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Abstract
We fabricate a nanoscale biomemory device composed of recombinant azurin on nanogap
electrodes. For this, size-controllable nanogap electrodes are fabricated by photolithography,
electron beam lithography, and surface catalyzed chemical deposition. Moreover, we
investigate the effect of gap distance to optimize the size of electrodes for a biomemory device
and explore the mechanism of electron transfer from immobilized protein to a nanogap
counter-electrode. As the distance of the nanogap electrode is decreased in the nanoscale, the
absolute current intensity decreases according to the distance decrement between the
electrodes due to direct electron transfer, in contrast with the diffusion phenomenon of a
micro-electrode. The biomemory function is achieved on the optimized nanogap electrode.
These results demonstrate that the fabricated nanodevice composed of a nanogap electrode
and biomaterials provides various advantages such as quantitative control of signals and
exclusion of environmental effects such as noise. The proposed bioelectronics device, which
could be mass-produced easily, could be applied to construct a nanoscale bioelectronics
system composed of a single biomolecule.

S Online supplementary data available from stacks.iop.org/Nano/24/365301/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Bioelectronic devices have been researched within the last
decade due to their promising potential, which means that
they can substitute conventional devices [1–3]. The advance
of this technology originated from the development of control
of biomolecules and immobilization methods such as the
self-assembly process [4–6]. In particular, as active elements,
electron transfer proteins provide various advantages for
the fabrication of bioelectronic devices owing to their size,
structure, and functionality. Metalloproteins play an important
role in energy and substance transfer in biological systems,
and these reactions are very specific and more effective

than other non-biological reactions. The redox state of a
metalloprotein can be reversibly changed by reduction and
oxidation, and this redox property can be applied to the
functions of conventional electronic devices; the signals of
these electron transfer proteins can be easily monitored by
electrical and electrochemical methods [7, 8].

We are currently focusing on a bioelectronic device
containing metalloproteins which could show memory
functions by biomechanisms, and several biomemory devices
of various types and functions have been developed in
our previous research such as multilevel, multifunctional
4-bit biomemory devices [9–11]. These devices have been
developed by a combination of biomolecule functions and
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silicon-based electronic domains. Metal ions in the center
of metalloproteins operate biological functions by reduction
and oxidation, and the fundamental concept of a biomemory
device is based on this ionic change of metal ions, in which
by applying potential reduced and oxidized states of ions
can substitute the functions of writing and erasing in a
conventional biomemory device.

However, these studies have significant challenges
resulting from the properties of biomolecules. Firstly, it is
very difficult to control the arrangement of each protein
molecule on the solid substrate and to analyze its properties
for application to an electronic device due to the fact that
the size of a biomolecule is nanometer scale. Secondly, the
key function of such proteins is performed in the environment
of a solution. Some hindrances caused by the surroundings,
such as ions of the electrolyte and a distance effect, occur
in the process of electron transfer because the electrical
and electrochemical signals of the biomaterials pass through
the solution. However, the conditions of high vacuum and
extremely low temperature used in the studies of organic or
inorganic materials could exclude the effects of surroundings.

For this reason, studies on the application of biomaterials
to electronic devices need a new approach. Recently, due
to the development of nano-fabrication technology [12–15],
the properties of nano-sized functional materials such as
CNTs, graphene and biomaterials have been researched by
various research groups [16, 17], and these nanoscale devices
can also offer a new method for precisely validating the
properties of a metalloprotein [18]. However, these nanoscale
devices have some limitations with respect to the manufacture
of a practical bioelectronics device: (1) electrical stability
as an electrode is not guaranteed owing to the problems
of the metal–metal junction and pattern uniformity, (2)
the signal of each nano-pattern is difficult to control, and
(3) mass production of electrodes that have the same electrical
properties is impossible.

To overcome these problems, we introduced a nanogap
electrode to a previous biomemory device. This approach
using a nanogap electrode provides important benefits. It
can offer a platform to analyze and control the amount of
biomaterial actually utilized in the electrochemical reaction
without the effect of signal interference. Nanogap electrodes
can be mass-produced reliably because they are fabricated
by using well-established lithographic techniques, and thus
these nanoscale devices could be utilized not only in the
research field but also as practical bioelectronics devices.
However, bioelectronic devices using metalloprotein and a
nanogap electrode have not been reported yet in spite of these
advantages.

In this study, we fabricated nanobiomemory devices
composed of recombinant azurin on nanogap electrodes.
The size-controllable nanogap electrodes were fabricated by
photolithography, e-beam lithography, and surface catalyzed
chemical deposition. Cysteine-modified azurin produced by
site-directed mutagenesis (SDM) method was utilized as an
active metalloprotein, because direct immobilization on a
solid surface using the cysteine residue was more stable
and effective for biofilm formation. The redox property

of recombinant azurin was obtained by cyclic voltammetry
(CV) on the nanogap electrodes. We explored the effect
of the distance between electrodes for a biomemory device
in the nanoscale, and demonstrated memory functions of
immobilized metalloprotein using these optimized nanogap
electrodes.

2. Experimental details

2.1. Materials

Azurin was modified and expressed with its cysteine residue
by site-directed mutagenesis (SDM) methods used to produce
mutations by changing the codon for Lys92Cys (K92C)
from AAG to TGC. The azurin gene containing plasmids
were transformed into E. coli BL21 (DE3). The transformed
cells were grown for an additional 12 h at 35 ◦C and were
harvested by centrifugation at 4000g for 20 min at 4 ◦C.
Recombinant apo-azurin fractions which did not contain
copper (elution pH = 4.4–5.0, respectively) were separated
on an ion exchange column (S-resin) with a pH gradient
ranging from 4.0 to 5.0 (50 mM sodium acetate). CuSO4
(0.5 M) was added to the protein solution and taken up by
the recombinant apo-azurin. This process was developed by
our research team [19]. The recombinant azurin was purified
using an Amicon ultracentrifugal filter (MWCO 3k, Millipore,
USA). Reagents including HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) and Cu2SO4 were purchased
from Sigma Aldrich Co (USA).

2.2. Fabrication of the nanogap electrode

The micro-pattern composed of Cr (10 nm) as an adhesion
layer and Au (40 nm) on a Si substrate with thermally oxidized
SiO2 (300 nm) was fabricated by photolithography and an
electron beam evaporator. An electron beam lithography
system (FEI Sirion 400 FESEM, USA, and Raith Elphy
quantum S/W, Germany) was utilized for making nano-
patterns. To construct a micro-patterned contact surface, Au
was deposited with a thickness of 50 nm. HAuCl4 as a source
of gold ions and NH2OH as a reductant were utilized in the
process of surface catalyzed chemical deposition. The normal
conditions used for gap narrowing were 64 µM NH2OH,
27 ◦C, stirring speed of 1200 rpm, a reaction time of 2 min,
and four times. These conditions were sometimes corrected
as the occasion demanded.

2.3. Immobilization of protein on the micro- and
nano-electrodes

The prepared electrodes were cleaned with piranha solution
consisting of 15 vol% H2O2 (Duksan Pure Chemical Co.
Ltd, Korea) and 85 vol% H2SO4 (Daejung Chemical Co.
Ltd, Korea) at 70 ◦C for 10 min to remove contaminants
and residues. The electrodes were then rinsed with acetone,
isopropyl alcohol, and deionized water sequentially. The
modification of the electrodes was carried out by covalent
bonding between the thiol group of cysteine and the gold
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Figure 1. Images of fabricated nanogap electrodes. (a) Overall FESEM image of an electrode patterned by e-beam lithography. The white
arrow indicates reference electrodes. (b) Enlarged FESEM image of an electrode patterned by e-beam lithography. (c) Description of the
surface catalyzed chemical deposition: reduced gold ions by reductant were deposited on the gold surface. (d) FESEM image of a fabricated
nanogap electrode by surface catalyzed chemical deposition (about 10 nm).

surface. The recombinant azurin was dissolved in 10 mM
HEPES buffer (pH 7.0) at a concentration of 0.1 mg ml−1.
The fabricated electrodes were immersed in protein solution
for 3 h at 5 ◦C, and then washed with DI water and dried under
pure N2 gas.

2.4. Instrumentation

The images of the electrodes were monitored via FESEM (FEI
Sirion 400 FESEM, USA) to measure the accurate distance
between electrodes, the surface morphology was confirmed
by AFM (Digital Instruments Multimode, USA), and the
electrical properties of the fabricated nanogap electrodes were
measured with a probe station and a semiconductor device
analyzer (Agilent B1500A, USA). Those measurements were
performed in solid state (air) to confirm the properties of the
fabricated devices indirectly. The electrochemical properties
of the immobilized protein were confirmed by the techniques
of cyclic voltammetry (CV) and chronoamperometry (CA)
using a potentiostat/galvanostat (CHI-660, CH Instruments,
Inc., TX, USA). All electrochemical measurements of the
recombinant azurin immobilized on the micro- and nanogap
gold electrodes were performed in 10 mM HEPES buffer
(pH 7.0) at a scan rate of 30 mV s−1. The potential ranges
were 0.5 to −0.2 V and 0.7 to −0.4 V, respectively, due

to the differences in peak positions. Specific details of all
measurements are given in figure S1 (see the supplementary
data available at stacks.iop.org/Nano/24/365301/mmedia).

3. Results and discussion

3.1. Biomemory device fabrication

Micro- and nano-electrodes of various sizes were utilized
in this study to confirm the effects of redox peak variation
according to the change of distance at the micro- and
nanoscale. Figure 1(a) is an overall image of a gold
nano-electrode used in this measurement. The line in the
center was employed as a common line, and ten lines were
located in the left and the right sections. Reference electrodes
were inserted during the process of electron beam lithography
to indirectly confirm the changes in gap size, and prevent
substrate damage and carbonization of the electrode’s surface,
except during initial setup of the manufacturing process.
It is difficult to confirm protein immobilization on a gold
surface by using field effect scanning electron microscopy
(FESEM) because the biomaterial is very fragile during
exposure to an electron beam, and the morphologies of
the nanogap electrodes are relatively rough. Therefore, only
gap size was confirmed by FESEM after all fabrication
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Figure 2. Properties of the fabricated nanogap electrodes. (a) AFM image of a nanogap electrode which has a size of 20 nm. (b) The line
profile of the gold pattern resulting from surface catalyzed chemical deposition. (c) The tunneling current was monitored in conditions with
an applied voltage of 1 V and the gap size under 1 nm. (Inset: shorted state.) (d) The noise level of two electrodes before and after protein
immobilization.

processes and measurements were completed. Figure 1(b)
shows electrodes fabricated by electron beam lithography
which have an average gap size of 70–80 nm. The variation
of gap distance according to the manufacturing process was
from 50 to 100 nm. Although the degree of variation was
∼50 nm, nanogap electrodes having relatively uniform sizes
could be obtained using a well-established gap narrowing
method involving a surface catalyzed chemical deposition
process by Yun’s group [20], as shown in figure 1(c). The
micro-electrodes used for comparison measurements were
also fabricated by the same method (see supplementary
data figure S2 available at stacks.iop.org/Nano/24/365301/
mmedia). The gap narrowing process using the reduction of
gold ions was based on the diffusion of gold ions dissolved in
the solution. Therefore, the growth ratio gradually decreased
as the gap became narrowed because the diffusion could be
affected by spatial hindrance due to the decrement of gap
distance. A typical nano-electrode (10 nm gap size) fabricated
by surface catalyzed chemical deposition is shown in
figure 1(d). This gap could be reduced to 1 nm by controlling
the process parameters including reductant concentration,
temperature and time (see supplementary data figure S3
available at stacks.iop.org/Nano/24/365301/mmedia).

3.2. Properties of the fabricated nanogap electrodes

An atomic force microscopy (AFM) image of a fabricated
electrode with a nanogap of ∼20 nm is shown in
figure 2(a). The surface formed by the gold ions has

irregular polycrystalline patterns, resulting from the method
of deposition. This results from the fact that gold ions diffused
onto an electrode have a tendency to move toward a more
thermodynamically stable globular shape. In addition, growth
of the gold electrode mainly occurred on the edge of the
pattern, because surface catalyzed chemical deposition is
based on the reduction of gold ions by diffusion. Figure 2(b)
shows this phenomenon, where the cross section of the
electrode has a convex structure on both sides. Electrical
shorting of the electrodes might occur during the gap
narrowing process. Therefore, the electrical properties of
electrodes, as affected by the size of the nanogap, were
investigated, as shown in figure 2(c). The current level
reached milli-ampere scale (inset) when an electrical short
occurred due to attachment of a gold particle fabricated
by self-nucleation in the reaction and from unexpected
contamination with organic and metallic residues. However,
only a pico-ampere scale of current was shown with the
successfully fabricated nanogap electrode (red line). A
defective electrode could be eliminated using this large
current difference. The black line shows the tunneling current
between two electrodes which have a gap distance of ∼1 nm.
When the applied voltage was ±1 V, a tunneling current
of only 0.3 nA was measured and the current could not be
measured when a lower voltage and larger gap distance were
used. We assumed that the tunneling current can be neglected
in the measurement when using an applied voltage under
±1 V and a nanogap electrode >1 nm, as a result of the low
amount of generated current. The reasons were that (1) the
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redox reaction of immobilized azurin was mainly operated
in the potential range between ±0.5 V, and (2) the detection
range of the electrochemical measurement was of about a few
hundred pico-ampere scale. The current after immobilization
of azurin on nanogap electrodes with a gap size of ∼3 nm
is shown in figure 2(d). The noise level after immobilization
was diminished to fA (black line), whereas its level without
protein immobilization was ∼pA (red line). It is likely that
environmental noise could be removed due to the fact that the
bare electrodes were covered with protein, which plays a role
as an insulator at room temperature compared to the metal
and organic materials, even though protein is known to be a
semiconductor in its solid state [21, 22].

3.3. Electrochemical behavior of recombinant azurin on the
micro- and nanogap electrodes

The inset of figure 3(a) represents the electrode structure
utilized in this research, in which the working and
counter-electrode were patterned oppositely on a flat surface.
Because the distance between electrodes in a general
electrochemical system is difficult to control precisely, the
substrates fabricated with the lithographic technique were
used in this experiment. This electrode system was different
from the usual system of CV in the aspect of electron transfer
between the working and counter-electrodes. Electron transfer
in this patterned electrode system was limited by the conical
shaped electrode, which resulted in direct transfer between the
edges of the two electrodes, whereas electron transfer by a
redox reaction was easily accomplished on the bulk electrode
because it had a relatively large area and applied the same
potential due to the parallel flat electrode structure.

Figures 3(a) and (b) show the cyclic voltammogram of
the recombinant azurin molecules with well-defined redox
peaks with the reduction potential at Epc and the oxidation
potential at Epa, which were generated from the electron
transfer process of the recombinant azurin center, Cu2+/1+.
These redox peaks produced by immobilized azurin were
clearly distinguishable from the cyclic voltammogram peaks
of the bare nanogap electrode (see supplementary data figure
S4(a) available at stacks.iop.org/Nano/24/365301/mmedia).
These measurements were taken on microgap electrodes
(3 µm–8 µm) and nanogap electrodes (38 nm–1 nm),
respectively. Analysis according to the distance in the
nanogap electrode was performed in a single electrode
which was fabricated with various sizes for precise analysis,
because the absolute current level could be dissimilar in
each fabricated electrode as a result of the original charge of
the metal surface, whereas the difference between fabricated
micro-electrodes could be negligible. The aspect of electron
transfer due to the redox reaction of the immobilized protein
could be varied depending on the distance between the
working and counter-electrodes. The common phenomenon
of electron transfer in micro- and nano-electrodes was the
movement of Epc and Epa in the direction of the standard
potential, and this meant that the transfer speed of electrons
was increased by diminishing the distance of the pathway.
The point of difference was the Ip value which indicated

Figure 3. (a) Distance-dependent cyclic voltammogram of
recombinant azurin on the microgap electrodes. Inset: overall
drawing of the electrode structure utilized in this research.
(b) Nanogap electrode.

the absolute amount of current generated from oxidation and
reduction of immobilized protein. As shown in figure 3(a),
for a micro-electrode, the intensity of the redox peaks was
increased by decrement of the gap distance, whereas the
opposite phenomenon was observed in the nano-electrodes
(figure 3(b)), in which the redox signal was reduced when the
gap size was decreased from nearly 38 to 9 nm. It was likely
that the number of azurin molecules which could participate in
electrochemical reactions was decreased by the narrowed gap.

To explain this difference, we assumed two main
pathways of electron movement between two electrodes. The
first pathway was a bulk effect produced by diffusion of
ions in the electrolyte solution as a general phenomenon in
a conventional electrochemical reaction, in which distance
was the key factor determining the speed and efficiency of
electron movement. The second pathway was the effect of
a direct channel being formed in the nearest point of the
oppositely patterned electrodes. This direct channel could be
explained by resistance differences. Because an immobilized
protein on the gold surface has a higher resistance than the
bare gold electrode, the electrons induced by an applied
voltage move mainly on the gold surface of the working
electrode due to the fact that the area contacted with
solution is covered with immobilized azurin, and are finally
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Figure 4. (a) The variation of transfer phase due to the distance from an electrode surface to the other electrode. (b) Two dominant
mechanisms of direct channel and diffusion related to electron transfer in the electrolyte solution. The black line, and blue and red dotted
lines indicate the potential distribution according to the distance between two electrodes. (c), (d) Quantitative results for Epc and Ip in micro-
and nanogap electrodes, respectively. The black and blue lines indicate Epc and Ip, respectively. (e) Comparison of the number of proteins
participating in the redox reaction in the cases of the longest and shortest gap distance.

transferred to the counter-electrode at the closest position
to the working electrode. The metalloprotein was reduced
and oxidized by a specific potential, in which the generated
electrons were transferred through passages in the electrolyte.
Meanwhile, the total area governed by a specific potential
in the substrate could be changed by the shape and distance
of the electrodes, based on the variance of electrical field
between two electrodes. If the distance between the working
and counter-electrode is relatively large, such as the level
of a micrometer, the concentrating phenomenon of current
transfer is decreased by the bulk effect based on ion diffusion
through an electrical field in an electrolyte. In contrast, this
phenomenon is reinforced when the distance between the two
electrodes becomes smaller, e.g., to the scale of a nanometer.
The electrodes utilized in this research had a sharpened shape
at their edge, due to their triangular structure. As a result, the
quantity of influenced protein immobilized on the electrode by
an applied voltage was diminished according to the decrease
of the gap size, resulting from diminution of the area related
to electron transfer.

3.4. Analysis of electron transfer for the optimization of gap
distance

Figure 4(a) shows three kinds of mechanisms related with
electron transfer from the surface of an electrode to the

other electrode in the electrolyte solution. This phenomenon,
related to distance, has been well studied in the field
of electrochemistry, though the mechanism has not been
precisely defined at the atomic scale [23]. The passages
for electron movement in the solution were divided into
three regions designated as electrical double, diffusion, and
convection layers, in which the area involved in this study
ranged from a micrometer to a nanometer. The electrical
potential near the electrode surface at the nanoscale level
may not be greatly decreased according to the increase in
distance from another electrode, because electrons could be
transferred directly by an ion channel. It is likely that the
ions were arranged sequentially by the strong electrical field
and electrons moved through these channels similarly to the
movement of holes in a semiconductor. However, when the
distance between two electrodes was out of the nanometer
level, electron movement was restricted by a drop in potential
due to the resistance of the solution, and the diffusion caused
by the difference in ion concentrations was the main force to
transfer electrons. Figure 4(b) presents a schematic diagram
of two mechanisms related to the pathway of electron transfer
in this research. The direct channel was formed in the closest
area which had a nanoscale distance (black arrow), whereas
the diffusion layer produced by the bulk effect was formed
at the microscale, in which there were some areas governed
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Table 1. The number of molecules related to redox reactions according to the distance between the working and counter-electrodes (Note
that the surface coverage was 2.100 63× 10−11 mol cm−2.)

Electrode distance Epc Ipc Area (cm2) Area (µm2) Number of molecules

Bulk-scale ∼3 mm 0.333 2.453× 10−7 2.500× 10−1
∼5000 3.162× 1012

Microscale (µm) 8 0.106 1.925× 10−9 1.964× 10−3
∼443 2.485× 1010

7 0.133 3.039× 10−9 3.101× 10−3
∼557 3.923× 1010

5 0.165 5.012× 10−9 5.114× 10−3
∼715 6.470× 1010

4 0.170 1.106× 10−8 1.129× 10−2
∼1006 1.428× 1011

3 0.180 1.210× 10−8 1.235× 10−2
∼1111 1.562× 1011

Nanoscale (nm) 38 −0.061 5.973× 10−9 1.016× 10−2
∼1007 1.285× 1011

13 −0.044 4.900× 10−9 8.333× 10−3
∼913 1.054× 1011

9 −0.016 2.246× 10−9 3.820× 10−3
∼618 4.832× 1010

2 0.029 8.660× 10−10 1.473× 10−3
∼384 1.863× 1010

1 0.066 6.940× 10−10 1.180× 10−3
∼344 1.493× 1010

by diffusion, because these were influenced by low electrical
fields (red and blue arrows).

Figures 4(c) and (d) show the quantitative results. Epc as
the potential of reduction, and Ip as the absolute amount of
current are shown by black and blue lines, respectively. The
variation of Epc was common for each electrode, in contrast
to the different phases of Ip which change as mentioned
above. Quantitative analysis was performed using these
results to confirm how many proteins participated in each
redox reaction. Azurin was initially immobilized on a gold
substrate which had a size of 0.25 cm2 in the conventional
arrangement of electrodes at bulk-scale because it could offer
reliable results repeatedly (see supplementary data figure
S4(b) available at stacks.iop.org/Nano/24/365301/mmedia).
The surface coverage was calculated by the following
equation [24]:

ip =
n2F20Av

4RT
(1)

where n is the number of electrons, F is the Faraday constant,
0 is the surface coverage, A is the area in cm2, ν is the scan
rate, R is the gas constant, and T is the temperature (K).
The surface coverage and the number of azurin molecules on
0.25 cm2 of gold substrate were 2.101 × 10−11 mol cm−2

and 3.163 × 1012, respectively. Specific results are shown
in table 1. We assumed that this surface coverage of azurin
on the bulk electrode was the same as that for micro- and
nano-electrodes, although the shape of the electrodes was
different. We estimated that the difference in Ip was not based
on the amount of immobilized protein on the electrode, but
rather the difference of total area influenced by the applied
potential. Figure 4(e) shows a quantitative comparison of the
number of proteins related to the redox reaction in the cases
of the longest and shortest distance. Although the electrode
sizes of the micro- and nanogaps have wide differences, such
as 8 µm and 0.7 µm in width, respectively, the number of
proteins was similar in each case: 3 µm (1.562 × 1011) and
38 nm (1.285 × 1011). This result indicated that the direct
channel was more effective than the transfer by diffusion. The
drop in potential occurred due to a diffusion process resulting
from ion disproportion between electrodes, in which the

amount of proteins related to the redox reaction was affected
by the diminution of area receiving a specific potential.

3.5. Memory functions on the optimized nanogap electrode

The results related to electrochemical measurements in this
study can be applied to fabricate a biomemory device similar
to that described in our previous study, at bulk-scale [10, 11].
The optimal gap distance for effectiveness was determined
to be ∼20 nm, because the Ip value converged at that
point, whereas it abruptly decreased near 10 nm, as shown
in figure 4(d). Using this nanogap electrode, we could
demonstrate a memory function consisting of two simple
states. A cyclic voltammogram of immobilized azurin utilized
in the demonstration of memory functions is presented
in figure S5 (see the supplementary data available at
stacks.iop.org/Nano/24/365301/mmedia). The oxidation and
reduction potentials generated by the redox reaction could be
utilized as key parameters to operate a biomemory device.
Applying the oxidation potential made it possible to store the
positive charge in the recombinant azurin molecules, and this
parameter was designated as the ‘write’ function. Vice versa,
applying the reduction potential made it possible to release the
positive charge in the recombinant azurin molecules, and this
parameter was designated as the ‘erase’ function. To reliably
store and erase the positive charge in the recombinant azurin
molecules, two conditions were required: (1) the ability to
eliminate and control potentials for the continuous application
of the potentials, and (2) a method of minimizing the charging
current. These problems could be solved by using a technique
called chronoamperometry (CA). The specific mechanism of
the biomemory device employed in this research is described
in figures S7 and S8 (see the supplementary data available
at stacks.iop.org/Nano/24/365301/mmedia). Figure 5 displays
a memory function using CA. Here, with respect to the
measurement of currents, application of the oxidation voltage
is the writing step, whereas application of the reduction
voltage is the erasing step. Faradaic currents were observed
when the oxidation potential was applied to the fabricated
electrode and the azurin molecule became oxidized. At
that time, the electrode was left open for a short time
period, and again when connecting the reduction potential;
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Figure 5. The confirmation of memory functions by CA. The
oxidation and reduction potentials were sequentially applied to the
nanogap electrode which had a size of 20 nm with a duration of
250 ms.

large amplitude currents were monitored in the absence of
background currents; then the stored charge was erased.
Similarly to this, when redox potentials were applied to the
protein-immobilized electrode for a duration of 250 ms, clear
charging and discharging currents used to write and erase
functions were clearly monitored, although a jagged noise
current was monitored between the applied oxidation and
reduction potentials in comparison with memory functions
using a micro-electrode (see supplementary data figure S6
available at stacks.iop.org/Nano/24/365301/mmedia).

These results suggest several advantages for the design
of a bioelectronic device composed of a pseudo-single
metalloprotein or various biomaterials to provide multiple
functions in one device. Such a device could measure the
redox peaks of the smallest amount of protein, with the
same measuring limitations as an electrochemical system. The
speed of electron transfer, which is related to the response
time and the memory clock, was improved by the application
of a nanogap electrode to the electrochemical system.

4. Conclusions

A nanoscale biomemory device was fabricated by a combina-
tion of recombinant protein and nano-fabrication techniques.
The characteristics of nanogap electrodes fabricated by
lithographic techniques and surface catalyzed chemical
deposition were measured, and the optimized size of a
nanogap electrode for biomemory was determined as 20 nm
by evaluating the redox properties of recombinant azurin on
the various sizes of nanogap. A memory function composed
of two states such as write- and erase-functions was achieved
based on the redox properties of recombinant azurin on
the optimized nanogap electrode. In our results, the direct
channel in the nanogap produced by concentration of an
electrical field provided precise and selective measurement
of immobilized biomaterials at the edge of an electrode
because redox reactions of the metalloprotein on the working
electrode were mainly performed at nearby positions to the
counter-electrode due to the resistance difference, resulting

in exclusion of surrounding effects which could be induced
by the electrolyte. The proposed nanoscale biodevice should
offer a means to access single biomolecular electronic devices
since the development of a bioelectronic device composed
of a single molecule still has some challenges to overcome,
such as the detection limit for an electrical signal in solution,
and the manufacture of a practical bioelectronics device as a
reliable platform that can be mass-produced by a conventional
method.
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