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ABSTRACT Surprisingly efficient solid-state electron transport has recently been demon-
strated through “dry” proteins (with only structural, tightly bound H,0 left), suggesting
proteins as promising candidates for molecular (bio)electronics. Using inelastic electron

tunneling spectroscopy (IETS), we explored electron—phonon interaction in metal/protein/

metal junctions, to help understand solid-state electronic transport across the redox protein

d’IIdV? (nAV?)

azurin. To that end an oriented azurin monolayer on Au is contacted by soft Au electrodes.

Characteristic vibrational modes of amide and amino acid side groups as well as of the

azurin—electrode contact were observed, revealing the azurin native conformation in the 4000 -3000-2000-1000 0 1000 2000 3000 4000

junction and the critical role of side groups in the charge transport. The lack of abrupt changes Wavenumber (cm™)

in the conductance and the line shape of IETS point to far off-resonance tunneling as the dominant transport mechanism across azurin, in line with
previously reported (and herein confirmed) azurin junctions. The inelastic current and hence electron—phonon interaction appear to be rather weak and

comparable in magnitude with the inelastic fraction of tunneling current via alkyl chains, which may reflect the known structural rigidity of azurin.
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inelastic electron tunneling spectroscopy

lectron transfer (ET) from donor to

acceptor sites between and within

proteins is central to biological energy
conversion processes, from photosynthesis
to respiration, and has been investigated
extensively in solution, using techniques
such as photolysis and electrochemistry.’?
For measurements of solid-state electron
transport (ETp) via “dry” proteins (with only
structural, tightly bound H,0) in junctions,
donor and acceptor are replaced by metallic
electrodes and electron transport is mea-
sured as the voltage-dependent conduc-
tance (so-called /—V characteristics). Its
temperature dependence enables explor-
ing the mechanism of the process, also via
proteins, using the concepts and methods
of solid-state physics. Recent work revealed
surprisingly efficient electronic transport
via proteins, suggesting them as po-
tential candidates for biomolecular elec-
tronics.37°
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Over the past decade, molecular elec-
tronics’ "2 has witnessed significant prog-
ress from establishing experimental methods
and investigating off-resonance tunneling
electron transport to pursuing many-body
phenomena such as electron—phonon or
—photon interactions and their combina-
tion."*~ " Of particular interest for the latter
types of interactions are novel assembly
units, where numerous intrinsic features of
the molecules come into play. By consider-
ing such features we do not view molecules
anymore acting “just” as dielectric barriers
of a given (energy) height and (spatial)
length for nonresonant tunneling transport.
Proteins are interesting candidates as such
assembly units, considering, for example,
their chemical recognition properties and
because some of them have electron transfer
as their natural function. Long-range (single-
step) tunneling, hopping (“multistep tunnel-
ing”), and combined multipathway electron
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transfer'®'” have been invoked to explain the ET be-
tween and within proteins, depending on character-
istics such as three-dimensional structure and their
cofactor(s). However, combining the methods and
experience of advanced solid-state with molecular
electronics to the study of charge transport via proteins
is only in its infancy.>®'®

Exploring the interaction between transported elec-
trons and molecular vibrations (phonons) is at the
forefront of modern molecular electronics. It has been
shown that electron—phonon interactions can strongly
influence transport in simple organic molecule-based
junctions.'®'? Effects attributed to these interactions
include phenomena such as coherent to incoherent
transition with increasing electron/vibration interac-
tion strength,”®?' heating and heat conduction in
molecular transport junctions,®>** and electronic cur-
rent-induced chemical reactions.>*?* Inelastic electron
tunneling spectroscopy, IETS, has been used to provide
insight into molecular electronics by helping the un-
derstanding of electron transport mechanisms and
guiding the design of device structures, based on
electron—phonon coupling.'>'?% It is not surprising
that electron—phonon interactions also play a critical
role in ET via proteins, especially in the long-range
tunneling process between a donor and acceptor that
are parts of, or bound to, a protein.?’?

The effect of electron—phonon interactions is two-
fold: First, vibrations can change the tunneling matrix
element, which is a sensitive function of the protein's
atomic configurations during the ET process. An ex-
ample is the observation of weak electron—phonon
coupling situations by IETS.273! Second, vibrations
can modulate interference between electrons in multi-
pathway tunneling, to possibly trigger an otherwise
forbidden kinetic process. This was demonstrated
recently in model organic molecular junctions.3?

Here we present the results of our investigation
of phonon-coupled ETp in oriented protein mono-
layers that maintain their native conformation. We
demonstrate the feasibility of resolving inelastic tun-
neling effects in current transport across protein-based
junctions and use the results to identify the protein
in the junction and to obtain insight into the ETp
mechanism, which is fundamentally different from
the well-studied ET process.®

IETS is an all-electronic spectroscopic method used
to probe the interaction of electronic current with
vibrational modes in molecules.”?® [ETS of molecular
junctions has been used primarily to confirm the actual
presence of the molecules in the junction.>*3* In some
cases it has been argued that it can also provide
information on the nature of the interfaces,®>® on
the orientation of the molecules,®” and even on the
electron tunneling pathway.*®° Early IETS research
included studies of biologically important molecules
such as RNA and DNA* and even myoglobin by
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Hansma and co-workers.'® In those early studies the
(inorganic) insulator in metal—insulator—metal junc-
tions was doped with the (bio)organic molecule of
interest. [ETS measurements on such samples provided
information on the vibrational modes of the molecules
involved. However, as the organic molecules were
positioned in random orientations and with ill-defined
coverage of these junctions, merely acting as dopant of
the main (inorganic) tunneling barrier, no conclusions
on the ETp properties of the molecules could be drawn.

We apply IETS to study the ETp across azurin (Az), a
copper-containing protein that functions as an elec-
tron carrier in bacterial energy conversion systems.
It has been studied extensively as a model of a redox-
active protein with unique long-range ET properties by
methods such as pulse radiolysis,*'** electrochemistry, 4
scanning probe methods (conducting probe AFM or
(EQ)STM),**~* and solid-state junctions>*® By utilizing
the redox property of the Cu ion, it was also used to build
functional devices, such as transistors,*> memory,”® and
a possible switch via negative differential resistance.”’

To that end we prepared Az solid-state junctions
that are stable and reproducible. We achieved this by
forming an oriented Az monolayer on lithographically
prepared microscopic Au electrodes and by using
electrostatic trapped Au nanorods to form the junc-
tions. The monolayer that we prepared (see experi-
mental details) covers the substrate well so that one of
the two Au/protein/Au formed junctions is not shorted
(see also Results and Discussion); that is, any pinholes
that are present after contact formation are too small
to allow contact penetration.

We identified in the IET spectrum vibrational modes
of Au-S, S—C, and amide, providing prima facie evi-
dence that the examined junction contains amides and
gold-bonded cysteine species, as expected for a solid-
state protein junction. Compared to IR spectra of Az, we
observe a relatively strong feature between the well-
known amide | and Il peaks. This pendant-group-
related mode and the strong C—H stretching mode
suggest that the transported charge interacts with
the amino acids' side groups, in addition to the pep-
tide amide. The line shape of the IETS implies far
off-resonance tunneling as the dominant transport
mechanism>® across azurin and no electronic reso-
nances up to £0.5 V with molecular energy levels,
which is surprising considering the presence of the
Cu?" metal ion. This finding suggests that the role of
the redox-active centers in ETp process is fundamen-
tally different from their redox activity in the ET pro-
cess, as has been suggested earlier, based on results of
temperature-dependent conductance measurements
and optical spectroscopy.>648>2

RESULTS AND DISCUSSION

In order to avoid damaging or denaturing the pro-
tein during monolayer junction formation, the protein
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Figure 1. (a) Scheme of the Azurin junction fabricated by trapping nanowires by an ac electric field and /-V and IETS
measurement. (b) Atomic force microscopic image of the nanowire, lying on the working and counter electrodes, after the
electrostatic trapping. (c) AFM image of the square that is indicated in image (b), showing dense monolayer Az clusters on the

gold electrode.

has to be contacted electrically in a “soft”, nondestruc-
tive manner. Furthermore, the contact has to form
a junction that is stable over a broad temperature
range and allows low-noise current—voltage measure-
ments for collection of meaningful IET spectra. To this
end, we used the “suspended-wire” technique®*>*
to fabricate the solid-state Az junction. Basically a
self-assembled monolayer of oriented Az was cou-
pled covalently to a Au substrate by a S—Au bond
between the Au and one of the relatively exposed Az
cysteine thiolates. Au nanowires with a diameter of
~300 nm and length of ~4 um were trapped onto the
microelectrodes, using dielectrophoresis by applying
an ac bias between working and reference electrodes
(see Figure 1a and the Supporting Information) and
using water as dielectric medium.>® This is illustrated
in Figure 1b, showing an AFM image of a nanowire,
laid on the electrodes, forming a Au—protein—Au
junction. The Az molecules form a dense, smooth
array on the microelectrodes, as observed by AFM
imaging (Figure 1c¢); its thickness, verified by both
AFM and ellipsometry, confirms the presence of a
monolayer of Az on the gold electrodes. Although one
could expect two molecular (Au—protein—Au) junc-
tions to be formed at each contact point of the
nanowire with the Az-coated microelectrodes, it has
been shown by Selzer and co-workers and confirmed
by us, using CP-AFM (see Supporting Information),
that only one junction is formed in this way, while
the other contact presents a metal-to metal-short
circuit.>®

YU ET AL.

Temperature-dependent current—voltage (I-V)
measurements were performed on the Au microelec-
trodes—Az—Au nanowire junctions by scanning be-
tween —1and +1 V. As can be seen in Figure 2, the |-V
pattern is quite symmetric around 0 V, indicating that
the Au (substrate)—protein—Au (nanowire) junction
has a symmetric potential profile, regardless of the
different configuration of the Au electrodes (nanowire
compared with evaporated) and the different binding
strengths (chemisorption to microelectrode compared
with van der Waals contact to the nanowire). Conduc-
tion via the junction was temperature-independent
between 275 and 25 K, with only slight instabilities at
some temperatures, probably due to small mechanical
changes of the junction by mismatched thermal ex-
pansion and contraction. This is consistent with our
previous results, obtained with Si—Az—Hg junctions
and with Au substrate—Az—Au AFM tip junctions,
using conducting probe AFM measurements, estab-
lishing that temperature-independent conduction is
intrinsic for holo-Az. The good correlation between [—V
curves of Az measured via the suspended wire junc-
tions and those via former junction configurations
confirms the reliability of suspended wires for measur-
ing protein monolayers.

The fact that the conductivity of Az does not de-
crease with temperature also helps to have a sufficient
S/N ratio for the (low-temperature) IETS measure-
ments. Considering the low currents through small
contact area junctions, Az provides significantly higher
currents at low temperatures than can be obtained via
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Figure 2. Temperature-dependent voltage—current curves via the Azurin junction: (a) full /-V characteristics between —1
and +1 V, with current plotted as log(/), at different temperatures and (b) current at +0.1 and +0.5 V, indicating a uniform

behavior at different bias voltages (cf. ref 52).
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Figure 3. (Top) Current—voltage (black) and conductance—
voltage (red) plots of the Az junction between —0.5 and
+0.5 V. (Bottom) IET spectrum for the same junction. IETS is
shown as d?//dV>.

most other proteins that we have studied, which exhi-
bited significant thermally activated conduction down to
150—200 K and much lower conduction at 10 K than Az®

For IETS measurements, first and second derivatives
are recorded as the first and second harmonic signals,
respectively, using lock-in techniques with a dc bias
added to an ac signal at a frequency of 443 Hz and
applied to the samples. Typical /—V and conductance
(G)—V plots and IET spectra of azurin are shown in
Figure 3, measured at around 10 K with an ac modula-
tion amplitude of 8 mV. The nearly linear IV curve (up
to 0.5 V bias) and slight increase of G at higher bias are
characteristic for off-resonance tunneling.>” The step-
like increase of G at certain voltages corresponds to
peaks in the inelastic signal, and the dip near zero bias
is the low bias anomaly usually attributed to the large
number of low-energy vibrations including gold
phonons.?® The IET spectrum is quite symmetric, con-
sistent with the symmetric /—V plot. The most signifi-
cant and well-resolved peak in the IET spectrum is the
C—H stretching peak at around 2900 cm™'. This is
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Figure 4. (a) IET spectrum of an Az junction. The gray and
red lines are the spectra at negative and positive bias,
respectively. (b) Higher resolution IET spectrum at around
5.5 K with an ac modulation amplitude of 6 mV. Tentative
assignments of the peaks are based on previously reported
IR spectra of the protein. Note the IETS (d/dV?) was
normalized with d//dV in order to correct the baseline in
conductance.
similar to alkane molecular junctions, despite the much
smaller fraction of C—H units in a protein. This result
provides an important confirmation for a single junc-
tion and an accurate read of the vibration energy; in a
scenario of a double Az junction between the two
bottom electrodes and the bridging Au rod, the ap-
plied voltage would be divided and cause the C—H
stretching peak to appear at a higher applied voltage,
up to twice the vibration energy for an equipartition.
Closer illustration of the full IET spectrum and a
higher resolution scan of part of the spectrum at lower
temperature with smaller ac modulation (6 mV) are
shown in Figure 4 and summarized in Table 1. It can be
seen that the relative peak intensities and resultant
IETS shapes are slightly different for positive and
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TABLE 1. IETS Peaks and Mode Assignment

peak position

mode mv ! refs
v(Au—S) 4 330 £ 10 60, 61 (IETS)
(5—C() 80,87 650,700 &= 10 30 (IETS and Raman)
(H, wag 160 ~1300 &= 20 30 (IETS and IR)
amide Il 188 1520 + 8 62, 63 (IR)
conjugate or N—H wag? 196 1590 + 10 62, 63 (IR)
amide | 203 1640 + 8 62—64 (IR)
v(C(—H) 361 2910 £+ 20 30 (IETS and IR)

negative bias, probably because of the asymmetric
protein electrode contacts, with Au—S bonding of
the protein to the bottom electrode and mechanical
contact of the Au nanowire to the top end of the Az,
proximal to the Cu binding site. Still, the main features
are quite similar. Characteristic vibrational modes of
the Au-bound Az can be identified on the basis of
IR spectra of Az and on IETS studies of organic thiol
monolayers. For example, the shoulder around
650 cm™" (and 700 cm ' peak, see Supporting Infor-
mation Figure S4 and S5) can be assigned to C—S
stretching®® and the peak at around 330 cm ™' can be
assigned as a Au—S stretching mode.>®~%° We ascribe
these to the bond between one of the cysteine thio-
lates of Az and the gold electrodes. The intensity of
these S-related modes is much stronger than the
fraction of S in Azand suggests considerable scattering
and resulting inelastic effects at the molecule/solid
interface. This result further confirms the bonding of
azurin on gold through one of the sulfides of the
natural disulfide of cysteine on the surface of azurin
and excludes the possibility of Az binding via Au—N
bonds of exposed lysine residues, since no Au—N IETS
signal (~240 cm™")®" was observed.

The IR of proteins is often studied as an indicator for
their secondary structure, especially the amide | and
amide Il bands, due to the C=0 stretching and the out-
of-phase combination of NH bending and CN stretch-
ing, respectively.>%> We can tentatively assign the
amide | and Il modes in the IET spectra. These peaks
at around 1640 and 1520 cm ™" are quite reproducible
despite variation in their intensity under the two bias
polarities. These characteristic modes provide direct
evidence for the protein's presence between the elec-
trodes and that the observed ETp properties indeed
originate from the protein itself, rather than from
impurities or condensed water molecules at low tem-
perature. The position and shape of the amide | peakin
the high-resolution IR spectrum of proteins have been
used widely to reflect the secondary structure of pro-
teins. Although the shape of the amide | peak is hard to
resolve because of temperature and ac modulation
broadening, the position of this peak is consistent with
the reported IR results for Az in solution.®* This indicates
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that Az maintains its native conformation in the solid-
state junction, in agreement with our earlier conclu-
sions, based on optical absorbance and fluorescence
spectra and on the irreversible drop in current observed
upon increasing the temperature of the ETp measure-
ment to that of the protein's denaturation.3®

The ~1600 cm ™' peak observed between the amide
| and Il ones with comparable amplitude is always
present in the IET spectrum of Az, which is quite
different from what is seen in the protein's IR spectrum,
where the amide | and Il peaks dominate. According to
its frequency, this peak can be assigned to modes of
the side groups of amino acids, such as the NH; in-
plane bending (scissoring) and C=C or CN bond in
conjugated side groups present in tyrosine, phenyla-
lanine, and tryptophan.®? Considering that IETS selects
vibrations that are related to the electron transport
pathway,*® our results indicate that the side groups of
the amino acids play a significant role in electron
transport across proteins.®® Clearer identification of
the peaks by deuteration and by use of site-specific
mutations, where groups like C=C or C=N can be
replaced, should provide more insight into the role of
the amino acid side groups.

The fingerprint band below 1500 cm™" is generally
very hard to identify and rarely used as such in the
interpretation of the IR spectra of proteins; CH, wag-
ging might be the only recognizable mode in this
region. We note several features between the amide
and C—H stretching peaks. In the range between 1900
and 2800 cm ™' there are few characteristic peaks except
for the stretching mode of the carbon—carbon triple
bond or a single bond such as S—H.8? The IETS of the Az
junction always showed some broad and low-intensity
signal in this range. Since there is no triple bond in the
bound Az, these peaks might be due to an S—H bond (if
part of the natural disulfide group, after S—S cleavage, is
not bound to the surface), and/or to residual water.®®

An interesting outcome of the IETS of Az is what is
missing in it. Electron—phonon interactions in molec-
ular junctions can actually generate a variety of cur-
rent—voltage characteristics. In general, experimental
observations of inelastic electron tunneling can be
classified according to whether electronic resonance
is involved in the inelastic tunneling process or not.
It has been found in theory and observed experi-
mentally®’ that clear inelastic features appear as peaks
in the far off-resonant regime with weak electron—
phonon interaction, while if a resonance or near-
resonance electronic state is involved, dips or deriva-
tive-like features may show up, because of strong
electron—phonon interaction (polarization). Either this
interaction will blur the IETS features, making charac-
terization of the junction impossible, or, in some well-
controlled situations, the position of the derivative-like
features can be used to identify the corresponding
chemical bonds that are involved in the polarization.>®
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It is indeed surprising to observe that transport via
Az, which has a metal redox active site and a hierarch-
ical structure, exhibits inelastic effects that are similar
to those shown for transport across alkane organic
molecules without a strong polarization effect'® which
is seen in molecular junctions with metal ions or metal
nanoparticles®®® by virtue of their electronic states
near the electrode Fermi level. We note, though, that our
finding that ETp via Az is temperature-independent
down to 10 K, is consistent with charge transport via
tunneling. While there are other possible mechanisms
that will yield temperature-independent transport,”® =72
the line shapes of the present IET spectra are consistent
with off-resonance tunneling,>*%” a conclusion that is
consistent with that of Davis et al., where the |-V
curves of the azurin monolayer, measured by conduct-
ing AFM, were found to fit Simon's model.*>73

In the far from resonance situation, where the
energy gap between the molecular frontier orbitals
(highest occupied system orbital (HOSO) or lowest
unoccupied system orbital (LUSO)) and the nearest
electrode Fermi energy level is large relative to the
relevant phonon frequencies and corresponding elec-
tron—phonon couplings, this coupling leads to
changes of the peak line shapes in IETS, i.e.,, conduc-
tance increase at the threshold energy of a certain
vibrational mode. The inelastic contribution to the total
current is around 2—3%, as deduced from the G—V
data, comparable in magnitude to that found for alkyl
chains.3! Thus, despite the long-distance transport via
Az, interactions of the transiting electrons with the Az
polypeptide matrix and its bound (Cu) metal ion are
apparently rather weak. This observation, which might
be directly correlated with the above-mentioned effi-
cient electron transport, may be a result of the known
structural rigidity of azurin.

Consistent with the off-resonance tunneling me-
chanism, modes that are related to the ligands of Cu
in its Az coordination site, i.e., Cu—N (histidine), Cu—O
(glycine), and Cu—S (cysteine and methionine), which
have been identified by resonance Raman spectra
around 400 cm™',”*’®> does not present as detectable
signal in the IETS, although those modes have been
suggested to be important for ET dynamics in azurin.”®””

We emphasize that our present findings do not
exclude the participation of the Cu ion in the charge
transport across azurin junctions. Our IETS line shape
analysis can exclude only Cu-assisted resonance tun-
neling and hopping mechanisms and supports the off-
resonance tunneling mechanism. Actually, this is a

METHODS
Sample Preparation. The gold microelectrode substrate was

fabricated on a Si-SiO, wafer by a standard microfabrication
technique with sequential processes of photolithography,

YU ET AL.

further indication for what was discussed and shown
by us earlier, that solid-state charge transport (ETp) is
fundamentally different from the electron transfer in
biological systems,>*® as in the latter for Az, the
Cu?t < Cu" redox process is well known as the
heart of the ET process. Research by Artés et al.”®’° and
Chi et al*® using electrochemical scanning tunneling
microscopy (ECSTM) with electrochemical gating on
single azurin has illustrated the Cu ion redox process in
the charge transport at room temperature in a buffered
environment. However, in contrast to what is the case
for electrochemical measurements with the redox
protein adsorbed on the electrode, in ETp of redox-
active proteins measured via solid-state junctions,
normally no redox process will be involved, as shown
by us for Az>% and Cyt C.% This is due to factors such as
solvent environment, including mobile ions in solution,
and the continuum of states of the electrodes, includ-
ing coupling of the protein to the electrodes.?"#? [ETS
experiments using azurin with different metal ions
replacing the Cu and gating experiments to tune the
energy levels of the metal may be able to reveal more
information on the role of the metal in the transport
process.

CONCLUSION

In conclusion, we presented here results of the first
study on phonon-coupled ETp across a well-defined
and oriented metal—protein—metal solid-state-like
junction, using inelastic tunneling spectroscopy. Char-
acteristic vibrational modes such as the Au—S, S—C,
C—H, amide | and amide ll, as well as some that can be
assigned to amino acid side groups, were observed,
which clearly show that inelastic transport occurs
through the protein. Remarkably, the position of the
C=0 amide | mode was found to be the same as those
of native azurin in solution, providing sound proof of
the observed charge transport across the native pro-
tein in these solid-state junctions. Meanwhile, the
mode at around 1600 cm ™' reveals the importance
of the amino acid side groups in charge transport.
The lack of dips or derivative peak shapes in the IETS of
the Az junction provides evidence for the absence of
electronic interactions with the molecular levels, de-
spite the presence of Cu?* with electronic states near
the Fermi level of the gold electrode.®® IETS is thus
shown to be a powerful tool for investigating the ETp
process in a protein-based junction. Studies of various
Az derivatives and gated IETS are under way in our lab
to further resolve the transport mechanism.

metal evaporation, and lift-off. Az monolayers were fabricated
by placing a drop of Az solution (0.5 mg/mL, acetate buffer
pH 4.8) on the substrate, which was cleaned and activated by UV
ozone and hot ethanol, and incubated for 2 h at room tem-
perature. Au nanowires were trapped onto the microelectrodes
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by ac dielectrophoresis (details can be found in ref 56), using
water as dielectric medium and a voltage of 3 V with 1 MHz
frequency for 15 min.

Transport Measurement. Transport measurements were done
in a Lakeshore TTPX cryogenic probe station using liquid helium
and a temperature controller for cooling and adjusting the
temperature. Conductance was measured with a subfemtoamp
source-meter (Keithley 6430) operating with an automatic
variable gain preamplifier. IET spectra were measured with a
home-built system, which allows simultaneous measurement of
differential conductance (d//dV) and its derivative (d?/dV?)
(IETS) as first- and second-harmonic signals, using two lock-in
amplifiers (Stanford Research Systems SR830). A dc bias added
to an ac modulation of 8 or 6 mV at a frequency of 443 Hz
was applied to the sample. All instruments, measurements
with them, and data collection were controlled by a Labview
program.

The IETS measurement was conducted generally at around
10 K with an ac modulation of 8 mV and a dc voltage step of
4 mV. For higher resolution, the measurement was conducted
at around 5.5 K with an ac modulation of 6 mV and a dc step of
2 mV. To obtain a smooth spectroscopy line, a time constant of
100—300 ms for the lock-in amplifier was used, and 5 measure-
ments for each bias value, at least 20 back and forth scans to
average, were carried out. This procedure generally takes
several hours. To further improve the validity of the results,
we performed =5 independent measurements for >10 junc-
tions. The signal-to-noise ratio arising from the IET spectra of the
azurin samples was in general up to ~6 dB.
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