7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Photosystem | complexes form remarkably stable

’ M) Check for updates ‘
self-assembled tunneling junctionst

Cite this: Nanoscale, 2024, 16,

19400 xa.b

Nahid Torabi (2 and Ryan C. Chiechi
This paper describes large-area molecular tunneling junctions comprising self-assembled monolayers
(SAMs) of light-harvesting protein complexes using eutectic Ga—In (EGaln) as a top contact. The com-
plexes, which are readily isolable in large quantities from spinach leaves, self-assemble on top of SAMs of
[6,6]-phenyl-Ce;-butyric acid (PCBA) on gold (Au) supported by mica substrates (AuM<?), which induces
them to adopt a preferred orientation with respect to the electron transport chain that runs across the
short axis of each complex, leading to temperature-independent rectification. We compared trimeric
protein complexes isolated from thermophilic cyanobacteria to monomeric complexes extracted from
spinach leaves by measuring charge-transport at variable temperatures and over the course of at least
three months. Transport is independent of temperature in the range of 130 to 310 K for both protein
complexes, affirming that the likely mechanism is non-resonant tunneling. The junctions rectified current
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and were stable for at least three months when stored at room temperature in ambient conditions, with
the yield of working junctions falling from 100% to 97% over that time. These results demonstrate a
straightforward strategy for forming remarkably robust molecular junctions, avoiding the fragility that is

rsc.li/nanoscale common in molecular electronics.
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Introduction

The field of Molecular Electronics is concerned with using
molecules as building blocks to leverage self-assembly and
exploit the properties of matter at the molecular scale."
Potential applications of molecular electronics include
sensors, displays, smart materials, molecule-scale transistors,
and energy storage devices.”® Molecular junctions typically
exploit the interactions between molecules and under-co-
ordinated metal atoms on an electrode surface, forming, for
example, gold-thiolate bonds.* In previous works, various
studies have explored the flow of charge through molecules in
molecular junctions within molecular-scale devices.”™"?
Biomolecules such as proteins are intriguing molecular build-
ing blocks because they naturally comprise a large number of
precisely-ordered atoms, exceeding the complexity achievable
by modern synthetic chemistry. The study and exploitation of
their electronic-conductance properties is an emerging sub-
field of Molecular Electronics that has attracted increasing
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attention over the past decade.'** A key challenges is the for-
mation of reliable, high-conductance contacts between elec-
trode and molecule, which requires both forming a strong
electrode-molecule interaction to control orientation, and
strong electronic overlap to enable efficient charge transport.

Proteins, in general, can be considerably more robust and
can support tunneling charge-transport over longer distances
than small molecules designed for those functions, which is
presumably a byproduct of evolutionary pressure.”*** Solid-
state electronic transport via azurin (Az) protein has been
intensively investigated.”®>° Au-bound N42C Az mutant mono-
layers were shown to be sufficiently robust for solid-state elec-
tron transport measurements from room temperature down to
10 K over which these 3.5 nm thick junctions exhibited temp-
erature-independent conductivity.’® Several groups have
reported temperature-independent charge transport in solid-
state device configuration for junctions where the charge car-
riers almost certainly interact strongly with the (bio)molecule
due to the larger 10 nm thickness.’*® Comparative long-
range electron transport in organic small-molecules has been
reported for bis-thienylbenzene molecular films in the range
of 8 to 22 nm at low temperatures, which shows weak tempera-
ture dependence, but no thermal hopping.** Remarkably,
charge-transport through multilayers of bacteriorhodopsin has
been shown to be nearly independent of temperature over dis-
tances of at least 50 nm, far beyond the expected limits for tun-
neling charge-transport through any medium.?

This journal is © The Royal Society of Chemistry 2024
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We investigated the photosystem I (PSI) protein complex
from two disparate sources, one extracted from a thermophilic
cyanobacteria (Cyb) Thermosynechococcus elongatus®® and the
other extracted from spinach leaves (Sp-PSI). Both Sp-PSI and
Cyb-PSI formed reproducible large-area molecular ensemble
junctions in high yield that exhibit temperature-independent
charge transport over a distance of approximately 9 nm. We
describe the assembled junctions as Au™M“%/PCBA//PSI//EGaln,
where ‘/’ denotes interfaces defined by chemisorption and ‘/’ by
physisorption, noting that the SAMs of PSI form on top of SAMs
of [6,6]-phenyl-Ce;-butyric acid (PCBA) as depicted in Fig. 1.
Following their extraction and further isolation, the PSI com-
plexes formed monolayers spontaneously in the presence of
SAMs of PCBA supported by Au™® substrates, in which the full-
erene cages bind to Au through reversible non-covalent
bonds.’”*® Both PSI complexes formed junctions that were
stable under ambient conditions for at least three months, recti-
fying current and exhibiting temperature-independent charge-
transport from 130 to 310 K, reflecting the intrinsic robustness
and facile tunneling charge-transport of PSI, regardless of bio-
logical kingdom. However, despite being less stable in vivo and
in solution, Sp-PSI maintained higher magnitudes of rectifica-
tion and degraded even more slowly than Cyb-PSI.
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Results and discussion
Structure of PSI

structures of
39,40

Crystal photosystem  complexes in
cyanobacteria and plants*** have provided valuable
insights into the arrangement and functionality of the respect-
ive pigment networks. Each PSI complex includes a reaction
center and an electron transfer chain encircled by an array of
pigment molecules that serve as antennas for photons, all held
together by a protein scaffold. However cyanobacteria photo-
systems exist as trimeric complexes of PSI, denoted Cyb-PSI,
while plant light-harvesting complexes (LHCs) exist as mono-
mers, denoted Sp-PSI; we will refer to both as PSI for clarity.
The subtle differences between the bacterial PSI monomers
and plant PSI are illustrated in Fig. 2. Plant complexes consist
of a central reaction center, where exciton energy is converted
to free charges, comprising up to 14 subunits, which is sur-
rounded by a membrane-bound light-harvesting antenna
complex (LHCI) that captures light energy and directs it
toward the reaction center. Overall, approximately 200 pigment
molecules (shown in purple) and 3 Fe,S, clusters are associ-
ated with Sp-PSI. The monomeric cyanobacterial complexes
are structurally similar, with each comprising 12 protein sub-
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Fig. 1 A schematic of an assembled (A) Au™“®/PCBA//Sp-PSI//EGaln and (B) AuM<?/PCBA//Cyb-PSI//EGaln junction showing the preferred orien-
tation adopted by Sp-PSI and Cyb-PSI when self-assembled on top of SAMs of PCBA. The top EGaln contact is depicted as bulk eutectic Ga—In pre-
senting a sub-nm self-limiting Ga,Os layer at the interface with Sp-PSI and Cyb-PSI. The schematic is scaled to emphasize the relative orientations

and interfaces of the PSI complexes and PCBA.

Fig. 2 Comparison of cyanobacterial and plant PSI/LHC structures (not to scale).*® (A) A view from the cytoplasmic side of cyanobacterial PSI
showing one monomer, with the borders between PSI monomers depicted as black lines. Subunits PsaM and PsaX are unique to cyanobacteria. (B)
The stroma side of plant PSI. Subunits PsaG and PsaH are unique to plants. In the plant PSI, each Lhcal-4 subunit is colored differently, Lhca 1 and 2

(green and cyan) and Lhca 3 and 4 (magenta and yellow).

This journal is © The Royal Society of Chemistry 2024
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units and 127 cofactors as well as approximately 120 pigment
molecules (also shown in purple) and 3 Fe;S, clusters.>**° The
Cyb-PSI monomers are smaller in size compared with Sp-PSI,
having a reaction center that resembles the one in plants but
with no peripheral antennas.*’ Cyanobacteria Cyb-PSI mono-
mers assemble into trimeric structures, while trimers of Sp-PSI
are not observed.*>** The formation and stability of trimers in
cyanobacteria are attributed to the subunits PsaM and PsaL*”
as shown in Fig. 2A. The subunits PsaG and PsaH are present
only in plants (Fig. 2B). The lack of the PsaM subunit, altera-
tions in the PsaL subunit structure and the involvement of the
PsaH subunit collectively prevent Sp-PSI from forming
trimers.*>™” Furthermore, the subunit PsaL displays important
structural differences between plants and cyanobacteria. As
another difference in the organization of cyanobacteria and
plants, Sp-PSI typically forms a supercomplex comprising the
central core and an additional array of peripheral chlorophyll
a/b binding LHCI complexes,*"*® designated Lhcal-Lhca4 and
arranged in a semi-ring surrounding the PSI core. Within Sp-
PSI, the PsaG subunit acts as an anchor point for Lhca sub-
units, illustrated in Fig. 2B.

The fundamental structural similarities of PSI complexes
discussed above are due to the core function of converting
light energy to chemical energy, which is common to all
photosynthetic organisms. Distinct differences in the supra-
molecular arrangement between Sp-PSI and Cyb-PSI occur
when exposed to iron-stress conditions. Cyanobacteria form a
circular arrangement of iron-stress-induced (isiA) subunits
encircling a trimeric PSI core, leading to an almost twofold
increase in the light-absorbing area of the core complex.**>>
However, no corresponding isiA rings are detected in plants
or algae. While there are similarities in how Lhca subunits
surround a PSI core in plants and algae, a significant distinc-
tion lies in the attachment strength: the coupling between
the PSI core and Lhca subunits is less robust than the con-
nection between the PSI core and the isiA ring in cyanobac-
teria.”® Collectively, these properties endow Cyb-PSI with
additional stability that makes them the preferred PSI for
ex vivo studies.>**>*>? such studies are conducted on PSI in
a variety of contexts, but we are specifically interested in
the charge-transport properties of surface-bound assemblies
of PSI.

Molecular ensemble junctions comprising PSI

In order to inject charges and/or utilize the spatial separation
of electron/hole pairs ex vivo, the individual PSI complexes
must be oriented properly with respect to the electrodes. We
previously investigated the ability of different SAMs to direct
the orientation of Cyb-PSI complexes as they self-assemble
into another layer on top of these linker-SAMs.***® This
approach allows the anchoring of ordered arrays of oriented
PSI (i.e. monolayers) to Au™'“® substrates with control over the
orientation of PSL.°® The linker-SAMs, in turn, can be anchored
to Au™“® through thiol bonds or Cg, cages.>” In that configur-
ation, electrons are collected via the Cqy anchors and holes are
collected by an electrode/layer placed on top of the PSI to form

19402 | Nanoscale, 2024, 16, 19400-19412
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biophotovoltaic devices;*® the ex vivo stability of PSI is an
important factor in those devices. Several reports have shown
that PSI-based biophotoelectrodes can retain their activity for
up to several months,°"®* for example, Ciesielski et al. have
demonstrated that biohybrid electrochemical cells fabricated
using a dense multilayer of PSI complexes remained active for
at least 280 d in ambient conditions.®® We have also shown
that PSI can be replaced in operando using the aforementioned
linker-SAM strategy in microfluidic biophotovoltaic devices.*
An underlying assumption in the use of PSI in solid-state
devices is that Cyb-PSI is more stable than Sp-PSI, justifying
the comparatively difficult process of preparing bacterial cul-
tures and isolating Cyb-PSI. However, organic semiconductor
devices typically comprise thin-films, while our interest in
monolayers of PSI in which each complex resides on an elec-
trode surface;** the molecular ensemble junctions investigated
in this work directly probe this architecture by measuring the
charge-transport properties of the surface-bound complexes
directly.

Both Sp-PSI and Cyb-PSI are roughly cylindrical and
approximately 1.5x as wide as it is tall, which defines three dis-
tinct surfaces, top, bottom and periphery. As with most mem-
brane proteins, the top and bottom are polar and the periphery
is nonpolar, which favors the formation of monolayers of PSI
on surfaces randomly oriented with the top or bottom facing
into the surface. The top and bottom interact differently with
polar-protic and polar-ionic surfaces such that they will orient
with a preferred orientation on surfaces decorated with linker-
SAMs, as described above, that express either protic or ionic
groups.®*3%°9%0 we have previously shown that SAMs of PCBA
(which is protic) perfectly orient Cyb-PSI on Au™“* surfaces,
while also facilitating both the extraction and injection of
charge out of/into the PSI complexes.’®® Fig. 3 shows AFM
height images of Cyb-PSI (Fig. 3A) and Sp-PSI (Fig. 3B)
assembled on SAMs of PCBA on Au™®®, The trimeric com-
plexes of Cyb-PSI are clearly visible in the inset, while Sp-PSI
monomers only show some random aggregation. The yellow
insets are digital blowups of the regions indicated on the AFM
images. Rendered PSI complexes from the same crystal struc-
tures as Fig. 2 are shown below the insets, highlighting the
striking similarity of the AFM topography to Cyb-PSI and illus-
trating the difficulty resolving the monomeric PSI of Sp-PSI,
though individual complexes are clearly present. The inset
bars show the scaling of the renders, i.e. Cyb-PSI is only
slightly larger than the size of Sp-PSI; Fig. 4 shows full-sized
versions of the rendered PSI complexes with PCBA for com-
parison. The orientation of the complexes/trimers is not resol-
vable from AFM topography, but can be determined from
the charge-transport properties of junctions comprising PSI
on AuMie,

To form a junction, a top-contact must be applied. Different
techniques can be used to form these junctions and perform
current-voltage measurements, such as suspended nano-
wires®* and eutectic Ga-In (EGaIn).®® These techniques allow
the junction to be stable over a wide temperature range
without damaging the protein complexes.®’"*® EGaln top-con-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 AFM images of partial monolayers of (A) Cyb-PSI and (B) Sp-PSI on SAMs of PCBA with the scanned area of 200 x 200 nm? and zoomed AFM
images of (C) Cyb-PSI and (D) Sp-PSI on SAMs of PCBA. The zoomed AFM images are scanned over 100 x 100 nm?. In Cyb-PSl, the PSI complexes
are organized as trimers, while Sp-PSl is monomeric. The Z-scales are 8.5 nm for Cyb-PSI and 9.5 nm for Sp-PSI. The yellow squares are digitally
zoomed insets of the indicated regions and are shown above renders of the two PSI complexes. The blue bars show the relative scaling of the ren-

dered complexes.

Photosystem | from:

Spinach

Thermosynechococcus elongatus

Fig. 4 Views of PSl isolated from spinach (left) and Thermosynechococcus elongatus (right) from the top and side with the Fe4S4 clusters indicated
with dashed circles. Bacterial PSI comprises a trimer of monomeric PSI that is structurally similar to plant PSI, which exists only as the monomer. The

views are to scale, with PCBA shown as a reference.

tacts are also reversible, allowing the disassembly and interrog-
ation of junctions after /-V measurements without damaging
the protein, with high reproducibility and with high yields of
working junctions. We formed junctions using EGaln top-con-
tacts®® and Au™'®® as conducting substrates supporting SAMs

This journal is © The Royal Society of Chemistry 2024

of PCBA that are anchored to the surface via their Cq, cages,
presenting carboxylic acid groups at the ambient interface (see
Experimental). The monolayer of PSI forms through preferen-
tial, reversible interactions between the Fg site and these car-
boxylic acid groups.*®®® Unlike small-molecule SAMs, mono-

Nanoscale, 2024, 16, 19400-19412 | 19403
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layers of PSI do not have to be densely packed to prevent
shorts because the high surface tension of EGaln prevents it
from penetrating the nm-size gaps between complexes; see
Fig. 5 and the accompanying text for details.

We compared two types of bilayer junctions: Au™'“*/PCBA//
Cyb-PSI/EGaln and AuM“/PCBA//Sp-PSI/EGaln. A key feature
of junctions comprising Cyb-PSI is that they exhibit orien-
tation-dependent rectification, log|R| 6 # 0 in eqn (1) when
Cyb-PSI assembles with a preferred orientation. This rectifica-
tion is independent from the director SAM”°® because it orig-
inates from the collective influence of the oriented dipole
moments in the protein complex.*>*%”! Moreover, the magni-
tude and sign of log|R| depend on the degree of preferential
orientation as well as whether the top or bottom of Cyb-PSI is
facing into the substrate as previously reported by us,***%°
and Cahen et al.>® This sensitivity of log|R| allows the degree
of orientation to be determined using large-area EGaln top-
contacts as well as the absolute direction using conducting
probe AFM to contact the protein complexes individually.
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Mechanism of charge-transport

The mechanisms of charge transport through ensembles/
SAMs can be characterized by two extremes. One is domi-
nated by coherent tunneling, which describes temperature-
independent coherent tunneling in solid-state junctions
between electrodes via the molecular bridge. The other
regime involves temperature-dependent charge transfer pro-
cesses where the electron fully relaxes inside the junction,
requiring thermal activation for traversal, which describes
thermally activated incoherent tunneling (i.e. hopping).”>”?
The most commonly used theoretical model to describe temp-
erature-independent tunneling is the simplified Simmons
model,”* which can be applied in the case of coherent tunnel-

ing (eqn (2)):

J=Jo(V)e ™ (2)

where J is the current density; V is the applied bias; J, is the
theoretical value of J when d = 0; d is the width of the tunnel-
ing barrier at V = 0, which is nominally determined by mole-
cular length; and f is the tunneling decay coefficient that
expresses how quickly J decreases with increasing d. In the
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Fig. 5 Arrhenius plots of bilayer comprising of Au™“®/PCBA//Cyb-PSI//EGaln (A-B) and Au™“®/PCBA//Sp-PSI//EGaln junctions (C-D) between
temperature ranges 133-353 K from —0.1to -1V (A, C) and from 0.1 to 1 V (B, D). The red ovals show the temperatures corresponding to PSI protein

denaturation.
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case of hopping, J depends on kg7, and the current through
the molecule is described by the Arrhenius equation (eqn (3)):

J=Jo(V)e B/boT (3)

where E, is the activation energy of the hopping step. Overall,
hopping-mediated transport is thermally activated and shows
a weak length-dependence, while tunneling is a temperature-
independent process and shows a strong length-dependence.
At the molecular level, hopping transport populates and
depopulates frontier molecular orbital states, while tunneling
occurs in the frontier molecular orbital gap. The electronic
structure of proteins is too complex to reduce to frontier mole-
cular orbitals or model atomistically, which makes empirical
parameters like § and J, particularly useful.

To elucidate the charge transport mechanism across the
PSI complexes, we measured current density as a function of
temperature and made Arrhenius plots. The temperature-
dependent measurements were performed on a custom-built
cryogenic probe station in which conical EGaln top-contacts
can be formed in a controlled atmosphere. We were able to
measure J/V data from 130 to 353 K at intervals of 10 K. We
only collected J/V data at each temperature after allowing the
system to stabilize for at least 10 min. The purpose of measur-
ing both above and below ambient temperatures is that rectifi-
cation vanishes when PSI denatures and 353 K is above the
denaturation temperature of both Cyb-PSI and Sp-PSI. Fig. 5A
and B show the Arrhenius plots as a function of inverse temp-
erature through the Au™“*/PCBA//Cyb-PSI/EGaln junctions
measured across the aforementioned range of temperatures
from 130-353 K. The results confirm that charge-transport
through Cyb-PSI is independent of temperature until denatura-
tion, at which point the internal structure of the proteins is
lost. This behavior is consistent with non-resonant quantum
mechanical tunneling, confirming that the mechanism of
charge-transport through intact Cyb-PSI is not impacted by the
presence of PCBA and is consistent with our prior studies
using thiol-SAMs and peptides.’**® At elevated temperatures,
the yields of working junctions decreased from >90% to ~5%
as Cyb-PSI denatured. The non-shorting junctions also showed
a sharp drop in the magnitude of J at the onset of denatura-
tion, which occurs at ~335 K for Cyb-PSI.

Fig. 5C and D show analogous Arrhenius plots for Au
PCBA//Sp-PSI/EGaln. As with Cyb-PSI, these data show that
charge-transport is independent of temperature for Sp-PSI
until the onset of denaturation at ~313 K. This behavior indi-
cates that charge-transport is non-resonant quantum mechani-
cal tunneling for Au™“*/PCBA//Sp-PSI/EGaln, moreover, the
values of J are even more stable for Sp-PSI than Cyb-PSI across
the full temperature range, implying, counterintuitively, that
Sp-PSI forms more stable junctions than Cyb-PSI. The red
ovals in Fig. 5 show the same drop in the magnitude of J (and
yields of working junctions) for Sp-PSI that was observed for
Cyb-PSI. Taken together, these results show that the differ-
ences in quaternary structure and self-assembly that are
readily apparent in Fig. 3 have no measurable effect on the

Mica/
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mechanism of charge-transport, which instead reflects the
similarities in the tertiary structures summarized in Fig. 2.
The apparent lack of thermal activation over long distances in
junctions comprising proteins®> may indeed be a feature of
highly structured nano-objects. Naaman et al. propose a model
in which electronic reorganization occurs at the “entrance”
and “exit” of a nano-object, the electronic structure of which
polarizes in response to the applied field, necessitating the
inclusion of electron-electron interactions in the tunneling
mechanism.”” In any case, the lack of thermal activation in PSI
is demonstrably unrelated to any properties intrinsic to Cyb-
PSI, such as its trimeric structure or higher denaturation
temperature.

Junction stability

Having established that the mechanism of charge-transport is
the same for Cyb-PSI and Sp-PSI and that it is unaffected by
the use of PCBA as a director SAM, we investigated the robust-
ness of these complexes, e.g. the stability of their j/V character-
istics over time. Junctions comprising thiol-based SAMs (e.g.
alkanethiols) degrade quickly in air and require nontrivial
packaging to remain stable for more than a day.”®”® These
challenges have led to increased interest in non-thiol anchors
for SAMs designed specifically for long-lived molecular
junctions.>””’®®° Proteins are particularly interesting in this
regard because they are structurally complex, synthesized with
exact precision by organisms and simple proteins such as
bovine serum albumin are very robust in biomolecular
devices;*! however longevity studies on more complex proteins
with more complex functions, particularly as tunneling media
in junctions are rare enough that there is no established base-
line against which to compare.

We repeatedly measured junctions of Au™°*/PCBA//Cyb-
PSI//EGaln and Au™“*/PCBA//Sp-PSI//EGaln from the same sub-
strates at regular intervals over a period of 100 and 110 days
respectively, during which they were stored on the bench top.
Measurements were performed under ambient conditions in a
custom-built Faraday cage with cone-shaped EGaln top
contact. The junctions remained remarkably stable, yielding
100% non-shorting junctions and stable J/V curves, with the
yield dropping only to 97% for Sp-PSI and 95% for Cyb-PSI by
the last day, after which we stopped acquiring data. Statistics
of EGaln junctions for both Sp-PSI and Cyb-PSI are summar-
ized in Table S1.} Fig. 6 compares the J/V (A-B) and log|R|
(C-D) data of both of Cyb-PSI and Sp-PSI every 10 d (the full
dataset is shown in Fig. S27). Each data point is an average of
12-15 different junctions from 3 different substrates. Both
Cyb-PSI and Sp-PSI show an initial drop in the magnitude of J
on Day 10 compared to Day 1, however, Sp-PSI remains almost
invariant from Day 10 to Day 90, while Cyb-PSI declines stea-
dily. When molecular junctions degrade, they tend to increase
in current as pinholes form in the SAM, eventually shorting.
The PSI junctions are clearly not forming pinholes, rather, the
decrease in the magnitude of J in time suggests that the pro-
teins are undergoing a loss of structure similar to the decrease
in J observed in Fig. 5 as transport switching to hopping when
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Fig. 6 Room-temperature current density versus voltage characteristics of (A) AuM<®/PCBA//Cyb-PSI//EGaln and (B) AuM®/PCBA//Sp-PSI//EGaln
junctions every 10 days during 100 d and 110 d respectively. The conductance of devices fabricated of AuM<?/PCBA//Cyb-PSI//EGaln and Au™<?/
PCBA//Sp-PSI//EGaln junctions decreased after 100 d and 110 d respectively. Plots of log|R|/|V| of (C) AuM<3/PCBA//Cyb-PSI//EGaln and (D) AuMi<?/
PCBA//Sp-PSI//EGaln junctions every 10 days during 100 d and 110 d respectively. The rectification ratio decreases for both Au™M<®/PCBA//Cyb-PSlI//

EGaln and AuM®/PCBA//Sp-PSI//EGaln junctions over time.

heated above the denaturation temperature. In addition to
having a higher denaturation temperature, the primary reason
that Cyb-PSI is commonly used for ex vivo studies is that it
loses its photoactivity much more slowly than Sp-PSI, presum-
ably because it retains its structure longer. The comparison of
studies of photoactivity to J/V properties in junctions is not
entirely straightforward, as activity studies necessarily involve
constant irradiation, but it is reasonable to assume that mem-
brane proteins on surfaces exposed to ambient conditions will
degrade over time. Nonetheless, the observation that the J/V
characteristics of Sp-PSI are significantly more stable over 100
days than Cyb-PSI is counterintuitive because it shows that the
longevity of Cyb-PSI in solution—determined by measuring
photo-activity—compared to Sp-PSI does not carry over into
stability on surfaces—determined by electrical properties.

As discussed above, the relationship between the structure
and orientation of Cyb-PSI and R is well established, allowing
R to serve as a proxy measure of structural degradation; i.e. if
the decrease in the magnitude of J in time is due to a degra-
dation process similar to thermal denaturation (which comple-
tely destroys the ability of Cyb-PSI to rectify), then R will also
change in time. Although R is not commonly used to charac-
terize changes to the structure of molecular junctions in time,

19406 | Nanoscale, 2024, 16, 19400-19412

that is simply because few studies examine junctions that are
long-lived enough to evolve in time. However, R is directly
related to the deliberate inclusion of defects that affect leakage
current.®” Fig. 6C and D shows plots of log|R|/|V| computed
directly from the J/V plots shown in Fig. 6A and B for Cyb-PSI
and Sp-PS], respectively. These data show an initial drop in the
magnitude of log|R| from Day 1 to Day 10, but then very little
change after that and a consistently larger magnitude of log|R|
for Sp-PSI than Cyb-PSI across the entire time period. Both of
these trends are more clearly visible in Fig. 7, which compares
log|R| at V = |1 V| and V = |1.5 V|, showing the initial drop
between Day 1 and Day 10, the subsequent stability of log|R]|,
and the consistently larger magnitude of log|R| for Sp-PSI.
Taken together, the J/V and log|R|/|V| data show that Cyb-PSI
degrades at a faster rate than Sp-PSI, but that the degradation
mechanism is a loss of structural order rather than desorption
and/or the formation of pinholes. These disordered structures
are more resistive than intact PSI, but have a negligible impact
on the yield of non-shorting junctions. These observations are
consistent with tunneling charge-transport; due to the expo-
nential dependence of J on d, resistive defects tend to impact
the magnitude of J, but not physical manifestations of non-res-
onant tunneling such as R and 4.** Treating large-area junc-

This journal is © The Royal Society of Chemistry 2024
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tification ratios of Cyb-PSI and Sp-PSI exhibit fluctuations over approximately 100 days, with a trend showing a decrease from day 1 to day 100. This
decline in rectification ratios suggests a diminishing trend over the observed period.

tions as an array of nanoscopic diodes (intact PSI complexes)
and resistors (degraded PSI complexes), the total current is
shared between all resistors and diodes and the magnitude of
log|R| is insensitive to the number of diodes in parallel, while
the magnitude of log|/| scales with the resistance of each resis-
tor. Thus, as each intact PSI complex degrades and increases
its resistance, log|j| decreases for all values of V, while log|R|
is only affected by the ratio of intact to degraded complexes as
the fraction of the total current carried by resistors increases.

Conclusions

In the context of Molecular Electronics, large-area tunneling
junctions comprising ensembles of molecules have the most
immediate potential utility because they can be prepared in
quantitative yields and wired together in device-like packages.
These advantages are undermined by short-lived junctions and
the tendency of junctions comprising small molecules to fail
by catastrophic shorting. We have shown that ensembles of
PSI complexes formed on top of SAMs anchored by fullerenes
solve both of these problems; yields of non-shorting Au™i¢?/
PCBA//PSI//EGaln junctions are still 97% after three months in
ambient conditions. They retain their ability to rectify current
through a non-resonant tunneling mechanism established by
measuring their electrical properties over 130 to 353 K and do
not precipitate shorts even when degraded or thermally
denatured. The remarkable stability of ensembles of PSI on
electrodes that form spontaneously and with a preferred orien-
tation is broadly applicable in any context in which holes and
electrons are injected/extracted (or photo-generated).
Moreover, we found that PSI isolated from spinach leaves is
significantly more robust than PSI isolated from
Thermosynechococcus elongatus bacteria. Although this work
focuses on empirical relationships between electrical pro-
perties and the structural differences between Sp-PSI and Cyb-

This journal is © The Royal Society of Chemistry 2024

PSI, future computational studies may be able to elucidate the
self-assembly process with enough detail to ascribe the loss of
log|R| to specific structural changes within the complexes
themselves. Nonetheless, the useful and complex functionality
of PSI complexes, the ease and reproducibility of their self-
assembly on electrodes, and the abundance and availability of
spinach-derived PSI make them ideal for applications and fun-
damental studies in Molecular Electronics, in general.

Experimental

Photosystem I preparation and purification from spinach
leaves

All the isolation procedures described for the extraction of PSI
from spinach leaves were performed in a cold room at 4 °C
under dim light. In this study, spinach leaves were purchased
from the local market and then prechilled in a dark cold room
overnight. Isolation of unstacked thylakoids was performed as
described recently with some modifications.®* The leaves were
blended in a buffer consisting of sucrose (0.3 M, Sigma-
Aldrich, 99.5%), NaCl (15 mM, Sigma-Aldrich, >99%), and
tricine (30 mM, Sigma-Aldrich, >90%) at pH 7.8. The slurry
was first filtered through a layer of Whatman filter paper and
then centrifuged for 2 min at 2000g. Unstacked membranes
were isolated at 13 000g for 20 min. The resulting pellet was
suspended in a buffer consisting of ethylenediaminetetraacetic
acid (EDTA) (5 mM) and tricine (5 mM) at pH 7.8 and was
homogenized for 30 min. The homogenized solution was cen-
trifuged for 20 min at 15000g. Unstacked membranes were
suspended in a buffer consisting of sucrose (0.3 M) and tricine
(30 mM) at pH 7.8, homogenized for 30 min, and then centri-
fuged for 20 min at 27 000g. The concentrations of Chlorophyll
a and b were determined in buffered aqueous 80% acetone as
described recently.®® For further separation and isolation of
native PSI, spinach thylakoids were solubilized in 0.5%
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sodium dodecyl sulfate (SDS) (w/v). After homogenizing for
20 min, the sample was centrifuged at 15 000g for 10 min. In
the last step, for the purification, ion exchange chromato-
graphy was used with a diethylaminoethyl (DEAE) cellulose
matrix as an elution buffer containing 20 mM tricine, 0.3 M
NaCl, and 20 mM Tris at pH 7.8. The absorbance spectra for
the solutions collected at different times from the chromato-
graphy column are shown in Fig. S1.1 The collected solutions
from the column containing PSI complexes were then dialyzed.
The PSI suspension was stored at —80 °C.

Photosystem I preparation and purification from cyanobacteria

Photosystem I was extracted from the thylakoid membranes of
the thermophilic cyanobacterium Thermosynechococcus elonga-
tus BP-1 in BG11 (plant culture media, Sigma-Aldrich)
medium under continuous light at 55 °C.*® Thylakoid mem-
branes were prepared using a protocol that combines elements
from two previously established preparation method.?”*® The
purified PSI sample was adjusted to a Chlorophyll a concen-
tration of 300 pM and stored at —80 °C. Chlorophyll a concen-
tration of the resulting PSI solutions was determined by the
methods as described previously by Porra®® and Baba et al.®®

Substrate preparation

For all current-voltage measurements, Au™'“® substrates were

used, which provide a mono-crystalline Au(111) surface. Thin
films of Au were grown on mica substrates (Grade V1, 25 x
75 mm). The adhesion of gold to mica was accomplished by
controlling the temperature. Before Au evaporation, the mica
sheets were heated for 6 h under a vacuum pressure of
1077 mbar at deposit temperature 375 °C. Then the gold eva-
poration onto a freshly 1 mm x 3 mm piece of mica was
accomplished at an evaporation rate ranging from 0.3 A s™* to
0.5 A s™" at 375 °C, followed by 200 nm gold deposition. After
deposition, the Au™*“® was heated for 2 h at 375 °C inside the
vacuum chamber and then cooled slowly down to room temp-
erature (10 °C min~'). For the preparation of samples, the
monolayers of PCBA were formed by incubating the freshly
cleaned Au™“® substrates in a saturated solution of PCBA in
THF for 24 h. The substrate was rinsed with THF and dried
under gentle flow of N,. We then immersed them in two
different PSI protein solutions, one extracted from cyanobac-
teria and the other extracted from spinach leaves, and incu-
bated them for 8 h. After 8 h, the Au™“® substrates on which
protein was deposited were gently rinsed with DI water and
dried with N,.

Temperature-dependent measurements in cryogenic probe
station

By using the EGaln setup as the top contact in the cryogenic
probe station, electrical measurements of samples were per-
formed over a wide range of temperatures. This setup is
specifically designed to create a thermal gradient across junc-
tions by utilizing conical EGaln tips. The upper electrode con-
sists of a conical EGaln tip, while the lower electrode is made
of Au™“®, These components are enclosed within a stainless-
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steel vacuum chamber, equipped with a glass window that
allows observation of the electrodes from the outside using a
camera. A Blackfly 5.0 BFS-U3-50S5C camera with a zoom lens
was used to view the junctions. The J/V measurements of the
junctions as a function of temperature were carried out in a
cryogenic Lakeshore probe station under a vacuum. A code
written in LabView was used to operate the Keithley source
meter (Model 6430 SUB Femtoamp remote source meter) and
record the J/V curves. In this setup, the change of pressure
from ambient to vacuum and solidification of the bulk EGaln
between 243-248 K did not result in shorts, open circuits, or
change the electrical characteristics of the devices notably in
any other way. The devices were slowly cooled, and their j/V
characteristics were measured at intervals of 5 K and 10 K,
allowing the devices to stabilize before performing each scan.
The method relies on EGaln top electrodes stabilized in a
syringe, providing stability and enabling measurements over a
large range of temperatures (150-353 K). In each set of experi-
ments, voltage sweep was 0 > 1V - 0 - —1 V — 0. Data col-
lection involved measuring a total of 12 junctions, with 10
scans performed per junction at each temperature.

Stability measurements at room temperature

For stability measurements at room temperature, electrical
measurements were performed in a custom-built Faraday cage
using a Keithley 6430 source meter in ambient conditions with
cone-shaped EGaln top junctions. Bias was applied to a
syringe filled with EGaln. Data were obtained by sweeping the
potential from —1.0 V to 1.0 V at a scan rate of 0.1 V. For all
measurements, the bottom Au™“ substrate was electrically
grounded while the EGaln top contact was biased. In each set
of experiments, voltage sweep was (0 > 1.0V — 0 - —1.0 V — 0).

Atomic force microscopy (AFM)

The surface morphology of the samples was characterized
using tapping mode AFM (Atomic Force Microscopy) with
ScanAsyst-Air probes (Bruker), which have a spring constant of
k=0.4 Nm™" and a resonance frequency of 70 kHz. The AFM
images were acquired at a scan rate of 0.7 Hz and a resolution
of 512 samples per line. Subsequently, the obtained AFM
images were analyzed using Bruker’s NanoScope Analysis 1.5
software.

Data availability

The data supporting this article have been included as part of
the ESL.}

The open-source software used to process raw I/V data can
be downloaded via this https:/doi.org/10.5281/zenodo.6422417.
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