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Abstract: A sample-type protein monolayer, that can be
a stepping stone to practical devices, can behave as an
electrically driven switch. This feat is achieved using a redox
protein, cytochrome C (CytC), with its heme shielded from
direct contact with the solid-state electrodes. Ab initio DFT
calculations, carried out on the CytC-Au structure, show that
the coupling of the heme, the origin of the protein frontier
orbitals, to the electrodes is sufficiently weak to prevent Fermi
level pinning. Thus, external bias can bring these orbitals in
and out of resonance with the electrode. Using a cytochrome C
mutant for direct S—Au bonding, approximately 80 % of the
Au-CytC-Au junctions show at greater than 0.5 V bias a clear
conductance peak, consistent with resonant tunneling. The on—
off change persists up to room temperature, demonstrating
reversible, bias-controlled switching of a protein ensemble,
which, with its built-in redundancy, provides a realistic path to
protein-based bioelectronics.

Introduction

Protein-based electrical junctions, exhibiting non-linear
current-voltage characteristics, may provide a route to future
bioelectronic applications."”! The ability to rationally design
protein-based electrical components, requires fundamental
understanding of their charge-transport mechanism.!** Ear-
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lier studies have shown that the characteristics of electronic
charge transport, ETp, via protein junctions are influenced by
the protein structure,””! electrode—protein coupling,*'"! and
the alignment of frontier molecular orbital energies with
respect to the Fermi levels (Ey) of the electrode,'"'? often
characterized by a single parameter known as the energy
barrier.

The combination of protein molecular orbitals and their
coupling to the electrodes dictates the transmission proba-
bility across the junction. A large variation of the transmission
as a function of electron energy (determined by bias voltage
across the junction) yields a highly non-linear current-voltage
response. A situation where the applied bias window aligns
with the Fermi level of one of the electrodes is known as
resonant and is identified by a peak in the conductance-
voltage response. While conductance resonances were often
observed in scanning tunneling microscopy (STM) measure-
ments,*1% they are rather rare with two intimate contacts. A
possible reason is that in an intimate contact junction, where
the electronic states of the molecules at both ends are coupled
to those of the electrode, partial charge transfer can occur
between the electrode and molecules until an equilibrium is
achieved.'¥ This interaction between molecular and elec-
trode electronic states influences the energy level alignment
of the frontier orbital energy levels in the molecules.
Normally stronger interaction pushes the energy levels
further away in energy from the equilibrium Fermi level.l'!
In most cases, the molecular junctions are so delicate that
electrical break down happens before the bias voltage,
required for resonance, is reached. Here, for intimate contact
junctions, the entire system i.e., the molecules along with the
electrodes must be taken into account for understanding the
energy-level alignment of the frontier orbitals.™!

If no peaks are observed, it is often assumed that the non-
linear part of the current-voltage response reflects the
“shoulders” of a resonance, without actually reaching it.['”)
We showed previously that inserting a linker molecule
between the electrode and the protein” can weaken the
coupling strength between them, and the ETp mechanism can
be switched from resonant to off-resonant tunneling by
chemically modulating this strength.'!l Since this is a chemi-
cally modulated process, two sets of samples with different
junction configurations (one with and one without the linker)
are needed to achieve this, meaning that in a single working
junction we either have resonant or off-resonant tunneling
transport. Herein, we report a clear observation of conduc-
tance resonances in an intimate contact protein junction
(without any linker) by only varying the applied bias. The
major step here over the previously reported result is that the
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transition from off- to on- resonance is achieved within the
same working junction.

C-type cytochromes (CytC) constitute a family of redox-
active proteins that act as electron carriers in biological
energy-conversion systems.'! Their redox activity arises
from the presence of a heme group (Fe, coordinated by
protoporphyrin IX) mediating electrons between their
heme Fe'Yhemin Fe'! states.' Herein, we present the
observation of a transition from off- to on-resonant tunneling
at moderate bias (less than 1 V) in the conductance via a CytC
covalently attached to a gold (Au) substrate by a thiol residue
(mutated cysteine 104, E104C). The low voltage (less than
0.5V) conductance-voltage characteristics are consistent
with an off-resonant tunneling process, as also supported by
clear inelastic electron tunneling spectroscopy (IETS) fea-
tures. At higher voltages (greater than 0.5 V), an abrupt
increase in conductance up to one order of magnitude is
observed, followed by a slight decrease. We interpret this
conductance peak as direct evidence for resonant tunneling
and propose that the heme/hemin cofactor energy levels of
the CytC(E104C) are involved in the charge transport
process.

To investigate the role of heme/hemin energy levels in this
unique charge transport behavior, we carried out ab initio
calculations, using density functional theory, on the whole
structure of the CytC(E104C) mutant attached to a Au
surface, as well as in its free gas-phase state. The projected
density of states (PDOS) for some relevant atoms reveal that
the levels closest to the Fermi level originate from the hemin’s
Fe™ center and porphyrin. These frontier orbitals are
assumed to dominate the electron transport, and indeed their
computed energy position fits well with the conductance
resonances. Our results suggest a bias dependent off- to on-
resonant charge-transport transition via a protein-based solid-
state junction. This method permits us to understand the
energy-level alignment involved in complex electrode—pro-
tein systems. Understanding the factors that promote the
emergence of conductance resonance, within accessible bias
values, will help us to design biologically inspired bio-
electronic devices with new functions, not possible with
conventional semiconductor devices.

Results and Discussion

Figure 1 A shows schematically the structure of the Au-
CytC(E104C)-Au nanowire (NW) junction configuration
employed in this study. Current-voltage (/-V), conduc-
tance-voltage (d//dV-V), and d*//dV*~V (IETS) data were
obtained simultaneously, using direct source-meter measure-
ments and a lock-in amplifier. Low temperature /-V meas-
urements of CytC(E104C) monolayers show two distinct
conductance regimes corresponding to different ranges of the
applied source-to-drain voltages: 1) region I measured at bias
(less than 0.5 V), where a linear current response to applied
voltage was observed (shaded with sky blue color in Fig-
ure 1B), and 2) region II at bias (greater than 0.5 V), with
a strong non-linear current response (yellow shading in
Figure 1B). The changes in the -V curve corresponding to
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different applied potential ranges become more obvious if we
look at the black line in Figure 1B, which shows the differ-
ential conductance vs. applied voltage. Up to 0.5 V (region I)
a relatively constant conductance value is observed, which
increases by up to 10-fold in region II. We attribute the
different maximal conductance values at positive and neg-
ative biases to unequal voltage drops at the two protein—Au
interfaces.

Figure 1 C shows the zoomed-in plot of regionI in Fig-
ure 1B. The small kinks observed in the dI/dV-V plot in
region I, (Figure 1C-black line), are consistent with the
opening of inelastic conduction channels at voltages corre-
sponding to energies of vibrational modes, while the dip near
zero bias is attributed to the large number of low-energy
vibrations. The observed peak in the IETS spectrum (d*//d V-
V) in region I (Figure 1E) around 0.37 V (3000 cm™') corre-
sponds to the C—H stretching mode and those at 0.20/0.18 V
(1640/1520 cm™") correspond to the amide I and amide IT
bands, respectively.””! As we have reported earlier, the small
kinks observed in the dI/dV-V plot (less than 0.5V, Fig-
ure 1 C), which translate into the peaks observed in the IETS
spectra (Figure 1E), are typical for off-resonance transport
through the protein junction.”

Conductance Resonances

A simple way to rationalize the observed conductance
peaks is by assuming that the electron transport is coherent
and by approximating the transmission function as a single
Lorentzian shaped peak, centred at ¢ eV above or below the
Fermi energy. Using Landauer formalism, this yields the
following conductance (G)-voltage relation,”*! a low tem-
perature formula valid when gamma (T') > ky T

05—a
(1 —2a)V —2¢] + I

05+a
- [(1+2a)V + 26 + rz} (1)

G= NGOI“Z{

Here T is the coupling energy (in eV, assuming the same
coupling to each contact, for simplicity) or the width of the
Lorentzian peak and o (dimensionless) measures the voltage
partition between the two contacts. In the symmetric case, the
voltage is divided evenly between the two contacts and 0. =0;
the opposite extreme is if the entire voltage drops over only
on one contact and a==+0.5 (|a|<0.5); N is the number of
molecules in parallel and G, = 2; is the quantum of
conductance.

In principle, the center of the conductance peaks occurs at
Vi— = +2¢/(1 F 2a). Since most junctions are rather sym-
metric (a~0), we identify the peak centre with twice the
energy offset of the dominant transport level from the Fermi
level. For example, in Figure 2, the two peaks are located at
+0.95 and —0.76 V, which translates into ¢=0.48 eV (blue
line) and €=0.38¢V (red line), if each peak is fitted
separately, or to ¢ =0.45 eV when we use one fit to capture
the entire voltage range (green line). However, the energy
offset can also be derived directly from the peak positions:
e= Vi Voul/([Vial +|Vya|)- One of the most important

attributes of this procedure is that the peak is a measurable
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Figure 1. A) Schematic illustration of the solid-state protein junction prepared by trapping the nanowires to produce contacts for electrical
transport measurements. The inset shows the 3D structure of Cyt C (PDB: THRC), where red sticks denote the thiolate residue used for binding
to the Au substrate. The inner part shows the heme center (enlarged in the right-most inset). B) Current-voltage, I-V (red, left-axis) and
conductance-voltage, dI/dV-V (black, right-axis) plots of the Au-CytC(E104C)—Au junction; C) Zoom-in of I-V (red) and dI/dV-V (black) plots of
region | between —0.5 and +0.5 V. D) IETS, d?//dV*-V, plot of CytC(E104C) between —1.0 and +1.0 V. E) Zoom-in of IETS plot in region | between

—0.5Vand +0.5V.

quantity and therefore does not require any assumptions or fit
parameters for its determination.

The fitting of the experimental G-V data to single level
Lorentzians (lines in Figure 2) reveal a rather consistent
energy offset of approximately 0.4 eV, except for the low-
voltage fit (yellow line) that is considered below. Never-
theless, wide-range fitting, in contrast to threshold values (for
example, peak positions) reveal significant deviations from
simplified models, which is expected considering that a perfect
Lorentzian is a gross over-simplification of the real trans-
mission function. A few experimental aspects cannot be
reproduced by Equation (1): the maximal conductance values

www.angewandte.org
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at positive and negative biases have different heights
(G} ) and locations (|V 5| > |V, |), the “too-wide”
conductance peaks and the very flat conductance gap (low-
voltage range).

The first inconsistency is not obvious because Equa-
tion (1) in principle tolerates different peak positions
and height by introducing a. It is even possible to recover

max max max

a from either one of the peak position:
2ay = (|VEi] = Vi) /(IVis] 4+ |Vil) or from the maximal
conductance  values:  2ag=—(r.—1)/(r.+1), where
r. = G} /G.... It implies that the peak that is located closer

to 0 V and should also have a higher magnitude, which is not
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contains only a single molecule and a 10-50 fold
smaller I' for a realistic number of molecules
conducting in parallel (100-2500, respectively). In
summary, the clear conductance resonances give
a definite indication of the location of molecular
energy levels involved in the transport. At the
same time, the observed G-V dependence is
beyond a simplistic single-level model, and its
details are yet to be explored.

The junction stability and the reproducibility
of our measurements were tested by using differ-
ent samples prepared on different days as well as
several junctions within each sample (Supporting
Information, Figure S5 A). The resonance energy
varies slightly from junction to junction due to the
slight change in the orientation of CytC(E104C)
on the Au surface (Supporting Information, Fig-

D
Vrange (V)  c(ev) I (eV) N
80.0 - i
+1.0 to-1.0 0.45 0.28 7.80e4
1.02 0.02 1.00
+0.6 to +1.0 0.48 0.12 3.60e3
60.0 -
; -0.9t0-0.5 0.38 0.14 2.50e73
~
s
% 0.0 ===Full range Low V
% ——Positive peak ——Negative speak
—Raw
20.0 -
-1.0 -0.6 -0.2 0.2 0.6
Voltage (V)

Figure 2. Fitting to a single Lorentzian approximation plotted over the experimental-
ly measured conductance-voltage response. Black line shows raw data and other
lines are fits to Equation (1) over different voltage ranges; the fitting parameters are

given in the table inset.

so in Figure 2, which yields a,=40.05 cf. a;=—0.14. The
second issue is the width of the conductance peak (T'),
Equation (1) predicts a direct relation between the broad-
ening (denominator) and the net conductance (pre-factor). A
broadening of I'~0.1 eV (see the Table in Figure 2) implies
an about 1000 times larger current than is actually measured.
Equation (1) solves this problem by allowing the involvement
of an unknown number of molecules, N; however, this is
relevant only for N >1, which is not the case here. This
implies that either there is an additional step that drastically
reduces the transmission probability, or that the apparent
peak-width does not reflect the real coupling but rather
a collection of closely spaced energy levels.

Finally, the experimental G-V trace shows a sharp con-
ductance onset i.e., switching between low and high voltage
regimes. This is in contrast to
the mild, gradual conductance
increase predicted by the Lor-
entzian model. As an exercise,
we fitted Equation (1) to the
data obtained in the flat-gap
region only (yellow line of
Figure 2). This yields an ex-
trapolated resonance, far be-
yond the actual resonance (&
~leV, — V=1V, see the
Table in Figure 2). Such an
off-resonance fit is dominated

A)

WSS 888

. ure S6). In total, 25 out of 32 measured junctions
1.0 thatgave stable results showed peaks (Supporting
Information, Figure S6). Other remaining junc-
tions showed a gradual rise in conductance with
the applied bias, without clear peak-like features
(Supporting Information, Figure S7). Therefore,
the position of the conductance peaks varied
slightly (+£0.15V) between different junctions.
By averaging the peak values obtained from 25
different junctions, we got an effective energy
barrier of 0.40+0.08 V (i.e. half the peak value, in volts) for
Au-CytC(E104C)-Au junctions.

Computational Studies

To understand the origin of the resonances observed in
the dI/dV curves, we performed density functional theory
(DFT) calculations on CytC(E104C) bound on a Au surface
as well as in its isolated state in the gas phase. For this
purpose, we used the OpenMX code,”*?” which was success-
fully used in previous studies of proteins of similar size.*!
Further computational details are reported in the Section 7 of
the Supporting Information. Figure 3A (side view) and
Figure 3B (top view) show the structure of the system
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only by ¢ and therefore I' can
be adjusted to reflect that
current magnitude. This yields
I'=0.02eV if the junction
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Figure 3. CytC(E104C) mutant adsorbed on a five-layer Au slab in A) side view and B) top view.
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Figure 4. A) Projected density of states (PDOS) on the Fe" ion (red) and on the porphyrin ring (green) B) and on the S atom of the cysteine at
position 104; C) total density of states of the whole CytC(E104C); D) spatial distribution of HOMO-10; E) and LUMO + 4. For panels (A)—(C),

solid lines correspond to CytC on the five-layer gold surface, whereas the dashed lines correspond to the gas phase. The Fe

""jon and the

porphyrin are the moieties most likely to play a dominant role in the electron transport.

analyzed, in which CytC is adsorbed on a five-layer Au
surface and is oriented so as to bind to the Au surface via the S
atom of the cysteine at position 104.

In Figure 4, we present A) the PDOS for the Fe'™ ion and
the porphyrin as well as B) for the S atom of the cysteine at
position 104. For each one, a comparison between the
behavior in the gas phase (dotted lines) and in the presence
of the Au surface (solid lines) is shown, as is also the case for
the total density of states, which is displayed in Figure 4 C.
Figure 4 A shows that the PDOS on both the Fe" center and
the porphyrin preserve the main features from the gas phase
when CytC is adsorbed on Au. This is not surprising as the
heme/hemin lies at a considerable distance (around 20 A)
from the surface. Conversely, the PDOS for the S atom of the
cysteine at position 104, which is responsible for the protein
S—Au bond, is changed drastically upon adsorption onto the
surface (Figure 4B), so that the peaks closer to the Fermi
level are now broadened, flattened, and shifted downwards in
energy. Overall, a charge transfer of approximately seven
electrons takes place at the interface from the metal to the
protein. As for the total density of states, no remarkable

www.angewandte.org
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changes overall are observed between the protein in the gas
phase and on the Au surface (Figure 4C).

An a priori association of the peaks observed in the PDOS
profile of Figure 4 A with the resonances observed in the
experimental d//dV curve of Figure 1B is not straightforward.
The theoretical curve of the PDOS of the whole protein shows
non-negligible contributions over the entire energy range,
even around the Fermi energy. A close-up inspection of the
spatial distribution of the frontier orbitals of CytC reveals,
however, that the bump present in the PDOS at the Fermi
energy (Figure 4 C inset) most likely originates from localized
states on the periphery of the protein, and therefore does not
play a major role in the electron transport. Instead, the 1 eV
gap observed in the curve of Figure 1B, together with the
spatial distribution obtained theoretically for HOMO-10 and
LUMO +4 lead us to identify these two orbitals as possible
channels responsible for the current flow. They are localized
on the Fe™ jon and on the porphyrin, respectively (Figure 4D
and E), although LUMO + 4 seems to be more delocalized
than HOMO-10.

Angew. Chem. Int. Ed. 2019, 58, 11852—11859
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The ambiguous direction of the conductance asymmetry
(a, Figure 2) does not allow us to resolve whether the
transport occurs via filled or empty states. Moreover, the
LUMO + 4 and HOMO-10 lie at about the same energy from
the Fermi level and could consequently both fall in the energy
window defined by the voltage. However, the wide broad-
ening of the experimental resonances (approximately
300 mV) suggests the involvement of more than one level,
positioned at approximately 0.4 eV from the Fermi level.
Therefore, the electron transport through this system could be
governed by levels in both the occupied and unoccupied
energy range, even including levels below the HOMO-10 and
above LUMO + 4. It is worth noting that an involvement of
the heme ring was suggested in a previous study.” In any
case, a complete electron-transport calculation of the junction
is needed to clarify this issue, which is beyond the scope of this
work as it is computationally too demanding.

Temperature Dependence and Proposed Mechanism

To test the proposed transport mechanism, we examined
the temperature dependence of the Au—CytC-Au junctions.
Figure 5 A shows the conductance—voltage plots correspond-
ing to the current—voltage plots shown in Figure S13 A in the
Supporting Information, determined at different tempera-
tures ranging from 10 to 120 K. To sharpen the observed
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conductance plots in Figure 5 A, we carried out a normalized
differential conductance (dI/dV*V/T)) analysis®"*! for differ-
ent temperature ranges (Supporting Information, Figures S8
and S13). The inset plot of Figure 5 A shows the evolution of
the peak position (energy offset, blue) and peak width (T, red)
with temperature. These values were extracted by fitting the
G-V data at each temperature to Equation (1); the fit was
limited to G values larger than one tenth of the maximal
conductance value and for positive voltage only (same
procedure as used to create the blue-line in Figure 2). The
extracted peak-width values (Figure SA inset), are larger
than the thermal energy ki T, pointing to the broadening of
the Fermi-Dirac distribution of the contacts. As we showed in
detail previously,"'! results from the temperature dependence
of the conductance-voltage plots helps to exclude other
possibilities, such as Coulomb blockade. Specifically at the
Coulomb blockade regime the conductance peak decreases as
1/ks T,”! which is not what is seen for the Au-CytC-Au
junctions.

Figure 5B shows a proposed energy level diagram for the
scenario where the applied bias is less than 0.5 V. For the sake
of clarity, we only focus on the LUMO. When this orbital is
located far above the Fermi level, the current is low due to
a small off-resonant contribution from the tail of the LUMO.
With an increase in applied bias to greater than 0.5V
(Figure 5C), the energy levels align within the bias window,
resulting in resonant tunneling with a rather abrupt increase
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Figure 5. A) Conductance-voltage plots corresponding to the current-voltage plots (Supporting Information, Figure S13A) for different temper-
atures ranging from 10 K to 120 K, in the positive bias range. The inset plot of Figure 5A shows the evolution of the peak position (energy offset,
blue) and peak width (I, red) with temperature. B) Schematic illustration of a solid-state protein junction, indicating off-resonant tunneling (bias
less than 0.5 V in our experiments). The black arrow indicates elastic tunneling and the orange arrow shows an inelastic tunneling process. C) as
(B), but for resonant tunneling (bias greater than 0.5 V in our experiments). Resonant transport (indicated by the black arrow) becomes possible
when the levels (horizontal red bars) fall within the bias window, V (indicated by light orange shading). The Scheme illustrates resonant tunneling
via an empty level, but such tunneling can also occur via an occupied level, below the Fermi level.
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in current. Here, for the CytC(E104C), the C-heme/hemin
cofactor lies approximately 1 nm away from the top AuNW
electrode, embedded within its peptide matrix.'”! The im-
portance of this geometry is that the cofactor is not exposed
on the surface. As a result, the coupling between the C-heme/
hemin cofactor and nearest Au electrode is weak, preserving
the integrity of the C-heme/hemin cofactor electronic states
when the protein becomes part of the junction. The weak
interactions between the electrodes and the C-heme/hemin
cofactor allows changing the energy levels of the latter with
respect to the Fermi levels of the electrodes, i.e., Fermi level
pinning is negligible. Therefore, sweeping the bias across the
junction allows access to the electronic states within the Au-
protein—Au system.

Conclusion

To summarize, we report a clear observation of conduc-
tance resonances in an intimate-contact solid-state protein
junction (without any linker) by only varying the applied bias.
Systematic study of the experimentally obtained conduc-
tance-voltage profiles for Au—CytC-Au junctions, suggest
that one can switch the transport mechanism from on- to off-
resonance by changing the bias between the electrodes. At
less than 0.5V bias, the charge-transport mechanism is
consistent with off-resonant tunneling. Whereas, at greater
than 0.5V, we show that it is possible to sweep the bias
window across the C-heme/hemin cofactor electronic states
enabling resonant tunneling via Au—CytC-Au junctions. The
ab initio DFT calculations carried out on the large data set of
the whole structure of Cyt C(E104C) attached to the Au
surface, further supports the involvement of the heme/hemin
cofactor electronic states in the charge-transport process.
Understanding and manipulating these features at the
molecular level can lead us to the point where bio-electronic
technologies can be realistically attained.

Experimental Section

The process of forming CytC(E104C) monolayers and junction
fabrication is described in Section 1 of the Supporting Information.
Briefly, um-sized Au electrode pairs were fabricated on a Si wafer by
photolithography. Monolayers of CytC(E104C) were prepared by
using the surface-exposed cysteine 104 residue that binds covalently
to the micro-fabricated Au electrode in such a way that its hemin is
proximal to the top Au nanowire (AuNW) electrode (0.8-0.9 nm
between the Fe™ ion and the physical top contact).!'”) The Au-bound
CytC mutant (E104C) yields oriented monolayers, sufficiently robust
to carry out solid-state electron-transport measurements'’” at both
room and cryogenic temperatures (approximately 10-15 K).*"! The
protein monolayers were characterized by ellipsometry and atomic
force microscopy (thickness), UV/Vis, and PM-IRRAS spectros-
copies (Supporting Information, Figure S3). The “suspended-wire”
technique® ! was used to form the top electrical contact, where
individual Au nanowires were electrostatically trapped between two
lithographically prepared Au electrodes, thereby forming a junction
between the CytC(E104C) monolayer on one of the Au electrodes
and the electrostatically trapped single Au nanowire.
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