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Introduction

In biological processes including photosynthesis,"> enzymatic
catalysis,® DNA transcription or repair,*” charge transport (CT)
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Tunnel junctions based on Fe storing globular proteins are an interesting class of biomolecular tunnel
junctions due to their tunable Fe ion loading, symmetrical structure and thermal stability, and are
therefore attractive to study the mechanisms of charge transport (CT) at the molecular level. This paper
describes a temperature-induced change in the CT mechanism across junctions with large globular
(~25 nm in diameter) E2-proteins bioengineered with Fe-binding peptides from ferritin (E2-LFtn) to
mineralise Fe ions in the form of iron oxide nanoparticles (NPs) inside the protein’s cavity. The iron oxide
NPs provide accessible energy states that support high CT rates and shallow activation barriers.
Interestingly, the CT mechanism changes abruptly, but reversibly, from incoherent tunnelling (which is
thermally activated) to coherent tunnelling (which is activationless) across the E2-LFtn-based tunnel
junctions with the highest Fe ion loading at a temperature of 220-240 K. During this transition the current
density across the junctions increases by a factor of 13 at an applied voltage of V = —0.8 V. X-ray
absorption spectroscopy indicates that the iron oxide NPs inside the E2-LFtn cages undergo a reversible
phase transition; this phase transition opens up new a tunnelling pathway changing the mechanism of CT
from thermally activated to activationless tunnelling despite the large size of the E2-LFtn and associated
distance for tunnelling.

is highly efficient in nature, but the reasons why this is so are
unclear. One of the key challenges is to identify the conduction
pathways across proteins which can be realised by incorporating
proteins in tunnel junctions and to study how CT depends, on for
example, site-selective modifications of the proteins,”” mechanical
deformation of proteins,®® orientation of the protein with respect
to the electrode,'>"" or the role of the cofactors."> " Specifically, it
is challenging to distinguish between the contributions to the
mechanism of CT from the protein shell and the co-factors or
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(multiple) heme groups.”***”2° Cahen and Sheves and co-workers
demonstrated that replacement of the native metal ion co-factor
with another metal ion changes the mechanism of CT from
coherent tunnelling (which is activationless) to incoherent tunnel-
ling (which is thermally activated and also called hopping).'**' The
mechanism of CT also changes from coherent to incoherent
tunnelling when the metal centre of azurin (Az)," or the ferrihydrite
core of ferritin,"> was removed. Here, we report a change in the
mechanism of CT as a function of the Fe ion loading and
temperature in tunnel junctions with large (diameter of 25 nm
obtained from its crystal structure®?) globular E2 proteins bioengi-
neered with Fe binding sites from ferritin, E2-LFtn, allowing us to
the control the iron oxide content inside the cavity ranging from

This journal is © The Royal Society of Chemistry 2021
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500 to 3000Fe ions per E2-LFtn cage. Depending on the Fe ion
loading, the mechanism of CT switches from incoherent to
coherent tunnelling caused by a thermally induced phase transi-
tion of the iron oxide NPs inside the E2-LFtn. The mechanism of
CT across junctions with the E2-LFtn lacking the iron oxide NPs
(i.e., apo-E2-LFtn) is incoherent tunnelling. These results give us
new insights into the conduction pathways of tunnel junctions
with large proteins.

Various mechanisms have been proposed to describe CT
across proteins, which can be roughly divided into two classes:
coherent tunnelling which is independent of temperature and
incoherent tunnelling which depends on temperature. The general
tunnelling equation (eqn (1)) shows how fast the tunnelling current
density (J in A cm™?) decays (determined by the tunnelling decay
coefficient § in nm ™) as a function of the tunnelling barrier width
d (in nm) where J, (in A cm™?) is the pre-exponential factor.

J=Joe (1)

The first-order description of incoherent tunnelling is given by
the Arrhenius equation (eqn (2)), where charges hop over an
energy barrier with activation energy (E, in meV), where kg is
the Boltzmann constant and T is the temperature (in K).

—Ey
J = JoeksT 2

Coherent CT with low values of f8 in range of 0.8 to 1.6 nm™ " for
photosystem-I (PS-1),'® 1.9 to 3.3 nm ™" for Az,>* 0.28 to 1.3 nm™ " for
ferritin,"® have been reported. These values are much lower than
f values for aliphatic SAMs (f = 7-11 nm ™ ')*** or aromatic SAMs
(B = 2-5 nm ™ )**® where coherent tunnelling dominates. Nor-
mally, such low values of f§ are indicative of incoherent tunnelling,
but these examples lack a thermally activated component (eqn (2))
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which suggest that CT is coherent in nature. This type of CT is also
so-called long-range tunnelling and is still poorly understood.>
Possible explanations include flickering resonance,® super-
exchange,®' bias-induced coherent transfer** or sequential inco-
herent tunnelling with multiple low energy barriers.>***

Incoherent tunnelling has been observed in tunnel junc-
tions with various proteins including bacteriorhodopsin (bR),*?
cytochrome-C (Cyt-C)'” and in proteins without the co-factor,
e.g., apo-Az,'? apo-ferritin®® and apo-PS-I'° (but the same junc-
tions with the co-factor showed thermally activated CT).
Remarkably, for a few systems a change in incoherent tunnel-
ling regime (each characterised by a different value of E,) has
been observed as a function of T or d. For example, in bR
junctions where the m-conjugated retinal co-factor is decoupled
from the bR protein (reconstituted bR), the value of E, = 490 meV
at high T (T = 340-260 K) is substantially larger than the value of
E, = 180 meV at low T (T = 260-200 K)."* Similarly, in Cyt-C
junctions with the Fe ion removed from the porphyrin ring, a
low E, =105 meV for T = 285-200 K while a high E, = 550 meV for
T = 335-285 K was observed."” A transition from coherent to
incoherent tunnelling with d has been observed for conjugated
molecular wires,”®*> but a transition from coherent tunnelling
with large f to low f with increasing d has been reported for
junctions with long molecular wires>”***° or ferritin.'> These
examples highlight the different types of CT regimes that can be
accessed in (bio)molecular tunnel junction although the under-
lying reasons why the mechanism of CT changes are not fully
understood.

The E2 protein is a chemically and thermally stable (up to
85 °C) cage-like globular protein which naturally occurs as a
part of the pyruvate hydrogenase multi-enzyme complex in the
thermophile Geobacillus stearothermophilus and is responsible for
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(A) PyMOL representation of apo-E2-LFtn and (B) cross-section where the Fe ion binding sites are highlighted in red colour. (C) Schematic

illustration of the Au-linker-E2-LFtn//GaO,/EGaln tunnel junction. Here, “//" represents a van der Waals contact, /" represents the contact between the
GaO, and EGaln, "-" represents a chemical contact, the black arrows represent incoherent tunnelling, and the blue arrow represents coherent tunnelling.
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linking glycolysis and the Krebs cycle.*® The E2 protein consists of
60 identical subunits self-assembled into a hollow spherical archi-
tecture with an external diameter of 24 nm and an internal diameter
of 12 nm (Fig. 1). The cage structure has 12 openings, each with a
diameter of 5 nm. The E2 protein has been bioengineered with frog
M-ferritin mimicking peptides to form E2-LFtn,”* which can miner-
alise Fe"" into iron oxide NPs in a similar fashion to ferritin.">*"**
The structure, magnetic behaviour and composition of the iron
oxide NPs in ferritin is a function of the Fe ion loading/cage and its
mineralisation conditions have been studied in detail. The E2-LFtn
stores the Fe ions as iron oxide NPs (3-6 nm in size) in its hollow
core.”> Amongst the large variety of iron oxides known, Fe" always
exists in an octahedral (O,) symmetry state while Fe™ can exist in
both O}, and tetrahedral (T3) symmetry states.”**° The Fe ions are
stored predominately in the form of ferrihydrite in ferritin, but other
iron oxide phases can be present in varying degrees depending on
the preparation methods, Fe ion loading and types of ferritin.*"**
Iron oxides readily undergo thermally-induced phase transitions.
For instance, phase transitions of ferrihydrite to other iron oxide
phases (including lepidocrocite (y-Fe™OOH), goethite (o-Fe™
OOH)," haematite (o-Fe,05)** and magnetite®® (Fe;0,) in NPs have
been investigated in detail. We note that it has been reported that
Fe' ions can assist in phase transitions involving ferrihydrite.*>**’
These examples highlight the complexity of iron oxide chemistry
which, as we show here, can lead to interesting CT phenomena
across biomolecular junction with E2-LFtn.

We report a thermally induced reversible and irreversible
switching of the mechanism of CT across biomolecular tunnel
junctions with bioengineered E2-LFtn. The mechanism of CT across
apo-E2-LFtn is characterised by two distinct incoherent tunnelling
regimes with high (254 + 32 meV) and low (24 £+ 1 meV) values of
E,, while the mechanism of CT across E2-LFtn is characterised
by a single incoherent tunnelling regime with an intermediate E,
(35-61 meV) depending on the iron oxide loading. Thus, we
conclude that the iron oxide NPs provide accessible energy states
that support an alternate incoherent tunnelling pathway. For junc-
tions with E2-LFtn with a large Fe ion loading (3000Fe), reversible
conduction switching was observed at T' = 220-240 K which was
accompanied by a change in the CT mechanism from incoherent
tunnelling in the low conduction state to coherent tunnelling in the
high conduction state. Temperature-dependent X-ray absorption
spectroscopy (XAS) indicates a reversible phase transition of the
iron oxide NPs inside the E2-LFtn. These results suggest that the
mechanism of CT can be switched as a function of temperature and
iron oxide loading in E2-LFtn biomolecular tunnel junctions. Our
findings give new insights in the conduction pathways of bio-
molecular junctions defined by the protein cage and the quantity
of co-factors present inside the protein and demonstrate how these
conduction pathways can be controlled.

Results and discussion

Design of the junctions

Fig. 1A shows the PyMOL representation of apo-E2-LFtn, showing
the globular shape and the cavity with the structural information
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obtained from Protein Data Bank with identification number
1B5S. The Fe" binding chemistry of the frog M-ferritin mimicking
peptides in E2-LFtn has been reported previously.>*” Each of the
60 subunits of the E2 cage has been modified with the catalytic
binding sites from frog M-ferritin making it possible to load the
E2 cage with iron oxide NPs (see ref. 22 for all details and
characterisation of E2-LFtn). The Fe ion content of E2-LFtn can
be controlled similar to that reported for controlled loading of
ferritin.">*® In this study, we loaded E2-LFtn with 500-3000 Fe
ions/cage (at higher loadings, the iron oxide precipitated from
solution). Fig. 1B shows the corresponding cross-section of apo-
E2-LFtn with the Fe binding sites highlighted in red. Fig. 1C
illustrates the Au-linker-E2-LFtn//GaO,/EGaln junction and illus-
trates the iron oxide phase transition inside the E2-LFtn as a
function of temperature, which, in turn, modulates the possible
mechanism of CT and induces conductance switching. The pre-
paration and characterisation of apo-E2-LFtn and E2-LFtn loaded
with iron oxide NPs are briefly described in Sections S1-S3, ESIT).
Before using E2-LFtn, we characterised the size of the proteins
and confirmed that E2-LFtn retained its globular structure after
mineralisation with dynamic light scattering technique, as shown
in Fig. S1A (ESIt). The actual Fe ion content present in the E2-LFtn
was characterised with inductively coupled plasma atomic emis-
sion spectroscopy (see Fig. S1B, ESIt).

The smooth Au bottom electrodes were obtained with
template-stripping (Section S4, ESIt), on which we formed the
self-assembled monolayers (SAMs) of E2-LFtn using a linker
SAM (Section S5, ESIt)."> The linker SAM was derived from
6-mercaptohexanoic acid and was activated with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC); these activated
carboxyl groups react with the NH, groups located at the
periphery of E2-LFtn to form covalent amide bonds ensuring
the proteins are firmly anchored to the Au surface. After
monolayer formation, the EGaln top electrode was introduced
using cone-shaped EGaln tips*® or with EGaln stabilised in a
microchannel perpendicularly aligned over an array of micro-
pores in Al,O; fabricated on Au.>®

Characterisation of the E2-LFtn monolayers

Fig. 2A shows an atomic force microscope (AFM) image of a
bare Au substrate (see Section S6 for experimental details, ESI)
with a root mean square (rms) surface roughness of 0.49 nm
measured over an area of 1.0 x 1.0 um?, which is similar to
previously reported values.* Fig. 2B shows an AFM image of a
densely packed monolayer of 1000Fe ion loaded E2-LFtn on the
Au-linker surface with a rms surface roughness of 2.6 nm
(measured over an area of 1.0 x 1.0 um?). The line scans are
presented in Fig. S2 (ESIf). To determine whether E2-LFtn
retained its globular structure upon adsorption, we used tapping
mode AFM to determine the height of individual proteins from
the AFM height profiles recorded for sub-monolayers of E2-LFtn
on Au-linker. Fig. 2C shows an example of an AFM image for a
sub-monolayer of apo-E2-LFtn where individual proteins can be
seen (see Section S6 for additional images, ESIt), can be seen. We
used a similar procedure to obtain AFM height profiles of E2-LFtn
as a function of Fe ion loading. Fig. 2D shows the histograms

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 AFM images of the bare template-stripped Au surface (A), 1000Fe E2-LFtn monolayer on Au (B), and a sub-monolayer of apo-E2-LFtn on Au (C).
(D) Histograms of dg>-rin @s a function of Fe ion loading along with Gaussian fits these histograms. (E) The value of dgx- s Vs. Fe ion loading (error bars
represent 95% confidence levels), where the red dashed line indicates the correlation between dg,_ i and the Fe loading (R? = 0.985).

along with Gaussian fits to these histograms of the heights of
individual E2-LFtn proteins, dg,pm (in nm), as a function of Fe
ion loading, and the dg, 1 r, shows the linear dependence with Fe
ion loading (Fig. 2E). The apo-E2-LFtn forms thin layers with a
measured height of 6.9 &+ 0.3 nm, which is much smaller than the
hydrodynamic diameter of the protein measured in solution,
dypE2irn = 25 nm, from which we conclude that it does not
retain it globular structure and likely forms dense, flattened
monolayers (since these junctions do not short, see below).
In contrast, the E2-LFtn loaded with iron show larger diameter
for loading as low as 500Fe E2-LFtn the value of dgipm Of
11.0 = 0.3 nm indicating that, although the protein flattens,
the globular structure is preserved. The highest value of dgy 1 Of
17.7 &+ 0.4 nm for maximum Fe ion loading which is close to dyp,
E2Lrm = 25 nm. This observation can be attributed to compression
induced by the AFM tip or loss of water from the cavity.>"**> We note
that these observations are consistent with previously reported
thickness values of ferritin Aftn-AA, dssn, on the same Au-
linker surface as a function of Fe ion loading.”> The ratio
between maximum protein height obtained from the AFM image
(dafn = 10.9 nm) and hydrodynamic radius (obtained from
dynamic light scattering measurements for ferritin Aftn-AA
dup,atn = 12.1 nm) is dagn/duparn = 0.90, which is closer to
unity than that of E2-LFtn of dgy1pm/d@upr2rrenm = 0.70, from
which we conclude that the E2-LFtn is more dynamic and
flexible than ferritin Aftn-AA.

Characterisation of iron oxide NPs inside E2-LFtn

To investigate the composition of the iron oxide NPs inside the
E2-LFtn cages immobilised on the Au-linker surface as a function
of temperature, we measured the Fe L, ; edge XAS (Section S7,
ESIT). This technique resolves the presence of Fe' and Fe™
ions along with their atomistic symmetry states. Fig. 3 shows
the Fe L; edge XAS spectra of the monolayers of 3000 and
2000Fe E2-LFtn recorded at three different temperatures of

This journal is © The Royal Society of Chemistry 2021

T =300 K, followed by cooling down to 120 K, and after heating
back to 300 K. The peak observed at 707.5 eV is assigned to Fe™.
The peak at 709.2 eV is assigned to Fe'" and corresponds to Fe
cations in both Oy, and T4 symmetries. The ratio (in both T4 and
Oy, geometries) of Fe" and Fe™ were obtained from modelling
of the XAS data with the CTM4XAS software™ (see Section S7 for
details, ESIT) and Fig. 3 shows the results. Interestingly, the
iron oxide NPs inside E2-LFtn are dominated by Fe' rather than
Fe'" ions as reported for ferritin.>*>® This observation suggests
that the iron mineralisation process in E2-LFtn differs from
that of ferritin which could be related to the differences in
cavity size and spatial arrangement of the M-ferritin mimicking
catalytic sites.”” The ratio of the peak areas (R, = Fe"/Fe'") for
3000Fe E2-LFtn decreases with decreasing T from 1.25 at 300 K
to 0.50 at 120 K (Fig. 3A, B and Table 1). On heating back to
300 K, Fig. 3C shows that the Ry ratio increases to 1.00 which is
nearly its original value indicating that this phase transition is
reversible. In contrast, for 2000Fe E2-LFtn, initially no signal
could be recorded at 300 K (Fig. 3D) but a signal at the Fe Ls
edge was recovered at 300 K (R; = 5.00, Fig. 3F) after cooling to
120 K (Ry = 2.00, Fig. 3E). This observation can be explained as
follows. Initially, the iron oxide NPs are buried in the protein
cavity hampering their detection, but (partial) denaturation of
the protein induced by cooling to low T exposes the iron oxide
nanoparticles and, consequently, increases the XAS signals.
Denaturation also explains the irreversible nature of the corres-
ponding junction (discussed below). We also note that 3000Fe
E2-LFtn has a higher Fe ion content than 2000Fe E2-LFtn,
which is apparently high enough to conduct XAS measure-
ments around the Fe L; edge despite the iron oxide nano-
particles being inside the protein cavity and thus shielded by a
~6 nm thick protein shell. We confirmed the presence of iron
oxide at 300 K for intact protein using a beam line with a larger
beam flux (Section S8, ESIt). These results suggest that Fe ion
loading stabilises the E2-LFtn which agrees with the larger

J. Mater. Chem. C, 2021, 9,10768-10776 | 10771
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Fig. 3 XAS data around the Fe Lz edge recorded from a monolayer of
3000Fe E2-LFtn on Au at 300 K (A), 120 K (B) and after heating back to
300 K (C), and the same but for a monolayer of 2000Fe E2-LFtn 300 K (D),
120 K (E) and after heating to 300 K (F). The solid lines are fits as explained
in the text.

Table1l Peak intensity ratio of 2000 Fe and 3000 Fe E2-LFtn as a function
of temperature

Sample R; at 300 K (initial) Ry at 120 K Ry at 300 K (final)
2000Fe — 2.00 5.00
3000Fe 1.25 0.50 1.00

value of dgyipm = 17.7 £ 0.4 nm for 3000Fe E2-LFtn than
dps1rn = 16.3 £ 0.4 nm for 2000Fe E2-LFtn indicating that
flattening of 2000Fe E2-LFtn is more significant than for
3000Fe E2-LFtn. We note that Rakshit et al>* reported an
increase in the Young’s modulus of ferritin as a function of
Fe ion loading. From these results we conclude that 3000Fe
E2-LFtn forms stable monolayers supporting a reversible phase
transition of the iron oxide NPs inside the E2-LFtn cavity.

Charge transport measurements

To investigate the mechanism of CT across E2-LFtn, we formed
electrical contacts to the SAMs of E2-LFtn with cone-shaped tips
of EGaln (Fig. 1C) and measured the J(V) characteristics as a
function of Fe ion loading. We followed previously reported

10772 | J. Mater. Chem. C, 2021, 9,10768-10776
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procedures for the junction formation, data collection and
statistical data analysis (see Section S8 for details, ESIt).*” We
recorded 400-440 J(V) curves for each type of junction and
plotted all values of log;o|/| for each measured applied bias
voltage in histograms to determine the Gaussian average value
of logyo|/], (logio|/|)s, and the Gaussian log-standard deviation,
Olog- Fig. 4A shows the (logio|/|)c vs. V curves as a function of
the Fe ion loading and Fig. 4B shows the corresponding current
decay plot at —0.5 V. The value of J exponentially decays
with the value of dg, pp, and fitting the data to eqn (1) yields
B =0.39 4 0.02 nm". It is noteworthy that the CT distance is at
11.0 nm for 500Fe E2-LFtn, and nearly 17.7 nm for 3000Fe
E2-LFtn meaning these proteins are highly conductive
(see below). We note that the values of J for junctions with
apo-E2-LFtn are similar to the junctions of 500Fe and 1000Fe
E2-LFtn. This observation can be explained by the notion that
the shorter dgsppm Of the apo-E2-LFtn junction (6.9 nm vs.
11-12 nm for junctions with 500Fe or 1000Fe E2-LFtn) com-
pensates for the lack of tunnelling sites associated with the iron
oxide particles.

Temperature-dependent CT

To investigate the mechanism of CT in more detail, we per-
formed J(V,T) measurements for the E2-LFtn junctions. The
proteins were immobilised on Au (following the same proce-
dure as described above) inside micropores AlO, over which
microchannels filled with EGaln were aligned following previously
reported methods, and the fabrication and experimental details
are presented in Sections S9 and S10 (ESIT).>® Fig. 4C shows the
Arrhenius plots at V = —0.5 V for junctions with monolayers of
E2-LFtn with 1500Fe, 2000Fe and 3000Fe loading along with fits to
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3 -9
e >
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£ 4 510 e
S S apo-E2-LFtn
< %
N @g-m
> 3]
L
= < . 1
D 5= ApoE2LFtn i $=0.39+0.03 nm
27| soore v 2000k S
© 1000Fe 2500Fe| L=
712 1s00Fe +_3000Fe| i3
1.0 05 0.0 05 1.0 6 8 10 12 14 16 18 20
(C) Vv) (D) e 710 (NM)
-6 -7.0
1500Fe E
> 2000Fe | >
© o] §g  E.=35:3mev 3000Fe g o E, =254 =32 meV
< bl s ~ 7
® L e @ X
—_~ - w—— - oy -
R E =6 0 me o4
£ 8 347 5 6 £ 8.0 .
2z ‘ e . S M\’
i.g x| Ty 3-55 E,=24+1meV
IS SR e N IS
10 L 90
0.0028 00032 00036 00040  0.0044 0.0028 0.0032 0.0036 0.0040 0.0044 0.0048
1T (K) 1T (K1)

Fig. 4 Plots of (logiolJl)g vs. V (A and B) (In|J|)g at —0.5 V vs. dea- i (€rTOr bars
in J and dg»_ i represent the 95% confidence levels, solid line is a fit to egn (1)).
(C) Arrhenius plots of the values of J measured at —0.5 V and T = 240-340 K for
junctions with E2-LFtn with different Fe ion loadings. (D) Arrhenius plot for
junctions with apo-E2-LFtn at —0.5 V in the range of T = 230-340 K. Error bars
represent the standard deviation obtained from 3 different junctions and the
solid lines in panels C and D are fits to egn (2).

This journal is © The Royal Society of Chemistry 2021
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eqn (2) to determine E,. The mechanism of CT is incoherent
tunnelling with small values of E, ranging from 35 + 3 to
61 £ 10 meV. This incoherent tunnelling mechanism explains the
small value of f§ (Fig. 4B).

Fig. 4D shows the Arrhenius plots at V = —0.5 V for junctions
with apo-E2-LFtn along with fits to eqn (2). Remarkably, two
distinct incoherent tunnelling regimes can be observed with a
value of E, of 254 4+ 32 meV for T=310-340 K and E, =24 + 1 meV
for T = 230-300 K. The transition temperature, Ty, is around
300 K. A similar transition (T = 290 K) between two incoherent
tunnelling regimes (E, = 550 meV to E, = 105 meV) has been
reported for junctions with apo-Cyt-C (where the Fe ion was
removed from the porphyrin)."”” In contrast, for junctions with
holo-Cyt-C proteins, the Fe ion increased the CT rates by a factor
of two and only one incoherent tunnelling regime with E, = 105 meV
dominates CT indicating that the Fe ion opens up more efficient CT
pathways.”” Thus, our junctions show a similar behaviour where
two thermally activated CT pathways are observed for junctions with
apo-E2-Lftn. As discussed above in the AFM characterisation sec-
tion, apo-E2-LFtn immobilised on the surface does not retain its
cage-like structure and forms a disordered protein layer where
charges must hop between different disorganised protein segments
which constitute relatively large incoherent tunnelling barriers. This
incoherent tunnelling mode is only active at relatively high tem-
peratures (T > Ty). In contrast, only one thermally activated CT
pathway with relatively low E, is observed for junctions with holo-E2-
LFtn where the iron oxide NPs likely provide (multiple) low energy
incoherent tunnelling sites. Here, the charges cross the protein
segments of an organised monolayer where the globular tertiary
structure of the protein is preserved. This difference in structure of
the junctions, in conjunction with low energy incoherent tunnelling
sites provided by the iron oxide NPs, could explain the large
observed E, for apo-E2-LFtn and low E, for holo-E2-LFtn. At
T < Tr, incoherent tunnelling across segments becomes energeti-
cally unfavourable and a different pathway dominates CT with low
E,. Often, low E, values are associated with “efficient” incoherent
tunnelling, but here the currents at low T are small (since the
primary conduction channel at high T is turned off). Therefore, at
low T another mechanism is at work where incoherent tunnelling
may, for instance, involve nuclear tunnelling,’® partial loss of
coherence,” or voltage induced changes to electronic states.*

Controlled switching of CT

Fig. 5 shows the switching behaviour of representative junc-
tions with 3000Fe and 2000Fe E2-LFtn (see Section S11 for
additional data sets, ESIf). As we have reported before, the
shape of the J(V) curves recorded with junctions with flat EGaln
stabilised in microchannels are, unlike rough cone-shaped
EGaln tips, not obscured by artefacts caused by the high surface
roughness of cone-shape EGaln tips.’”>® Fig. 5A shows the j(V)
traces recorded during cooling of the 3000Fe E2-LFtn junction
from 340 to 150 K and Fig. 5B shows the same during warming
up back to 340 K. Fig. 5C shows the values of J at V= —0.8 V for
the cooling and heating cycles. We observe that the junction
undergoes a reversible transition at 220 K from a low to a high
conduction state with 13-fold increase in the J. The value of

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry C

(A) , 3000Fe E2-LFtn (D) - 2000Fe E2-LFtn
10

I ?oollng

Cooling

High conduction

|J| (Alcm?)

10 05 00 05 10
V()

410 05 00 05 10
V (V)
Heating

High conduction

o 280 L0 s (20
200 - 200
v 210« 300

Low conduction

108 i <« 230 320
> 200 1 330 o 280
o 250 = 340 290

10 05 00 05 1.0 40 05 0.0 05 10
V(v)

B = T o 2
o

el .
107 {/" Incoherent tunnelling

Switching

<

4

Switching O
> -

|J| (Alem?) at -0.8 V
1N
|J| (Alcm?) at -0.5 V

_______________ -
Incoherent tunnelling

<

1 Incoherent tunnelling
|—=— Cooling Cycle t—=— Cooling cycle
|—=— Heating Cycle s |—=—Heating cycle
150 200 250 300 350 150 200 250 300 350

T(K) T(K)

>
1
)

Fig. 5 Temperature-dependent J(V) measurements of cooling (A) and
heating of a 3000Fe E2-LFtn junction, and that of (D—E) 2000 Fe E2-LFtn
junction in the range of T = 150-340 K. The temperature dependency of
|J] at —0.8 V for 3000Fe E2-LFtn (C) and 2000Fe E2-LFtn (F) junctions.

J restores to its original value at 240 K during the heating cycle,
but a small hysteretic behaviour is visible. This behaviour
coincides with the reversible phase transition of the iron oxide
NPs inside 3000Fe E2-LFtn observed with XAS as described
above. Therefore, we conclude that the phase transition of the
iron oxide NPs modulates the conduction across the E2-LFtn
tunnel junctions.

Fig. 5D-F shows the same for a 2000Fe E2-LFtn junction, but
here an irreversible transition occurs at 220 K during cooling
with a factor of 40 increase in J at V = —0.8 V, which is likely
result of (partial) protein denaturation of 2000Fe E2-LFtn upon
cooling. This behaviour resembles the irreversible phase transi-
tion of the iron oxide NPs inside 2000Fe E2-LFtn as observed
with XAS as described above (see Fig. 3). Junctions with low Fe
ion loading (i.e., 1500Fe E2-LFtn) and apo-E2-LFtn shorted at
T = 240-230 K. These observations suggest that the current
switching observed in 2000Fe E2-LFtn junctions is caused by
partial failure due to denaturation of the protein. Denaturation
of 2000Fe E2-LFtn also could explain the temperature variable
XAS described above reinforcing this interpretation of the
J(V,T) data.

Interestingly, CT across 3000Fe E2-LFtn junctions in the
high temperature regime (7 = 220-340 K) is thermally activated
with E, =55 &+ 8 eV at —0.8 V during cooling but not in the low
temperature regime (7 = 150-220 K; Fig. 5C). In contrast, the
corresponding J(V) curves recorded from 2000Fe E2-LFtn

J. Mater. Chem. C, 2021, 9,10768-10776 | 10773
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undergo a transition in the mechanism of CT as a function of d. For porphyrin-Cyt-C, the T+ is reported instead of the .17 A correction factor for effective
electrical contact area of 10* is taken from ref. 58 and is applied to EGaln junctions from ref. 15 and 60; the solid black arrows link the uncorrected (black-
coloured) and corrected (red-coloured) datasets. The opensource software WebPlotDigitizer (link: https://automeris.io/WebPlotDigitizer/index.html)
was utilised to extract numerical data from graphs of the respective publications where needed.

junctions are thermally activated with E, = 82 + 17 mV and
61 £ 3 mV at —0.8 V, in both the low and the high conduction
states, respectively. Our data suggest that the phase transition in
the iron oxide NPs triggers a change in CT from incoherent to
coherent tunnelling. The arrows in Fig. 5A and B indicate a
sudden change in the slope of the j(V) curve at high T (with a
blue arrow that identifies the ‘cusp’) which disappears at low T
accompanied by an increase of the tunnelling current which
indicates that a different, more efficient coherent tunnelling
pathway is available at low T.

Comparison of E2-LFtn with other types of proteins and
molecular wires

Fig. 6 shows how the J values of the junctions with E2-LFtn
compares to other types of molecular junctions with bio-
molecules, saturated alkanethiolate SAMs and long conjugated
molecular wires to visualise the efficiency of the CT process
across the E2-LFtn. Considering the relatively low 8 of 0.39 nm ™"
and relatively high J values, which are considerably greater than
that of other proteins (including PS-1, ferritin Aftn-AA, bR and
Cyt-C), we observe that E2-LFtn is a highly conductive protein.
By comparing the CT rates for E2-LFtn with other molecules
with comparable d, we note that only oligo-tetrathiafulvalene-
pyromellitic-diimideimine (OPTI)*> junctions support higher CT
rates. Fig. 6 also includes our previously reported data on

10774 | J. Mater. Chem. C, 2021, 9,10768-10776

junctions with ferritin which are characterised by two distinct
coherent tunnelling regimes with values of f = 1.30 nm™" for
500Fe to 3000Fe loading, and =0.28 nm ™" for 3000Fe to 4800Fe
loading,'® whilst for E2-LFtn only thermally activated regime is
observed (see Fig. 4B). Based on our current study and results
reported by others, we conclude that Fe ion binding proteins are
highly conductive class of biomolecules.

Conclusions

We demonstrated a transition in the mechanism of CT from
incoherent to coherent tunnelling across ~17.7 nm in bio-
engineered E2-LFtn based biomolecular tunnel junctions. The
investigation of the CT across the E2-LFtn junction as a func-
tion of dg,..rin and T confirms that the mechanism of the CT is
incoherent tunnelling for junctions with apo-E2-LFtn and E2-
LFtn. In addition, we further report conductance switching in
E2-LFtn biomolecular tunnel junctions, and the reversibility of
the conductance switching is a function of the Fe ion loading/
cage. Temperature dependent XAS data indicate that this
switching is caused by a phase transition in the iron oxide
NPs inside E2-LFtn at T = 220-240 K. Remarkably, this phase
transition changes the mechanism where it transitions
from coherent tunnelling at T < Tr to incoherent tunnelling
for T > Ty for junctions with 3000Fe loading. In contrast, in

This journal is © The Royal Society of Chemistry 2021
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junctions with 2000Fe ion loading, the transition is irreversible.
Our findings suggest that the iron oxide NPs offer accessible
energy states that are separated by a low energy barrier and
provide multiple incoherent tunnelling sites resulting in highly
conductive CT channels that mediate long-range CT. Our
results also highlight the importance of stability as junctions
with high Fe ion loadings are more stable than those junctions
with low Fe iron loadings. Structural order plays a pivotal role
as for protein structures with disorder charge have to hop
across segments with high energy barriers while CT across
ordered protein structures involves incoherent tunnelling with
low energy barriers. The results reported here improve our
understanding of the mechanisms of CT across biomolecular
junctions. The E2 protein cages are highly conductive, and
combined with our previous studies on ferritin, leading us
to conclude that iron-binding globular proteins are highly
conductive in nature, and can undergo long range coherent
activationless CT, and thus, may have potential applications in
biomolecular electronic devices.
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