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ABSTRACT: Single protein junctions consisting of azurin
bridged between a gold substrate and the probe of an electro-
chemical tunneling microscope (ECSTM) have been obtained
by two independent methods that allowed statistical analysis
over a large number of measured junctions. Conductance
measurements yield (7.3 £ 1.5) x 10~ °G, in agreement with
reported estimates using other techniques. Redox gating of the
protein with an on/off ratio of 20 was demonstrated and
constitutes a proof-of-principle of a single redox protein field-
effect transistor.
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he study of biological electron transfer (ET) is fundamental

to understand important cellular processes like respiration
and photosynthesis, and in recent years it has exhibited a rapidly
growing relevance in technological applications. The design of
efficient ET pathways between the electrocatalytic center of
redox enzymes and the electrode allows the use of redox
mediators and other reagents to be overcome™® and has led
bioelectrochemical redox enzyme sensors to achieve widespread
clinical applications in humans including subcutaneous implants
for continuous glucose monitoring” and to dominate the drug
development and clinical sensor industry.*

Redox proteins are also emerging as building blocks of
molecular bioelectronic devices like logic gates® and robust
multistate memory devices based on redox protein heterolayers.®
Strategies to couple redox enzymes to solid electrodes and
nanoparticles are well characterized,” and the electrochemical
properties of these proteins can be exquisitely tuned.*” At the
ultimate level of miniaturization, each device would be consti-
tuted by a single protein. However, little is known about their
electronic and electrochemical properties and about their statis-
tical behavior at this scale, which is essential for device imple-
mentation and performance.

Several techniques have been devised to study changes in
fluorescence following ET in individual redox enzymes.'® "> ET
can also be investigated by electrochemical scanning tunneling
microscopy (ECSTM) which shows that the apparent height of
individually resolved redox proteins changes with the overpo-
tential of the ECSTM electrodes, as a result of a redox gate effect
on the protein tunneling conductance."*"'® Here we report
a method to directly measure ET currents with individual
redox proteins bridged between two electrodes that allows the
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statistical analysis of their ET properties over hundreds of
molecules in each experiment. Our approach is based on the
application of molecular break junctions'” (BJ), a technique to
measure single molecule conductance'®"® that pioneered the
field of molecular electronics.*

These tools have been used to characterize hydrocarbon
chains,'®"® compounds bearing redox groups,”"** and DNA.>*"2¢
However, their application to more complex redox biomolecules
has not been rezported besides studies of solid state protein
junctions in air*”*® and reports on small peptide junctions.*”*°

Single-protein conductance was measured with an ECSTM
using the STM-BJ approach'® on the blue copper protein azurin
(Az) in buffer solution and under bipotentiostatic control. Azurin
is a widely studied redox protein model®' that has a globular
structure containing a copper ion coordinated by protein
residues.>* This redox center makes the protein capable of
accepting and transporting electrons by switching its redox state
(Cu"”™) and supports its role as a soluble electron carrier in the
respiratory chain of bacteria. Briefly, experiments were carried
out on azurin bound to an Au (111) substrate via native cysteine
residues as described."*"''* The ECSTM probe was ap-
proached toward and retracted from the substrate while record-
ing the probe current (see diagram in Figure 1a). In a coherent
electron tunneling process, the rate of ET is proportional to an
exponential function of the distance between an electron donor
and an acceptor’ (dyp in eq 1) with a distance decay factor 3 that
is characteristic of the medium separating both donor and
acceptor sites. In the case of single-molecule junctions, the 3
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Figure 1. (a) Schemes of a single-azurin junction formation by the STM-BJ approach. The ECSTM probe is approached to the surface and retracted
afterward. Eventually a single azurin bridges the two electrodes. (b) Raw data examples of I(z) plots exhibiting current plateaus or steps corresponding to
single azurin junction formation. The conductance values are represented in the right axis (Go = 2¢%/h 2774 uS). The inset shows curves obtained on a
clean gold surface. A horizontal offset was applied in all of them for clarity. (c) Conductance histogram for azurin (in red) obtained from S00 I(z) plots by
the STM-BJ approach. The histogram obtained in a clean gold surface is superimposed in black. The inset shows the step length histogram obtained from
50 I(z) plots displaying a maximum centered at 0.85 = 0.55 nm. The experiments were performed in 50 mM ammonium acetate solution (pH 4.5) at
Up = —0.1 Vvs SSC, Ug = 0.2 V vs SSC, and Uy, = Up — Ug = —0.3 V.

decay will be dominated by the molecular structure.

ket o< exp( — Bdas) (1)

We reported that current—distance I(z) measurements at
fixed probe (Up) and substrate potentials (Us) decay exponen-
tially in the tunneling range, in agreement with eq 1, and yield 5 =
10 nm ™" for clean gold and 8 = 3—4 nm ™' for azurin, which is
consistent with a two-step long-range ET mechanism.*® Similar
distance decay factors have been reported by other groups®* and
confirmed theoretical predictions™ for a multistep tunneling
process. When I(z) plots are acquired repetitively, about 10% of
the recordings display current plateaus and discrete steps that
resemble those reported for small organic compounds using the
same setup.'®'*?" Current steps (shown in Figure 1b) are absent
in I(z) plots obtained in control experiments on clean gold (inset
of Figure 1b) and thus were interpreted as transient formation
and rupture of molecular junctions with azurin bridging the two
electrodes (the Au substrate and ECSTM probe). Such “wired”
molecular junctions are distinct from tunneling junctions re-
ported in electrochemical tunneling microscopy and spectrosco-
py measurements.'*****3¢ The conductance of these events can
be calculated from the current step level as G = Iyep/Upias in @
moderate bias range.18 Statistic analysis of S00 I(z) curves
containing steps allows building a conductance histogram
(Figure 1c) in which peaks correspond to current plateaus in
the I(z) plots.>” The conductance histogram for azurin (red plot
in Figure 1c) displays a peak that can be fit with a Gaussian
distribution function and yields an average conductance of (7.3 +
3.5) x 107 °G, (where Gy = 2¢*/h ~ 77.4 uS). The histogram
for a clean gold sample decays monotonically and is plotted in
black in Figure 1c as a control. This result is in general agreement
with conductance estimates using conductive atomic force
microscopy in air>*” and protein immobilization at the ECSTM
probe apex under potentiostatic control.*® Recent estimates of
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cytochrome conductance lie within the same range.'® Since the
protein orientation in the junction is fixed by the substrate-bonded
native cysteines C3 and C26,>* we speculate that covalent bonds
are also established with the ECSTM probe during ap-
proach—retract cycles, probably mediated by charged residues
on the protein surface (e.g.,, amines). The most likely candidate for
this interaction is the region surrounding residue K41. This lysine
is exposed to the solvent at a region facing the probe and opposite
to substrate-bonded C3 and C26, and it aligns well with the
sequences of gold- and platinum-binding peptides reported in the
literature* (see Figure S1, Supporting Information). As explained
in Experimental Methods (Supporting Information), Au probes
were used in most experiments and no significant differences were
observed with Pt—Ir probes. Although the nature of the tip—azurin
interaction needs to be fully clarified, the relatively long step length
of the observed current plateaus in the I(z) plots of Figure 1b
(~1 nm, see inset in Figure lc) is comparable to previous
measurements with large synthetic molecular systems of similar
molecular length covalently bridged between two electrodes.*'
This fact suggests a seemingly stable interaction between our STM
probe and the azurin that provides a good electronic coupling and a
fairly high conductance value for the single-protein junction. To
look further into the STM probe—azurin electronic coupling,
I(Upyas) characteristics of the single-protein junction were recorded
using the I(t) method described below. The slope of I( Uy,;,s) plots
in the linear region at low bias potentials (see Figure S2, Support-
ing Information) yields a conductance value of (1 £ 02) X
10 °Gy, in very good agreement with the conductance obtained
from I(z) histograms (Figures 1 and 2). This fact is evidence of the
formation of a stable single-molecule junction that remains all
along the bias potential excursion. Moreover, the asymmetry
between the positive and the negative branches of the I(Uy;,)
plot at high bias provides a measure of the difference in electronic
coupling between one side of the molecular bridge (where a strong
thiol covalently bonds azurin to the gold substrate) and the
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Figure 2. (a) Semilogarithmic conductance histograms obtained from azurin experiments at different electrochemical gate voltages (—Us in our
ECSTM system) and constant bias conditions (Uy,s = Up — Us = —0.3 V). (b) Conductance values obtained from the center of the Gaussian fit of the
histograms peaks as a function of EC gate potential at constant —0.3 V bias for azurin (red circles) and nonredox Zn—azurin junctions (black squares).
Upper axis represents overpotential (17 = Us — Uaz). Error bars indicate the full width half-maximum (fwhm) of the Gaussian fit on each conductance
peak. The red plot shows a fit of the numerical version* corresponding to the formalism for a two-step electron transfer process."* Control
measurements with non-redox Zn—Az are indicated with a dashed black line as visual guidance (see Figure S4 in the Supporting Information). All
experiments were performed in S0 mM ammonium acetate solution (pH 4.55).

opposite side (where azurin forms a weaker bond with the Au or Pt
STM probe).* The current at 41 V bias in Figure S2 (Supporting
Information) is only a factor of 2 higher in the positive branch than
in the negative branch of the I(Uy,s) plot, which corroborates the
good electronic coupling achieved between the STM probe and
azurin. Similar low asymmetries in I(U) characteristics from
molecular junctions have been ascribed to different contact
geometries on individual runs*® and to an asymmetric position
of an acceptor group within the molecular backbone,** the latter
being a similar scenario to our single-azurin junction where the
Cu(I) center is asymmetrically located versus both electrodes at
the junction.*”

To our knowledge, this is the first report of single protein
junction conductance measurements by the ECSTM-BJ] ap-
proach. We then asked whether the single-azurin junction
conductance is modified with the redox state of the protein.
The Cu redox center of azurin plays a key role in the ET
process'#'¥3>3* that has been studied at the single molecule
level by analyzing the effect of electrode potentials on ECSTM
imaging,"*"*** by current—voltage,*® and by current—distance
spectroscopies.” The single azurin junction conductance is thus
expected to depend on the electrochemical potentials of the
probe and substrate electrodes. To test this hypothesis, we
recorded I(z) curves at different probe (Up) and substrate
(Us) potentials, using a —0.3 V constant bias potential (Up,s =
Up — Us). This experiment is equivalent to previous use of the
electrochemical potential as the gate voltage to modulate the
current in single-molecule junctions employing a ECSTM
conﬁguration.“s*47 Here, the voltage of the reference electrode
is tuned to modulate the gate voltage in analogy to the gate
electrode in a field effect transistor (FET). As the STM probe is
grounded in our STM electronic configuration, the EC gate will
be equal to —Us at given Uy,,s. Figure 2a shows semilogarithmic
conductance histograms at different EC gate potentials (see
Figure S3 in the Supporting Information for linear conductance
histograms). Notice the shift in the conductance peak toward
higher conductance values as the EC gate potential approaches
—0.1 V. This potential corresponds to Us = 0.1 V vs SSC, a value
close to the azurin standard potential (U,, = 0.08 V vs SSC).
Average conductance values obtained as function of the EC gate
potential are plotted in Figure 2b (red circles). The maximum

conductance value ((2.1 & 0.7) x 10 >G,) occurs at —0.1 VEC
gate potential, close to zero overpotential (see upper axis in
Figure 2b, where 77 = U, — U,,) that corresponds to the
alignment of the Fermi levels of the electrodes with the azurin
redox level. In contrast, the conductance of a non-redox Zn—Az
control obtained at the same potentials is similar (10~°G,) but
does not depend on electrochemical potential (black squares in
Figure 2b). This supports the idea that the redox center assists
the ET process in the known multistep tunneling process,'*'>**
even in this molecular junction configuration. The observed
dependence on potentials demonstrates that the conductance in
the junction is characteristic for redox Cu—azurin, as non-redox
Zn—azurin control shows no electrochemical gate dependence.
The conductance values obtained for Zn—Az are in the same
range as the ones obtained at high electrochemical gate, i.e., high-
overpotential conditions, for Cu—Az, which correspond to
conductance through the protein backbone, i.e., not assisted by
the metal center.**

Notice the 20-fold on/off ratio in the conductance between
zero and high-electrochemical gate voltages. This value is slightly
higher than that reported for azurin in ECSTM configuration'**
and about half of the ratio reported for transition metal
complexes.”

Results of azurin conductance can be expressed in terms of
current intensity measured in the junction as function of applied
overpotential (red circles in Figure 2b referred to right and upper
axes). In order to have more information about the ET mechan-
ism in these molecular junctions, the results were fitted using the
numerical approximation*® for a two-step ET model'* (eq 2, red
line in figure 2b).

 910Ubiss exp — 9.73(4 + Ubas)]
cosh[19.4(&n + (y — 1/2)Upis)]

(2)

where Iis the current intensity expressed in nanoamperes, Uy, is
the tip bias voltage, and 7 is the overpotential given in volts, 4 is
the reorganization energy in electronvolts, and & and y are two
parameters describing the shift of the effective electrode potential
at the redox center with the variation of # and Uy,
respectively.* Fitting the experimental data (red circles in
Figure 2b) to this model yields 1 = 0.35 eV, £ = 0.79, and y =
0.53. These results are in agreement with values reported for
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Figure 3. (a) Diagram illustrating a “blinking” experiment. (b) Example of current vs time traces showing spontaneous single protein junction formation
as jumps (“blinks”) in the current traces after the feedback loop is turned off. The lower trace corresponds to a control performed on a clean gold surface.
Traces have been vertically offset for clarity. (c) Conductance histogram built from 75 “blinks” traces. The black line is a Gaussian fit centered at (8.5 £
2.4) x IO_GGO. The experiments were performed in SO mM ammonium acetate solution (pH 4.5) at Up = —0.1 Vvs SSC, Ug = 0.2 V vs SSC, and U, =

UP - US =—-03 V.

azurin'* and other redox molecules in ECSTM configuration.*®
Conductance modulation of a single-azurin junction is possible
thanks to the azurin redox behavior and constitutes a proof-of-
concept of a wired single-protein transistor.

In order to directly assess the performance of a single-azurin
transistor, it is necessary to form and hold a single-protein
junction within a time frame ranging between a few hundred
milliseconds to a second, time needed to scan the electrochemi-
cal gate and/or bias voltages and characterize in situ its electrical
behavior. For this purpose, we used an alternative agproach
based on current—time recordings at a fixed distance.'”*” Briefly,
after approaching the probe to a tunneling distance with the
substrate, the STM feedback was disconnected and the tunneling
current was recorded as a function of time (see Figure 3a).
Sudden current steps or “blinks” were observed in the current
trace, which correspond to individual proteins spontaneously
bridging between the probe and substrate electrodes. Figure 3b
shows examples of blinking current—time traces obtained using
this approach. Traces are vertically offset for clarity. Current

blinks are about 0.25 nA in amplitude, in agreement with the
current step level observed in previous I(z) traces (see Figure 1).
Notice the absence of blinks in control experiments on clean Au
(figure 3b, bottom trace). The amplitude of the blink can be also
used to calculate single protein conductance using G = I/
Upias in a moderate bias range (+0.4 V, see Figure S2 in the
Supporting Information). Statistical analysis of 75 blinks pro-
duces a peak in the conductance histogram (shown in Figure 3c)
that can be fitted to a Gaussian distribution function and
corresponds to a conductance of (8 & 2) x 10 °Gy. This value
is in very good agreement with the one obtained by the STM-B]
method and constitutes an independent demonstration of a
wired single azurin junction. This agreement suggests that
protein conductance is not altered by the STM probe movement
during I(z) measurements within a certain z range. The redox
gating effect of Figure 2 and its agreement with the blinking
experiments at constant z (Figure 4 below) further demonstrate
that azurin is electrochemically active and thus functionally intact
in both types of measurements.

2682 dx.doi.org/10.1021/nl2028969 [Nano Lett. 2012, 12, 2679-2684


http://pubs.acs.org/action/showImage?doi=10.1021/nl2028969&iName=master.img-003.jpg&w=300&h=390

Nano Letters

I(nA)
(A)o1eb 03

Ib 35— ; |

-0.2 0.1 0.0 01 02
EC gate(V)

Figure 4. (a) Example of current—time trace (top) where the gate
voltage (bottom) is swept (time interval marked in gray) after the
spontaneous formation of a single azurin bridge. Current vs time signal
refers in the left axis while EC gate voltage vs time signal is in the right
axis. (b) An example trace of Isp vs EC gate corresponding to the
experiment of (a) is shown in blue. The current vs EC gate voltage average
is indicated in black and error bars corresponding to the standard deviation
are shown in gray. A fit to the numerical version** of the two-step ET
model"*is shown in red. The dotted line shows the average trace obtained
in nonredox Zn—azurin control experiments (see also Figure S3 in the
Supporting Information). The experiments were performed in S0 mM
ammonium acetate solution (pH 4.55) at initial Up = —0.3 V vs SSC,
Us = 0 V vs SSC, and constant Uy, = Up — Ug = —0.3 V.

Protein bridge formation in I(t) recordings can be automati-
cally detected with a current threshold, which allows triggering
direct electrical measurement and manipulation experiments in
individual protein junctions. Single-molecule conductance fluc-
tuations are inherent in these current traces (Figure 3b) and the
amplitude of these fluctuations is within the experimental
dispersion observed as the peak width in the previous histograms
(Figure 1). Junctions can also be broken deliberately by ramping
the z position as in a “pulling” experiment, which give further
evidence that these conductance measurements correspond to
individual single-protein junctions (Figure S4, Supporting In-
formation). As pointed out above, current—voltage character-
istics of individual single-protein junctions can be recorded by
this method by ramping the bias voltage (Figure S2, Supporting
Information). More interestingly, the junction current can be
modulated or “electrochemically gated” by ramping probe and
sample potentials at constant bias voltage (Figure 4). This setup
is analogous to a FET where the source and drain electrodes are
constituted by the ECSTM probe and substrate electrodes, and

the gate electrode corresponds in practice to the reference
electrode (whose potential is added to both Ug and Up in most
ECSTM bipotentiostats). An example of source—drain current
(Isp) trace is shown in the blue line of Figure 4b as a function of
the EC gate displaying a maximum at the potential correspond-
ing to the alignment between the Fermi levels of the electrodes
and redox energy level of the protein (—0.08 V). This result is
homologous to the one obtained from averaged conductance
histograms in Figure 2b and confirms that azurin is electroche-
mically active in junctions formed with both I(z) and blinking
measurements. Current fluctuations in the blue trace of Figure 4b
are characteristic of single protein recordings and can be partially
averaged out by repeating electrochemical gating experiments in
several blinking events (black trace in Figure 4b is the 10 curves
average). The current maximum is evident in the averaged trace
and indicates negative differential resistance of the single protein
junction. Fitting the maximum to a two-step ET model'* (red trace
in Figure 4b) yields similar parameters as in the STM-BJ approach
(A=03eV,5=1,y=0.55). Note that no gate effect is obtained in
control experiments with nonredox Zn—azurin (dashed line in
Figure 4b and Figure SS in the Supporting Information). Redox
gating of individual proteins display an average on/off ratio of
about 3 and a substantial variability across molecules that could be
reduced in part by improving the anchoring chemistry of the
molecular wiring between azurin and the ECSTM probe.

In summary, the conductance and transistor-like behavior of
single protein junctions were studied for the first time using STM-
BJs. The conductance and on/off gating ratios obtained compare
well with previous studies using “tunneling” junctions where proteins
were attached either to the substrate'* or to the STM probe.* The
STM-BJ approach has the advantage of an enhanced protein
confinement between the electrodes and a high rate of successful
recordings per experiment that allows statistical analysis. Current—
time experiments at constant distance'” reveal blinking events that
correspond to the transient binding of individual proteins bridging
the two electrodes. Current—voltage characteristics of azurin under
this configuration reveal negative differential resistance and demon-
strate that biomolecular transistors can be built using single metallo-
protein junctions. Thus, the tools of molecular electronics™ have
been successfully extended to characterize at the single molecule level
the ET properties of redox proteins interesting for biosensing” and
bioelectronics® and to assess the electronic performance of novel
devices based on single proteins.
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