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  1   .  Introduction 

 The semiconductor industry has been growing at a rapid rate, 
but the miniaturization of electronic devices has reached tech-
nological and physical limits regarding component integra-
tion, heat, shorting of devices, and effi ciency. [  1,2  ]  To overcome 
these current limitations, molecular electronics has enabled 
approaches to molecular-level size control, fabrication, and the 
replication of silicon-based device functions. Current molecular 
electronics can be suitable to alternative to current silicon-
based electronic devices. [  3  ]  In recent years, molecular logic 
gates and computational devices have received much attention, 

particularly in biomolecular information 
processing systems, which mimic the 
inherent properties of enzymes for the 
realization of bioprocessing systems. [  4–6  ]  
Diffi culties in developing circuits and the 
complexity of scaling-up can be solved 
easily and naturally by the application of 
biomolecular systems. [  7–9  ]  The processing 
operations are performed by biochemical 
reactions that proceed in solutions or at 
functionalized interfaces. [  10  ]  last decade, 
Choi's group has focused on informa-
tion storage devices based on biomol-
ecules. Previous works demonstrate 
basic memory functions such as storage, 
reading, and the resetting of information 
performed using metalloprotein-based 
biomemory devices. [  11,12  ]  Furthermore, 

two different metalloproteins were coupled to demonstrate 
multi-level storage functions of protein-based electrochemical 
biomemory. [  13  ]  Also, biomemory devices with various func-
tions have been developed to overcome the limitations of sil-
icon-based memory devices. [  14  ]  However, these reports only 
demonstrated basic information storage functions, also hard 
to perform the molecular-based computing owing to simple 
functionality. 

 To overcome this limitation of molecular electronics, herein, 
we have designed a new bioprocessing device that can per-
form various functions with a single hybrid molecule, derived 
from a biomemory device with a simple metalloprotein. [  11  ]  The 
proposed bioprocessing device has versatile functionality una-
vailable in current silicon-based electronic devices. Usually, 
organic molecular-based electronic devices operate with simple 
functions such as switching, which require the integration of 
various components. [  15  ]  However, the proposed bioprocessing 
device mimics the modulating function with biochemical 
inputs that are coupled with enzyme systems for biocatalyzing 
reactions, which resembles human brain organics and “action-
reaction” systems. Biochemical reactions were observed as 
changes in the bulk material properties or structural re-organi-
zations at the single-molecule level, which can be demonstrated 
in machine language, thus allowing for the expression of 
chemical processes in terms of computing operations instead 
of traditional chemical material transformations. This concept 
could be extended to biohybrid molecular-based biocomputing 
systems. [  16,17  ]  

 Therefore, in this study, we developed a bioprocessing device 
based on a single hybrid molecule that performs ‘information 
reinforcement,’ ‘information regulation,’ and ‘information 
amplifi cation’ functions. These independent functions originate 
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method and fi lm fabrication process are discussed in the Sup-
porting Information (Figure S1). In sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis, a 
recombinant azurin-SMCC-DNA conjugation band (Azu/
DNA hybrid) corresponding to the predicted size of the recom-
binant azurin-SMCC-DNA conjugate was clearly visible on 
the gel ( Figure   2 a, left). In the case of recombinant azurin, 
the molecular weight (MW) is around 14.6 kDa, and that for 
ssDNA (52mer) is about 16.1 kDa. The MW of the recombi-
nant azurin-SMCC-DNA conjugate is about 30.7 kDa, con-
fi rming the formation of a high-purity recombinant Azu/DNA 
conjugate. Also, the recombinant azurin-SMCC-DNA conju-
gate concentration was determined by UV–vis measurement 
at 260 nm (the absorbance coeffi cient of the conjugate was 
260 000 M −1 cm −1 ). UV–vis spectroscopy measurements were 
performed to analyze the recombinant azurin-SMCC-DNA 
conjugate. The  pseudomonas aeruginosa  azurin, which is a blue 
copper metalloprotein, was selected in this study. This blue 
copper protein coordinates fi ve residues (Gly45, His46, Cys112, 
His117, Met121), and forms a unique geometry that gives rise 
to a unique absorption at 627 nm Figure  2 a (right: blue line). [  12  ]  
In contrast, thiol-modifi ed ssDNA does not have an intense 
absorption at 627 nm Figure  2 a (right: green line). However, 
in the recombinant azurin-SMCC-DNA conjugate, the recombi-
nant azurin retains its geometry, and the absorption at 627 nm 
is observed. Figure  2 a (right: purple line) shows the UV spectra 
of the recombinant azurin. Thus, the UV–vis spectra can be 

from the interaction between redox properties of metalloprotein 
and commanding input materials. To perform these three func-
tions on a single biohybrid material in the bioelectronic device, 
we designed a recombinant azurin/DNA (Azu/DNA) hybrid 
molecule using a chemical ligation method (CLM).  Figure   1 a 
shows the basic concept of the memory modulating mechanism. 
This mechanism shows the interaction between the redox prop-
erty of metalloprotein and the input materials. Figure  1 b shows 
the recombinant azurin utilized as a memory platform, where 
the DNA acts as a modulation operator. The modulation inputs 
can be heavy metal ions or cDNA-conducting nanoparticles 
coupled to the hybrid molecule. This response to modulation 
input was measured by cyclic voltammetry (CV), and its applica-
tion was investigated by chronoamperometry (CA). Finally, the 
information amplifi cation function using DNA-semiconducting 
nanoparticles as a modulation input was investigated using 
scanning tunneling spectroscopy (STS).   

  2   .  Results and Discussion 

  2.1   .  Fabrication of the Bioprocessing Device 

 The proposed bioprocessing device can easily assess and con-
trol various functions corresponding to the input materials in 
a confi ned region. To this end, the prepared Azu/DNA hybrid 
was adsorbed on an Au surface by self-assembly method. The 
Azu/DNA hybrid was conjugated by CLM. The conjugation 

      Figure 1.  Schematic diagram of bioprocessing device. (a) Bioprocessing mechanism; (b) constitution and function. 
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values of oxidation and reduction potentials were found to be 
232  ±  39 mV and 83  ±  68 mV (red line), respectively.  

 The redox properties of 3 different biomolecules were inves-
tigated as a control group (recombinant azurin, thiol-modi-
fi ed ssDNA, Azu/DNA hybrid). The results are described in 
the Supporting Information and are shown in Figure S3 and 
Table S2. Chronoamperometry (CA) was used to validate the 
information storage function. CA enabled the application of 
the measured oxidation potential (OP) and reduction potential 
(RP) to a prepared working electrode, which results in faradaic 
current transitions for both oxidation and reduction potentials, 
indicating that the device can be switched ON and OFF for 
charge storage functions. Using this approach, the OP and RP 
can be applied to working electrodes obtained in previous CV 
experiments. The application of OP results in electron transfer 
from the Azu/DNA hybrid and Azu/DNA-cDNA/GNP hybrids 
to the electrode, which leads to the storage of a positive charge. 
This state can be regarded as a ‘Write’ state. The application of 
RP enables the production of an electron transfer outfl ow to the 
Azu/DNA hybrid and Azu/DNA-cDNA/GNP hybrids, and this 
state can be regarded as an ‘Erase’ state. Applying OP and RP 
and measuring the current response depends on the resistance-
capacitance (RC) time constant of the electrochemical system. 
As shown in Figure  3 b, an OP step of 232 mV quantitatively 
oxidizes the Azu/DNA-cDNA/GNP hybrids layer (write state), 

used to assess successful bioconjugation. Based on this anal-
ysis, the recombinant azurin-SMCC-DNA hybrid was shown to 
be produced, and it retained its unique structure. The fabrica-
tion method is described in the Supporting Information (Fab-
rication session). Figure  2 b shows an AFM image of the Azu/
DNA hybrid, and Figure  2 c shows the Raman analysis of the 
Azu/DNA hybrid self-assembled layer. A detailed description of 
the AFM and Raman analysis is presented in the Supporting 
Information (AFM: Figure S2, Raman Spectroscopy section: 
Table S1).   

  2.2   .  Information Reinforcement 

 The concept of information reinforcement originates from 
electrochemical-based 2-state biomemory. [  12  ]  The 2-state 
biomemory was operated with two input parameters, the oxi-
dation potential and reduction potential, which were obtained 
from cyclic voltamograms.CV measurements were conducted 
to fi gure out these values.  Figure   3 a depicts the CV results of 
the Azu/DNA hybrid and the Azu/DNA-cDNA/GNP hybrids. 
The reduction and oxidation potentials of the Azu/DNA hybrid 
are 67  ±  31 mV and 84  ±  14 mV (blue line), respectively. The 
results clearly show a signal enhancement in the redox property 
when cDNA-GNP was added to the Azu/DNA molecule. The 

      Figure 2.  (a) Biohybrid confi rmation:  left  SDS-PAGE,  right  UV-Vis spectroscopy. (b) Surface morphology investigation of Azu/DNA hybrid by AFM. 
(c) Surface composition analysis of recombinant azurin, thiol-modifi ed ssDNA, Azu/DNA hybrid by Raman spectroscopy. 
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 With these current values, the stored charge value with the 
Azu/DNA hybrid could easily be estimated with Equation  (1) :

Q =
∫

idt
  

(1)
       

 The amount of charge stored in the Azu/DNA hybrid and 
Azu/DNA-cDNA/GNP hybrids by writing or erasing were cal-
culated from the current in CA, which was found to be  ∼ 5.328 
× 10 −7  C. Similarly, the charge stored in the Azu/DNA-cDNA/
GNP was calculated to be  ∼ 4.636 × 10 −6  C. These results indi-
cate that the charging capacity of the Azu/DNA-cDNA/GNP was 
increased by approximately 870% compared to the Azu/DNA 
hybrid. Presumably, this result was observed when the biomol-
ecules were coupled with nanoparticles to form a bionhybrid, 

resulting in the storage of a positive charge in the biohybrid, 
and the application of an RP of 83 mV converted the layer into 
its original form (erase state), where the reductive current had a 
magnitude equal to the oxidation current. Figure  3 c shows the 
two types of current responses, in which an OP step of 232 mV 
and RP of 83 mV were applied to the Azu/DNA hybrid layer, 
for which the conventional biomemory function was validated 
(Figure  3 c: blue line). The function of information reinforce-
ment was similar to the conventional biomemory function. 
However, when the cDNA-GNP was added to the Azu/DNA 
hybrid, the performance regarding the charge storage capa-
bility was drastically enhanced compared to a conventional 
biomemory device in the defi ned area (Figure  3 c: red line). 
These characteristics can are defi ned as the ‘information rein-
forcement’ in a single biohybrid molecule. 

      Figure 3.  Information reinforcement functon when cDNA-GNP was added. (a) Cyclic voltammogram of the Azu/DNA hybrid (Blue line) and Azu/
DNA-cDNA/GNP (Red line). (b) Schematic curve shows the applied sequence of potentials for ‘‘write” and ‘‘erase” functions for a total duration of 
1.0 s (1 cycle),  inset : schmatic diagram of electron infl ow and outfl ow when cDNA/GNP was added to Azu/DNA hybrid. (c) The current response 
corresponding to sequence of potentials for a total duration of 1.0 s (1 cycle) (Blue line: Azu/DNA hybrid, Red line: Azu /DNA-cDNA/GNP hybrid). 
(d) Schematic curve shows the applied sequence of potentials for ‘‘write” and ‘‘erase” functions for a total duration of 5.0 s (6 cycles) (e) The cur-
rent response corresponding to sequence of potentials for a total duration of 5.0 s (6 cycles). (f) The current response corresponding to sequence of 
potentials for a total duration for 3 × 10 2  cycles. 
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when input materials were added to the recombinant 
azurin-SMCC-DNA conjugate, a bridge was provided to facili-
tate the electron transfer at the DNA-Metal ions interfaces. Fur-
thermore, the heterogeneous electron transfer is infl uenced by 
several factors, such as environmental conditions (structure/
orientation, size of ions), the diffusion rate, and the injection 
rate. The input materials provided a bridge between the donor 
and acceptor system to overcome the energy levels between 
them. The following cell reaction describes the basic mecha-
nism of signal regulation:

Au/Recombinant azurin/SMCC/DNA/−HEPES − H+/Pt   (2)      

Au/Recombinant azurin/SMCC/DNA/cDNA

×/Metal ions/−HEPES − H+/Pt   
(3)

      

Au/Recombinant azurin/SMCC/DNA/cDNA

×/Nanoparticles/−HEPES − H+/Pt   
(4)

       

 In contrast to reaction (2), a bridge exists in reaction (3) and 
reaction (4). It is likely that the various input materials such 
as metal ions and nanoparticles adjust the energy levels. [  22–24  ]  
This phenomenon enables information regulation and 
reinforcement. 

 The reduction and oxidation potentials of the Mn ions 
changed from 67  ±  31 mV and 84  ±  14 mV to 413  ±  71 mV and 
305  ±  47 mV; those of the Fe ions changed from 67  ±  31 mV 
and 84  ±  14 mV to 349  ±  52 mV and 374  ±  55 mV; those of the 
Co ions changed from 67  ±  31 mV and 84  ±  14 mV to 320  ±  
59 mV and 350  ±  34 mV; and those of the Zn ions changed 
from 67  ±  31 mV and 84  ±  14 mV to 246  ±  41 mV and 334  ±  
52 mV, respectively. In the case of the Ni(II) ions, the redox 
potential changed from 67  ±  31 mV and 84  ±  14 mV to 140  ±  
22 mV and 437  ±  71 mV, and those of the Cu(II) ions, the redox 
potential changed from 67  ±  31 mV and 84  ±  14 mV to 106  ±  
27 mV and 275  ±  34 mV. All values of redox potentials are listed 
in Figure  4 b. The obtained OP and RP were used as memory 
regulating parameters. The cyclic voltammogram of each case 
of redox potentials specifi ed are presented in the Supporting 
Information (Figure S4). Figure  4 c describes the potential vari-
ation values of the Azu/DNA hybrid when various input mate-
rials were added. Figure  4 c explains the reduction potential 
regulation when various input materials were added, as well as 
the oxidation potential regulation when various input materials 
were added compared to the oxidation potential value of the 
Azu/DNA hybrid. 

 With these regulation parameters, we can control the 
memory regulation by the CA method. Figure  4 d depicts the 
regulated bioprocessing device according to the heavy metal 
ion inputs. When an OP of 413 mV and RP of 305 mV were 
applied to the Azu/DNA-Mn hybrid repeatedly, the electron was 
stored and erased, which was observed for a duration of 5 sec. 
Figure  4 d (yellow line) shows the current response. The appli-
cation of OP enables a charge of approximately 0.37  ±  0.12  μ C 
to be stored at one time. When an OP of 374 mV was applied 
to the Azu/DNA-Fe hybrid layer, a charge of0.51  ±  0.13  μ C was 
stored at a time. The application of an RP of 349 mV erased the 
information. This memory regulation step was repeated 6 times 

and the energy levels were mixed, which favors the possibility of 
higher energy transfer. [  18  ]  Several groups have already reported 
energy level mixing and electron transfer effects when biomole-
cules were conjugated to nanoparticles. [  19,20  ]  This phenomenon 
resulted from the donor-bridge-acceptor system with electron 
transfer across the biomolecule-conducting nanoparticle inter-
face. [  21  ]  This mechanism is described in the supplementary 
materials. With this mechanism, the information storage func-
tion can established, which was examined continuously for 6 
cycles (12 steps). Figure  3 d,e show a schematic diagram of the 
OP and RP application and the current response. This context 
can be regarded as Azu/DNA-cDNA/GNP having more charged 
current from the application of OP, RP compared to Azu/DNA 
hybrid. Figure  3 f shows the memory performance, which was 
maintained for 300 cycles. The results demonstrate the stability 
and repeatability of the proposed information storage func-
tion. The results presented here indicate that we can easily 
control the information reinforcement of the Azu/DNA-cDNA/
GNP hybrid. Thus, the fi rst bioprocessing function was well 
established  .

  2.3   .  Information Regulation 

 To validate the information regulation mechanism, various 
input materials were added to react with the Azu/DNA hybrid to 
obtain the output information. With the obtained values, we can 
regulate the information corresponding to metal ions. To per-
form information regulation, the ssDNA component was used 
as a regulating operator. Because the binding of the ssDNA arm 
of the Azu/DNA to its complementary ssDNA (cDNA) mole-
cule is highly selective, the cDNA can be a powerful tool for 
various applications. The ssDNA arm has a charged backbone 
that can bind to various heavy metal ions, such as Cu, Zn, Ni, 
Co, Fe, and Mn ( Figure   4 a). Thus, the ssDNA arm can be used 
as a regulating receptor, where input materials such as heavy 
metal ions can be regarded as modulating operators. DNA 
molecules have been shown to contain four potential sites for 
binding with metal ions: 1) the negatively charged phosphate 
oxygen atoms, 2) the ribose hydroxyls, 3) the base ring, and 
4) exocyclic base keto groups. The interaction between DNA and 
the heavy metal ions during electron transfer play an essential 
role in modulating and processing the electrochemical signals. 
The effect of Cu(II) and Ni(II) compounds on dsDNA was pre-
viously investigated to better understand their interactions with 
base donor systems. [  18  ]  The electrochemical behavior of biomol-
ecules was observed to vary in accordance with the presence 
of coordinated metal ions, such as Ni(II), Co(II), and Mn(II), 
which are located at the center of the azurin molecule. [  14  ]  In 
this context, we assumed that the different input materials such 
as heavy metal ions would strongly affect the electrochemical 
properties of the Azu/DNA hybrid.  

 The proposed bioprocessing device was operated using 
electrochemical methods. The basic principle of signal regu-
lation was elucidated by electron transfer at the biomolecule-
input molecule interface and the energy level perturbation of 
the donor-bridge-acceptor system. Perturbed energy levels will 
exist in the recombinant azurin-SMCC-DNA conjugate in the 
vicinity of the energy levels of Azurin and ssDNA. However, 
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  2.4   .  Information Amplifi cation 

 To validate the information amplifi cation function, we con-
ducted scanning tunneling spectroscopy measurements on 
the Azu/DNA hybrid and Azu/DNA hybrid/biotin-tagged 
cDNA coupled with streptavidin-coated CdSe-ZnS (Azu/DNA-
cDNA/QD) immobilized on an Au surface. STM is capable of 
high-spatial-resolution measurements. We have collected  I–V  
data at several points on the Azu/DNA hybrid molecules and 
Azu/DNA-cDNA/QD hybrid. Our measurements show that 
there is a small difference in the  I–V  curves of the Azu/DNA 
hybrid, indicating that electron tunneling occurs via the whole 
molecule.  Figure   5 a shows the setup composition for scan-
ning tunneling spectroscopy (STS), which is an effective tool 
for information amplifi cation through the Azu/DNA hybrid 

(Figure  4 d). Moreover, when an OP and RP of 350 mV and 
320 mV were respectively applied to the Azu/DNA-Co hybrid, 
a charge 0.56  ±  0.28  μ C was held and discharged for 5 sec 
(Figure  4 d). Similarly, the Azu/DNA-Zn hybrid layer was used 
for memory regulation function by the application of OP 
(334 mV, RP 246 mV), for which a charge of 1.59  ±  0.41  μ C 
was regulated (Figure  4 d), which was repeated 7 times. In the 
case of the Azu/DNA-Ni hybrid (OP: 437 mV, RP: 140 mV, 
Figure  4 d: green line), the Azu/DNA-Cu hybrid layers (OP: 
275 mV, RP: 106 mV, Figure  4 d) are regulated corresponding 
to their redox potentials. The regulated currents were 4.10  ±  
0.59  μ C and 1.33  ±  0.34  μ C, respectively. The proposed bio-
processing system composed of the protein/DNA hybrid shows 
the information regulation function according to various heavy 
metal ions with an easy method.  

      Figure 4.  Information regulation functions when various heavy metal ions were added. (a) Schematic diagram of electron fl owing through the Azu/
DNA-heavy metal ions. (b) Table of information modulation values when various heavy metal ions were added. (c) Left: Reduction potential regulation, 
Right: Oxidation potential regulation (Blue bar: original potential, Red bar: regulating potential). (d) Various information regulation result when various 
heavy metal ions were added. (Yellow line: Mn ions added, Purple line: Fe ions added, Navy line: Co ions added, Black line: Zn ions added, Green line: 
Ni ions added, Blue line: Cu ions added.) 
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( V  s  and  I  s ). The Azu/DNA hybrid junction 
parameters (C 2  and R 2 ) are practically stable. 
By varying C 1 , one can modify the single elec-
tron charging energy, EC, which depends on 
the capacitance values, as well as the voltage 
distribution between the two junctions, [  25  ]  
which is determined by the capacitance ratio, 
V 1 /V 2  = C 2 /C 1 . Figure  5 b shows an applica-
tion of bias voltage from −0.5 to +0.5 V on the 
Azu/DNA hybrid, and depicts the semicon-
ductor behavior. After 0.2 V of bias is applied, 
the Azu/DNA hybrid shows non-ohmic 
behavior and behaves like a diode. However, 
Figure  5 c shows the  I-V  characteristics of 
Azu/DNA-cDNA/QD hybrid under the appli-
cation of −2.0 to +2.0 V, which shows elec-
trical bistability. The range of the voltage scan 
was kept small so as to ensure that the scan-
ning does not induce a higher conducting 
state. As observed, the Azu/DNA-cDNA/QD 
hybrid is initially in a low conducting state 
(defi ned as the OFF state) until it reaches 
about 0.8 V, where an abrupt increase in the 
current occurs (defi ned as the ON state), 
which is equivalent to the writing process 
in a digital memory device. When a nega-
tive voltage of approximately −0.8 V was 
applied, the conjugate returned to the low 
conductivity state (OFF state). This change 
in transition from low to high conductivity is 
because of the charge donor azurin transfer-
ring electrons due to the Cu (I) and Cu (II) 
densities of states through tunneling to the 
lower energy core of the CdSe-ZnS core-shell 
nanoparticle. It is assumed that free elec-
trons will tunnel through the conjugate by 
forming a double tunnel junction, which has 
a distribution of many energy levels sand-
wiched between the two metal electrodes. 
When the applied bias is high enough, the 
free electrons will tunnel through the bar-
riers, leading to polarization with respect to 
the Au and Pt electrodes. As a result, the pro-
posed bioprocessing device undergoes a dra-
matic change in conductance for information 
amplifi cation. If the applied bias is removed, 
the polarized charges cannot recombine, so 
the device remains in the high-conductance 
state, where only a reverse bias can recover 
the device. An additional experiment consid-
ering the characteristics of I–V (Figure S5), 

 I-s  (Figure S6), and its derivatives (Figure S7, Table S3) are 
explained in the Supporting Information.  

 The I–V characteristics of a monolayer of the Azu/DNA-
cDNA/QD hybrid core-shell nanoparticles, measured with 
a Pt/Ir tip of an STM under two sweep voltage directions, 
are shown in Figure  5 d under the application of 0-2-0 V. It 
is clearly observed that the device switches to its high (ON) 
state with a sharp increase in the injection current at about 

in the double-barrier tunnel-junction (DBTJ) confi guration. A 
DBTJ was realized by positioning the STM tip over the Azu/
DNA hybrid, which is depicted in Figure  5 a. The tunneling 
conductance across the junction can be measured by various 
potentials. Moreover, the capacitance and tunneling resistance 
of the tip-Azu/DNA hybrid junction (C 1  and R 1 ) can be easily 
manipulated by changing the tip hybrid distance, which is usu-
ally achieved by controlling the STM bias and current settings 

      Figure 5.  Information amplifi cation function when cDNA-QD was added to Azu/DNA hybrid. 
(a) left one: Schematic diagram of the set-up composition of scanning tunneling spectroscopy 
(STS) for recombinant azurin/DNA hybrid when cDNA/semi-conducting nanoparticles. Right 
one: An equivalent circuit for an Azu/DNA-cDNA/QD hybrid forming a DBTJ junction between 
the STM and Au surface. (The schematics drawn are not adjusted to scale). (b) The I–V plot 
when the Azu/DNA hybrid. (c) The I–V plot when the Azu/DNA-cDNA/QD hybrid (The scan 
range was from −2.0 V to 2.0 V). (d) The I–V plot when the Azu/DNA-cDNA/QD hybrid (The 
scan range was from 0 V to 2.0 V). 
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  4   .  Experimental Section 
  Materials : The cysteine-modifi ed azurin was expressed 

and purifi ed as described previously. [  12  ]  Single-strand 
DNA (5′-CCCGGGAAAACCCGGGTTTTCCCGGGAAAAC 
CCGGGTTTTCCCGAAAAAAAA-3′) was modifi ed with a thiol-group on 
the 5 prime end for proper conjugation between recombinant azurin 
and ssDNA via sulfo-SMCC by CLM. The complementary ssDNA 
(5′-AACCAACCTTTTTTTT-3′) was prepared and modifi ed with a thiol 
group at the 5 prime end (thiol-modifi ed complementary-ssDNA: 
thiol-cDNA) for conjugation to the conducting nano particles, and 
biotinylated cDNA (5′-AACCAACCTTTTTTTT-3′) was prepared for 
streptavidin-coated CdSe-ZnS. All modifi ed ssDNAs were supplied 
by Bioneer (Korea). The gold nanoparticles (GNP, 10-nm size) were 
purchased from BBI international (UK). Streptavidin-coated quantum 
dots (CdSe-ZnS, 625 nm) were purchased from Invitrogen (USA). 
Sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate 
(Sulfo-SMCC), dithiothreitol (DTT), and Ellman’s reagent were 
purchased from Pierce (USA). Copper(II) sulfate (Cu 2 SO 4 ), cobalt(II) 
chloride (CoCl 2 ), manganese (II) sulfate monohydrate (MnSO 4 ·H 2 O), 
Iron (III) Oxide (Fe 2 O 3 ), nickel chloride (NiCl 2 ), zinc sulfate (ZnSO 4 ), 
ethyl acetate, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
(HEPES), and N,N-Dimethylformamide (DMF) were purchased from 
Sigma Aldrich Co (USA). Distilled and deionized (DI) water was used to 
clean the substrates. 

 As a working electrode, Au substrates (Au (200 nm)/Cr (2 nm)/SiO 2  
wafers) were purchased from G-mek (Korea) and used in the Raman 
spectroscopy, AFM, and electrochemical experiments. The Pt counter 
electrode and Ag/AgCl reference electrode were purchased from BAS 
(USA). 

  Information Reinforcement and Regulation : The current bioprocessing 
device was operated using a conventional 3-electrode system for 
information regulation. All electrochemical measurements were 
performed in a Faraday cage. The Azu/DNA hybrid immobilized Au 
electrode was used as a working electrode. A Pt counter electrode 
and Ag/AgCl reference electrode were used for the electrochemical 
experiments, including cyclic voltammetry and chronoamperometry. 
The electrochemical experiments were performed with a CHI660A 
electrochemical workstation (CH Instruments, USA). All results were 
collected under ambient conditions. During each measurement, an 
N 2  gas blanket was kept above the solution. Each voltammogram was 
scanned from the negative potential limit and increased to the positive 
potential limit at a scan rate of 50 mVs −1 . 

  Information Amplifi cation : The scanning tunneling spectroscopy (STS) 
measurements were performed with a Digital instruments Nanoscope 
(R) IV (USA) at room temperature at a set point of 500 pA with 100 mV 
bias. The tunneling current was monitored by ramping the bias in the 
range of  ±  2.0 V. For electrical characterization at the nanoscale, the Au 
substrate was used as the bottom electrode, while the 14-mm conductive 
STM tip was used as the top electrode for both the recombinant Azu/
DNA hybrid and the recombinant Azu/DNA-cDNA/nanoparticle hybrid 
sandwiched in between the contacts. The STS was performed by 
positioning the tungsten (W) tip over an isolated recombinant Azu/
DNA hybrid and recombinant Azu/DNA-cDNA/nanoparticle hybrid after 
disabling the feedback control.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

  Acknowledgements 
 T. Lee and A. K. Yagati contributed equally to this work. We appreciate 
Dr. Waleed Ahmed El-Said for his efforts and advice considering Raman 
Analysis. This research was supported by The Nano/Bio Science & 

2 V, indicating the transition of the device from the low-con-
ductivity state (OFF state) to a high-conductivity state (ON 
state). This transition from the OFF state to the ON state is 
equivalent to the writing process in a digital memory cell, 
which can be defi ned as information amplifi cation. One of the 
most important features of the Azu/DNA-cDNA/QD is that 
the OFF state can be recovered by the simple application of a 
reverse voltage pulse. This is equivalent to the erasing process 
of a digital memory cell. Figure  5 d shows the I–V character-
istics of the device after the application of a revere bias. The 
device switched from a high conductive state to a low conduc-
tive state at 1.1 V. This bistable behavior, the OFF-ON transi-
tions, and the creation of nonvolatile information amplifi ca-
tion effects can be observed only in the presence of the hybrid 
molecules between the metal electrodes. The hybrid conjugate 
acts as a carrier blocking material, resulting in the blockage 
of electrons due to the relatively large energy barrier between 
the work function of the Au electrode and the HOMO level 
of the hybrid layer. When a positive applied voltage is applied 
to the electrode, after the injection of electrons from the Pt/Ir 
tip into the LUMO level occurs through the Fowler-Nordheim 
tunneling process, the electrons existing at the LUMO level 
are transported among the hybrid molecules along the direc-
tion of the applied bias voltage through the tunneling process. 
This results in the achievement of the writing process. When 
a negative voltage is applied to the electrode, because the elec-
trons in the valence band of the Azu/DNA-cDNA/QD under 
the negative electric fi eld are captured and then transported 
to the Pt/Ir electrode through the Fowler-Nordheim tunneling 
process, the erasing process is performed. This is equivalent 
to the erasing process of a digital memory cell. We have car-
ried out the information amplifi cation function with Azu/
DNA-cDNA/QD.   

  3   .  Conclusion 

 In this study, we presented a novel bio-inspired bioprocessing 
device composed of a protein/DNA/inorganic material hybrid 
that could reinforce, regulate, and amplify information in 
single hybrid biomolecule. The proposed bioprocessing 
device was operated with an information reinforcing function. 
This function enables the storage of more charge compared 
to a conventional biomemory device. The information regu-
lation can also assess the various potentials that depend on 
input materials. This regulation function can provide appli-
cations such as multi-bit biomemory. Additionally, informa-
tion amplifi cation can be applied to solid-state biotransistors. 
The proposed approach based on information control using a 
single hybrid biomolecule encompasses a bioprocessor con-
cept that can perform multiple functions in a single molecule. 
It is usually diffi cult to conventional biomolecules, because of 
their simple characteristics and intrinsic problems, including 
their simple function in storing different information. How-
ever, the device presented here should be viewed as a model 
that provides multiple-functions in a single hybrid biomol-
ecule. A combination of these results will pave the way to 
other goals such as biocomputing systems in a single hybrid 
biomolecule.  
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