Available online at www.sciencedirect.com

SCIENCE<(£DIRECT°

PHYSICA =

www.elsevier.com/locate/physe

ELSEVIE Physica E 21 (2004) 45— 60

Electronic nanodevices based on self-assembled metalloproteins

Ross Rinaldi*, Roberto Cingolani

National Nanotechnology Laboratory (NNL) of INFM, Dipartimento di Ingegneria dell’ Innovazione,
University of Lecce, via Arnesano, Lecce 73100, Italy

Received 27 February 2003; accepted 7 July 2003

Abstract

A key challenge of the current research in nanoelectronics is the realization of biomolecular devices. The use of
electron-transfer proteins, such as the blue copper protein azurin (Az), is particularly attractive because of their natural
redox properties and self assembly capability. We present in this work our results about the fabrication, characterization and
modeling of devices based on such redox protein. The prototypes of biomolecular devices operate in the solid state and in
air . The charge transfer process in protein devices can be engineered by using proteins with different redox centers (metal
atoms) and by controlling their orientation in the solid state through different immobilization methods. A biomolecular elec-
tron rectifier has been demonstrated by interconnecting two gold nanoelectrodes with an azurin monolayer immobilized on
Si0,. The device exhibits a clear rectifying behavior with discrete current steps in the positive wing of the current-voltage
curve, which are ascribed to resonant tunnelling through the redox active center. On the basis of these results we have
designed an azurin-based transistor. The three terminal device exhibits an ambipolar behavior as a function of the gate bias,
thus opening the way to the implementation of a new generation of logic architecture, such as fully integrated biomolecular
logic gate.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decade there have been dramatic ad-
vances toward the realization of molecular scale
devices and integrated computers at the molecular
scale [1]. First pioneering experiments were per-
formed demonstrating that individual molecules can
operate as nano-rectifiers [2], and switches [3,4] one
thousand times smaller than those on conventional mi-
crochips. Very recently the assembly of tiny computer
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logic circuits built from such molecular scale devices
has been demonstrated [5].

Researchers are working to join biology and nan-
otechnology, fusing useful biomolecules to chemi-
cally synthesized nanoclusters in arrangements that do
everything from emitting light to storing tiny bits
of magnetic data. The result is a merger of the
biology’s ability to assemble complex structures with
the nanoscientists’ capacity to build useful devices.
One of the biggest drivers behind nanotechnology’s
enthusiasm for biological systems revolves around
the organism’s impressive ability to manufacture
complex molecules such as DNA and proteins with
atomic precision.
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One of the fundamental goals of bioelectronics is
the realization of nanoscale devices in which a few or a
single biomolecule can be used to transfer and process
an electronic signal. The biomolecules have particular
functionality that can be exploited for the implementa-
tion of electronic devices. In order to design and real-
ize such devices, several steps are required: (i) choice
and characterization of the suitable biomolecular
system, (ii) immobilization of the molecule onto an
electronic substrate, (iii) interconnection to contacts,
(iv) device fabrication, (v) read-out, and (vi) pro-
cessing of the information. The nano bio-technology
community has started a big effort along these lines to
realize biomolecular devices for information technol-
ogy [6]. Among biomolecules, proteins have a funda-
mental role in biological processes. The combination
of molecular biology (for engineering proteins with
the desired functional and/or self-assembling proper-
ties) and nanotechnology (for device fabrication) thus
becomes the tool to realize a new class of nano-
electronic elements [7]. Different nanotechnologi-
cal strategies have been selected to implement the
biomolecular devices, following a bottom-up or a
top-down approach depending on the biomolecule
and on its functionality.

Thanks to their functional characteristics, metallo-
proteins appear to be good candidates for biomolecular
nanoelectronics. Among them, blue copper proteins
[8], and in particular azurin, are candidates of choice,
due to some specific structural properties and intrin-
sic functionality in biological environments. They
can bind gold via a disulfide site present on the
protein surface, and their natural electron trans-
fer activity can be exploited for the realization of
molecular switches whose conduction state can be
controlled by tuning their redox state through an
external voltage source (gate). In order to realize
a real biomolecular device in the solid state oper-
ating in air, a comprehensive study of the redox,
electronic and electrical properties of the metal-
loproteins linked to an inorganic substrate under
non-physiological environments must be performed
[9,10]. This is crucial to enable the fabrication of
the biomolecular devices, their testing and their
modeling.

In this paper we describe the basic chemical—-
physical properties of immobilized metalloproteins,
the device fabrication techniques and the basic

principle of operation of the protein-based electronic
devices.

2. Device fabrication
2.1. Protein monolayers

In the field of biomolecular electronics the func-
tion of proteins adsorbed at solid interfaces is of
fundamental importance. Since electronic devices
fabrication aims at producing a device working in air,
another critical treatment is the drying procedure that
can influence the protein activity. Therefore, the opti-
mization of the chemisorption process of a protein at
a surface has to be carefully developed and the protein
functionality has to be checked after each step.

For the implementation of protein monolayers one
has to develop surface functionalization by means of
silanes, which enables the adsorption process, onto
various inorganic surfaces.

Azurin [8] (Az) from Pseudomonas aeruginosa is
a small (molecular mass 14.6 kDa, Fig. 1) and soluble
metalloprotein involved in the respiratory phosphory-
lation of its hosting bacterium. The protein folds into
an eight-stranded f-barrel motif with only a o-helix
present (Fig. 1).

Given to this secondary structure and also to the
presence of the disulfide bond, Az can be consid-
ered as a very stable protein. Structural and electronic

Fig. 1. Schematic structure of azurin representing eight f-barrel
stands (yellow) and just one a-helix (pink).
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studies have shown that the Az capability to func-
tion as a one-electron carrier, in the biological envi-
ronment, is due to the equilibrium between the two
stable oxidation states of the Cu ion, Cu'™ (reduced)
and Cu?" (oxidized), and to the structural stability of
the active site. The redox active centre of azurin con-
tains a copper ion liganded to five aminoacid atoms in
a peculiar ligand—field symmetry, which endows the
protein with unusual spectroscopic and electrochem-
ical properties such as an intense electron absorption
band at 628 nm, a small hyperfine splitting in the elec-
tron paramagnetic spectrum, and an unusually large
equilibrium potential (4116 mV vs. SCE) in compar-
ison to the Cu(Il/I) aqua couple (—89 mV vs. SCE).
Commercial natural azurin from Pseudomonas
aeruginosa (Sigma) was used without further purifica-
tion after having checked that the ratio ODg,5/OD>go
(OD, = optical density measured at A nm) was in
accordance with the literature values (0.53—0.58).
Two different immobilization procedures were
developed for the azurin on Si/SiO,, exploiting
different structural features of the protein and re-
sulting in (1) random orientation (three-step pro-
cedure) and (2) oriented immobilization (two-step
procedure) in the protein monolayers. Following
the three-step procedure (1), the immobilization of
the proteins is achieved through the formation of
imido-bonds between the exposed amino groups
on the azurin surface and the carbonyl heads ex-
posed on the functionalised SiO, substrate. This
procedure is based on a three-step chemical reac-
tion: first, the Si/SiO, substrates were incubated in
three-aminopropyltriethoxysilane (3-APTS) (diluted
to 6.6% (V/V) in CHCIl; immediately prior to use)
for 2 min. and rinsed in CHCls, in order to remove
3-APTS molecules not linked to the surface; second,
the sample already reacted with silanes was exposed
to glutharic dialdheyde GD (diluted in H,O to a final
concentration of 4 x 10~* M) for 10 min. and suc-
cessively thoroughly washed in ultra-pure H,O; third,
the pre-coated substrates were exposed to the azurin
solution for 10 min. and rinsed in NH4Ac to get rid
of physisorbed molecules. For this step a working
solution of 10~* M azurin in 50 mM NH4Ac (Sigma)
buffer, pH 4.6, was prepared. The buffer was de-
gased with N, flow prior to use. Milli-Q grade water
(resistivity 18.2 Mcm) was used throughout all the
experiments. Because the azurin molecule contains
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Fig. 2. Non-contact atomic force microscopy image of a
self-assembled azurin monolayer, realized by means of the two
step immobilization procedure.

12 surface-exposed amino groups (found in the Lys
residues and in the N-terminus), random orienta-
tion of the proteins is obtained in the solid state by
this immobilization method. In contrast, a highly or-
dered phase is achieved following procedure (2), that
exploits a two-step immobilization protocol acting on
the unique disulfide bond found in the protein between
Cys3 and Cys26. Such a procedure not only provides
a special orientation of the protein molecules, but also
it facilitates the chemisorption process by avoiding
the GD exposure. In this case the SiO, substrates
were cleaved and washed with organic solvents and
then incubated with H,SO,4 and bi-distilled de-ionized
water for 1 h. After washing with abundant water
the substrates were incubated for 2 min. with a 2%
ethanol solution of mercaptopropyltrimethoxysilane
(3-MPTS) and then washed in absolute ethanol. After
this step, the sample was dried under nitrogen (N,)
stream. A drop of the protein solution (0.6 pg/ml)
was deposited onto the silane layer and the substrate
was incubated for 5 min. at room temperature and
continuously shaken in order to avoid stagnant con-
ditions. Then it was rinsed for 5 min. with the buffer
and finally with deionized water. The samples were
dried under N, stream for non-contact atomic force
microscopy (NC-AFM) imaging. A typical AFM
image of azurin monolayer is displayed in Fig. 2.
Protein immobilization takes place via the reac-
tion of the free thiol groups of 3-MPTS with the
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surface disulfide bridge of Az, giving rise to sub-
strate/overlayer disulfide bonds. By using the two-step
method for the immobilization, the orientation of the
molecule is expected to be well defined, as confirmed
by electrochemical (cyclic voltammetry) and scan-
ning force microscopy (SFM) measurements [11].
Samples covered just by the first molecular layers
(namely 3-MPTS, 3-APTS and 3-APTS+GD) were
also produced for reference.

The last procedure is specific for all those proteins
with an S atom that can covalently bind the substrate.
In the specific case of azurin, it exploits the presence
of the disulfide bond Cys-3-Cys-26, on the protein
external surface.

Synthetic wild type azurin (Az) and azurin with
zinc as a metal ion and without the metal (APO form)
have also been obtained using the recombinant DNA
technique. The gene coding for the protein of inter-
est has been introduced in a plasmid employed to
transform E. coli cells. Also in this case the two step
immobilization procedure was used to produce mono-
layers with synthetic proteins having the same orien-
tation with respect to the substrate surface.

2.2. Morphological characterization of protein
monolayers

The morphological characterization of the azurin
monolayers was performed by a height distribution
analysis of the AFM-images taken from azurin im-
mobilized on SiO,. The intrinsic loss of resolution
due to the probe tip geometry has been overcome ac-
cording to the method reported by Waner et al. [12],
who proposed direct measurements of the heights of
individual adsorbed protein molecules as the defining
parameter for molecular dimensions. This approach is
marginally affected by the tip geometry and it utilizes
the angstrom resolution of the AFM along the vertical
(z) direction [13,14]. Individual protein molecules
are measured by taking the maximum height of the
molecule minus the height of the local background
(i.e., the uncovered substrate). Each height distri-
bution is the average of 5-10 independent AFM
images (scan size: 2 um X 2 pm) and consists of
more than 2000 individual height measurements. The
fit of the experimental data is performed iteratively
by means of a combination of Gaussian functions, as
described by Waner et al. [12]. The centers of the
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Fig. 3. AFM height distribution analysis of protein films: (a)
azurin monolayer; (b) thermally treated (1 min. at 80°C) azurin
monolayer; (c¢) thermal treatment (1 min. at 80°C) prior to im-
mobilization.

Gaussian functions are taken as the measured mo-
lecular dimensions.

AFM measurements on azurin monolayers (pre-
pared from a 4 x 1072 uM azurin solution) yielded
a distribution of measured heights resulting from the
convolution of three different contributions (Fig. 3a).
It is noteworthy that such distribution is character-
ized by the presence of a main molecular species,
accounting for approximately 85% of the protein pop-
ulation, which is centered around 4 nm, in good agree-
ment with the reported data on azurin dimensions [15]
(see also Table 1). The additional peaks in the height
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Table 1
Calculated parameters of protein films according to the height
distribution analysis

Species Height (nm) FWHM (nm) Probability (%)
Azurin monolayer

1 2.724+0.13 1.30 £ 0.13 7.4

2 3.96 £ 0.11 1.11 +0.02 84.8

3 5.13+0.18 1.48 £0.15 7.8

Thermally treated azurin monolayer

1 2.74 £0.14 1.47 £0.15 6.3
2 3.97 £ 0.08 1.32 £0.12 74.2
3 5.124+0.16 1.51 £0.18 19.5

Thermal treatment prior to immobilization

1 2.74 £0.14 1.37 £0.16 9.9
2 397 +£0.11 1.96 £ 0.14 54.8
3 6.13 £ 0.21 247 £0.22 353

distribution indicate the existence of two different
protein species (mainly deriving from unfolded struc-
tures), possibly suggesting the formation of aggre-
gates (5.1 nm) and proteins of smaller conformation
(2.7 nm). As quoted in Table 1, these two popula-
tions account just for a small fraction of the total
immobilized protein, while the intact azurin monomer
seems to be the dominant contribution, demonstrat-
ing that the chemisorption process does not induce
denaturation and/or conformational transitions of
the azurin. This is very important, since it has been
reported that the formation of aggregates may result
in a significant decrease of the electron transfer rate
in azurin, whereas efficient ET processes primarily
require molecules retaining their proper conformation
[16-18].

In order to further investigate the chemisorption
process, we have performed two additional experi-
ments in which the azurin monolayers were intention-
ally subjected to destructive treatments. In the first
investigation, the protein films were thermally treated
(hotplate, 1 min. at 80°C) before AFM measure-
ments, and the height distribution analysis was carried
out by the same technique. In the second experi-
ment, azurin was thermally unfolded (1 min. a 80°C)
before the immobilization on SiO,, and then ana-
lyzed. The distribution of the thermally treated azurin
films (Fig. 3b) shows that the prevalent species is
still centered around 4 nm, but its contribution is now

broader and accounts for a reduced fraction of ad-
sorbed azurin (~74%) (Table 1). On the other hand,
the other two protein populations reveal structural
features which are similar to the reference film, even
if the formation of aggregates seems to be increased
in the heated samples. Overall, the thermal treatment
of the solid state immobilized films does not seem to
strongly degrade the protein conformations. This is
important in view of possible high-power operation
of protein transistor. A considerably different situa-
tion is found when the thermal treatment is performed
in solution before the immobilization (Fig. 3c). In
fact, such treatment clearly results in an adsorption
mechanism with relevant conformational disorder.
The monomer band (4 nm) is still present in the
height distribution but, despite a significant broaden-
ing, this species contributes only for one-half of the
protein structures in the film. In addition, the molec-
ular species ascribed to larger conformations (~35%
of the total population) is now centered at 6.1 nm and
exhibits a strong broadening, indicating an extensive
formation of multifold azurin aggregates.

All these findings demonstrate that the chemisorp-
tion process of the metalloprotein on SiO;, via the
disulphide bonds does not result in protein denatura-
tion, since the azurin exists primarily as a monomer,
hence supporting the idea that “compact” globular
proteins are capable of maintaining their native struc-
ture upon adsorption.

2.3. Folding properties

The second step is to analyze the conformational
properties of the immobilized azurin. In order to real-
ize protein-based nanoscale devices in the solid state,
a central problem is the proper immobilization of
the molecule under non-physiological environments,
so that protein folding is preserved. In particular,
taking into account the strong dependence on distance
of the electron transfer rate in proteins [19,20], it is
fundamental that the redox centers are unperturbed
upon chemisorption. Therefore, a very precise study
of the conformational properties of the metallopro-
teins linked to the inorganic substrate is required.
The conformational properties of the azurin monolay-
ers have been investigated by intrinsic fluorescence
spectroscopy. This technique provides very accu-
rate analyses of the integrity of the protein globular
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Fig. 4. Azurin fluorescence spectra : free native apoazurin, dena-
tured apoazurin by 6 M guanidine hydrochloride, and apoazurin
chemisorbed in the solid state. (The fluorescence intensities are
not in scale; the spectra of the chemisorbed proteins are averaged
over 10 acquisitions.)

fold, as the fluorescence parameters of the aromatic
residues are highly sensitive to the microenviron-
ment of fluorophores in protein structures [21-24]. In
the following, we demonstrate that the immobilized
protein does not undergo denaturation phenomena.

Azurin from P. aeruginosa contains a single trypto-
phan residue (Trp48). The fluorescence properties of
Trp48 are unique, as the emission peak occurs at un-
usually short wavelength (1. =~ 308 nm) owing to
the highly hydrophobic microenvironment surround-
ing it [25,15]. In the native state, azurin, apoazurin
(without Cu®") and a variety of metal derivatives,
such as Zn>", exhibit the same emission (and excita-
tion) spectrum, consistent with the idea that the only
structural difference stands in the metal site, as also
confirmed by crystal structures determinations.

Fluorescence spectroscopy experiments were per-
formed both in solution and in film environment in
order to characterize the conformational properties
of azurin molecules. It is noteworthy that, owing to
the significant experimental complexity, such opti-
cal characterization represents the first direct mea-
surement of intrinsic fluorescence from an azurin
monolayer.

As reported in Fig. 4, the emission spectrum of
the chemisorbed apoazurin exhibits a comparable
line shape with respect to the free protein in buffer.
A slight redshift (~2-3 nm) is the only minor effect
detectable in the immobilized apo-protein, indicating
that the covalent binding to the functionalized SiO,
surface does not interfere with the fold pattern of the

native protein. This result is supported by comparing
the photoluminescence spectrum of the apo-protein
monolayer with the broadband, redshifted emission
of a denatured sample of azurin (6 M guanidine
hydrochloride), in which the unfolding process clearly
results in a large solvent exposure of hydrophobic
residues that were shielded in the core of the protein
in its native state. According to the photophysics of
aromatic amino acids, the experimental evidence re-
veals that tryptophan residues in native and immobi-
lized apo-proteins are found in similar locations. The
small spectral shift suggests the possibility of a very
weak internal rearrangement due to the interaction of
the ligand binding, without affecting the proper fold
pattern. Interestingly, also the excitation spectrum
of the apo-protein was unchanged upon chemisorp-
tion, thus demonstrating the absence of any relevant
perturbation in the physico-chemical conditions of the
chromophore microenvironment.

Azurin contains one tryptophan (Trp48) and two
tyrosines (Tyr72 and Tyr108) but, as generally rec-
ognized, its photoluminescence spectrum is basically
due to Trp emission, owing to a very efficient energy
transfer process between the two tyrosines and Trp48.
This photophysical mechanism accounts for the fact
that native azurin exhibits identical fluorescence spec-
tra (apart from quantum yield) though excited at 270
or 295 nm, as well as identical excitation spectra for
any emission wavelength. Energy transfer strongly
depends on the distance between donor and acceptor
chromophores and is a very sensitive probe of the
protein structure. Hence, while in its native state azurin
is characterized by a negligible or very small tyrosine
contribution to fluorescence emission, the occurrence
of externally induced conformational transitions may
result in a significant decrease of the efficiency of
energy transfer mechanism, and in the appearance
of new spectral features which can be ascribed to
tyrosine residues. This is the case, for instance, of
azurin emission in acid solutions, where the unfolding
action of HCI clearly results in a pronounced change
of the molecular conformation [26,27]. As shown
in Fig. S5a, the fluorescence spectra of apoazurin
(at pH 1.5) are characterized by large redshifts of
the emission maximum (Ap.x ~ 343 nm), reflecting
large solvent exposure of the aromatic residues. In
particular, the fluorescence displayed in Fig. 5a are
very different when excited at 270 or 295 nm (where



R. Rinaldi, R. Cingolani| Physica E 21 (2004) 45— 60 51

n — Aee = 270 Nm
c
=]
£
&
2
2]
c
]
£
300 350 400 450
@ A (nm)
z / - — A =270 nm
c ! A
S A *\N @ Aee =295 Nm
2 ' N
s
2
%)
2
Q
=
I I I T 1
300 320 340 360 380
(b) A (nm)

Fig. 5. (a) Free apoazurin photoluminescence at pH 1.5, excited
at different wavelengths; (b) solid state apoazurin monolayers.
(The fluorescence intensities are not in scale; the spectra of the
chemisorbed proteins are the mean of 10 acquisitions.)

tyrosine absorption is negligible), as opposed to
the shape of the photoluminescence spectra for
native apo-azurin (Fig. 4), which is independent on
the excitation wavelength. The pronounced shoulder
around 310 nm (Aexe &~ 270 nm) is therefore due to
tyrosine contribution, and indicates that, owing to
the significant conformational changes, the transfer
of excitation energy from the tyrosines to the tryp-
tophan residue is now characterized by a very low
efficiency. The same procedure was employed to fur-
ther investigate the solid state azurin monolayers. In
this case, however, the proper conformation retained
by the chemisorbed proteins causes the photolumi-
nescence spectra to be completely independent of
the excitation wavelength, thus confirming that no
variations in the folding properties occur upon immo-
bilization. As shown in Fig. 5b, the Tyr-Trp energy
transfer process was investigated by exciting
the azurin films at different wavelengths and no

0 10 20 30 40 50
nm

Fig. 6. STM image of an azurin monolayer onto a gold substrate
(Gap voltage: —1 V; Tunneling current intensity: 0.5 nA).

variations in the shape of the fluorescence spectra
were observed for apo-azurins (not shown). In addi-
tion, as opposed to unfolded azurin by acid pH, also
the excitation spectra for light emitted at different
wavelengths (300, 310, 330 and 350 nm) were identi-
cal in the molecular films, thus reflecting the same be-
havior of the free native protein. All these conforma-
tional features, therefore, indicate the absence of any
perturbation in the folding properties of azurins
upon immobilization in the solid state.

2.4. Functional state

An additional proof that chemisorption on solid
surfaces via the cysteine bridge does not affect the
proper folding of azurin molecules is given by STM
experiments. Indeed, this technique allows us to di-
rectly investigate the electron transfer mechanism
through the tunneling current, providing crucial in-
formation on the integrity of the copper active site,
and, hence, on the functional state of the protein.

STM experiments were carried out, in air, on
azurin Cu(Il) molecules directly immobilized in
the solid state onto gold substrates, exploiting its
self-assembling capability on gold via the surface
disulfide bridge Cys3—Cys26. Such immobiliza-
tion procedure is thus analogous to that utilized for
chemisorption on SiO,. Fig. 6 shows a typical STM
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image recorded with a gap voltage of —1 V and a
tunneling current intensity of 0.5 nA. The proteins
are clearly detectable on the gold surface as bright
spots with a globular shape of size in the range
of 4-6 nm, in good agreement with the reported
data [15]. This finding indicates that a favorable
level alignment is elicited between the Au substrate,
the molecular levels of azurin and the tip, which
permits electron transfer to occur through the cop-
per active site. As expected, we found that the
STM detection of the azurin at the surface was
strongly dependent on the applied bias between the
tip and the gold substrate, small variations of the gap
voltage resulting in a complete loss of protein imag-
ing, due to the occurrence of unstable tunneling
conditions. Intramolecular ET in azurin is character-
ized by two main routes, the “His46 pathway” and
the “Trp48 pathway”, both proceeding from Cys3 to
different copper-ligating residues [28]. Due to the pe-
culiar anisotropic covalency at the active sites of blue
copper proteins, the tryptophan pathway seems to be
dominant [29-31]. The experimental evidence that a
suitable external bias induces intramolecular ET in
the immobilized protein through its intrinsic physi-
ological pathway is thus very important, because it
reveals that the azurin functionality is not lost upon
immobilization. It is worth noting that this STM study
represents the first experimental demonstration, ob-
tained in air, of the possibility of inducing tunneling
currents in azurin, once more confirming the very in-
teresting perspectives for the development of hybrid
nanodevices operating in non-liquid environments.

2.5. Implementation of the two and three terminal
protein-based nanodevices

Once the chemical and physical properties of
Az immobilized onto inorganic SiO, substrates are
well assessed, the problems connected to the device
fabrication can be faced.

Nanoelectrodes were fabricated by electron beam
lithography (EBL) and lift-off on a Si/SiO, sub-
strates. The geometry of the device comprises two
planar Au/Cr contacts separated by a gap in the range
10—100 nm. For ultra narrow tip separation we de-
veloped a two-step process consisting of standard
EBL and lift-off, to fabricate 100 nm separated elec-
trodes, followed by Au electroplating deposition to
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Fig. 7. Calibration curve of the Au electroplating process.

reach the sub-10 nm separation. The calibration curve
of the Au electroplating process (Fig. 7) shows the
reduction of inter-electrode gap as a function of the
electrodeposition duration. The lateral growth rate
varies from 1.66 nm/s, at the beginning when the Au
vertical growth is more significant, to 2.5 nm/s when
the gap is reduced below 20 nm.

In Fig. 8 we show the high-magnification (HM)
SEM images of tips obtained with EBL and lift-off
followed by Au electro-deposition. By carefully
adjusting the process parameters and duration, from
a initial gap of 100 nm, we were able to achieve a
minimum gap of only 7 + 2 nm (Fig. 8d).

An azurin monolayer was then immobilized in the
gap between the electrodes of the planar circuit by
means of surface functionalization and chemisorption
previously described. Both commercial natural azurin
and synthetic purified azurin were used to imple-
ment the devices, following the methods described in
Section 2.1. In the case of the three terminal devices
the contact separation defined the gate width and a
silver electrode was added on the back of the Si sub-
strate as the gate to control the source—drain conduc-
tion. A schematic diagram of the device geometry and
implementation is reported in Fig. 9. ‘In the fabricated
devices the incubation time of protein solution was
varied in the range between 5 and 60 min. Shorter
incubation times resulted in reduced surface coverage
(sub-monolayer condition). In the case of two termi-
nal devices the incubation times were in the range
of 40—-60 min., resulting in high current level and re-
duced device reproducibility and lifetime. Instead the
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Fig. 8. HM SEM images of electrodes obtained with EBL and
lift-off followed by Au electroplating deposition (process time At)
(for all samples, the initial separation before the electrodeposition
was 100 nm). (a) Cr/Au tips with separation of 20 nm (A¢=25 s);
(b) Cr/Au tips with separation of 15 nm (A¢ = 26 s); (c) elec-
trodes with separation of 10 &2 nm (Az =27 s) and (d) of only
7+2 nm (At=28 s). (e) Cross-section SEM micrograph of elec-
trodes with separation of 20 nm (sample tilting ~ 60°).

three terminal devices were produced by using incu-
bation times no longer than 10 min. In this case the
lower current level achived through a lower protein
coverage decreased the sample heating and ageing
during the sequence of measurements as a function
of the gate voltage, thus improving the device life-
time’. All the fabricated devices were tested at room
temperature and ambient pressure. Prior to protein
deposition, a negative control on the empty devices
was performed to check the effective insulation be-
tween the source (S) drain (D) and gate (G) terminals
along the different current pathways. All these tests
revealed drain—source (/pg) and source—gate (/sg)

nanotips
+«—Si0:
+«——Si

Ag / back gate

Fig. 9. A schematic diagram of the device geometry and imple-
mentation procedure. The inset shows the contact AFM image of
the Az molecules immobilized onto the Si/SiO, substrate.

currents lower than 20 pA and typical open-circuit
resistance larger than 100 G(.

3. Nano-electronics with proteins
3.1. Two-terminal protein devices

The achievement of oriented immobilization is cru-
cial for electronic applications in which the charge
transport benefits of the long-range order of the trans-
porting material. Orientation can in principle affect
conduction in two ways: (i) it allows increased pro-
tein coverage, thus favoring electron transfer among
neighboring molecules, and (ii) it enhances, for a
given coverage, the intermolecular electron transfer
(due to the fact that the positions of the Cu-sites are
approximately coplanar, thus offering more favorable
pathways for conduction).

In addition, the molecular electrostatic potential
(MEP) of the protein in solution is known to be impor-
tant in protein interaction properties at medium- and
long distances in solution, and plays a fundamental
role in the recognition processes of biomolecules. It
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Fig. 10. Current—voltage curves of two terminal devices intercon-
necting proteins films with the same orientation and with random
orientation. The gap between the gold electrodes was 70 nm.

is therefore expected that electrostatics will influence
both the deposition kinetics of the proteins in solu-
tion, and their self-assembly. The charge distribution
on the azurin surface gives origin to a strong intrin-
sic dipole (150 Debye), suggesting that two-terminal
circuits, interconnecting solid state films of immo-
bilized azurin molecules, should have an intrinsic
polarity which depends on the value and on the ori-
entation of the molecular dipoles. Both oriented and
non-oriented azurin films should exhibit a macro-
scopic polarization. However, the total dipole is
enhanced by depositing oriented self-assembled films
with parallel dipoles. If the dipole distribution is pre-
served in the devices after drying, we expect that
this will induce a macroscopic electric field favoring
conduction.

The comparison between the current—voltage curves
measured in the oriented and randomly oriented
azurin layers is reported in Fig. 10. The continuous
and dotted lines represent the downward and upward
sweeps, respectively. Three important effects can be
deduced from this comparison. Both curves are asym-
metric, with a strong rectifying behavior. The value
of the current measured under forward bias between
the nanoelectrodes suggests that the electron transfer
mechanisms in the protein, between the Cu site and
the edges, is quite effective in determining the con-
duction processes. The difference between the posi-
tive and negative wings of the current curve of both

samples may be attributed to the presence of the
dipole in the azurin molecules which sets the polar-
ization of the planar devices [9].

The current flowing through the device with the
oriented layer is about 10 times larger than that flow-
ing through the device with the non-oriented layer.
As mentioned above, the regular orientation of the
Az molecules, determined by the unique sticking site
of the protein (the Cys3—Cys26 bridge) drives the
self-assembly on the substrate, resulting in a distri-
bution of parallel dipoles, which induces a macro-
scopic electric field favoring conduction. This is not
the case in the sample with random orientation where
parallel orientation of the molecular dipoles cannot be
achieved as a consequence of the many possible stick-
ing sites on the protein surface used in the immobi-
lization procedure.

In the oriented protein layer under forward bias the
current is step-like with a smooth exponential rise
in the region between 1.9 and 2.3 V, and a steep
rise around 4.9 V (Fig. 10). The step centered around
2.1 V corresponds to the energy required by the pro-
tein molecule to reduce the Cu atom by means of
the electronic transition involving the S(Cys) — Cu
charge-transfer. The step around 4.9 V corresponds
to the energy required to perform resonant tunneling
via the redox levels of azurin. Such a process occurs
through a coherent two-step tunneling in which the
electrons go from the negative to the positive elec-
trode via the molecular redox level. This is consistent
with the electrochemical STM measurements and in
situ cyclic voltammetry curves, showing a maximum
at —4.96 eV (measured with respect to the vacuum
level). This step is also observable in the /-V curve
of the sample with randomly oriented proteins, though
less pronounced and with a small hysteresis.

In order to further elucidate the role of the metal
ion and the effects of purity of the protein sample
on the device performances, three different types
of high-purity engineered azurins were used for
implementing oriented layer devices as shown in
Fig. 11 [10]:

(1) a highly purified synthetic-azurin, referred to
as “recombinant azurin”, in sample (A) of Fig.
11. These proteins are identical to the natu-
ral proteins, through with a higher degree of

purity;
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Fig. 11. Current—voltage curves of (A) recombinant Az (black),

(B) Zn—Az (red), and (C) APO-Az (blue). The gap between the
gold electrodes was 70 nm.

(i1) a modified synthetic azurin with the Cu atom
replaced by a Zn atom (Zn—Az), in sample (B)
of Fig. 11;

(iii) a modified azurin without metal atom (called
APO-Az), in sample (C) of Fig. 11.

Sample (A) shows the same rectification and
step-like character observed in the devices fabricated
with oriented commercial (non-purified) Az layers
(Fig. 10). However, the current flowing through de-
vice (A) with recombinant proteins is two orders
of magnitude larger. This suggests that highly puri-
fied proteins are best suited for molecular electronic
applications. Reasonably, a high degree of purifica-
tion favors a closer packing of the proteins onto the
device substrate and avoids passivation phenomena
of the substrate. Sample (B) shows a less pronounced
rectifying behavior, without the redox-induced steps
characteristic of the Cu atom, and a current intensity
about one order of magnitude lower than sample A.
This is ascribed to the electronic properties of Zn,
which are different from those of Cu. Zn has in fact
only one stable redox state, Zn**, which is redox in-
ert, thus preventing Zn—Az molecules to perform an
efficient redox species-mediated electron transfer. The
importance of a metal atom in the protein structure is
demonstrated by device (C), which was built using
APO-proteins obtained from recombinant Az. In the
absence of metal redox center in the protein struc-
ture, the bio-device does not show any measurable

conduction. This indicates that the metal in the pro-
tein is responsible for the electron transfer as reflected
in the transport characteristics of Az biomolecular
diodes.

3.2. Three-terminal protein devices

The natural electron transfer activity of the azurin
can be exploited for the realization of molecular
switches whose conduction state can be controlled by
tuning their redox state through an external voltage
source (gate).

In Fig. 12a we show the current—voltage charac-
teristics of a protein device for drain—source voltage
(Vps) > 0 as a function of the gate bias (Vg) in
the range between 0 and 4 V (first active region).
As a general feature the drain—source current (/pg)
remains low (< 20 pA) up to a Vps bias of about
2.3V, and then starts to increase reaching 100 pA
intensity at 6 V. A clear modulation effect is visible
as a function of V. The dependence of Ips on the
Vs intensity is reported in Fig. 13a for a fixed value
of Vps(=4.5 V). The current increases up to a maxi-
mum value of 200 pA at Vg=1.1 V, then it decreases
to the 100 pA level at Vg =2V, and finally falls
down to the open circuit value for higher applied gate
voltages.

Similar set of measurements were performed
sweeping Vps from negative to positive for both
positive and negative gate bias. Four different active
region resulted: Vps > 0, Vg > 0 (Fig. 12a); Vps > 0,
Ve <0 (Fig. 12b); Vps <0, Vg >0 (Fig. 12c);
Vps <0, Vg < 0 (Fig. 12d). In Fig. 12b by decreas-
ing the gate potential the current increases up to
160 pA at Vps =6 V. The corresponding dependence
of the Ipg on Vg is reported in Fig. 13b for Vpg=5 V.
In this case we did not observe a peaked dependence,
like in the case of Fig. 13a, but a smooth increase and
a saturation at 115 pA in the range between —2.5 and
—4 V. In the last two situations, i.e. V'pg <0, Vg >0
(Figs. 12c and 13c) and Vps < 0, Vg < 0 (Figs. 12d
and 13d) we observed a decrease and an increase (in
absolute values) of Ipg, respectively, with increasing
the gate voltage. As a general trend the current in-
creases linearly for Vps = 3 V and then saturates in
the range between 4.5 and 6 V. In this voltage range
the operation of the protein transistor resembles that
of an inorganic MOS-FET in the saturation region,
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Fig. 12. I-V characteristics of the protein transistor in the four different active regions: (a) Vps > 0, Vg > 0; (b) Vps > 0, Vg < 0; (¢)

Vps <0, Vg > 0; (d) Vps <0, Vg <O.

with constant Ipg for each curve. In the case of the
azurin monolayer deposited in the channel of our
FET, both superexchange charge transfer inside the
single azurin units and sequential hopping between
adjacent proteins are involved in the conduction pro-
cess. The existence of a strong internal dipole due
to the surface charge distribution on the protein can
affect the planar conduction in the gate channel de-
pending on whether the dipoles of the proteins in
the layer are aligned or not along the source—drain
axis. In the case of the characteristics of the device
fabricated with commercial azurin a similar effect is
observed for positive gate voltages values (Figs. 12a
and c). In the case of the /-V measurements of Fig.
12¢, the current intensity is higher than that of Fig.
12a, at least by a factor 10. For negative V5 the mea-
sured current intensities in the Figs. 12b and d are
instead similar.

The change of the gate voltage acts in different ways
depending on the versus of the bias and of the in-
ternal dipole. The Ipg decreases with increasing the
absolute value of the applied V. However a differ-
ent trend is usually observed in the case of Vpg > 0,
Vs > 0 (Fig. 13a) where a peaked dependence is ob-
served in most of the realized devices. The maximum
of the current is always found around Vg =1 V. This
is a peculiar behavior of the protein devices which
is not found in any inorganic counterpart and could
be of interest for the realization of electronic devices
with novel functionalities. In the case of transistors
realized with synthetic and purified azurin, the cur-
rent increases by a factor between 10 and 100 and the
Vs resonance becomes sharper. The physical origin of
this resonance can be found in the effect of the gate
voltage on the molecular levels of the protein, and in
turn on the conduction pathways inside the molecule.
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Fig. 13. Ips current intensities as a function of Vg at fixed Vpg for the four active regions reported in Fig. 6: (a) Vps =4.5 V; (b)

VDS =5 V; (C) VDS =5 V; (d) VDS =-5V.

The protein is chemisorbed onto the SiO, surface by
the formation of a thiolate onto the silanized surface.
In this way the protein sits on the surface with the
axis connecting the thiolate with the Cu ion almost
perpendicular to the surface. The vertical field that
propagates along this direction (gate field) modifies
the electronic properties of the molecule and the oxi-
dation state of the Cu ion, since it is strongly coupled
to the thiolate by the electron transfer (ET) pathway
inside the protein [32]. This resonance effect has been
already observed in electrochemical STM experiments
[33] and in standard STM experiments performed on
azurin molecules chemisorbed on Au(111) substrates
at room temperature and ambient pressure.

From an electronic viewpoint, the device switches
from a n-MOS FET behavior before resonance to a
p-MOS FET after resonance. This is a key result be-
cause it allows us to exploit the advantages of a com-
plementary logic, fabricating both p-type and n-type
devices on the same chip. For the implementation of
an inverter, the unipolar technology would require

a load resistor (Fig. 14b), whereas a complemen-
tary logic (Fig. 14c)—incorporating both p-type and
n-type transisto—would overcome such limitation.
This results in (i) a decrease of the logic gate occu-
pation area (reduced to the transistor-size scale); (ii)
a reduction of the fabrication complexity, since in
integrated circuits technology, accurate resistors are
harder to make than capacitors and transistors and (iii)
reduction of power consumption because, as opposed
to unipolar inverters which consume power in the low
state, CMOS consume power only when switching.
Our redox proteins devices are very different from
standard inorganic semiconductors and conventional
organic devices. Silicon MOSFETs and thin-film tran-
sistors (TFTs) are based on a gate field modulating
the width and the conductance of a semiconducting
channel, whereas the accepted mechanism for car-
bon nanotube FETs is the Schottky-barrier dominated
transport. In proteins, the long-range electron trans-
fer (ET), which represents one of the key processes
of living systems involved in photosynthesis and
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Fig. 14. (a) Transfer characteristic of the protein FET. A
pronounced resonance with a Gaussian-like shape centered at
Vg=1.25 V is present. In this region, the transconductance changes
from positive to negative values. The peak to valley ratio and the
FWHM are 2 and 0.3 V, respectively. This feature gradually dis-
appears after some cycles of measurement due to the ageing of
the molecular layer (the red, green and blue curves are recorded
in sequence). Insets: Electronic applications of such azurin de-
vice (b) A standard n-MOS inverter using a resistive load; (c¢) a
CMOS inverting amplifier made with the protein FET and having
the advantage of consuming power only during the switch.

respiration, occurs between a donor (D) and an accep-
tor (A) site. Two different models for ET have been
proposed, i.e. a superexchange mechanism (consisting
of direct quantum tunneling between the donor and
the acceptor) or a sequential (incoherent) hopping
between adjacent sites. The main factors influencing
the ET rate are: (1) the distance between the two re-
dox centers (electron tunneling has an exponential de-
crease of the ET rate with distance, whereas hopping
leads to a slowly decay as the inverse of the distance);
(2) the nature of the micro-environment separating the
donor and acceptor (which mediates the virtual state or
provides intermediate states, respectively), (3) the
reorganization energy, i.e. the energy required for all
structural adjustments (in the reactants and in the sur-
rounding molecules) which are needed to assume the
configuration required for the transfer of the electron
and (4) the driving force. In particular, in the case of
azurin, the essentially unchanged copper site geome-
try in the Cu>™ and Cu'" state minimizes the reorga-
nization energy and favors the fast electron transfer.
The transport of electrons through systems con-
taining redox sites occurs via electron hopping from
one reduced (Cu'") molecule to an adjacent oxidized
(Cu*") molecule, see Fig. 15. Therefore, the presence
of two adjacent Az molecules in the Cu'" and Cu?*

Ag / back gate

Fig. 15. Three-dimensional crystal structure of the blue-copper
protein azurin containing the central Cu ion as redox site; cross
section (not to scale) and transport mechanism of the protein
FET. The site geometry of the copper site (the blue sphere at the
top) is a distorted trigonal bipyramid one. The disulfide bridge
(Cys3—Cys26, indicated in yellow at the bottom) opposite to the
copper atom, is exploited to induce chemisorptions of azurins on
silane-functionilazed substrates.The field effect transistor consists
of a protein monolayer connecting two arrow-shaped Cr/Au elec-
trodes on a SiO, substrate. An Ag back-electrode acts as the gate.
As a consequence of chemiosorption, proteins sits on the surface
with the electron transfer pathway—coupling the copper atom and
the disulfide bridge—perpendicular to the substrate. In our model,
transport is based on sequential electron hopping between one re-
duced azurin (blue copper ion in the inset) to an adjacent oxidized
one (red ion in the inset). The gate (vertical) field influences the
oxidation state of the redox site, originating the resonance.

redox states is required to have current flux between
two planar electrodes.

In order to model the transport in the transistors,
let us indicate by ki, the inter-molecules transfer rate.
In analogy to solid state physics, we introduce two
functions fc,+ and fc2+ which provide the prob-
abilities that a copper site is in the Cu'™ and Cu?*"
state, respectively (or the population of reduced and
oxidized azurins in the layer). Obviously, it results
fcu+ =1— fcp+. Consequently, the overall electron
transfer rate Wgt takes the form

WET(Vds> Vg) = kim(Vds)G( Vg)
= kim(Vas) f cu-(Ve) fcur+ (V)
= kim f cur+ (Ve )(1 = feut (V)
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where we have assumed that Vs and ¥, influence ki,
and G= fc 2+ (1 — fc2+ ), respectively. In other words,
given the proteins and their arrangement in the layer,
the inter-molecule transfer rate ki, only depends on
the in-plane driving force, which is related to the bias
applied between drain and source electrodes (hopping
mechanism). On the contrary, the gate voltage only
affects the electronic properties of the redox site. As a
consequence of the covalent bonding on the silanized
surface, the protein is chemisorbed onto the SiO,
surface with the natural electron transfer route—
which joins the copper site to the disulfide-bridge—
almost perpendicular to the surface. The vertical field
applied along this direction (due to V) modifies the
oxidation state and induces a change in the equi-
librium of the redox reaction, thus modifying the
balance between the two populations, i.e. the prob-
ability density function f.+. If we assume that at
Vs =0 most molecules are in the reduced state (Cu(1)),
with increasing V, the number of oxidized molecules
increases, also. Therefore dfc,-/dV, > 0, and the
relation dG/dV, = (dG/d fcpe+)dfcper/dVy = 0 is
fulfilled provided dG/d f o2+ =1 =2 f 2+ =0, ie. if
few(Ve) = 3.

Therefore, hopping mediated electron transfer (and
consequently the current as a function of V) is maxi-
mum when the populations of protein in the Cu®" and
Cu'" state are equals, otherwise the current is lower.
This phenomenological model explains the presence
of the resonance in the transfer characteristics shown
in Fig. 14. Moreover, this model is consistent with the
interpretation of the redox peak in cyclic voltamme-
try curves and in electrochemical STM experiments
performed on azurins chemiosorbed on Au(111)
substrates.

4. Conclusions

We have demonstrated the first implementation of
protein-based electronic nano-devices working in air
and at room temperature by using azurin metallo-
proteins. Both rectifying (diode-like) and amplifying
(transistor-like) devices have been implemented.
Though this field is still in its infancy, the results
obtained so far are promising and deserve further
studies to determine the actual potentiality of these
biodevices and to elucidate a number of important

issues, such as the reproducibility and ageing of the
nanodevices.
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