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ABSTRACT

Faradaic electrochemical impedance spectroscopy (faradaic EIS) is an attractive measurement principle for
biosensors. However, there have been no reports on sensors employing direct electron transfer (DET)-type redox
enzymes based on faradaic EIS principle. In this study, we have attempted to construct the 3rd-generation
faradaic enzyme EIS sensor, which used DET-type flavin adenine dinucleotide (FAD) dependent glucose dehy-
drogenase (GDH) complex, to elucidate its characteristic properties as well as to investigate its potential ap-
plication as the future immunosensor platform. The gold disk electrodes (GDEs) with DET-type FADGDH pre-
pared using self-assembled monolayer (SAM) showed the glucose concentration dependent impedance change,
which was confirmed by the change in the charge transfer resistance (R.). The A(1/R.,) values were also affected
by DC bias potential and the length of SAM. Based on the Nyquist plot and Bode plot simulations, glucose sensing
by imaginary impedance monitoring under fixed frequency (5 mHz) was carried out, revealing the higher
sensitivity at low glucose concentration with wider linear range (0.02-0.2 mM). Considering this high sensitivity
toward glucose, the 3rd-generation faradaic enzyme EIS sensor would provide alternative platform for future

impedimetric immunosensing system, which does not use redox probe.

1. Introduction

Enzyme-based electrochemical biosensors are important in medical
care to detect or monitor biomarkers of diseases. The chron-
oamperometry measurement is one of the most popular methods ap-
plied in enzyme sensors. Considering the history of the development of
amperometric enzyme sensors, three generations were reported ac-
cording to their electron acceptors (Ferri et al., 2011). The 1st-gen-
eration is based on oxidase. In this principle, oxygen serves as the
electron acceptor of the enzyme reaction, and the decreasing oxygen
concentration or liberating hydrogen peroxide is detected electro-
chemically. The 2nd-generation principle uses artificial electron ac-
ceptors (mediators) for the enzyme reaction, instead of oxygen, and the
reduced artificial electron acceptors are measured electrochemically.

The 3rd-generation principle uses enzymes with the ability to transfer
electrons directly to the electrodes without the need for oxygen or
mediators; these enzymes are called direct electron transfer (DET)-type
enzymes.

In addition to the chronoamperometry measurement, faradaic
electrochemical impedance spectroscopy (faradaic EIS) has been vig-
orously studied as the principle of biosensors (Katz and Willner, 2003;
Lisdat and Schéfer, 2008). Considering that faradaic EIS is a powerful
method to investigate the surface of electrodes in details, variety of
faradaic EIS-based immunosensors, which are based on measuring the
charge transfer resistance (R.) of redox probes at the surface of elec-
trodes, have been reported (Afkhami et al., 2017; Attar et al., 2016;
Aydin et al., 2019; Aydin et al., 2018; Fusco et al., 2017; Hou et al.,
2013, 2014a, 2014b, 2015; Prodromidis, 2010; Ruecha et al., 2019).
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One of the inherent limitations of currently reported faradaic EIS-based
immunosensors is the presence of redox probes, which is mandatory to
monitor the binding of target molecules to antibodies which alter the
flux of redox probes to the electrode surface, consequently, result the
change of R.. However, the redox probes are generally chemically
unstable, and the configuration of continuous monitoring and/or in vivo
monitoring type immunosensors using redox probes are complicated
and difficult. Therefore, the development of alternative EIS sensor
platforms, which make the robust measurements, have been expected.
It has also been reported about enzyme-based faradaic EIS bio-
sensors; they can be categorized similar to amperometric enzyme sen-
sors. Among the 1st-generation faradaic EIS biosensors, Wang et al.
(2015) reported a glucose oxidase-based glucose sensor, which detected
the reduction of hydrogen peroxide generated from the glucose oxidase
catalytic reaction to measure glucose. Among the 2nd-generation far-
adaic EIS biosensors, Shervedani et al. (2006) reported a glucose oxi-
dase-based glucose sensor, which detected the oxidation of hydro-
quinone as a mediator reduced from parabenzoquinone by an enzyme
catalytic reaction. However, these faradaic enzyme EIS sensors em-
ployed redox mediators or oxygen as the external electron acceptors,
therefore, the application of these principle as the alternate platform
technology of faradaic EIS-based immunosensors will not solve the
above mentioned inherent issue due to the presence of redox probes.
Previously, we reported a flavin adenine dinucleotide (FAD) de-
pendent glucose dehydrogenase (GDH) complex derived from
Burkholderia cepacia, and its application for biosensor development
(Inose et al., 2003; Sode et al., 1996, 2017; Tsuya et al., 2006; Yamaoka
and Sode, 2007; Yamaoka et al., 2004; Yamazaki et al., 1999;
Yamashita et al., 2013). This FADGDH complex consisted of three
subunits: a catalytic subunit which has FAD and 3Fe-4S-type iron-sulfur
cluster, an electron transfer subunit which has 3 hemes, and a small
subunit as a hitchhiker protein. The electrons generated from oxidation
of glucose at FAD in the catalytic subunit are transferred to 3Fe-4S-type
iron-sulfur cluster in the catalytic subunit. Then the electrons are
transferred to 3rd heme in the electron transfer subunit from 3Fe-4S-
type iron-sulfur cluster. Finally, 2nd heme receives the electrons from
3rd heme and transfers the electrons to electrodes directly (Shiota et al.,
2016; Yamashita et. al, 2018). Because the electron transfer subunit
allows electrons generated from the enzyme catalytic reaction to
transfer directly to the electrodes without the need for oxygen or
mediators, this FADGDH complex is categorized as DET-type enzyme
(DET-type FADGDH). Thanks to the superior characteristic of this DET-
type FADGDH, we have reported variety of sensors with DET principles,
including DET-type amperometric sensors (Lee et al., 2018; Okuda-
Shimazaki et al., 2008; Yamashita et al., 2013, 2018; Yamazaki et al.,
2008), biocapacitor type devices (Hanashi et al., 2009, 2011, 2012,
2014; Lee et al., 2017) or potentiometric glucose sensors (Kakehi et al.,
2007; Lee et al., 2019), which are proposed to apply for the glucose
sensor strips or continuous glucose monitoring. In addition, by creating
engineered DET-type GDHs, several attempts to construct DET-type
amperometric sensors have been also reported (Algov et al., 2017; Ito
et al., 2019; Okuda and Sode, 2004; Okuda et al., 2007; Okuda-
Shimazaki et al., 2018). However, there have been no reports on sensors
employing DET-type redox enzymes based on faradaic EIS principle.
In this study, we have attempted to construct 3rd-generation far-
adaic enzyme EIS sensor, which used DET-type FADGDH, to elucidate
its characteristic properties as well as to investigate its potential ap-
plication as the future immunosensor platform. Herein, we modified
DET-type FADGDH complex on gold disk electrodes (GDEs) via a self-
assembled monolayer (SAM) (Fig. 1). We compared the faradaic en-
zyme EIS sensors employing either with DET-type FADGDH or with
non-DET-type recombinant engineered FADGDH derived from Asper-
gillus flavus (Sakai et al., 2015) in the absence of electron mediators,
revealing the sensor with DET-type FADGDH alone showed impedance
change depend on glucose concentration. The detail investigation of
bias potential and the length of SAM on the impedance dependency
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were carried out. Based on the Nyquist plot and Bode plot simulations,
glucose sensing by fixed frequency based real and imaginary impedance
monitoring were carried out. Finally, the characteristics and potential
application of 3rd-generation faradaic enzyme EIS sensor for future
biosensor platform are discussed.

2. Materials and methods
2.1. Materials

Two types of FADGDH were used. The first was a bacterial DET-type
FADGDH complex, which was mutated to improve its substrate speci-
ficity and stability (Yamashita et al., 2013). A recombinant DET-type
FADGDH complex was prepared using the expression vectors pTrc99A
containing the structural gene for the FADGDH complex and pACYC184
containing the structural gene for cytochrome ¢ maturation (pEC86).
The vectors were transformed into Escherichia coli strain BL21 (DE3),
cultivated, and recombinant enzyme was prepared as previously de-
scribed (Tsuya et al., 2006). The other type was fungi-derived FADGDH,
which was mutated to improve its stability (Sakai et al., 2015). This
FADGDH does not have DET ability to electrodes (herein after as non-
DET-type FADGDH). A recombinant non-DET-type FADGDH was pre-
pared using the expression vector pET-30c( +) containing the structural
gene for non-DET-type FADGDH. The vectors were transformed into
Escherichia coli strain Origami2 (DE3) and cultivated as previously de-
scribed (Sakai et al., 2015).

Dithiobis(succinimidyl hexanoate) (DSH), dithiobis(succinimidyl
octanoate) (DSO) and dithiobis(succinimidyl undecanoate) (DSU) were
purchased from Dojindo Molecular Technologies, Inc. (Kumamoto,
Japan). GDEs and silver/silver chloride (Ag/AgCl) reference electrodes,
1 um polishing diamond, 0.05pm polishing alumina, diamond pol-
ishing pads, and alumina polishing pads were purchased from BAS Inc.
(Tokyo, Japan). Platinum wires were purchased from Tanaka Kikinzoku
Kogyo K.K. (Tokyo, Japan). Acetone, H;O,, and D(+)-glucose were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
KOH, K;3[Fe(CN)¢]l, NaH,PO42H,0, and Na,HPO,12H,0O were pur-
chased from Kanto Chemical Co., Inc. (Tokyo, Japan).

2.2. Preparation of DET-type or non-DET-type FADGDH-modified GDEs

GDEs (Electrode surface area: 7 mm?) were polished using a 1 um
polishing diamond and 0.05 um polishing alumina on each polishing
pad. After GDEs were polished, they were sonicated in distilled water
for 15 min. Next, the surfaces of GDEs were cleaned by removing the
contamination on the GDEs as follows with reference to the paper of
Fiscer et al. (2009). GDEs were soaked in a solution of 50 mM KOH and
25% H,0, for 10 min before rinsing with distilled water. After the
treatment, GDEs were placed in 50 mM KOH and connected to a po-
tentiostat. The potential was swept from -200 to —1200mV vs. Ag/
AgCl once, at a 50 mV/s scan rate, and then the GDEs were rinsed with
acetone. After cleaning the surfaces of GDEs, the GDEs were incubated
in 200 uL. of 10 uM DSH, DSO or DSU solution dissolved in acetone
overnight at 25 °C to immobilize SAM via covalent conjugation between
gold and thiol (Fig. S1). The SAM-modified GDEs were then washed
with acetone and incubated in 1 mL of 100 mM phosphate buffer (pH
7.0) including 0.015mg/mL DET-type FADGDH or non-DET-type
FADGDH overnight at room temperature to immobilize the enzyme via
covalent conjugation between succinimide of SAM and lysine group of
the enzymes (Lee et al., 2018) (Fig. S1). The FADGDH-modified GDEs
were stored in 100 mM phosphate buffer (pH 7.0) at 4 °C until use.

2.3. Characterization of GDE surface modification using redox probe
Bare GDEs, SAM-modified GDEs, and DET-type or non-DET-type

FADGDH-modified GDEs were evaluated by electrochemical impedance
spectroscopy (EIS) to analyse faradaic impedance in 100 mM phosphate
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Fig. 1. Schematic diagram of the 3rd-genera-
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buffer (pH 7.0) containing 10 mM [Fe(CN)g]*~, with Ag/AgCl and Pt
wire as the reference and counter electrodes, respectively. EIS mea-
surement was performed in the frequency range 100 kHz-1 Hz by ap-
plying AC voltage with an amplitude of 10 mV superimposed on DC
potential of + 200 mV vs. Ag/AgCl, using SP-150 (Bio-Logic Science
Instruments). Evaluations were carried out in triplicate (N = 3).

2.4. EIS evaluation of DET-type FADGDH and non-DET-type FADGDH-
modified GDEs without redox probe

DET-type FADGDH-modified GDEs and non-DET-type FADGDH-
modified GDEs were evaluated by EIS to analyse faradaic impedance in
100 mM phosphate buffer (pH 7.0) containing different concentrations
of glucose, with Ag/AgCl and Pt wire as the reference and counter
electrodes, respectively. EIS measurement was performed in the fre-
quency range 100 kHz-5 mHz by applying AC voltage with an ampli-
tude of 10 mV superimposed on DC potential of + 400, + 100, and
—150mV vs. Ag/AgCl, using SP-150 (Bio-Logic Science Instruments).
Evaluations were carried out in triplicate (N = 3).

2.5. Data analysis

Generally, the obtained EIS data were analysed with an equivalent
circuit to obtain electrochemical parameters. In this study, Randles
equivalent circuit without the Warburg impedance (W), including the
resistance of the electrolyte solution (R;), the constant phase element
(CPE), and the charge transfer resistance (R.,) was used (Supplementary
information Fig. S2). At this time the double layer capacitance was
replaced by CPE. In general, the value of real impedance (Z’) of the
initial plots of the Nyquist diagrams indicates the resistance of the
electrolyte solution (Ry), if the situation of EIS measurement can be
expressed as the equivalent circuit in Fig. S2. After performing EIS, the
R values were calculated by fitting the Nyquist plots by using ZView
(Scribner Associates, Inc. Version 3.5c¢).

impedance (Z”). Imaginary and real impedance
were plotted against Frequency. (d) Equivalent
circuit. Description of the equivalent circuit
was shown in Section 2.5 and in Fig. 2S. (e)
Response curve depending on the substrate of
enzyme. Correlation between glucose con-
centrations and A(1/R.) values obtained by
EIS using FADGDH-modified GDEs.

2.6. Simulation

Nyquist plot and Bode plot of each glucose concentrations including
the range of low frequencies were simulated by calculation of real
impedance (Z") and imaginary impedance (Z") using Microsoft Excel.
Randles equivalent circuit without the Warburg impedance (W) was
used for the simulation as the equivalent circuit of the system
(Supplementary information Fig. S2). In the equivalent circuit, real
impedance (Z) and imaginary impedance (Z") can be calculated using
the equations as follows (Vadim, 2012).

Z =R+ —2
1+w?R*Cql? (@)
. wR4*Cq
1+CO2Rct2Cd12 (2)

, which is angular frequency, was calculated by frequency in the
range of 100 kHz-1 pHz. Ry, R, and Cy were obtained by experimental
EIS measurements (Section 2.5).

2.7. Glucose detection using of 3rd-generation faradaic enzyme EIS sensor
with fixed frequency measurements

DET-type FADGDH-modified GDE was evaluated by EIS in 100 mM
phosphate buffer (pH 7.0) containing low concentrations of glucose (f.c.
0.02, 0.03, 0.05, 0.1, 0.2mM), with Ag/AgCl and Pt wire as the re-
ference and counter electrodes, respectively. EIS measurement was
performed at the frequency of 5 mHz by applying AC voltage with an
amplitude of 10 mV superimposed on DC potential of + 100 mV vs. Ag/
AgCl, using SP-150 (Bio-Logic Science Instruments). Evaluations were
carried out in triplicate (N = 3).

3. Results
3.1. Characterization of GDE surface modification using redox probe

EIS with redox probes is a powerful method for investigating the
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Fig. 2. EIS was performed in 100 mM phos-
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surface condition of the electrodes by monitoring the electron flux of
the redox probes. To evaluate the surface modification process of the
GDE:s, EIS was performed on the GDEs from each modification step with
[Fe(CN)s]>~ as the redox probe at + 200mV vs. Ag/AgCl, which is
around the midpoint of [Fe(CN)g]*". At this potential, we can ignore the
effect of the small amount of [Fe(CN)¢]* converted from [Fe(CN)gl%,
because the effect of [Fe(CN)6]4' should be cancelled among bare
electrodes, SAM-modified electrodes and enzyme-modified electrodes
by comparing the R values among them. Fig. 2 shows the Nyquist
plots, indicating each modification process of the DET-type FADGDH or
non-DET-type FADGDH-modified GDEs using DSH. Comparing the
modified GDEs with the bare GDEs, the diameter of semi-circles, which
indicate R values, became larger when the modified GDEs were
evaluated by EIS. By fitting the Nyquist plots with the equivalent circuit
(Fig. S2), the values of R, were estimated to be 69.89, 473.4, and
1328 Q for the bare GDE, GDE/DSH, and GDE/DSH/DET-type
FADGDH, respectively, and 153.2, 1157, and 3417 Q for the bare GDE,
GDE/DSH, and GDE/DSH/non-DET-type FADGDH, respectively. After
DSH was modified on the GDEs surface, the R, values increased.
Moreover, after FADGDH was modified on the DSH-modified GDEs, the
R values further increased. The R value is a useful parameter for
investigating the surface phenomena, because the R, value is affected
by the energy barrier of the redox probes reaching the electrodes. In
this case, it became difficult for [Fe(CN)s]*~ as redox probes to access
the surface of the modified GDEs. Cyclic voltammetry measurement
was also performed using bare GDEs, SAM-modified GDEs, and DET-
type or non-DET-type FADGDH-modified GDEs in the presence of
[Fe(CN)sJ*~ as redox probes (Supplementary information Fig. S3). As
shown in Fig. S3, oxidation and reduction peak current of SAM and the
enzymes-modified GDEs became decreased, comparing the modified
GDEs with the bare GDEs. This result indicates the accessibility of
[Fe(CN)g]*~ to electrodes decreased due to steric hinderance of SAM and
SAM with the enzymes. Therefore, it was confirmed that SAM- and
DET-type FADGDH and non-DET-type FADGDH-modified GDEs were
constructed.

3.2. Glucose measurement by 3rd-generation faradaic enzyme EIS sensor
without mediators

The impedimetric analyses of DET-type FADGDH and non-DET-type
FADGDH-modified GDEs responses toward glucose were carried out in
the absence of mediators. Fig. 3(a) shows the Nyquist plots for different
concentrations of glucose using GDE/DSH/DET-type FADGDH obtained
in a pH 7.0 phosphate buffer with a frequency range 100 kHz-5 mHz at
an amplitude of 10 mV superimposed on DC potential of + 100 mV vs.
Ag/AgCl. (Bode plots of EIS measurement using DET-type FADGDH-
modified GDE are shown in Supplementary Information, Fig. S4) In
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general, diameter of Nyquist plot drawing a semi-circle indicates the R,
value when the electrochemical reactions on the electrodes can be ex-
pressed the equivalent circuit as shown in Fig. S2. At this time, precise
numbers for R . were obtained by fitting the Nyquist plots of GDE/DSH/
DET-type FADGDH using the equivalent circuit (Supplementary
Information Fig. S2). When EIS was performed without glucose, an
adequate semi-circle on the Nyquist plot was not obtained. The reason
why an adequate semi-circle on the Nyquist plot was not obtained when
EIS was performed without glucose is the R, values got too large
(Rt > 40 Mohm). On the contrary, when EIS was performed in the
presence of glucose, semi-circles on the Nyquist plots were observed.
Furthermore, the obtained semi-circles on the Nyquist plots became
smaller with increasing glucose concentrations at glucose concentration
range 1-100 mM. In addition, the result that the obtained semi-circles
on the Nyquist plots got smaller upon increasing glucose concentrations
indicates that the R, values decreased depending on glucose con-
centrations, reaching R.; = 3.8 Mohm at 100 mM of glucose.

To demonstrate that impedance obtained by EIS is changed de-
pending on DET, the non-DET-type FADGDH-modified GDEs were
evaluated in the same manner as the DET-type FADGDH-modified
GDEs. As shown in Fig. 3(b), impedance was not changed, showing
identical Nyquist plots in the glucose concentrations range from O to
100 mM. Furthermore, adequate semi-circles could not be obtained at
each glucose concentration. The electrons generated from the catalytic
reaction of non-DET-type FADGDH are expected not to be transferred
without adding redox mediators so that the obtained impedance was
not be changed with increasing glucose concentrations.

These results indicated that the observed glucose concentration
dependent impedance change with DET-type FADGDH-modified GDE
was confirmed by the DET reaction, which changes the R, values.

Fig. 3(c) shows the correlation between A (1/R.) values and glucose
concentrations. A (1/R.,) is defined as follows.

A(1/R¢ [glucose conc]) = 1/Ry  [glucose conc] — 1/R [0 mM]

As shown in Fig. 3(c), theA(1/R.) values increased with the increase
of glucose concentrations. The linearity range was 0-10 mM glucose.
The corresponding function  within the range was
y(1/ohm) = 1.3x10~% (mM)+2.5x1078.

Therefore, by making a comparison between the results of DET-type
FADGDH and non-DET-type FADGDH, EIS with DET-type FADGDH-
modified GDEs showed impedance depend on glucose concentration,
the 3rd-generation faradaic EIS biosensor was constructed.

We also investigated the stability under the continuous operation of
3rd-generation faradaic enzyme EIS sensor by repeating EIS measure-
ment to prepare Nyquist plots, continuously for 191 times (171 h) with
20 mM glucose. As the results, with the repeating measurements, the R,
values gradually increased, consequently 1/R., value decreased, which
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we used as the readout for the glucose concentration in Fig. 3(c). After
the 191 measurement, the readout decreased to 32% of the initial value.
In our previous study, using same electrode configuration, continuous
amperometric operation of this electrode was reported (Lee et al.,
2018), where no significant decrease was observed after 20h con-
tinuous operation. Besides, under the continuous EIS measurement in
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Fig. 3. EIS analyses with DET-type FADGDH-modified GDEs or non-DET-type
FADGDH-modified GDEs. EIS was performed in 100 mM phosphate buffer (pH
7.0) containing glucose using (a) DET-type FADGDH-modified GDEs or (b) non-
DET-type FADGDH-modified GDEs. EIS measurement was performed in the
frequency range 100 kHz-5 mHz by applying AC voltage with an amplitude of
10 mV superimposed on DC potential of + 100 mV vs. Ag/AgCl. Black squares,
orange diamonds, blue triangles and purple circles show Nyquist plots at glu-
cose concentrations of 0, 1, 10, and 100 mM, respectively. Evaluations were
carried out in triplicate (N = 3). (c) Correlation between glucose concentrations
and A(1/R.,) values obtained by EIS using GDE/DSH/DET-type FADGDH. DET-
type FADGDH-modified GDEs applying AC voltage with an amplitude of 10 mV
superimposed on DC potential of + 100 mV vs. Ag/AgCl in the frequency range
100 kHz-5mHz. The function of the calibration curve within the range of
0-10mM glucose was y(1/ohm) = 1.3x1078x (mM)+2.5x10~% (R? =0.894).
Evaluations were carried out in triplicate (N = 3).

this study, about 83% of the initial readout of 1/R.; value was observed.
Therefore, the stability of the electrode would be slightly lower com-
pared with the operation under amperometric measurement.
(Supplementary information, Fig. S5).

3.3. Parameter analysis influencing to R,

We investigated the parameters affect R, values. We focused on the
DC bias potential and the length of the SAM because these parameters
must affect the efficiency of DET.

Fig. 4(a) shows the A(1/R.,) values at each glucose concentration
obtained by EIS without mediators performed on GDE/DSH/DET-type
FADGDH at DC bias potential of + 400, + 100, and —150 mV vs. Ag/
AgCl. The A(1/R.) values were extremely low at the applied potential
of —150mV vs. Ag/AgCl. Moreover, there is no correlation between
glucose concentrations and the A(1/R.) values at —150mV vs. Ag/
AgCl. On the contrary, when EIS was performed at the applied potential
of + 400 or + 100mV vs. Ag/AgCl, the A(1/R.,) values were much
higher. In addition, the A(1/R.,) values of + 400 or + 100 mV vs. Ag/
AgCl increased with the increase of glucose concentrations. Thus, it is
confirmed that DET causes the change of the A(1/R.,) values, and the
A(1/Ry) values are affected by DC bias potential.

Fig. 4(b) shows the A(1/R.) values at each glucose concentrations
obtained by EIS for DET-type FADGDH-modified GDEs, which used
three types of SAM regents: DSH, DSO and DSU. DSU has a longest
carbon chain (14.9-15.4 A) than DSH (8.3-8.8 A) and DSO (10.9-11.4
A). The A(1/R.) values of each GDE/DSH/DET-type FADGDH, GDE/
DSO/DET-type FADGDH or GDE/DSU/DET-type FADGDH increased
with increasing of glucose concentrations, however the A(1/R.,) values
were much lower when the DET-type FADGDH was immobilized by
DSU, which has a longer carbon chain. The distance between DET-type
FADGDH and the electrodes was determined by the length of SAM. We
previously reported the strength of DET is affected by the distance
between the surface of electrodes and the enzyme (Lee et al., 2018).
Therefore, we concluded that the A(1/R.,) values are affected by the
length of SAM because the length of SAM changes the strength of DET.

3.4. High-sensitive glucose detection using of 3rd-generation faradaic
enzyme EIS sensor under fixed frequency measurements

The Nyquist plots and Bode plots were simulated to predict the
glucose concentration and frequency dependent change in real and
imaginary impedance, including the lower frequencies which were not
experimentally investigated (Fig. 5(a), (b), (¢)). These simulated results
clearly indicated that 1/R.,, real impedance and imaginary impedance
show glucose concentration dependency. All simulation indicates that
the impedance changes at lower glucose concentration result larger
difference, indicating that 3rd-generation faradaic enzyme EIS provide
highly sensitive glucose detection at a lower concentration. Another
remarkable feature is that the frequency dependencies of real and
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Fig. 4. A(1/R.y) values at various glu-
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imaginary impedances are different. It is obvious that the glucose
concentration dependency of real impedance is observable at fre-
quencies lower than 2.5 mHz, whereas those of imaginary impedance is
observable at much higher frequencies, lower than 15 mHz. These
observations suggested that glucose measurement will be possible by
monitoring imaginary impedance at a fixed frequency at higher fre-
quency than those for those to monitor real impedance (Fig. 5(b), (c)).
Considering that the 3rd-generation faradaic enzyme EIS sensor showed
much higher impedance change at lower glucose concentration, and the
measurement of 1/R. values, which has been conventionally used as
the measure in enzyme-based impedimetric analyses takes a long period
of measurement and complicated, the investigation of fixed frequency
based impedimetric analyses at lower glucose concentration of this
system should be carried out.

Fig. 6 shows the glucose concentration dependencies of real im-
pedance (Fig. 6(a)) and imaginary impedance (Fig. 6(b)) at 5mHz,
respectively. The investigated glucose range was 0.02-0.2 mM range
with 0.01 mM resolution at minimum, which was 100 times lower
concentration and 200 times higher resolution than those shown in
Fig. 3(c) (concentration range; 1-100 mM. minimum resolution; 2 mM).
The real impedance showed linear correlation with glucose con-
centration range between 0.02 mM and 0.05mM, however, at further
higher glucose concentration, constant real impedance was observed. In
contrary, as was expected from the results of Bode plot simulation,
imaginary impedance showed higher sensitivity at this low glucose
range with wider linear range. Good linear correlations (R* = 0.996)
were observed within the glucose range here investigated
(0.02-0.2 mM). These results indicated that imaginary impedance ob-
tained from the fixed frequency (5mHz) provides highly sensitive
glucose concentration measurement with high resolution.

4. Discussion

In this study, we have attempted to construct 3rd-generation far-
adaic enzyme EIS sensor, which used DET-type FADGDH, to elucidate
its characteristic properties as well as to investigate its potential ap-
plication as the future immunosensor platform. We first investigated the
correlation between DET and impedance obtained by EIS from 3 dif-
ferent viewpoints: comparison between DET-type FADGDH and non-
DET-type FADGDH, different DC bias potential and the length of SAM.
At first, we confirmed obvious difference between DET-type FADGDH
and non-DET-type FADGDH to demonstrate DET causes the change of
impedance obtained by EIS without redox mediators. Furthermore,
glucose dependence of the A(1/R) values is conformed.

As shown in Fig. 3(c), the A(1/R.) values increased with the

194

10 mV). Evaluations were carried out
in triplicate (N = 3).

increase of glucose concentrations. 1/R.. can be expressed as under
equilibrium.

1/Ry = dI/dE(I: current, E: potential)

The equilibrium indicates that the 1/R. values can be changed
depending on current when potential is constant. When chron-
oamperometry measurement was performed in a pH 7.0 phosphate
buffer containing various concentrations of glucose at a DC bias po-
tential of + 100 mV vs. Ag/AgCl using GDE/DSH/DET-type FADGDH,
the response current increased upon increasing glucose concentrations
(Fig. S6). The result shows that the number of electrons which were
directly transferred from DET-type FADGDH to the GDEs increased with
the increase of glucose concentrations. Therefore, it is confirmed that
the A(1/R.,) values were related to DET between DET-type FADGDH
and the electrodes.

Next, EIS was performed on DET-type FADGDH-modified GDEs at
various potential in order to investigate how the efficiency of DET af-
fects the A(1/R.¢) values. The result suggests that changing efficiency of
DET caused by the variation of DC bias potential affects the A(1/R.)
values. It was also confirmed that DET occurred at the applied potential
of + 400 or + 100 mV vs. Ag/AgCl by performing chronoamperometry
measurement, however the response current was extremely low at the
applied potential of —150mV vs. Ag/AgCl (Fig. S7). Moreover, it is
demonstrated that the A(1/R,,) values are related to the strength of DET
by changing the length of SAM.

Therefore, in this study we demonstrated that the R, value is related
to the direct electron transfer (DET) by the enzyme catalytic reaction of
the DET-type FADGDH which is affected by three factors; (1) glucose
concentration, (2) the length of SAM and (3) DC bias potential.

Vidakovi“c-Koch et al. (2013) previously reported the application of
electrochemical impedance spectroscopy for studying the mechanism of
an enzymatic process by making a comparison between a theoretical
simulation and experimental data. As a model system, horseradish
peroxidase (HRP) absorbed on graphite, which shows DET, was chosen
(Vidakovi‘c-Koch et al., 2013). In contrast, in our study, we experi-
mentally demonstrated form various viewpoints, for the first time, that
there was an interrelation between DET and impedance obtained by EIS
without redox mediators. Moreover, we investigated the correlation
between R; and DET.

In addition to the measurement of R, value and its glucose con-
centration dependency, the glucose concentration dependency of ima-
ginary impedance was observed under fixed frequency (Fig. 6(b)). Al-
though the R. value measurement provided variety of surface
information, however, the period required for the experiments to obtain
a single Nyquist plot for one glucose concentration is about 10 min (by
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employing 100 kHz — 5 mHz). To obtain a calibration the correlation
between A(1/R.) and glucose concentration, it takes more than 1.6 h to
analyse entire glucose concentration range by varying various
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Fig. 5. Simulated Nyquist plots and Bode plots. (a) Nyquist plots of various
glucose concentrations (0-100 mM) were simulated including the range of low
frequencies (100kHz-1 pHz). Bode plots of various glucose concentrations
(0-100 mM) showing (b) real impedance (Z") and (c) imaginary impedance (Z")
at each frequency were also simulated including the range of low frequencies
(100kHz to 1 pHz). Black squares, orange diamonds, grey circles, yellow cir-
cles, blue triangles, green circles, light blue circles, brown circles, red circles
and purple circles show simulated Bode plots at glucose concentrations of 0, 1,
3, 5, 10, 20, 30, 40, 60 and 100 mM, respectively.

frequency investigated in this study (10 plots). Moreover, when a single
Nyquist plot of lower glucose concentration is obtained to gain the R,
value, it takes much longer hours to obtain a semi-circle of the Nyquist
plot including in the range of much lower frequencies. Instead, the Bode
plot simulation suggested that glucose concentration dependence of
imaginary impedance change will be observable at fixed frequency
lower than 15 mHz. By choosing 5 mHz, which took 3 min for single
impedance measurement for one glucose concentration, it takes 30 min
to obtain the correlation between A Z" and glucose concentration (10
plots). Therefore, these results strongly support that constant frequency
based imaginary impedance measurement would be the standard
method for 3rd-generation faradaic enzyme EIS sensor. In addition, this
investigation showed that 3rd-generation faradaic enzyme EIS sensor
provides highly sensitive glucose measurement, compared with those
reported in the 1st (Wang et al., 2015) and 2nd (Shervedani et al.,
2006) generation type enzyme EIS sensors, which reported glucose
range higher than 1 mM with several mM range in the resolution.
Considering this high sensitivity toward glucose, the 3rd-generation
faradaic enzyme EIS sensor would be applied for the alternative plat-
form for impedimetric immunosensing system, which does not utilize
redox probes. Currently reported impedimetric immunosensors em-
ployed redox probes to monitor their flux change by the binding of
target molecule to the antibodies immobilized on the surface of elec-
trode. The mandatory presence of redox probes limits the potential
application of faradaic EIS immunosensors. The method introduced in
this study, would provide a novel platform of immunosensor which
does not use redox probes, instead glucose flux could be the indicator
for the binding of the target to the ligand on the surface of electrode,
which might be co-immobilized together with DET type GDH.

Although further investigations are required, our success in re-
vealing that 3rd-generation faradaic enzyme EIS sensor showed glucose
dependent impedance change with high sensitivity in the absence of
redox probes, would suggest the future development of novel im-
munosensing system based on the current study.

5. Conclusion

In this study, we have demonstrated, for the first time, the 3rd-
generation impedimetric biosensors by performing EIS without redox
mediators for DET-type FADGDH-modified GDEs.

When EIS was performed with DET-type FADGDH-modified GDE in
the presence of glucose, semi-circles on the Nyquist plots were ob-
served. Furthermore, the obtained semi-circles on the Nyquist plots
became smaller with increasing depending on glucose concentrations at
glucose concentration range 1-100 mM. On the contrary, EIS analyses
of the non-DET-type FADGDH-modified GDEs revealed that no im-
pedance change was observed by changing glucose concentration,
showing identical Nyquist plots in the glucose concentrations range
from O to 100 mM. These results indicated that the observed glucose
concentration dependent impedance change with DET-type FADGDH-
modified GDE was confirmed by the DET reaction, which changes the
R, values. In addition, the DET-type FADGDH-modified GDEs showed
impedance depend on glucose concentration. It was also confirmed that
the A(1/R.,) values are affected by DC bias potential and also affected
by the length of SAM. Based on the Nyquist plot and Bode plot simu-
lations, glucose sensing by imaginary impedance under fixed frequency
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Fig. 6. Correlation between glucose con-
centrations in the range of 0.02-0.2mM and
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(a) real impedance, (b) imaginary impedance.
A Z’ or A Z” indicates the real impedance or
imaginary impedance of each glucose con-
centrations excluded the real impedance or
imaginary impedance of 0.02 mM glucose. EIS
measurement was performed at the frequency
of 5 mHz by applying AC voltage with an am-
plitude of 10 mV superimposed on DC potential
of +100mV vs. Ag/AgCl. Evaluations were
carried out in triplicate (N = 3) except for (a)
real impedance plots of 0.03mM glucose
which shows N = 2 data in order to remove an
outlying value. The function of the calibration
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curve of glucose vs. real impedance within the
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range of 0.02-0.2mM  glucose  was
y(1/ohm) = 1.3x10’x (mM)+1.8x10° (R?
=0.797). The function of the calibration curve
of glucose vs. imaginary impedance within the

range of 0.02-0.2 mM glucose was y(1/ohm) = 3.1x107x (mM)+5.2x10° (R*> =0.996).

(5 mHz) was carried out, revealing the higher sensitivity at low glucose
concentration with wider linear range (0.02-0.2 mM). Considering this
high sensitivity toward glucose, the 3rd-generation faradaic enzyme EIS
sensor would provide alternative platform for future impedimetric
immunosensing system, which does not use redox probes.
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