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Abstract

In this work, we investigate the formation of redox protein Azurin (Az) monolayers on functionalized oxygen exposing surfaces. These

metallo-proteins mediate electron transfer in the denitrifying chain of Pseudomonas bacteria and exhibit self-assembly properties, therefore

they are good candidates for bio-electronic applications. Azurin monolayers are self-assembled onto silane functionalized surfaces and

characterized by atomic force microscopy (AFM). We show also that a biomolecular field effect transistor (FET) in the solid state can be

implemented by interconnecting an Azurin monolayer immobilized on SiO2 with two gold nanoelectrodes. Transport experiments, carried out

at room temperature and ambient pressure, show FET behavior with conduction modulated by the gate potential.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction tronic devices. First of all, they are composed of small
Biomolecular electronics is an interdisciplinary field that

concerns the application of biological systems in electronic

and optoelectronic devices. Application of biological sys-

tems would provide a pathway toward the miniaturization of

electronic devices down to the nanometer level and toward

the generation of a densely packed biomolecular nanochip

[1]. In particular, metalloproteins and metalloenzymes are

biological polymers that catalyse the oxidation or reduction

of substrate molecules via an active redox centre containing

a metal ion. Hence, the way in which electrons move

through protein strands has attracted wide attention [2].

The past two decades have witnessed a growing interest

in new methods of integrating solid state devices with

biomolecules that present unique electronic functions.

Among biomolecules, proteins have properties that make

them good candidates for the assembly of nanoscale elec-
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covalently linked monomeric subunits of relatively few

kinds (amino acids) by means of which they can recognize

each other, self-assembly, react specifically with surfaces or

other molecules. Secondly, proteins can be further engi-

neered to tailor their properties for nanodevices [3].

Redox proteins and enzymes are attractive targets as

electron conductive materials for bioelectronics. Protein-

mediated electron transfer, the essential process carried out

by these molecules, has been increasingly investigated since

they play a significant role not only in cellular processes but

also in biotechnological applications.

In this work we face the problem of exploiting redox

proteins as molecular wires that promote a strong coupling

between the redox centres of two proteins or a protein and

an electrode. From a practical point of view, azurin (Az)

proteins have been adsorbed on the insulating gap between

two metal electrodes through an organic linker in order to

create a protein array (or a protein monolayer) through

which electrons can flow. The aim is to fabricate a field

effect transistor, working in air and at room temperature,

which has redox proteins as the active layer and allows to

modulate the current between the source and drain elec-

trodes by means of the gate voltage.



Fig. 2. Azurin protein solution is deposited onto the gap.
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2. Design and fabrication

Recently, different molecular electronic devices have been

fabricated that make use of individual molecules to perform

electronic functions now performed by semiconductor devi-

ces [4–6]. In a previous work we demonstrated a field effect

transistor based on amodified DNA base entrapped in the gap

between source and drain electrodes [7].

In this perspective, the use of electron-transfer proteins

appears to be particularly attractive due to their natural

charge transfer activity in biological systems.

A special kind of electron transfer (ET) reaction is the

reaction between the reduced and the oxidized form of the

same protein, the so-called electron self-exchange (ESE)

reaction.

In this work we use the blue copper protein Pseudomonas

aeruginosa azurin (14.6 kDa), one of the best characterized

redox metalloproteins [8]. It mediates electron transfer in the

denitrifying bacteria; specifically, it transports electrons from

cytocrome c551 to nitrite reductase in the electron transport

chain of respiratory phosphorilation [9]. The central Cu atom,

the redox active site, is coordinated to five aminoacid ligands

in a distorted trigonal bipyramid geometry [9]. The tertiary

structure of azurin is strongly asymmetric for the presence of

a S–S bridge opposite to copper, as clearly shown in Fig. 1.

Azurin from P. aeruginosa fold into an eight-stranded Greek

key h-barrel motif with only a a-helix present. Given to this

secondary structure and also to the disulfide bond, it can be

regarded to as a very stable protein. Due to their physical and

chemical properties, Az proteins are good candidates for bio-

electronic applications.
Fig. 1. 3D structure of P. aeruginosa azurin. Opposite to Cu atom there is

the unique disulfide bridge between Cys3 and Cys26. Alpha helices are

evident on the right. Five aminoacids coordinate the Cu ion giving a

distorted trigonal bipyramid geometry.
The immobilization procedure is a particularly demand-

ing aspect: it should assure an appropriate and permanent

localization of biomolecules on a support and it must

preserve its necessary function [10]. Different immobiliza-

tion methods can be employed in order to attach the protein

to the substrate: among others (physical entrapment within

membranes, Langmuir Blodgett, physical or chemical ad-

sorption), covalent attachment on self assembled mono-

layers (SAMs), consisting of molecules adsorbed from

solution onto solid substrates [11], are the most promising

since they provide control over the reproducibility and

orientation of the anchored protein.

Apart from being oriented and higly ordered, SAMs are

chemically and thermodynamically stable even after cou-

pling them with the immobilising molecule. They can also

be prepared in laboratory using very simple method and

equipment.

By immobilizing proteins in thin monolayer films of

polymers, it is possible to interface molecules with metallic

electrodes. Chemical functionalization of oxygen-exposing

surfaces by means of linker molecules creates bio-compat-

ible interfaces that communicate with metallic circuits.

Three-terminal nanodevices were fabricated using a

combination of photolithography and electron-beam lithog-

raphy (EBL), as previously described [12]. They consist of

two Cr/Au (8 nm/35 nm) tip-shaped electrodes on a Si/SiO2

substrate with a tip separation between 100 and 10 nm.

The technique for protein immobilization is based upon

the self-assembly of 3-MPTS on SiO2 surfaces. A very

diluted solution (2%) of 3-MPTS has been used to obtain

ordered monolayers and to prevent from the multilayer

formation. Sulfide groups are adsorbed from high purity

ethanol solution and at the solid–liquid interface a strong

chemisorption of the head group (Si) gives rise to highly

ordered architectures.

The SAMs were constructed by using a two-step

procedure. Substrates were incubated in 3-MPTS ethanol

solution. The promoted surfaces were exposed to commer-

cial Az solutions and gently dried at room temperature.

Adsorption of Az was performed from 10� 4 M solution
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with a pH 4.6 prepared dissolving Az in 50 mM ammo-

nium acetate buffer. The choice of a 4.6 pH value is due to

the fact that it corresponds to the Az isoelectric point. In

these conditions no charges are present on the biomolecule

surface and the adsorption process is not affected by

electrostatic attractive or repulsive forces. Fig. 2 shows

the deposition of the azurin solution on the final device

and between the electrodes.
3. Characterization and discussion

In the present work we took advantage of atomic force

microscopy (AFM) to provide qualitative information about

adsorbed proteins with molecular resolution [13].

The SAM preparation was performed on the cleaned and

dried surfaces (pre-treated with a oxygen plasma treatment)

in absolute ethanol solvent and in a clean and dust-proof

environment.

3-MPTS was used as a cross-linking agent because it

ensures orientation of the protein deposited film. In fact, the

protein adsorption on 3-MPTS SAM occurs by the unique

disulfide bridge. Therefore, proteins are well ordered in the

nanomolecular film and the molecular architecture is similar

to that of immobilized protein molecules on gold [14].

Fig. 3 displays the obtained tapping-mode AFM images

with a scan size of 0.88� 0.88 Am.

This is an evidence for azurin adsorption since it reveals

features uniformly distributed across the surface, which

were not present on SAMs substrates (images not shown).

The presence of these topographic features was reflected in
Fig. 3. About 0.88� 0.88 mm2 topography image of a protein adsorbed surface. It

contact mode. The scan rate was 1 Hz and the set point 2.9 mV; (columns� row
the roughness. The protein adsorption, in fact, is responsible

for a surface root mean square (rms) roughness increasing

from 0.3 to 3.17 nm. The recognizable granular structures

are adsorbed proteins and the surface is totally covered by

proteins. The images have not been processed with the

exception of flattening.

AFM techniques can add size and shape to imaged

structures due to tip convolution effect; consequently, the

lateral size of nanoparticles dispersed onto a substrate

results overestimated. The real surface topography could

be obtained only by using an infinitely sharp tip (zero

curvature radius) or, as in the specific case of adsorbed

proteins, by performing AFM imaging in a liquid cell

containing physiological buffer [15]. In our experiments,

since the tip could not be reduced under a certain limit and

since a dried environment was requested, we used an

approximation to find out protein real dimensions. It is

known that Az has a dimension of 4.4 nm [14]. If we

approximate the tip to a sphere of diameter D and the

protein to a sphere of actual diameter d, then the apparent

width W can be calculated from the formula [16]

W ¼ 2ðDdÞ1=2:

The nominal D value is 20 nm, therefore the apparent

width measured by AFM (19–21 nm) corresponds to

d = 4.5–5.5 nm, not very different from the literature value.

On the contrary, the height measured is not affected by the

size of the AFM probe. The average height is 3.26 nm that is

lower then the expected one. This could be explained by

taking into consideration the compression over the protein
was recorded using a Bio Scope AFM (Veeco Metrology Group) in the non-

s = 512� 512).
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induced by tip force while scanning the surface and the

distortion effect after the adsorption and drying process.

Current–voltage experiments were carried out by using

a semiconductor parameter analyzer (HP Agilent 4155B) in

the voltage range between � 6 and 6 V, at room temper-

ature and ambient pressure. The gate voltage (VG) was

changed in order to investigate its influence on the current

(Ids) between the source (s) and drain (d) electrodes.

Before the deposition of molecules, all devices were tested

to verify that the channel was insulated (resistance as large

as 100 GV).

Among all the investigated samples, only few behaved as

a FET since a modulation of the transport between S and D

voltage by means of the gate electrode was observed. In

most cases, in fact, protein solution is physically excluded

from the few nanometer gap between electrodes and this

prevents from obtaining an azurin active layer. A typical

current–voltage (I–V) curves measured in air at room

temperature is shown in Fig. 4. The figures represent the

Ids current vs. Vds voltage at different Vg voltages. Vds was

varied between 0 and 6 in one case (a) and between 0 and

� 6 (b) in the other. In both cases a low-current plateau is

discernible meaning that our system behaves like an insu-
Fig. 4. (a) I–V characteristics of an azurin device. Vds>0, Vg>0.
lator at low voltages. Then current rises steeply above a

threshold voltage of the order of 3 V and saturates. At a

fixed value of Vds = 4.5 V it has been observed that Ids
increases with Vg, it reaches a maximum at approximately

Vg = 1.2 V and then decreases. This behaviour is not evident

in semiconductor devices and is certainly due to the pres-

ence of the biological material. Moreover, it could be

exploited for the fabrication of nanodevices with new

functionalities, unknown to the semiconductor industry.

Azurin monolayers chemisorbed on functionalized oxide

surfaces have been fabricated successfully and assessed by

AFM. A blue-copper protein modified field effect transistor

is presented. The characteristic of the developed device is

described. We suggest that transport through the protein

copper site is responsible for conduction whereas the

modulation is correlated to the field effect. However, after

some cycles of measurement, current level drops because of

device aging, due to both molecular active layer degradation

and electrode burning. As revealed by SEM investigations

(images not shown), a correlation between electrical re-

sponse and morphological changes of the molecular active

layer is observed. Though a better control of the main

parameters affecting the reproducibility has to be achieved,
(b) I–V characteristics of an azurin device. Vds < 0, Vg>0.
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the demonstration of such field effect device is an important

step towards the development of molecular electronics.
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