyte via affinity coupling. Unlike enzyme-based biosen-
sors where either the co-substrate or the product of an enzyme reaction
is monitored, antibody-based biosensors detect antigen or antibody
concentration either by direct changes in the transducer output result-
ing from the binding event, or by means of indirect competitive and
displacement reactions using optical, piezoelectric, or electrochemical
techniques. In many cases, this results in very low detection limits for
immunosensor assays [16]. However, the immobilization of antibody
molecules is a decisive factor for successful fabrication of immunosen-
sors. The immobilization method must maintain the activity and en-
hanced stability of biomolecules and it is controllable over the distribu-
tion and orientation of the immobilized species. The methods that are
typically used including the physical absorption, chemical cross-linking
and entrapment. Among them, biomolecule immobilization method

by entrapment within a suitable matrix which then deposited on the
screen-printed support can improve the stability of the biorecogni-
tion component [18]. The immobilization matrices used include gels,
polymers, pastes, or ink. Normally, the biological material is mixed and
well homogenized with the supporting material followed by being ap-
plied over the electrode as an additional membrane and then dried or
polymerized. Human Chorionic Gonadotropin (hCG) is glycoprotein
composed of 244 amino acids with a molecular mass of 36.7 kDa. Its
most important uses as a tumor marker are in gestational trophoblastic
disease and germ cell tumors. Measurement of hCG is important in
establishing the diagnosis of the disease. 3 Besides, electrochemical im-
pedance spectroscopy (EIS) recently has been being chosen as a main
detection method because it has some important advantages over num-
ber of electrochemical methods such as amperometry and potentiom-
etry. This sensor is label-free with a direct detection of specific binding
event, less destructive to the activities of biomolecule due to the small
voltage excitation during detection, simple operation and very sensitive
with comparable detection limits as optical-based sensor [5]. Moreover,
the use of EIS as a detection method to quantitate antigen has been
recently reported with detection limit in the ng.mL-1 to pg.mL-1 range
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[1,2,7,13,20]. In this work, we developed a sensitive faradaic impedi-
metric immunosensor utilizing commercial screen-printing carbon
ink electrode (namely Disposable Electrochemical Printed chip) as the
basis for a-hCG detection. In addition, a simple and general approach
to noncovalent functionalization of carbon electrode surface, which
will be used to immobilize antibody with high degree of control and
specific, is also presented. The noncovalent functionalization involves a
functional molecule, 1-pyrenebutanoic acid succinimidyl ester. Follow-
ing this, the EIS technique was applied to monitor the formation of the
recognition of hCG antibody onto carbon ink electrode as well as the
hCG antibody- antigen interaction.

Experimental

Reagents and apparatus

1-pyrenebutanoic acid, succinimidyl ester (1) was supplied from
Eugene, Oregon (USA). Ethanolamine, Bovine Serum Albumine (BSA)
and Dimethyl Sulfoxide Dehydrated (DMSO) were purchased from
Sigma Aldrich. The human Chorionic Gonadotropin (hCG) monoclo-
nal antibody (Mab) and a-hCG were supplied by Medix Biochemica
(Finland). All reagents used were of the analytical grade or the highest
commercially available purity and used as supplied without further pu-
rification. All solutions were prepared with deionized water of resistiv-
ity no less than 18 MQcm. The commercial Disposable Electrochemical
Printed (DEP) chips were obtained from BioDevice Technology Ltd.,
Japan (http://www.biodevicetech.com). The chips were fabricated by
screen-printing technology and designed as system with three elec-
trodes containing carbon ink working, carbon ink counter and Ag/
AgCl ink reference electrodes. The carbon ink contained 75% (w/w)
graphite powder and 25% (w/w) mineral oil (Sigma). Surface area of
the working electrode is 2.64 mm2. The structure of DEP chip used
within this work is shown in Figure 1. An AutoLab PGSTAT 30 system
(EcoChemie B.V., Ultrecht, The Netherlands) was used to perform EIS
measurements.
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Figure 1: The structure of commercial Disposable Electrochemical printed
(DEP) chip used within this work. The chip were fabricated by screen-printing
technology and designed as system with three electrodes.

Preparation of 1 - Mab hCG conjugated

The Mab hCG at 200 pg/mL of concentration was prepared by di-
luting in 10 mM carbonate buffer (pH = 8.2). 1 was dissolved in DMSO
with 10 mg/mL concentration. Then, 100 pL of 1 was added into 1 mL
of diluted Mab hCG and mixed by shaker at room temperature for 3
hours. In this step, the amine groups on a protein react with the an-
chored succinimidyl ester to form amide bonds for protein conjuga-
tion. The prepared 1-Mab hCG complex solution was centrifuged at
15,000 rpm for 20 min at 4°C in centrifuge using millipore with 200 nm
in diameter. After centrifuge, this 1-Mab hCG conjugated solution was
stored at 4°C for further experiments.

Immunosensor fabrication

The immunosensors were fabricated by using two different meth-
ods, which are named method A and method B.

Method A

There are three steps in this method (Figure 2a). Firstly, (1) was
dissolved in solution containing 70% of DMSO and 30% of deionized
water with 1 mg/mL of concentration. A volume of 2 pL of this solu-
tion was dropped onto carbon ink working electrode of DEP chip for
1 hour followed by rinsing several times with deionized water to wash
away excess reagent and then dried over a stream N, gas. In this step,
the pyrenyl groups interacted strongly with the basal plane of carbon
graphite via nt-stacking [9,11] and provided a fixation point for (1) on
this surface. The anchored molecules of 1 on the carbon surface are
highly stable against desorption in aqueous solution. This leads to the
functionalization of carbon surface with succinimidyl ester groups that
are highly reactive to nucleophilic substitution by primary and second-
ary amines that exist in abundance on the surface of most proteins
[19]. After that, 2 pL of 200 pg/mL Mab hCG was placed onto sur-
face of these electrodes for 1 hour at room temperature followed by
further washing with 10 mM PBS solution containing 0.05% Tween 20
to remove the loosely bound antibodies and then drying over a gentle
stream N2 gas. In this step, the hCG antibody was successfully immo-
bilized onto carbon electrodes via the attachment of amine groups of
antibody with succinimidyl ester groups on functionalized electrode by
(1). Finally, the Mab hCG-modified electrodes were subjected to 2 uL of
BSA (1% in 10 mM PBS) and incubated at 4°C for 15 hours for blocking
the nonspecific binding. Following this, the electrodes also were rinsed
10 mM PBS solution containing 0.05% Tween 20 followed by deionized
water and then dried over a gentle stream N, gas. The immunosensors
(labeled immunosensor A) are ready to use at this point.

Method B

A volume of 2 pL of (1) - Mab hCG conjugated solution was dropped
onto the carbon ink working electrode surface of DEP chip and incu-
bated at 40C for 18 hours. Afterward, the electrodes were rinsed with
10 mL of 10mM PBS solution containing 0.05% Tween 20 followed by
deionized water to remove the loosely bound antibodies and dried over
a stream N, gas. Then, the hCG-modified electrode was subjected to 2
pL of 100 mM Ethanolamine solution for 1 hour at room temperature
in order to block the remaining non-specific adsorption-reactive sites.
The electrode was also rinsed with 10 mL of 10 mM PBS solution con-
taining 0.05% Tween 20 followed by deionized water, then dried over
a gentle stream N, gas. The immunosensors (labeled immunosensor B)
can be used immediately. The Figure 2b illustrates the whole process to
fabricate the immunosensor B.
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a-hCG detection procedure

The a-hCG was suspended in 10mM PBS solution containing 1%
Bovine Serum Albumine (BSA) with required antigen concentration. In
this case, the range of a-hCG concentration from 200 pg/mL to 70 ng/
mL was utilized. The immunosensors were first EIS measured without
a-hCG addition. Following this, 2 ul required a-hCG concentration was
added on each immunosensor surface for 40 min at room temperature
to let the a-hCG attach to the Mab hCG. Then, immunosensors were
rinsed with 10mM PBS followed by deionized water and dried over a
gentle stream N, gas. Finally, all immunosensors were subjected to EIS
measurement. The impedance spectra was recorded in 0.1 M KCl solu-
tion containing 5 mM of K, [Fe(CN),]/K- [Fe(CN), ] within the frequen-
cy range from 100 kHz to 50 mHz. An ac probe amplitude of 10 mV was
applied to the system around the Open Circuit Potential (OCP).

Results and Discussion

Labelless impedimetric immunosensor

In a electrochemical impedance sensor, the detection is based on
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Figure 2: Schematic diagrams represent the fabrication of impedimetrichCG-
immunosensors based on DEP chip following a) method A and b) method B.In
the method A, the carbon ink electrode of DEP chip is modified first by using a
functional molecule, 1-pyrenebutanoic acid succinimidyl ester (1) and thence
MabhCG immobilization via succimidyl ester groups. However, in the method
B, the MabhCG is conjugated first with 1 and then dropped directly onto carbon
ink working electrode surface of DEP chip.
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the principle that any substance attached on its electrode will change
the measured impedance. In this case, the hCG antibody receptor and
the bound hCG antigen together can be considered as a coating film
with expected to effect the sensor impedance signal. The impedance
measurement can be performed in the absence or presence of a re-
dox probe, which are referred to nonfaradaic and faradaic impedance
measurements [4]. In the absence of a redox probe, the measured im-
pedance signal results directly from the substances that are adherently
attached to the electrode surface. In other words, the impedance is in-
fluenced by the changes in amount, growth and morphological behav-
ior of adherent substance. In the presence of a redox probe, the sensor
verifies the biological events occurring on its surface by measuring the
changes in impedance spectroscopy. Therefore, this method has been
considered as an efficient way to monitor the formation of antigen-
antibody interaction. In this work, we developed a electrochemical im-
pedance immunosensor using a redox probe, [Fe(CN), ]***, for a-hCG
detection. (Figure 3) illustrates the principle of this sensor. The Mab
hCG was first immobilized onto carbon electrode. Then, this modified
electrode was exposed to a a-hCG solution. The Mab hCG receptor to-
gether with the bound a-hCG can be considered as a coating film with
expectation to effectively block the charge (electron) transfer and thus
amplify impedance signal. The behavior of the impedance sensor sys-
tem can be well clarified by the Randles equivalent circuit which shown
in Figure 3b. The circuit model includes the following four elements:
(1) the ohmic resistance of the electrolyte Rs; (2) the Warburg imped-
ance ZW of the electrode; (3) the double layer capacitance Cdl; and (4)
the electron transfer resistance R . Ideally, the Rs and ZW represent
the bulk properties of the electrolyte solution and diffusion of the re-
dox probe, whereas Cdl and R ., depend on the dielectric and insulting
characteristics at the interface between electrode and electrolyte. They
are both affected by modification occurring on the electrode surface
[4,15,17]. Thus, Cdl and R _, are parameters that mainly used as signals
in impedance sensor. In this case, R, is chosen for sensing the inter-
facial properties of electrodes. The (Figure 3c) shows the Nyquist plot
(Zim vs. Zre), which is best way to imagine and determine the electron
transfer resistance R_. The typical Nyquist plot included a semicircle
part at high frequency region corresponding to the electron transfer
limited process and a linear part at lower frequencies resulting from
the diffusion limiting step of the electrochemical process. Therefore, the

a) [FdcN), 7 b) ¥

Y ﬁ%“lﬂ

Figure 3: Schematic illustrate a) the principle of the electrochemical impedance
immunosensor for antigen detection using b) the Randle’s equivalent circuit
to fit impedance spectroscopy by commercial software Autolab data analysis
(EcoChemie) and c) typical Nyquist plot (Zim vs. Zre) of Faradaic impedance
spectrum in presence of redox probe [Fe(CN) J**.
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electron transfer kinetic parameters and diffusion characteristic can be
extracted from the semicircle and linear parts of the impedance spec-
trum, respectively. The intercept of the semicircle with the Zre axis at
high frequency is equal to R . The diameter of semicircle equals to elec-
tron transfer resistance R, which denotes the blocking behavior of the
electrode surface for redox probe. Therefore, the increase and decrease
in this value will be exhibited exactly the assembly of electrode surface.
A significant difference in the impedance spectra of Mab hCG immo-
bilization - modified electrode and binding of a-hCG compared with
bare carbon electrode were observed in the (Figure 4). In the case of
immunosensor A (Figure 4a), the R value of carbon bare electrode is
(4.50 £ 0.14) kQ. However, after functionalizing carbon electrode by 1,
the diameter of semicircle in impedance spectrum drastically increases
with an increase in R value to (17.53 + 0.34) k(). A noteworthy in-
crease in R value to (90.47 + 5.42) kQ was observed in the step of
Mab hCG immobilization. An increase in the charge transfer resistance
value could be explained due to the generation of an insulating protein
layer on electrode. This result was confirmed that the Mab hCG was
successfully immobilized onto carbon electrode surface. Following this,
the Mab hCG-modified electrode was exposed to a-hCG with concen-
tration of 1 ng/mL and an increase in the value of R . to (98.24 £ 5.97)
kQ was observed. This result was further confirmed the success of Mab
hCG immobilization onto the electrode. Likewise, we extracted the R,
value during stepwise modification of the electrode of immunosensor
B by fitting impedance spectra, which shown in (Figure 4b), to Randles
equivalent circuit. We observed that after the 1-Mab hCG conjugated
layer is immobilized onto carbon electrode the R, increases signifi-
cantly to (3.27  0.18) kQ, whereas R, value of carbon bare electrode
is (0.72 £ 0.02) kQ. A noteworthy increase in R . value to (6.26 + 0.17)

immunosensor A
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Figure 4: Impedance spectra of the electrodes of immunosensors A and B
exposed to difference concentrations of a-hCG. The impedance results were
obtained in the solution containing 0.1M KCI and 5mMK,[Fe(CN)J/K,[Fe(CN),]
at OCP and frequency range is from 100 kHz to 50 mHz with an Ac probe am-
plitude of 10mV.

kQ was also observed in the step of a-hCG binding, which the 1-Mab
hCG conjugated immobilization-modified electrode was exposed to
a-hCG with concentration of 1 ng/mL. This result was also confirmed
the success of 1-Mab hCG conjugated immobilization onto electrode of
immunosensor B.

Re;(Mab hCG + ahCG)-R_.(Mab hCG) 1)

R.,(Mab hCG + «hCG)

Besides, the percentage change of the R . value, which is obtained
up to antibody immobilization level and after a-hCG addition is deter-
mined as:

When the immonosensor A and B are exposed to a-hCG with con-
centration of 1 ng/mL, the normalized percentage changes of the R .,
values were 8% and 48%, respectively. This suggests that the Mab hCG
immobilization efficiency of the immunosensor B might higher than
immunosensor A’s. In other words, the sensitivity of immunosensor B
could better than that of immunosensor A. The reason is that DMSO is
a polar aprotic solvent with weakly acidic property. A large amount of
the solvent (in method A) influences the carbon ink electrode surface
due to the ability to dissolve adhesives in carbon ink. Besides, the excess
of DMSO on the electrode surface can interact with amino group of
antibody, which decreases the Mab hCG immobilization efficiency. The
sensitivity of both sensors will be examined in more detail below.

Impedance spectra of hCG antibody-antigen interaction

To evaluate the interaction between Mab hCG and a-hCG, the
modified electrodes of immunosensor A and B are exposed to various
concentration of a-hCG. The corresponding Nyquist plots of impedance
spectra for both immunosensors are shown in (Figure 4). The results
show that the diameter of the Nyquist semicircle increases with increas-
ing of a-hCG concentration. This could be due to the binding of more
antigen molecules to immobilization Mab hCG at higher concentration
of antigen. Therefore, the interfacial charge transfer was hindered sig-
nificantly, resulting in a corresponding increase in the charge transfer
resistance. Besides, as the concentration of a-hCG increases, the surface
coverage must ultimately become saturate because all antibodies on the
electrode surface will have already bound with hCG antigen. This can
be seen in (Figure 4b) (for immunosensor B), where the impedance
spectrum changes only slightly as the a-hCG concentration is increased
from 15 to 30 ng/mL. However, in the case of immunosensor A, the
significant change in the impedance spectrum is still observed as the
a-hCG concentration increases up to 70 ng/mL (Figure 4a). This result
was further confirmed that the Mab hCG immobilization efficiency of
the immunosensor B is higher than immunosensor As.

The fitting impedance parameters are given in (Table 1) and 2 for
immunosensor A and B, respectively. The obtained impedance spectra
of immunosensor A are well fit by the Randles equivalent circuit at fre-
quencies higher than 165 mHz. The impedance behavior at frequencies
less than 165 mHz is unexpected and is currently unknown. As can be
seen from these tables, the charge transfer resistance R . increases with
increasing of hCG concentration. The normalized percentage change of
the R . values ranging from 8% to 39% for immunosensor A and from
34% to 81% for immunosensor B. This result is demonstrated that the
sensitivity of immunosensor B higher than that of immunosensor A.
The increase in the R with increasing protein coverage has been re-
ported [6,10,23] Furthermore, the relative change in R, is much larger
than the relative change in Cdl during antigen binding. This is often
observed for impedance protein detection [21,23].

The (Figure 5) presents the calibration curve of R vs. different
concentrations of hCG antigen (C) for both immunosensors. In the
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case of immunosensor A (Figure 5a), a linear range was obtained from
1 to 70 ng/mL of antigen concentration with the linear equation of R 2
=99.8 + 0.7 x C (ng/mL). However, we observed two linear parts in the 150 L
calibration curve of immunosensor B (Figure 5b). The R increased
slowly with increasing of antigen concentration from 2 pg/mL to 2 135 L
ng/mL and speed-up in the range from 2 to 30 ng/mL. As mentioned
above, the R, value denotes the blocking behavior of electrode sur- o
face for redox probe. The phenomenon of blocking electrode surface is e"f_ 120F
due to space occupying of huge antigen molecules when they bind with o T
small antibody molecules on the electrode surface. At high concentra- 105 -
tion of antigen, the competition of hCG antigen to occupy the space -
leads to the dramatically increase of R ... This is the reason why the cali- 90 .

. s . . . L. LOD =12 (ng/mL) immunosensor A
bration curve exhibits two linear parts. The obtained linear equation in T ST T R
the range from 2 pg/mL to 2 ng/mL for this sensor is R ., = 1.25 + 1.69 0 16 20 3 40 50 60 70 80
x log C (pg/mL). Based on the standard deviation of blank sample and 24 hCG (ng/mL)
slope of calibration curve, the detection limit (LOD) can be calculated L 1: [R_., ()= 1.25 + 1.69%10g C (peml) b}
as 20 + ol LOD = 33 (pg/mL)

-2 ne e i
] sl
g 5 7

The detection limit (LOD) of immunosensor A and B is determined M512 = j L a O
to be 12 ng/mL and 33 pg/mL, respectively. This result was further con- (22 (24 26 28 B0 32 347 iy
firmed the sensitivity of immunosensor B higher than that of immu- sk ‘o
nosensor A. Furthermore, this experimental result also exposed that ' pom o8 B
the designed immunosensor B is more sensitive than other previously fla B :
reported immunosensors in the case of detection limit and linear range TTGSCREoE B
for antigen detection [1,2,7,13]. 0 L

hCG Equivalent circuit elements for nonfaradaic interface
(ng/mL) Rer (kQ) Cy (WF) R, (kQ)

Blank 90.47 £ 5.42 2.55+0.15 1.54 £ 0.04
1 98.24 +5.97 1.75+0.12 1.50 £ 0.07

5 98.37 + 1.24 1.59 + 0.09 1.59+0.03
10 106.57 + 3.49 1.66 + 0.08 1.51+0.09
20 111.40 + 3.90 1.48 £ 0.10 1.57 £ 0.04
30 116.40 + 3.90 1.64 +0.05 1.55+0.07
40 129.47 £ 0.31 1.69 +0.09 1.53+0.07
50 132.93 £ 0.40 1.51+0.10 1.52+0.07
70 148.87 £ 5.28 1.25+0.12 1.61+0.05

Table 1: Impedance parameters were obtained from the equivalent circuit fit to the
impedance spectra of immunosensor A, which is presented in Figure 4a.

hCG Equivalent circuit elements for nonfaradaic interface
(ng/mL) R; (kQ) C, (uF) R, (kQ)
Blank 3.27+£0.18 3.16 £0.18 5.98 +0.12
0.2 497 +£0.20 2.78+0.18 6.02 £ 0.11
0.3 5.68 + 0.26 2.76 £ 0.07 6.03+0.13
0.5 5.88 £ 0.20 2.69 +0.08 6.02 +0.12
1.0 6.26 £ 0.17 2.89+0.14 6.02+0.15
2.0 6.78 £ 0.32 2.69+0.11 6.03+0.12
3.0 7.88+0.22 2.92+0.18 5.99+0.11
4.0 9.82+0.48 3.13+0.17 6.05+0.14
5.0 10.86 £ 0.59 2.69+0.13 6.10 £ 0.18
7.0 12.02 £ 0.51 2.78 £0.16 6.06 + 0.11
10 14.15 £ 0.82 247 £0.10 6.02 +0.12
15 14.84 + 1.85 2.54 +£0.19 5.99 +£0.13
20 15.85+ 1.20 2.57 £ 0.1 6.05+0.13
30 16.99 + 1.41 2.58 + 0.06 5.99+0.13

Table 2: Impedance parameters were obtained from the equivalent circuit fit to the
impedance spectra of immunosensor B, which is illustrated in Figure 4b.

2.0 24 2.8 3.2 3.6 4.0 44
log hCG concentration (pg/mL)

Figure 5: The calibration curves obtained from immunosensorA and B using
charge transfer resistance R as function of a-hCG concentration C. All data
points are average values for the responses of three electrodes and error bars
indicatethe standard error.

Conclusion

The results presented in this work concern successful implementa-
tion of a simple and specific approach for hCG antibody immobilization
onto carbon surface of DEP chip using functional molecule, 1-pyreneb-
utanoic acid, succinimidyl ester. The versatility of this simple approach
could be applied to other biological molecules. Additional information,
the experimental results exposed that the designed immunosensor B is
more sensitive than other previously reported immunosensors in the
case of detection limit and linear range for antigen detection. Moreover,
the used of inexpensive DEP chip as a basis for these immunosensors
will allow simple instrumentation, disposable and portable at low cost.
Besides, based on the current study, it was found that EIS is an impres-
sive method for monitoring the interaction of antigen with antibody
that occurred on the electrode surface. This method used in this work
can also be applied to other immune systems.
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