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The electron tunneling across a redox protein covalently bound to Au(111) electrode is investigated

by both

scanning tunneling and conductive atomic force

spectroscopies. Although the

current-voltage curves, detected by the two techniques, refer to different tunneling junctions, they
are analyzed within the same transport model. By evaluating the electron transmission probability
of each element constituting the tunneling junctions, the electron transport properties of the protein
macromolecule are singled out. These results represent an advancement in understanding current
flow through protein macromolecule in tunneling experiments, also in the perspectives of
applications in nanobioelectronics. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2385223]

The use of single protein molecules inserted into hybrid
systems has gained progressive interest allowing to combine
natural biological functions, such as binding, catalysis,
biorecognition, and electron transfer, with processing power
of modern microelectronics for the realization of biosensors
and nanodevices."” In view of nanobioelectronic applica-
tions, redox metalloproteins are particularly relevant for their
inherent capability in transferring single electrons over long
distances and in a fast, directional way.3’4

Reliable nanobioelectronic devices rely on the formation
of stable and robust contacts between single protein and
metal electrode to achieve an effective electronic conduction.
Essentially, two methods have been applied to investigate the
conduction through a single protein chemically bound to a
metal electrode: scanning tunneling spectroscopy“*g (STS)
and conductive atomic force spectroscopy (CAFS).”'" In
STS, the tip is held stationary on the top of a single protein,
forming a gap between the tip and the protein, the tunneling
current being used to control vertical tip positioning.
Current-voltage (I-V) curves, measured as a function of the
bias after disengaging the feedback loop, bear information on
the tunneling characteristics of both protein and tip-protein
gap.11 Appreciable current signal can be recorded in STS for
a wide range of tip-protein vertical distances; this allows
acquiring images of proteins with different topologies.‘Ho’12

In CAFS, the tip is directly placed in contact with the
single biomolecule at a controlled force and the tunneling
current is measured by applying a bias voltage.11 CAFS has
the unique advantage of simultaneously providing topogra-
phy and current images, thus coupling the conductive prop-
erties directly to the morphology of the investigated samples.
On the other hand, in CAFS, even if the tip is positioned
much closer to the protein than in STS, no tunneling current
is measured at very low forces; such an effect may arise from
a high contact resistance at low applied force.*" This could
also be at the origin of the difficulty to achieve current im-
aging on protein samples.9
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STS and CAFS are therefore complementary techniques
that can disclose interesting features of the electronic con-
duction properties of single proteins. The two experimental
setups result into different electrode-protein-tip junctions
(see Fig. 1). In both cases a chemical contact between protein
and Au(111) substrate (e.g., a S—Au covalent bond) is estab-
lished. In CAFS [see Fig. 1(a)], once the contact resistance
between the tip and the protein is overcome, the current tun-
nels from the tip toward the substrate through the protein, or
vice versa depending on the bias polarity. At variance, in
STS [see Fig. 1(b)], the tip is away from the protein and the
current tunnels from the tip toward the substrate, through
both the gap and the protein, or vice versa. This might give
rise to discordant results when an analysis of currents de-
tected by the two techniques is performed on the same mo-
lecular system.13

The aim of the present work is to provide a consistent
description of the I-V characteristics recorded by both STS
and CAFS for a redox protein covalently bound to a gold
electrode. In this framework, we have applied a tunneling
transport model by taking into account the different elements
which contribute to the total electron transmission probabil-
ity through the junctions.'S_]5 Such an approach has been
checked on mutant plastocyanin (PCSS), that was genetically
engineered to introduce a S—S bridge available for covalent
binding to gold.16

In CAFS experiments, PCSS anchored to gold was
physically contacted with a platinum coated atomic force
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FIG. 1. (Color online) Schematic illustration of the single PCSS molecule as
probed by the two experimental setups: STS (a) and CAFS (b).

© 2006 American Institute of Physics

Downloaded 13 Nov 2006 to 140.105.4.3. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2385223
http://dx.doi.org/10.1063/1.2385223
http://dx.doi.org/10.1063/1.2385223

183125-2 Andolfi, Bizzarri, and Cannistraro

i

Current (nA)

-2

-3%

-10 08 -06 -04 02 00 02 04 06 08 1.0
Bias (V)

FIG. 2. I-V curves as measured by CAFS on PCSS anchored on gold at
different applied loads: 3 nN (straight line), 4 nN (segment line), and 6 nN
(open circle). Inset: fitting curve (straight line) of the experimental I-V curve
(dots) at an applied load of 3 nN. Only one experimental value every four is
shown for clarity. Measurements were carried out under dry nitrogen atmo-
sphere to minimize water contamination.

microscopy probe. Figure 2 shows the resulting /-V curves at
moderate applied loads (3—6 nN) at which a good electric
contact is established.” I-V curves are almost overlapping in
the low bias region (0.2 V), while progressively higher cur-
rent intensity values are detected at larger bias when the
applied load is increased. At 3 nN, the curve is almost sym-
metric, while some asymmetry appears at higher loads.

In STS measurements, the tip is positioned on top of a
single protein at a distance settled by the engage tunneling
current and bias; afterwards the feedback is disabled and
I-V curves are registered. The I-V curves, shown in Fig. 3,
refer to different engage biases; this means that at fixed en-
gage tunneling current the resistance and then the gap be-
tween the tip and the protein are widened with increasing the
engage bias. A decrement in current intensity is registered as
long as higher engage bias is applied and an almost symmet-
ric trend is observed for all curves. It is worth noting that in
STS, despite the significant distance between the tip and the
protein, an appreciable current signal can be always regis-
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FIG. 3. I-V curves as obtained by STS on PCSS anchored on gold at tun-
neling current of 50 pA and increasing engage biases: 0.2 V (open square),
0.4 V (open triangles), 0.6 V (segment line), 0.8 V (open circles), and 1 V
(straight line). Inset: fitting curve (straight line) of the experimental I-V
curve (dots) at engage bias of 0.2 V. Only one experimental value every
four is shown for clarity. Measurements were carried out under dry nitrogen
atmosphere to minimize water contamination.
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TABLE 1. Barrier height ¢, barrier length L., and decay constant S,
as a function of the applied loads, obtained from fitting the /-V curves
measured by CAFS. In all the cases, errors are less than 1%.

Force (l'lN) Lmo] (A) Prmol (eV) ﬂm(»l (Ail)
3.0 15.8 1.93 0.56
4.0 16.4 1.72 0.54
6.0 16.2 1.73 0.54

tered, and the current intensity of the /-V curves is lower in
STS than in CAFS, especially for bias region above +0.4 V,
likely due to the presence of the tip-protein gap.

In order to fit the I-V curves obtained with the two ex-
perimental techniques, we have considered that the current,
in direct tunneling, can be described by I=VG, where G is
the conductance given by the Landauer formula'®

G =2¢*/hT,,, (1)

where e is the electron charge, /4 is the Planck constant, and
T, 1s the total electron transmission probability, from the
electrode to the tip, which can be expressed as the 5product of
the transmissions of the different components.nf1

In CAFS measurements, T, can be described as Tcarg
=Tss aulmolTiip» Where Tsg 5, represents the protein-
electrode chemical bond (SS—Au), T, describes the conduc-
tion through molecule milieu (also including a small amount
of residual water, strongly bound to the protein), and Ty,
refers to the physical contact between the protein and the
electrode. Under the assumption that a good electric contact
is attained when a covalent bond is formed between the mol-
ecule and the metal junction, Tgg_, can be treated as a
constant.”> On the other hand, the evidence that current can
be easily recorded at the applied load of 3 nN indicates that
a good electric contact between the tip and the molecule is
established.®” Accordingly, Ty, can be treated as a constant,
this being also supported by recent results on azurin, a cop-
per protein similar to PCSS.** The electron transport
through the molecule can be approximated as a coherent
nonresonant tunneling through a rectangular barrier of height
®mo1 and length L, ;; accordingly, the transmission probabil-
ity through the molecule is given by Tpg=exp(—BmoiLmol)»
where B, i1s the decay constant reflecting the strength of
electronic coupling across the barrier. Within the analyzed
bias range, B, can be given through the expression1

A

ﬁmol = 7\“’27” (gomol - eV)’ (2)
where V is the applied bias and m" is the effective electron
mass to take into account that the barrier is replaced by a set
of molecular orbitals; according to Refs. 13, 18, and 19, m"
has been put equal to 0.16m (m being the electron mass). The
results of the fitting of the [-V curves, through [
=2e?V/hTaps. at the different loads are reported in Table I,
an example of the fit being shown in the inset of Fig. 2.

The value of L, obtained at the 3 nN load, is lower
than the expected physical height of the protein on the sub-
strate (about 3 nm); actually, the barrier length does not nec-
essarily coincide with the geometrical distance crossed by
the electrons.” Interestingly, both the L, and ¢, values
are close to those evaluated by CAFS, at comparable loading
forces, for a single azurin molecule (11.7 A and 1.1 eV,
res ectively).lo The evidence that the L, and ¢, values
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TABLE II. Barrier height ¢y, barrier length L, decay constant S,,,, and
7y parameter, as a function of the engage biases, obtained from fitting the
I-V curves measured by STS. In all the cases, errors are less than 1%.

Engage bias (V) Ly (A) ®gp (€V) Baap (A %
0.2 3.15 9.1 3.08 0.30
0.4 345 9.6 3.16 0.31
0.6 3.60 9.8 3.19 0.32
0.8 3.75 9.8 3.19 0.33
1.0 3.90 10.0 322 0.33

are similar, at the three different loads, points out that the
structural and the conduction properties of the protein remain
practically unaffected in the range of the apglied loads, in
agreement with what is observed for azurin. 10 The decay
factor B, (calculated for V=0) is slightly lower than the
values found for electron tunneling across metalloproteins in
bulk solution (0.8—1.2 A~");" such a discrepancy can be ex-
plained by taking into account the different conditions of
measurements (geometrical configurations and single mol-
ecule regime).

In STS measurements, T, can be expressed as Tgrg
=Tss_auTmolT gap» Where Tgg_n, and Ty, have the same mean-
ing as in the CAFS analysis, while 7,,, is the transmission
probability through the tip-protein gap. To fit the /-V curves
obtained by STS, Tgs a, can be again treated as a constant,
while for T,,,; we have assumed the same barrier height and
length values that come out from the analysis of the CAFS
data at the lowest applied force (3 nN). Furthermore, Ty,
which results from a coherent nonresonant tunneling through
a rectangular barrier of height ¢, and length L,,,, can be
described by exp(—LBgapLeap)- Accordingly, the following final

expression has been used:

o
TSTS — TSS_Aue—Lm01(47T/h)V2m (emo1—veV)

Xe—Lgap(477/h) \52m(<pgap—(l—y)eV)’ (3)

where vy is an adjustable fitting parameter to take into ac-
count for a possible different potential drop over the vacuum
gap and the grotein molecule, similarly to other theoretical
treatments.”"*> The results of fitting I-V curves by the [
=2¢%V/hTgrs expression, for the different engage biases, are
reported in Table II, an example of the fits being shown in
the inset of Fig. 3.

First, we note that the values of the barrier height @g,,
and also the decay constant By,, (calculated for V=0) are in
a good agreement with those re;aorted in literature for tun-
neling through a “vacuum” gap.1 This confirms that the used
approach describes well the tunneling current behavior
through the protein gap. On the other hand, the barrier length
Lyyp, is found to be lower than the geometrical tip-protein
distances as estimated in a previous analysis for PCSS an-
chored to gold.12 From Table II, we note a slight increase of
both L,,, and ¢,,,, as far as higher biases are applied, indica-
tive of a small dependence of the protein-gap barrier on ap-
plied voltage and protein-gap size, in agreement with what is
shown in Ref. 23.

The extracted 7y values indicate that a different potential
drop takes place in the protein and vacuum gap. The fact that
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a larger drop is observed for the gap finds a confirmation
with its larger geometrical distance in comparison to that of
the protein.

In conclusion, our approach allows us to extract consis-
tent values of the tunneling conduction properties for the
PCSS protein from the I-V curves, as obtained by the two
different techniques. The tunneling barrier length, height,
and decay factor S, of the protein have been evaluated and
have been found to be in a good agreement with data in
literature. Notably, this theoretical approach, which can be
extended to various molecules, provides the possibility to
correlate I-V data from STS and CAFS, thus allowing to
obtain more insight into the intrinsic tunneling properties of
the single molecule. Moreover, the approach presented, be-
sides being relevant for understanding the conduction of bio-
molecules covalently bound to a gold electrode, may deserve
some interest in optimizing the application of redox proteins
in nanodevices.
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