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Outline

This thesis has been organized in seven chapters:

Chapter 1 is dedicated to an introduction to electron transfer (ET) processes
in biology and the capabilities of Scanning Probe Microscopies to address its
study. This chapter describes the different biological structures involved in
ET processes, focusing in Azurin protein as a model system, and Photosystem
I as a promising candidate for bioelectronics. The objectives of the thesis are
included at the end of this chapter.

Chapters 2 to 6 include the vast majority of this thesis, as they contain the
experimental results. Each chapter is treated individually and comprises a
brief specific introduction to the matter, an experimental section, and results

and discussion.

Chapter 2 presents the study of Azurin metalloprotein with Electrochemical
Scanning Tunneling Spectroscopy (ECTS). This chapter includes the current
voltage characteristics obtained for azurin and the obtention of a transition
voltage value, which describes certain parameters that modulate the electron

transfer process.

Chapter 3 describes the development of a new imaging mode of the
Electrochemical Scanning Tunneling Microscope (ECSTM). This chapter
includes the technical development, the validation of the technique with a
well-known system, and the application of this new imaging mode to the study

of Azurin metalloprotein.

Chapter 4 contains the development of a protocol to electrically insulate
conductive Atomic Force Microscopy (cAFM) tips in order to work in
electrolytic environments. Besides, it details the study of Azurin protein with
cAFM under electrochemical control, including force controlled current-
voltage spectroscopy measurements, and current and force-distances

spectroscopies.

Chapter 5 details the study of different strategies followed to immobilize the
photosystem I (PSI) complex protein to a gold electrode, including the AFM
topographical characterization, and ECSTM imaging, and voltage-dependence

imaging.



Chapter 6 presents ECTS measurements of PSI bound to a gold electrode. The
current-distance measurements are shown for different sample and bias

potentials, and the variance of the distance decay factor is analyzed.
Chapter 7 is reserved for the general conclusions of this thesis.

Finally, there is a summary of this thesis in Spanish, and two appended
sections. Appendix I comprises a list of symbols and abbreviations that have
been used throughout this thesis. Appendix II is a publication and

communication list related to this thesis.

vi
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Introduction

1.1Electron Transfer in Biology.

Electron transfer (ET) is a fundamental process in biology!. Among other
roles, it is crucial for processes related with energy conversion, such as
photosynthesis or cellular respiration, which enable all cell activity. Electron
transfer takes place in and in between proteins, between metal centers or
other cofactors that are separated by long distances. Many experimental and
theoretical efforts have been dedicated to understand the process of ET in
biology, not only for the fundamental interest of the field, but also for the
potential technological applications of ET proteins as components of

biomolecular electronic devices?.

1.1.1 Redox ET proteins

Biological ET mostly takes place in between redox protein centers. The main
redox protein families involved in ET processes are cytochromes, iron-sulfur
clusters and cupredoxins. Combined, these redox proteins cover the whole
range of reduction potentials in biology3. The redox centers of the different
families have different geometries (Figure 1.1), but they all satisfy the
requirements for efficient ET?, 1) minimal change in geometry between redox
states, what minimizes the reorganization energy associated to the ET
process, and 2) efficient electronic coupling between donor and acceptor over

long distances through the protein®.

Heme
Cytochrome b Cytochrome ¢
yochromeb ¢ 5o
R O
o
Fe-S
i 3Fe ferredoxin 4Fe ferredoxin/HiPIP
Rubredoxiny, p 2Fe fen:edoxm . » —o
b \ \_A NS -
X MO QT
s . ) ! b O \.o
Cu

V4
Blue Cu ¢ o Cup
\ / 1 g
= v

Figure 1.1. Active sites of the main redox proteins families for biological ET.
Adapted with permission from (Solomon, E. Inorganic Chemistry 2006 45 (20),
8012-8025). Copyright (2006) American Chemical Society.
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1.1.1.1 Cytochromes
Cytochromes are a family of heme-containing ET proteins, that are mostly
present in the inner mitochondrial membrane of eukaryotic organisms, and in

a wide variety of Gram-positive and Gram-negative bacteria3.

Cytochromes with ET function contain a Fe center hexacoordinated. The iron
atom is fixed into a rigid porphyrin through four equatorial bond and axially
ligated to amino acids such as His, Met or an N-terminal amine group? 4.
Cytochromes are classified into a, b, ¢, d, f, 0 cytochrome types based on the
absorption maxima of the heme macrocycle, which shifts as a result of
different substituents on the periphery of the heme group. Cytochromes c are
involved in biological ET processes in both aerobic and anaerobic respiratory

chains, and are one of the most studied proteins classes3 >.

All different kinds of cytochromes have a rigid redox center, which makes the
electronic structure very similar between them. However, since different
cytochromes participate in different ET pathways, each cytochrome has

evolved its ET properties to match those of its redox partners.

1.1.1.2 Fe-S proteins

Fe-S proteins are found in all forms of life, and play roles in crucial processes
such as photosynthesis and respiration. These proteins show a wide range of
redox potentials and different structural motifs that allow them to interact

with different redox partners, participating in numerous biological processes
67,

The common classification of Fe-S proteins is based on the number of iron and
sulfur atoms and on structural motifs. We can distinguish three major groups:
Rubredoxins, Ferredoxins, and HiPIPs (high potential iron-sulfur proteins).
Each class of Fe-S usually have a common structural motif, different from the
others, but all classes show a tetrahedral Fe coordinated by sulfur ligands*.

Rubredoxins are the simplest among Fe-S proteins.

Ferredoxins are small, highly acidic Fe-S proteins. The Fe-S cluster is
surrounded by a hydrophobic patch, which gives the protein a distinctive
dark-brown color8. Among other functions, Ferredoxins act as the first
electron acceptor in the stromal side of chloroplasts and work as electron

carriers in photosynthesis.
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HiPIPs (High Potential Fe-S proteins) are found mainly in photosynthetic
anaerobic bacteria. HiPIPs contain a [4Fe-4S] cluster with a higher reduction
potential than Ferredoxins, resulting on a [4Fe—4S]2+/3+ state®. They are highly
charged, either acidic or basic, and act as soluble periplasmic electron carriers
in photosynthetic bacteria between the photosynthetic reaction center and

the cytochrome bc: complex3.

Fe-S proteins also include complex Fe-S Centers present in hydrogenases and
other enzymes, and in the Respiratory Complex chain, which we will discuss

in a later section.

1.1.1.3 Cupredoxins

Copper proteins that act as ET mediators (or electron carriers) include blue
copper proteins (or type 1) and dinuclear Cua centers. In cupredoxins, the
metal centers are not fixed in the same way as in the heme groups of
cytochromes, or the iron-sulfur clusters. The protein scaffold play a more
significant role in keeping the geometry of the redox center. In both types of
cupredoxins, Cu present a trigonal geometry and a strong copper-thiolate
bond.

Cua dinuclear proteins have a binuclear copper center bridge by two cysteine
ligands in a CuzSz diamond structure. This type of center is present in
cytochrome c¢ oxidase and other enzymes, which are terminal electron

acceptors of different ET processes.

Blue copper proteins include mononuclear proteins involved in ET processes
like Plastocyanins, Azurins, and multicopper enzymes!?. These copper centers
exhibit an extremely intense light absorption band, which is responsible for
their deep blue color, and a very small Cu parallel hyperfine splitting in their
electron paramagnetic spectrall 12, The copper center structure of the blue
copper proteins is very conserved even between different proteins. In all of
them, the copper is coordinated by two His residues and one Cys residue as
equatorial ligands. The active site structure is predetermined by the protein
scaffold, thus there is no change in the active site at different oxidation states.
Blue copper proteins are found in archaea, bacteria, and plants, where they

act as electron carriers between donor and acceptor proteins in biological ET.

In the group of blue copper proteins, Azurin protein stands out as a model

system to study ET in proteins. Azurin is a small globular protein that acts as
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an electron mediator in bacterial respiratory chains!3. Azurin has a blue
copper center located 8 A below the Az surface and a solvent-exposed
disulfide bridge between Cys 3 and Cys 2614

1.1.2 Respiratory complexes

The mitochondrial respiratory system is the main energy producer in
eukaryotic cells3. It is composed by an assembly of more than 20 discrete
electron carriers group into five multi-polypeptide complexes!s1? and

ubiquinone and cytochrome c as mobile electron carriers. (Figure 1.2)

Succinate Fumarate

Complex I Complex II Complex V

Complex IV

N
CytC
Figure 1.2. Mitochondrial respiratory chain. Schematic representation of the
classic mitochondrial respiratory complexes. (Adapted from Marreiros BBA

201615).

Electrons enter the respiratory chain at complex I (NADH-UQ oxidoreductase)
and complex II (succinate dehydrogenase), where NADH and succinate act as
electron donors to reduce ubiquinone to ubiquinol. Ubiquinol then transfer
electrons through complex III (Cytochrome bc: complex) to cytochrome c.
Cytochrome cis then oxidized by complex IV (Cytochrome c oxidase complex)
and transfer electrons to Oz to produce water. This process is coupled to
proton pumping across the membrane, which generates a proton gradient
across the membrane. This proton gradient is used by complex V (ATP
synthase) to generate ATP.

Mitochondrial Complex I is one of the largest macromolecular assemblies
known and is the largest component of the respiratory chain20. The structure
of the mammalian complex I was determined by cryo-EM at 5 A resolution?!
and more recently at 4.2 and 3.9 A!7 22 | The mammalian mitochondrial

enzyme consists of 44 different subunits (45 in total, as one subunit is present

6
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in two copies?!). Both mitochondrial and bacterial complex I have an L-shaped
structure with one hydrophobic arm embedded into the membrane and the
hydrophilic arm pointing into the matrix space?!-23. For each NADH oxidation,
complex I pumps four protons across the inner mitochondrial membrane,
contributing a major part (about 40%) to the driving force for the ATP
synthesis by complex V20, The electron transfer pathway can be traced
through the protein structure 324 with all redox centers within 14 A from each

other, a maximal distance for electron tunneling?s.

Complex II (Succinate dehydrogenase) is a membrane-bound protein that
consist in four subunits. It has a hydrophilic domain2¢ anchored to the
membrane and a hydrophobic domain not involved in the ET pathway.
Complex II catalyzes the oxidation of succinate with the reduction of
ubiquinone, but this reaction is not coupled to charge translocation through

the membrane.

Complex III (Cytochrome bc: complex) structure varies between different
species: from bacteria where it has three subunits to the mammalian
mitochondrial complex where it shows eleven subunits? 27. This complex
catalyzes the electron transfer from ubiquinol to cytochrome ¢, coupled to the
translocation of two protons through the membrane for each ubiquinol

molecule, contributing directly to the generation of membrane potentiall6 .

In the complex IV (Cytochrome c oxidase complex) takes place the final step
of the mammalian mithocondrial respiratory chain, the transfer of electrons
from cytochrome c to Oz, forming 2H20 molecules. This is a four-electron
reaction that pumps 4 protons per 4 electrons across the membrane. The
complex IV is composed by two catalytic subunits and 11 additional

subunits!s 16,

1.1.3 Photosynthetic proteins.

In a similar organization as the mitochondrial chain, for oxygenic
photosynthesis, three protein complexes are located in the thylakoid
membrane of chloroplast, where electron transfer takes place with proton
translocation across the membrane?5 28 (Figure 1.3). In this case, Plastocyanin
(PC) and quinone act as mobile electron carriers. In the photosynthetic chain,

the Photosystem II (PSII) oxidizes water to produce oxygen and reduced
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quinones. The reduced quinones are then used by the cytochrome bsfto create
a proton grandient across the membrane and to reduce the electron carrier,
PC, which is the electron donor for Photosystem I (PSI). An additional photon
is adsorbed by any of the PSI pigments and transferred to the special pair of
chlorophylls P700, thus oxidizing it. The electron removed from P700 moves
across an internal chain of electronic states and eventually reduces ferredoxin
(Fd), the final electron acceptor of PSI. The P700 is re-reduced by the PC
electron carrier. Reduced Fd is involved in several cellular pathways, mainly
the reduction of NADP to NADPH, which together with ATP power the Calvin
cycle to produce carbohydrates?®. ATPase uses the created membrane
potential to synthesize ATP. These protein complexes are present in all the
organisms that carry oxygenic photosynthesis, cyanobacteria, algae and
plants.

AW

Thylakoid

membi

3193194
Lumen or p-side ¥

Figure 1.3. Schematic representation of the oxygenic photosynthetic electron
transfer chain. Adapted with permission from (Blumberger, J. Chemical Reviews
2015,115(20),11191-11238). Copyright (2015) American Chemical Society.

The crystallographic structure of the four complexes involved in oxygenic
photosynthesis has been described3°-42, and high resolution has recently been

reported for the PSI super complex?29 43,

1.1.3.1 Photosystem II.

Several X-ray crystallographic structures have been reported for PSII 37, 40, 41,
44, The PSII reaction center is composed by two similar proteins D1 and D2,
which coordinate the electron-transfer components#*>. Bordering the reaction
center there are the intrinsic light harvesting proteins CP43 and CP47 that
bind 14 and 16 chlorophyll-a molecules respectively*!. Light harvesting
complex II (LHCII) antenna complexes are located in the periphery of PSIIL. The
LHCII are trimers of light harvesting proteins Lhcb1, Lhcb2, Lhcb3. Each of the
Lhcb proteins bind 14-16 chlorophylls a and b molecules and up to 4
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carotenoids3 46. The energy transfer from these LHCII antenna complexes to
the PSII is mediated by the light harvesting proteins Lhcb4, Lhcb 5 and
Lhcb630,

The oxygen production in PSII involves the oxidation of two water molecules
and the adsorption of four photons. The special pair of chlorophylls P680 act
as the primary electron donor. The absorption of a first photon translocates
an electron from P680 to a bound quinone Qa, via an accessory chlorophyll
and a pheophytin molecule. The bound quinone Qa then reduces a mobile
quinone Qg. The oxidized P680* center has the highest redox potential
observed in a biological system (>1V), and oxidizes an adjacent tyrosine (Yz).
Oxidized Yz extracts an electron from a cluster of four manganese ions, known
as the oxygen-evolving complex (EOC)*7. The EOC binds two water molecules,
a calcium ion, a chloride ion and a bicarbonate ion. A second photochemical
cycle reduces again the mobile quinone, resulting in Qg%. Qg2 takes two
protons from the stromal side and forms QsHz, which is released into the lipid
bilayer, and replaced by an oxidized quinone. At this point, the EOC has two
oxidizing equivalents. After two more photochemical cycles, and it has four

oxidizing equivalents which oxidize two water molecules and produces 0230.

1.1.3.2 Cytochrome bef complex

Chloroplast Cytochrome bsf complex is similar to the mitochondrial
Cytochrome bc; complex30.48 which may indicate that both complexes evolved
from a common ancestor. The cytochrome bsf complex is dimeric. Each
monomer contains four large subunits: cytochrome f, cytochrome bs, an iron-
sulfur protein and the subunit IV, in addition to four small hydrophobic
subunits: PetG, PetL, PetM, PetN36 42, The extramembrane domains of
cytochrom fand the iron-sulfur protein (at the luminal side of the protein) are
shifted in comparison to the bc: complex 36.42, and PetG, PetL, PetM and PetN

have no parallels in cytochrome-bci complex.

In cytochrome bsf, the oxidation of a reduced quinone (bound to the luminal
Qo site) releases two protons to the aqueous lumen. One electron is
transferred from the reduced quinone to plastocyanin (PC) via an iron-sulfur
protein and the cytochrome f. The second electron is translocated across the
membrane through two heme groups of cytochrome bs to reduce a quinone
bound to the stromal Q; site. After a second reduction event, two protons of
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the stromal side have been used to reduce a quinone that then is released into
the lipid bilayer3°.

1.1.3.3 Photosystem I

PSI of higher plants is composed mainly of two parts: the reaction center and
the light harvesting complex I (LHCI) that surrounds the reaction center. LHCI
maximizes the light absorption and transmits the energy to the reaction
center.

The reaction center is composed by 19 subunits. Among them, PsaA-PsaB
heterodimer forms the heart of the reaction center. It contains the special pair
of chlorophylls P700, where the light driven charge separation starts, and the
first electron acceptors Ao (chlorophyll-a), A1 (phylloquinone) and Fx (Fe4-S4
cluster). This heterodimer coordinates ~80 chlorophylls that act as additional
antenna34 49, The terminal electron acceptors of the chain, Fa and Fg, two Fe4-
S4 clusters, are bound to the PsaC subunit. The rest of subunits are involved
in the docking of Fd, PC, and the association with LHCI3%.50.51, The PsaF subunit
has a domain with several aminoacids with a positive charge, which forms an
amphipathic motif in the luminal side of the complex. This domain appears to
be essential for the electrostatical recognition of PC, and for the formation of
a stable PSI-PC complex 5. In the stromal side of the complex, we find an
extramembranous domain, the “stromal hump”, composed of three subunits
(PsaC, PsaD, and PsaE) are closely linked to one another, forming a binding

groove for the electron acceptor Fd>™.

The peripheral light harvesting antenna (LHCI) is composed by four light-
harvesting proteins (Lhcal-Lhca4) arranged into two dimers. LHCI complex
docks with the PsaF subunit side of the reaction center35. The association of
the LHCI to the reaction center is asymmetric, since only one monomer
(Lhcal) binds tightly to the reaction center. The other Lhcas have weaker
interactions with the reaction center3s 52, The composition of the LHCI may be
altered depending on the light intensity or the nutrient availability. This,
together with the flexible interaction with the reaction center is probably

essential for the plant adaption to different light conditions®3.

The PSI reaction center is highly conserved between cyanobacteria algae and
plants. The main differences are that plant PSI is much larger than its
cyanobaterial counterpart 51, and that plant PSI-LHCI is present in monomeric

form, while cyanobacteria present a trimeric PSI. Cyanobacteria also have
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specific light harvesting complexes, as a result of the life at low-light

conditions>54.

In PSI nearly 50 chlorophylls are in close distance to the electron transport
chain and may supply the P700 with excitation energy3+ 3>. In PSI], there are
only two chlorophylls in the central domain, maybe because of the high
oxidizing potential of P680, which might oxidize any pigments in its
proximity30% 41, This could explain why the PSI quantum yield is close to unity,
while the PSII is about 0.8. Also, PSI has two parallel electron transfer chains
that are active, although they work at different rates. In PSII both branches
cannot be active simultaneously, since it would take a much longer time to
reduce twice the same quinone, increasing the risk of the quinone reducing
back the P6803°,

1.1.3.4 ATP synthase

ATP synthase is found in both chloroplast thylakoid membranes and
mitochondrial inner membranes. In cyanobacteria and the chloroplast of algae
and plants, this enzyme catalyzes the ATP synthesis using the proton gradient
generated during the photosynthetic electron transport chain,?s thus storing
the converted energy into a chemical species that can be used elsewhere in
the organism. The structure of ATP-synthase is highly conserved between
organisms, and is very similar to the mitochondrial ATP synthase3?. The
enzyme is a multisubunit complex divided into two main regions, the stromal
region CF1 where the ATP synthesis takes place at specific sites, and the

transmembrane region or CFo.
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1.1.4 Electron Transfer theory

There has been many experimental and theoretical studies to understand
biological electron transfer (ET)25 5671 since Marcus! introduced the

theoretical basis for biological ET.

Marcus theory describes the rate of ET between an electron donor (A) and an
acceptor (B) held at a fixed distance in terms of the driving force for the ET
reaction (-AG°), the reorganization energy required for ET (A), and the

electronic coupling strength (Hag) between A and B at the transition state:
_ 4m3 2 _ (AG"+A)2)
kgr = \/ h2AkgT Hipexp ( 42kgT eq. 1

Where ks and h stand for the Boltzmann and Planck constants, respectively,

and T for temperature. Hag? describes the probability of electron tunneling in
the activated complex, and has an exponential dependence on the distance
between donor and acceptor (das)!. The exponential factor reflects the
probability of forming the activated complex for the reaction, and depends on
-AG° relative to A. Thus, when the driving force equals the reorganization
energy, the rate for ET has an exponential dependence on das (Eq. 2). The key
parameter in this relationship is the distance decay factor (3, characteristic of

the ET mechanism, and the medium between donor and acceptor.

kgr < exp(—Bdup) eq. 2

In biology, charges travel within and between redox proteins over distances
of several nm727¢, which are longer than the distance covered by a single step
tunneling process (up to ~2 nm)%% 77. The way to achieve long range ET is to
arrange cofactors over long chains, each spaced at a tunneling step distance,
so this cofactors can act as intermediators of the overall ET25 78, These
intermediators are not necessarily redox cofactors, it has been reported that
charges can hop using aminoacids side chains along the protein backbone. In
redox ET proteins, multiple ET pathways can exist’9-81, and depend on protein

structure and environment.

Several theoretical models have been developed to describe long-range ET in
biological ET chains including: Superexchange, charge hopping and flickering

resonance mechanism?82 (Figure1.4).
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Figure 1.4. Schemes of the different long range ET mechanism models. (A)
Superexchange, (B) flickering resonance, and (C) hopping models. First site is the
electron donor (D), last site is the acceptor (A), and there are three bridge sites (1,
2, 3). The excess electron is indicated by a Gaussian function, initially localized at
site D. In the SE model (A), thermal fluctuations bring D and A levels into
resonance, followed by tunneling from D to A. The bridge sites remain off
resonance; they only enhance tunneling but are not significantly occupied by the
tunneling electron at any time. In the FR model (B) all five levels are assumed to
be in resonance before the electron transfers to the acceptor. The bridge sites
become partially occupied by the tunneling electron. In the hopping model (C), the
donor D and the nearest neighbor bridge site 1 get into resonance, followed by
electron tunneling from D to 1. This step is repeated three times until the electron
has made four consecutive hops to reach A. Adapted with permission from
(Blumberger, ]J. Chemical Reviews 2015, 115 (20), 11191-11238). Copyright
(2015) American Chemical Society.

In the superexchange (SE) mode for ET, electron tunneling between the
electron acceptor and donor states is mediated by intermediate states,
corresponding to unoccupied states of the medium (bridge). These
intermediate states enhance tunneling with respect to vacuum (lowering the
activation energy), but are not occupied during the process (the electron does
not populate these states). Thermal fluctuations, bring acceptor and donor

states into resonance, and the electron tunnels through the intermediated
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states. Superexchange is a model for direct tunneling, and thus the ET rate
depends on distance between donor and acceptor®. Alternatively to
superexchange ET, hole transfer can also occur via superexchange. In this
mechanism, one of the intermediate sites donates an electron to the acceptor
and then the electron vacancy (hole) tunnels through the occupied states of
the medium. A combination of electron and hole transfer is also possible®8. SE
transfer is predicted to be independent on temperature and this feature has
been used to characterize experimentally the ET mechanism in several redox

proteins.

In the flickering resonance (FR) model, the medium is no longer seen as a pure
bridge, but as a chain of redox states that can accept and donate electrons or
holes. The flickering mechanism takes into account the dynamical nature of
the system®3 and assumes that the charge transfer occurs when thermal
fluctuations align the energy levels of donor, bridge and acceptor. In this case,
the transfer rate has an exponential distance dependence as in the
superexchange model. Biological ET usually involves aligned multiple groups
and redox cofactors, with coupling rates highly sensitive to conformal

fluctuations, that could be explained through the flickering resonance model.

In the charge hopping model, charge transfer between donor and acceptor
occurs through consecutive hops from site to site, with an associated
probability of hopping both forward and backwards. This mechanism shows

weak distance dependence and can explain longer ET distances8*.

1.1.5 ET in proteins and applications to bioelectronic devices

ET proteins have unique electrical and chemical properties including
selectivity and self-assembly®. Many experimental and theoretical
approaches have been used to study these systems and to characterize the
biological ET in which they are involved. Typically, an intramolecular electron
transfer rate would be measured between an electron donor (D) and acceptor
(A) site of the protein, which could be either the natural donor and acceptor
sites, or some other probes that are artificially implanted (e.g. organic
molecules or electrodes). Most of the ker rates for protein ET have been
obtained using flash-quench method58 64-67.86 or pulseradiolysis methods57.87.
Based on the measured ET rates it was shown experimentally that the

logarithm of the proteins’ ker was proportional to the donor-acceptor
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distance, with a characteristic distance decay factor 3 (as shown in eq. 2). The
obtained typical (3 values for proteins were in the range of 10-14 nm! for ET

along B strands and « helices, respectively>8 88,

Protein ET has also been studied by electrochemical methods, where the
protein is assembled in a monolayer onto a working electrode, and the ET rate
of the transfer process between the protein redox center and the electrode is
measured. Electrochemical methods have been used to study ET in a variety
of metalloproteinse: 89-9¢ including cytochrome?®, stellacyanin®, and

multicopper enzymes>7.

The special properties of these proteins make them promising candidates for
a wide variety of technological applications?®, including energetic®” 9%,

biomedical??-191 and environmentall2 applications.

1.1.5.1 Azurin metalloprotein as a model system to study ET

Pseudomonas aeruginosa azurin (Az) is a 14.6 KDa globular protein that acts
as an electron mediator in certain bacterial respiratory chains!3. It is a
cupredoxin protein, with a blue copper center that can switch between two
stable redox states (Cul*/Cu?+). The copper center is located 8 A below the Az
surface and is coordinated by five residues with a distorted tetrahedral
symmetry. Az also presents a solvent-exposed disulfide bridge between Cys 3
and Cys 2614, that can be used to covalently immobilize the protein onto a Au
electrodel? 103-106. Azurin metalloprotein represents a benchmark for the

study of ET in proteins197.

Many studies of the ET process of Azurin have been performed in solution,
using flash-quench methods® 64 108110 or pulse-radiolysis method57 87,
Studies of azurin protein with a Ru redox probe attached to histidine residues
at different points of the protein!!! yielded a distance decay factor of
B~10nm1, in agreement with previous calculations’® and in the same range
as the one obtained for saturated alkyl chains, suggesting that the ET

mechanism was superexchange tunneling in both cases>6 8.

These experiments were performed in solution. Another approach to study
Azurin ET is to immobilize the protein on the surface of an electrode, and
study the ET with electrochemical methods?®? 112-119, This can be achieved
either by covalent bond through the native cysteines (or through

bioengineered ones) to a gold substrate, or through the creation of a self
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assembled monolayer (SAM), that covers the working electrode and acts as a
linker between the electrode and the protein. SAMs allow simple means of
functionalizing the metallic electrode with diverse chemical groups (-CHs, -
OH, -COOH, -NH3) without limiting ET with the solution if the layer is not
thicker than eight carbon-carbon bonds?t. Using different lengths of the SAM,
the distance dependence of the ET reaction was studied®!, which confirmed

the f~10nm! previously reported?? 120,121,

Azurin electron transport properties have also been measured in solid state
configuration, either sandwiched between two electrodes!2z124, or wired in a
molecular junction approach04 106, 125131 The electron transport process of
Azurin trapped between two electrodes showed no temperature dependence
over the 20-360K range?4, indicating tunneling mechanism. However, when
the redox center was modified the temperature dependence changed?4, as
well as when the protein H was isotopic exchanged to D123. Metal - electrode
coupling is the dominant factor for transport, and when the Cu center is
modified, it leads to a weakened coupling and thus a less efficient electron
transport. The fact that the transport is also affected by deuteration of the
protein, indicates that the hydrogen bonding network, by maintaining the
specific protein conformation, has an influence in metal-electrode coupling?23.
These experiments were performed in air, which makes them difficult to

compare to the results obtained in liquid under electrochemical control107.132,

Azurin has shown efficient transport properties along ~3.5 nm, a distance too
long for electron tunneling through saturated organic molecules*. This long
range ET pathway is supposed to be assisted though oxidizable aminoacids

like tryptophan and tyrosine along the protein backbone108,

Azurin redox properties have been further characterized by modifying the
protein residues surrounding the copper center, which tuned its
electrochemical properties and might be interesting for potential
technological applications!33 134, Azurin technological potential is already
being studied in different applications, such as biomemory!35 13¢ and other

electronic devices106 137,

1.1.5.2 Photosystem I as a promising potential device.
PSI acts as a natural photodiode, allowing electron conduction through the
protein complex upon light illumination. Light absorption results in

photoexcitation of the P700 center, which is promoted to its excited singlet
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state (P700*). The excitation of an electron to this high-energy state leaves an
electron vacancy (hole) in P700 that also behaves as a charge carrier, but is
subject to electric forces of opposite sign when immersed in the same electric
field. P700* is rapidly oxidized to P700+ i.e. the high energy electron is
transferred to the primary electron acceptor, chlorophyll a (Ao), and then to a
tightly bound phylloquinone molecule (A1). The cofactor chain is completed
by three [4Fe-4S] clusters, Fx, Fa and Fg, the terminal electron acceptor of
PSI47. These electronic states are organized with progressively lower energy
as they leave the location of the P700/P700* states, and cause the effective
separation of the photogenerated electron toward the Fd bindig site and the
photogenerated hole toward the Pc site. The energy transfer efficiency of PSI

in this process is close to unity!38,

The organization of the cofactors associated with electron transfer, specially
the Fx, Fa and Fgclusters, is quite close to the surface of PSI, which allows rapid
ET with Ferredoxin?3°. This surface accessibility to the electron acceptors and
donors in the chain can be exploited in the study of ET of PSI and in the
employment of PSI for technological applications. All these features make PSI
one of the most investigated systems of ET in biology, both because its
importance4’” and because its promising applications in biomolecular

electronics.

PSI shows a transport efficiency across more than 7nm distance49, and shows
temperature independence over a wide range of temperatures (160-320K) 41,
These results suggest a tunneling based mechanism, but the distance exceed
the maximum length for tunneling observed for organic molecules!42. Also, the
photocurrent of a single PSI molecule!43 resulted higher than expectations
based on the rates of PSI in solution!44. Interestingly, light-induced electron
transfer through oriented PSI is highly spin selective, with the favourable
electron spin being aligned parallel to the biological ET direction in the

protein4s,

The integration of PSI into photoelectrochemical devices has attracted a lot of
attention. PSI complexes, both from cyanobateria or higher plants, have been
applied to photosynthetic energy production involving hydrogen
production?8 146-156 and generation of photocurrents57-161, PST has a quantum
efficiency close to unity, but is limited to absorb ~1% of natural sunlight.
Carmeli et al.162 enhanced PSI light absorption capability with the attachment
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of colloidal gold and silver NPs, which acted as optical antennas. Besides, it
has been shown that PSI isolated from cyanobacteria and plants remain
photochemically active in solid state over 21 days!®3, in aqueous hydrogen
producing bioreactor over 85 days!46 and in wet electrochemical cell over 280

days164,

1.2 SPM to study ET in biology.

1.2.1 Scanning Tunneling Microscopy and Atomic Force
Microscopies.

Scanning Probe Microscopies (SPMs) appeared in the year 1981, with the
invention of Scanning Tunneling Microscopy (STM)165. STM was revolutionary
because it offered a resolution below the light diffraction limit and allowed
visualizing individual atoms on surfaces. Basically, STM consists in a very
sharp conductive probe positioned next to a conductive surface, so close that
the electrons can tunnel between the electrodes (sample and probe). When a
bias potential is applied between the electrodes, a tunneling current can be
measured between them. This tunneling current is recorded by the STM
system and used as a feedback mechanism to adjust the distance between
sample and probe. When the probe is scanning the sample, in order to keep
the tunneling current constant, the STM feedback loop will modify the probe-
sample distance when the probe encounters a feature in the surface. The
correction of the height is recorded during subsequent scans and the obtained
profiles are used to reconstruct a three-dimensional image of the surface of

the sample.

STM achieves high resolution but requires the sample surface to be
conductive. This requirement was overcome when a variation of STM was
developed: Atomic Force Microscopy(AFM)166, Essentially, a nanometrically
sharpened needle is attached to the end of a (micro)cantilever, whose
deflection senses the interaction force at the tip apex. In order to measure
deflection, a laser beam is reflected in the back of the cantilever to a
photodiode. When the tip is moved around the sample while scanning, the
laser beam transduces the protrusions or grooves present in the surface to

electrical signals detected in the photodiode.
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The development of the SPMs was instrumental for the growth and expansion

of the fields of nanoscience and nanotechnology.

1.2.2 Advantages of SPM to study ET in biology

Bulk measurements sometimes obscure the properties of individual
molecules!16.117.167. SPMs allow the measurement of small amounts of protein,
or even single molecules, in vacuum, air, inert atmosphere or liquid medium.
The possibility of working in aqueous media enables studying biological

systems in quasi-physiological conditions.

STM in liquid allows the possibility of controlling the electrochemical
potential of both electrodes (sample and probe) using a bipotentiostat. The
electrochemical STM (ECSTM) works in a four-electrode configuration, where
sample and probe act as working electrodes, and a counter electrode and
reference electrode are added into the electrochemical cell. The potential of
both electrodes are independently controlled by the bipotentiostat. The
difference between the probe potential and sample potential define the bias
potential (Ubias= Uprobe- Usample). Thus, operation of an ECSTM system involves
two simultaneous feedback loops (current-distance controlled by the STM and
current-potential by the bipotentiostat) and the use of special probes:
working in electrolytic media, the probe faradaic current must be minimized
below 50pA in order to allow a reliable measurement of the tunneling current.
Thus, the probe exposed area must be reduced, by electrically insulating the

body of the tip and leaving just the very apex of the probe uncoated?68.

This configuration allows full electrochemical control of the system while
offering the possibility of single-molecule resolution, being ideally suited for

the study of individual redox biomolecules?2 71,105,169,

One of the strongest points of both ECSTM and AFM is the fact that besides
high resolution imaging, they can perform different kinds of spectroscopies,
thereby probing different properties of the sample, relating to its electronic

behavior, and structural and mechanical properties.

ECSTM can perform spectroscopic experiments at fixed points of the sample
surface. Tunneling spectroscopies include current-distance and current-
voltage measurements. In current-distance measurements the ECSTM probe

can be regarded as a redox probe in solution that is located at different

19



Chapter 1

distances along a well-defined axis of the protein05 170, Current-voltage
spectroscopy allows us to obtain the conductance characteristics of individual
biomolecules. The analysis of the experimental data obtained with the ECSTM
provides insights into electron transfer processes at the single molecule level.

AFM imaging in liquid provides information about the topography and
structure of a sample and its mechanical properties. An outstanding property
of AFM is the possibility to operate in aqueous environments on a wide variety
of biological samples, from single molecules such as DNA or proteins to
macromolecular assemblies or even whole cells. Among the different modes
of AFM, conductive AFM (cAFM) represents an excellent tool to investigate ET
through biomolecule junctions. cAFM allows studying simultaneously the
mechanical and electronic properties of a molecular junction, characterizing

the relationship between the molecule structure and its electronic behavior.

1.2.3 ECSTM and CAFM applied to ET proteins

ECSTM has been used to study of model ET proteins such as azurin7% 104-106,112,
137,169, 171 gnd cytochrome!72-174, and also to study redox enzymes!7s 176,
ECSTM has shown that the ET process in azurin involves its Cu ion7% 171,
ECSTM imaging showed that the apparent height of azurin depends on the
applied overpotential, which is defined as the redox potential of the molecule
minus the applied substrate potential. The maximum apparent height of
Azurin is obtained at zero overpotential, that is at its redox potential,
indicating that at this point, the ET process is more efficient, which is

supported by ECTS measurements105 106,137,

Azurin has also been studied using conductive-AFM approaches!28 177, 178,
which showed that the azurin conductance is dependent on the applied
loading force. cAFM have been also applied to study ET proteins like
plastocyaninl’? bacteriorhodopsin80 181 or photosystem 1 141,182,183 in non-

electrolytic environments.

PSI was also characterized by STM and STS84 185, which showed its diode-like
behavior, and studied its dependence with respect to the orientation of the
molecule on the surface. However, its ET mechanism has not been

characterized in an electrochemically controlled environment, like the ones
offered by ECSTM.
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1.2.4 Current challenges

SPMs have been proven very useful to study biomolecules. ECSTM allows
single biomolecule imaging and spectroscopy in quasi-physiological
conditions, and controlling the electrochemical potential of the sample (redox
ET proteins, in our case, which can be reduced and oxidized at will) and of the
probe, which offers a wide potential window to measure tunneling currents

and their dependence with potential and distance.

Many ET proteins are suitable for ECTSM imaging and spectroscopy, once they
are immobilized on an atomically flat electrode. ECSTM and ECTS have shed
light on certain aspects of ET mechanism in ET proteins, but several
experimental challenges lie ahead, such as improving the speed of ECTS
measurements and their spatial resolution. A reliable and rapid method to
obtain the conductance of single molecules at high spatiotemporal resolution
would be very useful to characterize multiredox ET proteins or long electron

transfer chains.

Another important technical challenge is to use cAFM in liquid environments.
This development would allow studying the relationship between the
structure of redox proteins and their electronic behavior under full
electrochemical control. In order to work in electrolytic environments, the
AFM conducting probe requires almost complete insulation except at the very
end of the probe apex!86. Obtaining AFM probes that fulfil this requirement is

challenging due to their complex geometry.

These and other technical improvements would help characterizing
conduction pathways in redox proteins and protein complexes at the
nanoscale, thus providing deeper insights on the ET process in which they are
involved. The combination of such experimental data obtained with SPMs
with the available atomic-level simulations will lead to a better understanding

of cellular bioenergetics and to potential technological applications.
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1.3 Objectives

The general objective of this thesis is to investigate electron transfer in redox
proteins at the single molecule level. To that end, we use Electrochemical
Scanning Tunneling Microscopy (ECSTM) and conductive Atomic Force
Microscopy (cAFM), and we focus on two redox protein systems: azurin, a
small electron carrier protein and photosystem [, a light-sensitive

oxidoreductase protein complex.

In azurin, we aim to study the protein conductance as a function of its redox
state and location on the protein surface, which are biologically relevant
parameters. We are also interested on the effect of technical parameters such
as the contact properties between azurin and the metal electrodes, the
mechanical force applied in such contact, and the requirements to improve the
resolution of current measurements in ECTS. For the latter, we adapt to our
ECSTM setup an alternating current method often used in ultrahigh vacuum
(UHV) STMs. The sensing of mechanical force involves developing a
methodology that combines AFM-based single-molecule force measurements
with single-molecule electrical measurements, while working in an
electrochemically controlled environment. For that purpose, the key technical
improvement is the design and fabrication of new force probes with electrical

insulation against faradaic current.

In photosystem I, we aim to characterize the mechanism of ET at the level of
individual protein complexes. To achieve this objective, we first develop a
method to immobilize complexes on a substrate suitable for ECSTM like
atomically flat gold. In these conditions, we characterize photosystem I by
imaging and spectroscopy, and evaluate its conductance and distance-decay

properties in a wide range of biologically relevant electrochemical potentials.
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ECSTM and ECTS of Azurin Metalloprotein

2.1 Introduction

Azurin is a blue copper protein that acts as an electron carrier in the
respiratory chain of denitrifying bacteria. It contains a Cu redox center that
makes the protein capable of accepting and transporting electrons by
switching its redox state (Cu I/II). Besides, azurin can be immobilized on
single crystal Au <111> surfaces via a dithiol covalent bond, representing a
model system to investigate the Electron Transfer (ET) process in redox

proteins.

ECSTM is an extremely useful technique for the study of single redox
molecules, and it has been widely applied to the study of ET in azurin. No
longer after the first STM study of azurin1%4, ECSTM imaging studies reported
that the Cu center of the protein was the most likely candidate to mediate the
ET process'6% 171 and that the voltage dependence exhibited a resonant- like

behavior in agreement with a multistep tunneling process7t 112,

Beyond imaging, ECSTM can be also used to probe local electronic properties
of the sample by studying the tunneling current and changing the distance
between the electrodes or the electrochemical potentials applied to the
system170. 187 Current-distance spectroscopies of azurin molecules and
ECSTM break junction (ECSTM-B]J) technique have been applied to the study
of azurin on gold under bipotentiostatic in our group prior to this thesist05.106,
Here we performed current-voltage tunneling spectroscopy of azurin protein,
both in tunneling and “wired” configurations, and studied the transition

voltage related to the tunneling barriers of the ET process.

The experiments included in this chapter were initiated by Juan Manuel Artés
as the final project of his Ph.D. thesis, and were completed by Montse Lopez-

Martinez during her training stage.
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2.2 Experimental methods

Chemicals and materials

Azurin and all reagents were purchased from Sigma. Buffer solution was 50
mM Ammonium Acetate buffer (pH 4.55). All solutions were prepared using
Milli-Q water of 18 M) - cm, and were bubbled with Ar right before performing

the experiments.

Electrode preparation.

The Au electrodes used where Au <111> single crystals (Mateck GmbH). The
electrodes were prepared using reported protocols!s8. To clean and ensure a
<111> surface of the single crystals they were flame annealed with a butane
flame for 3 minutes. Then they were let to cool under an Argon stream. The
crystal surface was then electropolished by applying 10 V in a H2S04 0.1 M
solution for 30 seconds. The superficial Au oxide was removed by immersion
of the electrode in HCl 1M for 2 minutes. The electrode was then rinsed with
abundant Milli-Q H20 to remove the rests of HCl. The immersion in HCI and
posterior rinsing was performed twice, to ensure the elimination of any Au
oxide rests. Finally, the crystal was flame annealed again for 3 minutes and

let cool down under an Argon stream.

Azurin incubation.

Protein solution was incubated on the electrode surface for a minimum of 2
hours, following reported protocols to attach azurin on gold1%4 through native
cysteines Cys3 and Cys26, which results in a defined orientation of the protein
on the surface, while preserving its native-like conformation!8® and

electrochemical properties!2 103,

ECSTM measurements.

ECSTM imaging was perform in a PicoSPM microscope head and a PicoStat
bipotentiostat (Molecular Imaging) controlled by Dulcinea electronics
(Nanotec Electronica). A homemade electrochemical cell was used in four
electrode configuration, using a Pt:Ir (80:20) wire as counter electrode and a
miniaturized ultralow leakage membrane Ag/ AgCl (SSC) reference electrode
filled with 3M KCL The potentials of the gold electrode sample (Us) and ECSTM
probe (Up) are expressed against this reference. Pt:Ir ECSTM probes were
prepared as described!¢8. Data were acquired and analyzed using WSxM 4.0

software190,
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For the current voltage measurements, the probe was stopped at a current
setpoint of 0.5nA, and the STM feedback was briefly turned off during the
application of a 0.5V symmetric ramp to Up. The difference between the initial
setpoint current and its value at the end of the ramp (upon restoring the initial
Up, prior to resuming feedback) was taken as a measure of the vertical drift of
the probe during the tunneling I-V recording. Curves were automatically
discarded if the deviation was higher than 10%. For current-voltage
measurements performed with the “wired” configuration, we performed
current-time recordings to spontaneous single wired protein junctions. In this
case, after bringing the probe to tunneling distance to the substrate, the STM
feedback was turned off and the current was recorded as a function of time.
When a molecule bridges probe and sample electrodes, a sudden “jump” or
“blink” in the current is detected (Inink). When an azurin bridge was detected,
a potential ramp was automatically triggered and applied to Up, while the

current signal was recorded.

TVS representations were obtained by two alternative methods. I-V reference
curves (with the ECSTM probe far from the surface) were subtracted from the
individual I-V curves in tunneling regime to remove electrochemical
background currents as previously described!70. Curves were then smoothed
using an adjacent averaging method with a 5000 points window. The obtained
smoothed data was used to produce the TVS representation (Ln (I/V2) vs 1/V).
In an alternative approach, the numerical version®! of the 2-step ET
formalism®2 was used to fit individual I-V. The resulting equation was then
represented in the TVS context (Ln (I/V2) vs 1/V). The minima found in the

plots correspond to the TV in each case.
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2.3 Results and Discussion

2.3.1 Current-Voltage Characteristics.

Current-bias voltage measurements were carried out in tunneling
configuration, where there is no physical contact between the STM probe and
the protein, and in “wired” configuration, where the azurin is in direct contact
with the protein. In tunneling configuration, the tip is positioned within
tunneling distance to the sample. When the tip is stable, the feedback
mechanism is briefly switched off, and a potential ramp is applied to the tip
(Figure 2.1). For the wired configuration, we use the current- versus time
technique, to create spontaneous molecular junctions. We monitor the

current, and when a current step is detected, a potential ramp is applied to the

tip.
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Figure 2.1. a) Experimental setup scheme (Azurin structure PDB: 1jzf). b)
Example of IV recording. A triangular ramp was applied to the probe (WE1(Up))
while the feedback loop was off. Sample potential (WE2 (Us)) was kept constant.
Adapted with permission from reference 192 (Artés et al. 2012). Copyright (2012)
American Chemical Society.
In the current -bias voltage measurements we see two types of curves: one
population with current-rectifying behavior and other population with a
linear/non-rectifying behavior (Figure 2.2). In absence of Azurin molecules,
all the curves showed a linear behavior, thus we attribute the current-
rectifying curves to the Azurin protein. The rectifying behavior depends on
the sample potential (the redox state of azurin) and is in agreement with the
metalloprotein electrochemical behavior10s 137,169,177 At Us = -0.3 V, most of
the molecules are in a reduced state, and efficient electron withdrawal from

the Cu* center to a positively biased probe occurs (Figure 2.2). At Us= 0.2V,
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azurin is oxidized, and the most efficient process is electron injection into the

Cu?* center from a negatively biased probel% (Figure 2.3).
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Figure 2.2. a) 2D I-V histogram showing the IV curves obtained in a sample of
azurin on Au. Us = -0.3 V (reduced azurin); initial Up = 0.5 V; current set point =
0.5 nA; N = 50. (b) Average of the two I-V populations identified in (a),
corresponding to azurin (blue) and Au (black). Gray error bars indicate standard
deviations.
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Figure 2.3. a) 2D I-V histogram showing the IV curves obtained in a sample of
azurin on Au. Us = 0.2 V (oxidized azurin); initial Up = -0.4 V; current set point =
0.5 nA; N = 50. (b) Average of the two I-V populations identified in (a),
corresponding to azurin (red) and Au (black). Gray error bars indicate standard
deviations.

From the IV curves, we can calculate the conductance (G) of the tunneling gap
using the relation G= I/Ubias. From the IV curves obtained in the presence of
Azurin, the conductance was between 106 Go and 10-5 Go. (Go= 2e2/h= 77uS

conductance quantum), in agreement with the reported conductance of

azurin10e,
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Using reported procedures!?3, we calculated the transition voltage (TV) value
for azurin conductance from the IV curves. The TV value helps to describe the
dependence of azurin conductance with the electrochemical potentiall%.
Although it cannot be physically interpreted in the same terms as for small
molecules confined between metal electrodes that undergo coherent electron
transport 142 193, 194 jt js useful for the sake of comparison. The Azurin
transition voltage spectra (TVS) showed minima values distributed around
0.4 V (Figure 2.4), lower than the ones found for other single molecules93 194,
but on the same order as the ones reported for porphyrin dimers measured in
air 195, This low TV value suggests that the effective barrier for tunneling
through a solution is lower than the barrier found in pure tunneling processes

(tunneling through vacuum).

This is in agreement with experimental and theoretical works on tunneling
through an electrochemical environment!87. 188,196-198_[p the context of two-
step ET in a redox molecule, a transition was predicted by theory to occur in
the range where the effective voltage in the redox center is higher than the

reorganization energy of the molecule®.

In(1/V?)

counts

(o] 5 10

1TV (V)

Figure 2.4. TVS representation of smoothed raw-data [-V curves of azurin for Us
=-0.3 Vand initial Up = 0.5 V. The dashed line shows the average I-V curve for the
Au control. The TV is the voltage where the plot displays a minimum. (b)
Histogram showing the distribution of the minima of the plots in (a), which is
centered at 0.37 + 0.03 V. ECTS recordings obtained M. Lopez-Martinez, figure
prepared by JM Artés [and included in this chapter for completeness].
(Reproduced with permission from reference 192 (Artés et al. 2012). Copyright
(2012) American Chemical Society192)
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The TVS can be used to obtain values for the various parameters describing
the ET process. We fit our experimental data to the numerical version of the
Kuznetsov-Ulstrup formalism for adiabatic two-step ET with partial

vibrational relaxation!20 191;

9.73 ,
Iy = 1820kU,;46 {exp [T A +&n+yUpis) ]

9.73 N
+exp [T (A + Upias — N + ¥ Upiqs) ]} eq.1

In which k is the electronic transmission coefficient, Uy;,s = Up — Uy is the
potential difference between probe and sample electrodes; A is the
reorganization energy; 7 is the overpotential, given by n = Us — U,,, where
Uaz is the redox potential of an azurin molecule; and y and § are two model
parameters describing the shifts in Unias and 1 at the redox center, respectively.
The parameters y and § are related to the electronic coupling of the molecule
with the probe and the substrate, respectively. The fitting parameter values

are summarized in Table 1.

tunneling wired
Sample Potential Us (V/SSC) | -0.3 0.2 0.2
Transition Voltage (V) 0.38+0.18 -0.42+£0.08 | -0.06+0.01
Reorganization energy A 0.56 +0.13 0.60 £0.13 0.90 £ 0.40
Probe Coupling y 0.16 £0.04 0.11+0.02 0.92£0.15
Substrate coupling § 0.74 £ 0.22 0.75+0.28 0.64 £ 0.45
Transmission Coefficient k 0.8+0.3 09+0.2 0.7+0.4

Table 1. Average Values Obtained from Fits of the Experimental I-V Curves to the
Two-Step ET Model

Numerical simulations of the TVS representation of the two step ET formalism
show that the stronger modulator of the TV is the electronic coupling with the

ECSTM probe electrode. The TV diminishes when the probe coupling
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increases, indicating that the TV is related to the limiting energy barrier in the

ET process.

In the tunneling configuration, the TV is related to the tunneling barrier
developed through the liquid gap between the molecule and the STM probe,
as described by the distance decay factor f ~ C-TV1/2, with C = 1.05 A-1 V-1/2
193 This expression yields B ~ 0.66 A-1, in good agreement with the value
obtained for azurin under the same experimental conditions by
current-distance electrochemical tunneling spectroscopy (f = 0.5 + 0.1
A—l)los_

We also examined the TVS spectra corresponding to IV measurements of
azurin in a wired configuration, where the STM probe is transiently bound to
the proteinl% using the I-t method!?. In ~50% of the IV recordings, a
minimum was found in the negative branch that corresponded to a very low
TV (-0.06 + 0.01 V), as predicted by the numerical simulations. The lower TV
value reflects the stronger coupling with the probe electrode, which lowers
the energy barrier between the levels of the STM probe electrode and the
molecule. The dependence of the TV value with the configuration (tunneling
or wired) of azurin is an indication that the contact geometry of the electrodes

and the molecule dramatically affects the measured TV193,195,200,

TV marks the transition between two conductance regimes that are in
agreement with the biological activity of azurin: exchange and transport
charges. These results suggest that biological ET could be modulated by the
electronic coupling between redox partners, a concept that has been studied

using electrochemical approaches?01,

2.4 Conclusions

We performed the first [-V measurements and TVS data for a redox protein
under potentiostatic control. In the tunneling configuration, the azurin
conductance revealed a transition with a TV value as low as 0.4 V, in
agreement with studies of porphyrins in air1?. The observed TV is consistent
with previously measured distance decay factors for azurin in electrochemical
environments!%. The ultralow TV values obtained in the wired configuration
show that electrode coupling is particularly optimized in the case of single-

azurin junctions.
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Charge storage202 occurs in the weak coupling configuration, and charge
transfer is favored with strong coupling. From a biochemical perspective,
these regimes are reminiscent of the two basic functions of azurin: to carry
and exchange charge in ET chains. We have found that the TV is strongly
regulated by the electronic coupling of the protein with the STM probe.

In this study, azurin was immobilized, exposing the surface involved in the
transient ET reactions with partner proteins under physiological conditions.
Thus, these results suggest the intriguing possibility of gating between the two
conductance regimes by varying the electronic coupling between the proteins,
for example through the proximity of redox centers and protein-protein

recognition>8 203,
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Differential Conductance Imaging with ECSTM

3.1 Introduction

As we have seen in the previous chapter, Electrochemical Scanning
Tunneling Microscopy (ECSTM) is an excellent tool to study electronic
materials and redox molecules including proteins. Besides imaging, ECSTM
spectroscopic modes provide a wide amount of information. In particular,
current voltage tunneling spectroscopy, provides the local differential
conductance of the sample in electrochemical media. However, it has
several technical drawbacks: the feedback must be briefly switched off to
fix the distance between probe and surface during the potential ramp. In
this interval, the probe is vulnerable to drifting and crashing. The
application of fast potential ramps can also break down the probe
insulation. In addition, a large number of I-U curves must be collected,
processed and statistically averaged to obtain statistically meaningful
results.

In this chapter, we adapted the current-voltage spectroscopy mode of
ECSTM to include a sinusoidal voltage modulation to the STM tip and
current measurement by means of a lock-in amplifier. The lock-in amplifier
renders the derivative of the current-potential curve (dI/dU), which is
proportional to the local density of states (LD0OS)2%4 of the studied surface.
We can use this signal to construct a differential conductance image as we
scan the surface, getting simultaneously a differential conductance image
and the traditional topographic one. This method provides a direct,
spatially resolved measurement of the differential conductance of single
molecules.

We validated and optimized this method using an iron electrode, whose
reversible oxidation in borate buffer is well characterized!70 205, We then
applied Differential Electrochemical conductance (DECC) imaging to gold
Au <111> surfaces coated with Azurin protein, which revealed regions with
different conductance within the protein that bears relevance both for
biological ET mechanisms between metalloproteins and for their

integration on bioelectronic devices106. 137,206,
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3.2 Experimental methods

Chemicals and materials

Azurin and all the reagents were purchased from Sigma. Buffer solutions
were 0.3 M Sodium Borate buffer (pH 7.5) for the Fe electrode
measurements, 50mM Ammonium Acetate buffer (pH 4.55) for the Azurin
measurements. All solutions were prepared using Milli-Q water of 18 MQ -

cm, and were bubbled with Ar right before performing the experiments.

Sample preparation.

Fe electrode was a polycrystalline iron disk 99.99%, 0.3 mm thick and 10
mm diameter. The electrode was mechanically polished with silicon carbide
polishing papers of 9-, 3- and 1-pm particle size, and 0.3-pm aluminum
oxide power. Between each polishing step, the iron surfaces were rinsed
with Milli-Q water. Au electrodes used were Au <111> single crystals
(Mateck GmbH). Electrode preparation followed the same procedure as in

chapter 2.

Protein incubation.

Protein solution followed the same procedure as chapter 2.

ac-ECSTM measurements.

All imaging experiments were carried out with our local ECSTM setup,
described in chapter 2. Data were acquired and analyzed using WSxM 4.0
softwarel?0, STM probes were prepared by an electro-sharpening process
previously described!¢8. All the glass material used for the preparation of
solutions as well as the electrochemical cell were previously cleaned with
piranha solution 7:3 H2S04/H202 (CAUTION: Piranha is extremely
dangerous and should be used with extreme precaution). The ECSTM setup
was modified by introducing an ac modulation to either the probe or sample
potential. Both the ac signal generator and the lock-in amplifier are
integrated in the Dulcinea control system. Tests were also performed with
an external SR530 dual-phase lock-in amplifier (Stanford Research
Instruments, Sunnyvale, CA), obtaining similar results. The STM feedback
circuit was active through the whole measurement. During DECC image
acquisition, the phase of the ac signal is maintained equal to zero, to ensure
that most of the signal recorded corresponds to the resistive (real) part of

the signal. For Fe/FeO imaging, an ac modulation of 25 mV amplitude at 1
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kHz was applied to the probe potential. For the metallic state, potentials
were Us =-900 mV Up= -950 mV. FeO oxide layer was grown keeping the
sample potential at Us = -600 mV for 5 minutes. FeO images were obtained
at Us =-400 mV and Up=-950 mV. All Fe/FeO images were taken at 500 pA
setpoint, with a scan frequency of 0.5 Hz. Topographic images were plane-
subtracted but conductance images shown are raw data. For Az/Au
imaging, ac modulations of 25-50 mV amplitude and 1 kHz were applied to
the probe potential. Alternatively, ac modulations of 25-50 mV amplitude
and 3 kHz were applied to the sample potential. Potentials were kept at Us
=200 mV and Up=-100 mV. All images were acquired at 1 nA setpoint, with
a scan frequency of 0.5 Hz. All the images shown for this system were

substracted a plane.

3.3 Results and Discussion

3.3.1 Experimental setup for differential electrochemical
conductance recordings.

The experimental setup is based on an electrochemical scanning tunneling
microscope (ECSTM) that has been modified to simultaneously record the
topography and differential electrochemical conductance (DECC) of the

sample.

To measure the local conductance, an alternating current (ac) modulation
was added to the bias potential between probe and sample (Ubias = Up - Us).
Consequently, the tunneling current is modulated with amplitude
proportional to the first derivative of I/U. This amplitude can be retrieved
by means of a lock-in amplifier. The differential conductance signal is
simultaneously acquired with the topographic data and can be used to
construct a differential conductance image that is displayed in real time
during normal imaging (i.e. without turning the feedback off, whose

bandwidth is below the employed ac frequencies).

The bias can be modulated via either the probe and sample potentials. As
the probe is virtually grounded in our setup, to modulate the probe
potential (Up), the ac signal must be applied through a virtual channel that
in fact applies the ac signal simultaneously to the sample and the

potentiostatic loop, resulting in a modulation of the bias, that maintains the
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sample electrochemical potential constant (Figure 3.1). The potentiostatic
loop has a bandwidth limitation of 1 kHz, which can represent a limitation
to our setup. As can be seen in Figure 3.2 (red plot), an input sinusoidal
signal of 100 mV applied to the probe was reduced at 100 Hz and severely
attenuated at 1 kHz. In an attempt to overcome this limitation, we modified
the setup to test the alternative configuration, by adding the ac modulation
to the sample potential (Us) as indicated in the experimental scheme of
Figure 3.3. With this setup, frequencies up to 3 kHz could be used without

amplitude attenuation, as shown in Figure 3.2(blue plot).

Bipotentiostat

WE1
AC ’ llp
modulation

generator

probe

Feedback
positioning Lock-in
amplifier

sample

i l (;‘:

U
topographic i AC WE?2 ls
image DECC image \/\/
Ug-Up

Figure 3.1. Scheme of the ac-ECSTM setup. A sinusoidal potential is applied
simultaneously to the sample potential (Up) and the potentiostatic loop, thus
modulating the bias and the tunneling current flowing between probe and
sample (Ip). The differential conductance dlp/dUbias is retrieved by the lock-in
amplifier and used to construct differential conductance images that are
simultaneous to the topographic images and can be correlated with them.

40



Differential Conductance Imaging with ECSTM

1.0 o————o————0—o

05}

@ Probe mod’\

00® Sample mod °
10 100 1k 10k

ac modulation frequency (Hz)

amplitude attenuation factor

Figure 3.2. Amplitude attenuation of a sinusoidal signal of 100 mV applied at
different frequencies to the probe and sample configurations (red and blue
plots, respectively).
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Figure 3.3. Scheme of the ECSTM setup configured to measure the local
conductance by means of an ac modulation applied to the sample potential (Us),
thus modulating the bias and the tunneling current flowing between probe and
sample (Ir). The differential conductance dlp/dUbias is retrieved by the lock-in
amplifier and used to construct differential conductance images that are
simultaneous to the topographic images and can be correlated with them.

The wider bandwidth of the sample modulation setup is convenient to apply
higher frequencies and thus to integrate lock-in signals in shorter time,

potentially enabling faster STM scanning rates and lower noise conductance
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measurements in certain cases. However, it has drawbacks like the lack of
locality and the potential disturbance of redox processes on the sample

surface.

To compare the performance of probe and sample potential modulation in
DECC imaging, we used the highest frequency for which reproducible DECC
imaging could be attained (1 kHz and 3 kHz applied to the probe and
sample, respectively) and we compared several Usc amplitude values. For
all amplitudes, conductance imaging displayed better stability and lower
noise using probe modulation. The results were consistent among different
probes and scan rates. The correlation between topographic and DECC
images can be quantified by Pearson’s coefficient, which ranges between -1
to 1, being 1 for two perfectly correlated images, -1 for inversely correlated
images, and 0 for images that are not correlated?0?. Pearson’s coefficient
improved at higher applied ac amplitudes to the sample, but still was worse
than the results obtained with probe modulation (Figure 3.4). Thus, sample
potential modulation seems to perturb excessively the system, despite
offering a wider bandwidth. These perturbations affect the probe, which
cannot remain steady and properly track the sample topography. In
contrast, modulating the probe potential, higher correlation coefficients are

obtained with lower perturbation amplitudes in the system.
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Figure 3.4. Plot of the Pearson’s correlation coefficient between topography
and conductance images as a function of the modulation amplitude applied to
the probe and sample (left panel) and actual modulation amplitude obtained at
each electrode after circuit attenuation (right panel). Note that a 1 kHz signal
was applied to the probe and a 3 kHz signal to sample.
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3.3.2 Conductance imaging of reversibly oxidized iron surfaces.

We first used DECC imaging to study the reversible oxidation and
passivation of an iron electrode in borate buffer, a widely-studied system
whose local conductance had been characterized previously with ECTS170.
208, This system offers the advantage of reversibly toggling between
different oxidation states of the electrode surface by setting the sample
potential in situ. In Figure 3.5, a cyclic voltammogram of iron displays
current peaks that mark two different potential ranges. At potentials below
the peak (green region in Figure 3.5) the electrode surface is in its reduced
state (Fe (0)) and has metallic properties170 208, At potentials above the peak
(orange region in Figure 3.5), the electrode is oxidized and a mixed
Fe(II)/Fe(IIl) oxide layer is formed on the surface that has semiconducting

properties20s,

Fe(11)/Fe(lll)

100 |
10 -08 06 04 -02 00
U (V vs Ag/AgCl)

sample

Figure 3.5. Cyclic voltammetry of the iron electrode in borate buffer. The green

region indicates the potential range corresponding to the reduced Fe (0) state,

and the orange region marks the oxidized Fe(II)/Fe(III) state.
Using the ECSTM described in Figure 3.1, we obtained topographic and
DECC images of the electrode surface in each potential range,
corresponding to reduced iron (Figure 3.6a) and to the oxidized metal
(Figure 3.6b). At 500 pA setpoint current, the oxide film displays a similar
topography to the metallic one but deposits up to 100 nm of size are
occasionally found in the images. DECC images in the right panels of Figure
3.6a and Figure 3.6b are obtained from the output signal of the lock-in
amplifier during the application of 25 mV modulatory potential amplitude
at 1 kHz to the STM probe potential. DECC images appear as ‘flat’ images
(i.e. having nearly uniform conductance), with a faint reflectance of
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topography. However, the differential conductance of metallic surfaces is
significantly higher than that of oxidized surfaces (compare the right panels
of Figure 3.6a and Figure3.6b). The distribution of differential conductance
values (lock-in amplitudes from DECC images) is shown in the histograms
of Figure 3.7 for the two redox states. The average conductance (peak of the
green histogram in Figure 3.7) is 2.54 times higher than the one obtained
from the Fe(II)/Fe(III) semiconductor surface (orange histogram in Figure
3.7). This result is in very good agreement with the conductance ratio of
2.44 obtained in the same system by ECTS!79, calculated from the slopes of
[-Up curves for Us=-900 mV (Fe(0)) and Us=-400 mV (Fe(1I)/Fe(III)), both at
Up=-950 mV.

20 nm

topography

oy

Fe (I1) / Fe(lll)

Figure 3.8. a) and b) Simultaneous topographic and DECC (dI/dU) images of the
reduced and oxide surfaces, respectively. Metallic images were obtained at Us =-
900 mV, Up=-950 mV; oxide images were obtained at Us =-400 mV, Up=-950 mV.
All images were acquired at 500p A setpoint with an ac modulation applied to the
tip potential of 25 mV amplitude and 1 kHz frequency. Scale bar corresponds to 50
nm. Both DECC images (right) show a reflection of topography, but indicate that
the measured conductance is rather uniform over the surface.
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Figure 3.7. Histogram of the differential conductance values corresponding to
the two redox states

3.3.3 DECC imaging of Azurin on atomically-flat gold surfaces.

After obtaining differential conductance images under bipotentiostatic
control, we studied a biomolecular redox system: Azurin on atomically flat
gold surfaces. Previous ECTS studies of the Azurin-Au(111) interface
showed that the protein displays current rectification, in contrast with the
gold ohmic behavior92. Thus, the topographic and electrical properties of
this system make it a good candidate to obtain spatially resolved differential

conductance images at high resolution.

Figure 3.8 shows simultaneous topographic and DECC images of individual
Azurin molecules on an atomically flat gold terrace, obtained by applying ac
modulation amplitudes of 25 mV (Figure 3.8a) and 50 mV (Figure 3.8b) at
1 kHz applied to the STM probe potential. The comparison between Figure
3.8a and Figure 3.8b shows that DECC images can be better resolved at 50
mV. The conductance of bare gold and Azurin regions can be calculated from
the average of lock-in values in those regions in DECC images (the
corresponding histograms of Ulck-in are shown in Figure 3.9a) divided by
the amplitude of the modulation potential Ua.. The resulting differential
conductance (Gac = Ulock-in/Uac) is plotted in blue in Figure 3.9b and yields
similar values at 25 mV and 50 mV. Note that in the conditions used to
record the topographic and DECC images (tunneling current feedback at
0.5nA, Up=-100 mV and Us=200 mV, Upias=-300 mV, Gdc = Itunnel/Ubias
=0.55+0.27 nS106) the differential conductance of Azurin appears higher
than that of gold. This result is probably due to the different I-U
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relationships displayed by gold (ohmic) and Azurin (nonlinear), which yield
higher dI/dU slopes for the latter192,

topography DECC

Figure 3.8. Simultaneous topographic (left) and DECC images (right) obtained
by ECSTM at different ac modulatory amplitude applied to the probe: 25 mV (a)
and 50 mV (b), both at 1kHz. Scale bar corresponds to 20 nm.
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Figure 3.9. a) Histogram of the lock-in values of 50 random Az molecules (red)
and the lock-in values of 50 pixels of background (black). All values were
obtained from the same unprocessed image (ac amplitude of 50 mV applied to
the probe). b) Taking 40 images of 50 nm x 50 nm, the average of lock-in values
of Az molecules given in mV (red dots, left axis) is proportional to the
modulatory amplitude (25 mV and 5 OmV) and yield similar ratio values
(corresponding to the unit-less conductance; blue dots and right axis).
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We further analyzed the effects of the scanning direction in DECC images.
Figure 3.10 shows topographic images (at 1 nA current setpoint) and DECC
images (at 50 mV modulatory amplitude) corresponding to the forward
(Figure 3.10a) and backward (Figure 3.10b) directions of subsequent probe
scans over the same line on the sample surface. In forward scans, the probe
oves from left to right in the image, and in backward scans it goes from right
to left.

topography DECC

Figure 3.10. Simultaneous topographic (right) and DECC (left) images, obtained
with the probe potential modulation configuration (50 mV, 1 kHz, 1 nA setpoint,
Up =-100 mV, Us= 200 mV). Forward (a) and backwards (b) scan directions are
presented.
The correlation between topographic and DECC images was quantified
through the Pearson’s co-localization coefficient, which ranges between -1
to 1, being 1 for two perfectly correlated images, -1 for inversely correlated
images, and 0 for images that are not correlated??’. Figure 3.11a and Figure
3.11b display an example of co-localization test to a 25 nm x 25 nm region
indicated in Figure 3.10a and Figure 3.10b. Figure 3.11a displays the scatter
plots of the co-localization between topography and DECC images for the
forward (black) and backward (red) directions. The linear adjustment of
this scatter plots (blue for forward direction, red for backward direction)
give the Pearson’s coefficient. Figure 3.11b shows the co-localization map
for the forward topography and DECC images, where both images are
superimposed and the co-localized spots are highlighted in white.
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Figure 3.11. a) and b) show an example of quantification of the correlation of
topographic and ac conductance images. a) scatter plot for the co-localization
topography-DECC for the forward (black dots, blue lineal adjustment, Pearson’s
coefficient 0.327) and the backward (red, Pearson’s coefficient 0.340 )
directions. b) colocalized pixel map for the 30x30 nm area indicated in Figure
3.10a image. c) Histogram of the Pearson’s correlation coefficients calculated
from 40 images with a 50 x 50 nm?2 area, for both forward (black) and backward
(red) scans.
The correlation between topographic and DECC images is not affected by
the scanning direction, as indicated by the similar distribution of Pearson’s
coefficients in pools of forward and backwards images (Figure 3.11).
However, differences in the lock-in response between forward and
backward scans can be seen at gold monatomic steps. An increase in
differential conductance along ascending steps is observed in forward
images (Figure 3.10a) whereas the conductance is reduced in backwards
images, corresponding to descending steps (Figure 3.10b). Although
electronic changes in the LDOS2% and in the work function?1? have been
reported at topographic steps, the main cause of these features is probably
mistracking of the STM feedback system. When the probe is scanned over a
descending step, the distance between probe and sample (tunneling gap)
may transiently increase due to a delayed feedback response, which
decreases the tunneling current and the differential conductance.
Conversely, the probe-sample distance may transiently decrease in
ascending steps. This effect has been reported in solid semiconductor
substrates?!1. Interestingly, it is not observed in Azurin proteins, which

always appear as elevations in topographic and DECC images.

In DECC images with a size of hundreds of nanometers (e.g. Figures 3.8 and
3.10), Az molecules appear as bright spots over the gold surface. At higher
magnification, imaging of individual proteins revealed sub-molecular
conductance features. Figure 3.12 shows high resolution topographic and
DECC images of a single Az protein. A bright, high differential conductance
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spot near the center of the protein can be observed, surrounded by a lower
conductance region. The high conductance spot appears at the same
position in both scan directions (Figure 3.12a and Figure 3.12b), which
rules out artifacts related to the topography or feedback mistracking. The
higher differential conductance of Az with respect to the gold substrate may
be due to the nonlinear I-U characteristics of the protein, as discussed

above?!2,

Onm EEEEETT11.5mm -50mVEEEEEET 1 50 mV

backwards

Figure 3.12. Simultaneous high resolution topographic and DECC images (left
and right, respectively), obtained with the ac modulation applied to the probe
(50 mV, 1 kHz, 1 nA setpoint, Up = -100 mV, Us= 200 mV). Scale bar, 5 nm.
Forward (a) and backwards (b) directions are presented. A single Azurin protein
is present and displays a sub-molecular spot with high differential conductance
surrounded by a lower conductance region. c) Top-view representation of an
Azurin protein (PDB: 1AZU) on an atomically flat gold (111) surface, according
to a previously published model 213. The protein is bound to the surface through
a pair of cysteine residues (indicated in green) and exposes to the aqueous
solution a patch of hydrophobic residues (blue) that surround the Cu I/II redox
center (brown).
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A similar feature was reported previously in high resolution topographic
ECSTM images as a bright central spot in Az molecules that was attributed
to the copper ion in the protein active sitel6?. We observed that the ac
modulated signal (dI/dU) is more sensitive to conductance changes than
topographic features, allowing to clearly resolve a high conductance spot of

Azurin in DECC images (right panels in Figure 3.12).

Simulations of Az conjugated to a gold (111) surface?!3 concluded that the
preferred orientation of the protein is almost lying down on the surface. The
molecule, covalently bound through two surface cysteines (colored green in
Figure 3.12c) is expected to lie down with its hydrophobic patch (blue in
Figure 3.12c) oriented upwards. This solvent-exposed hydrophobic patch
surrounds the Cu center, and plays a major role in electron transfer6 214,
215, In this configuration, the Cu center would be facing the probe, thus
favoring the electron transfer between them. These results are in
agreement with the high conductance spot that is observed at the center of
Azurin proteins (Figure 3.12) and together lend support to the idea that ET
through Az is mediated by its copper atom7% 169, In the context of biological
ET between redox proteins and their partners, protein regions with high
conductance can be associated to specific, high electronic coupling sites

required for efficient electron exchange192.

3.4 Conclusions

We have developed a method to obtain differential conductance images of
a surface under electrochemical control. The technique is useful to
characterize materials surfaces like the reversible oxidation of an iron
electrode, whose conductance and topography can be monitored

simultaneously in different redox states.

The conductance changes between reduced and oxidized iron measured
with this technique are in agreement with previously published results, and
display several unique advantages over the classical method to measure the
local conductance in solution: a low-noise dI/dU signal is measured in a
narrow potential range (leading to a low electrochemical perturbation of
the system, comparable to that of electrochemical impedance
spectroscopy?1¢) and averaged continuously at high frequency without

interrupting the feedback control.
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DECC imaging has also been used to characterize a bioelectrochemical
system, the redox protein Az on a flat gold surface. Simultaneous
topographic and conductance images of individual proteins were acquired
under bipotentiostatic control of probe and sample in the aqueous solution.
Conductance images revealed a sub-molecular resolution spot in the
protein that indicates the existence of an ET pathway towards a localized,

high electronic coupling site.

DECC imaging offers many opportunities to functionally characterize
electroactive materials, nanoelectronic devices and redox biomolecules
including multisite proteins. As a non-contact approach to measure the local
differential conductance, it could also be combined with STM-based break-
junction methods, which are extensively used in molecular electronics217-
219, DECC imaging of molecular devices and chemically functionalized
surfaces would allow assessing their uniformity and reliability, which are
crucial technological aspects in micro- and nanofabrication?20. It may also
open new possibilities to study the heterogeneity of single molecule
devices26. In redox proteins complexes, DECC imaging can be used for
electroactive site spotting in combination with the control over protein
orientation on the surface (e.g. by engineering cysteine residues or
alternative linking chemistries) and ET computer simulations, potentially
leading to the experimental verification of certain conductance pathways in

three dimensions.
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4.1 Introduction.

Conductive atomic force microscopy (cAFM) is an excellent tool to investigate
the electron transport through molecular junctions. It offers the possibility to
study simultaneously the mechanical and electronic properties of a molecular
junction, and allows investigating the relationship between the structure of a
molecule and its electronic behavior. This technique has been applied to
different systems, including ET proteins28. 178,179, 221-223 ip non- electrolytic

environments.

Working with AFM in aqueous solution allows studying redox proteins in
nearly physiological conditions under full electrochemical control, but is
technically challenging. In order to work in electrolytic environments under
potentiostatic control, the EC-cAFM conducting tip requires insulation in all
its body except at the apex. There is a lack of affordable commercial solutions
for this problem, and thus several approaches have been reported to fabricate
tips that satisfy this requirement. Most of these approaches are based either
in modification of commercial tips or microfabrication of tips that require
many micro- and nanofabrication steps186.224-229, Some other methods, like the
one developed by Abbou et al.230 in Dr. Demaille’s group, involve a fabrication
process that can be entirely done in a regular laboratory, without requiring

nanofabrication tools facilities.

Here, we aim to develop a protocol to obtain cAFM probes able to work under
electrochemical media. For that we have followed two approaches: we applied
the methodology reported by Hong et al.23! to coat commercial tips with an
Alumina layer, and second, we adapted the coating technique reported in
Abbou et al.230 to commercial tips. We obtained insulated conductive AFM tips
with low leakage currents (<50 pA) and performed preliminary break
junction experiments on a gold electrode by creating and breaking Au

molecular wires in an electrolytic media.

In parallel, thanks to a collaboration with Dr. Demaille’s group, we used the
homemade AFM-SECM probes developed in this group?39, which had been
already applied to different systems232-234 to study gold surfaces coated with
P. Aeruginosa Azurin in an electrochemically controlled media. With these tips
we created force controlled junctions Au-Azurin-Au and explored their

current-voltage (I-V) characteristics as a function of the applied force and the
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protein redox state. We also performed simultaneous force and current
spectroscopic measurements of this system under electrochemical control.
These experiments where performed in Dr. Demaille’s lab at the Laboratoire
d’Electrochimie Moleculaire (LEM) at Université Paris Diderot-Paris 7, in two

research stays during the thesis.

4.2 Experimental methods

Chemicals and materials

Azurin and all reagents were purchased from Sigma, unless otherwise
specified. The electrolyte for leakage current testing was Na2S04 0.2M. Buffer
solution for the Azurin measurements was 50 mM Ammonium Acetate buffer

(pH 4.55). All solutions were prepared using Milli-Q water of 18 MQ - cm.

Au electrode preparation.

Two kinds of Au electrodes were used for these measurements.

For the measurements performed in our laboratory in Barcelona with the
coated commercial tips, Au (111) single crystals (Mateck GmbH) were used.

The electrodes were prepared as described in chapter 2.

For the electrochemical cAFM measurements performed in Dr. Demaille’s lab
in Pairs, flat gold evaporated substrates were produced by template-stripping
of a 200 nm thick gold layer deposited on mica, as previously described?35.
Briefly, the gold layer was deposited on a freshly cleaved mica sheet in the
vacuum chamber of a BOC Edwards auto 306 vacuum system. The mica sheet
was positioned 20 cm above pure gold (99.999%), which was then evaporated
under a pressure of 2 x 10-¢ mbar onto the mica surface at the rate of 0.1 nm/s.
The evaporation was complete after a 200nm thick Au layer had been
deposited. The gold-covered mica sheet was then glued (epotek 377) onto a
clean glass slide and cured in an oven at 150 °C for 1.5 h. The mica-gold-glass
sandwich was stored and the gold surface was separated from the mica just
before use. To separate the gold surface from the mica, the mica-Au-glass
sandwich was immersed in THF for several minutes, after which it was
possible to easily pull the mica from the gold surface. The gold surface was
then thoroughly rinsed with ethanol and Milli-Q water. An adhesive
perforated Teflon mask was then glued to the gold surface, leaving a disk-

shaped area of bare gold 0.76 cm in diameter.
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Azurin incubation.

Protein solution was incubated on the electrode surface as described in

previous chapters.

Commercial tip coating.

Commercial tips were single beam rectangular silicon cantilevers with a Pt/Ir
coating CONTV-PT, and V-shaped Au coated tips NPG-10, both from Bruker
AFM probes. Two different methods were used to coat commercial cAFM

probes: atomic layer deposition and electrophoretic deposition paint.

Atomic Layer Deposition (ALD) of an Alumina layer (Al203) was performed at
the Clean Room at the Nanoquim Platform at ICMAB, with Dr. Edgar Le6n. The
tips were previously cleaned with ethanol and Milli-Q and dried with a N2 flow.
The tip holders were sonicated in acetone for several minutes, then rinsed
with ethanol and Milli-Q water. The tips were mounted on to the holders and
introduced into the ALD chamber. Once inside the ALD chamber, they undergo
a cleaning step with ozone. Then we proceed with the Al;03 deposition at a

rate of 0.9 A/s at 200 °C until we achieve a 20 nm layer thickness.

Coating with Electrophoretic Deposition Paint (EDP) was performed with an
Autolab potentiostat (MetroOhm). Prior to the coating, the tips were rinsed
with ethanol and Milli-Q water and dried under a N2 flow, and then cleaned in
a UV-Ozone cleaner (BioForce NanoSciences) for 15 min. The electrophoretic
deposition paint was a sample kindly provided by Mcdermid. The paint was
diluted 1:1 and sonicated prior to use. For the deposition step, a two-electrode
configuration was used, using a Pt/Ir wire as a counter electrode. Two
different procedures were followed, either we applied a fixed potential of -10
V to the tip for 5 min, or we applied a potential ramp, from 0 to -5 V at a 50
mV/srate. After the coating, the tips were rinsed with Milli-Q water to remove
the possible excess of particles and the paint was cured at 110-160 °C for

different curing times.

Leakage current tests

Leakages current tests were performed in a three-electrode cell with the tip
as a working electrode, a Pt/Ir as counter electrode and Ag/AgCl reference
electrode. The tip was immersed in the electrolyte (Na2zS04 0.2 M) and a
constant voltage of 100 mV was applied to the tip, while we measure the

current response with time.

57



Chapter 4

Exposure of the tip apex and Force spectroscopy tests

Force spectroscopy tests were performed in an AFM Dimension 3100 equiped
with an extended TUNA unit and controlled with Nanoscope IV electronics
(Bruker). The coated tip was placed on the holder, and the metallic parts of
the holder were coated with Lacomit varnish (Agar Scientific) for electrical
insulation. An Au single crystal (111) was used as a substrate. To discover the
apex of the tip, the tip was brought to contact the gold electrode in air. Then a
combination of pulses and mechanical abrasion was applied to the tip until
there was some current detection. Once we had current detection, we proceed
to work in liquid in 0.2 M NazSOa electrolyte, were we performed repeatedly

force curves over the substrate for different bias and velocities.

Cantilever spring constants were calibrated with a MFP-3D AFM (Asylum

Research) by using the equipartition theorem (thermal noise routine)?236.

Preparation of EC-cAFM tips

EC-cAFM tips were provided by Dr. Demaille, and were prepared following a
reported protocol largely detailed in230. Briefly, a 60 um diameter gold wire
was flattened, and its extremity was successively bent and etched to obtain a
flexible cantilever (spring constant in the 1-4 N/m, fundamental flexural
frequency~2-3 kHz) bearing a conical tip with a spherical apex in the ~100
nm range in radius. The tip was fully insulated by deposition of an
electrophoretic paint and glued onto an AFM chip. The apex was selectively

exposed to act as a current-sensing nanoelectrode.

EC-cAFM measurements.

The EC-cAFM experiments were performed with a Molecular Imaging
PicoSPM AFM microscope (Scientec, France), which was modified and
operated as previously described?35. A homemade bipotentiostat enabled us
to independently apply the electrochemical tip and substrate potentials with
respect to a Pt/PPy quasi reference electrode described below, using a Pt wire
as counter electrode. The Molecular Imaging PicoSCAN controller was used to
generate the tip potential and to acquire the tip-current data. Experiments
were carried out in situ in a fluid cell containing an aqueous 50 mM AcNH3
buffer electrolyte solution. During the experiments, the microscope head was

placed inside a homemade vibration-proof Faraday cage.
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The polypyrrole quasi-reference electrode (Pt/PPy) was fabricated according
reported protocols?37 previously used in the group?34. Briefly, a polypyrrole
film was electrochemically deposited on a platinum wire by cyclic
voltammetry (50 cycles between -0.6 and 1.4 V vs SCE) in an acetonitrile
solution containing 0.01M pyrrole and 0.1M BusNPFs. The final cycle was
stopped at 0.65 V/SCE for 30 s to partially oxidize the film. The Pt/PPy quasi-
reference electrode was rinsed with acetone and soaked in pure acetonitrile
for 1h. Then it was immersed for 30 min in our measuring buffer (50 mM
Ammonium Acetate), to exchange the PF¢ for ion Acetate. The quasi reference
electrode was stored in the measuring buffer and calibrated against a KCI
saturated calomel electrode before each experiment. The quasi reference
electrode showed a stable OCP of 0.130 V vs the SCE.

For the force modulated current-voltage measurements, the tip was brought
into contact to the surface applying different forces. Once the contact was
stable, a triangular potential ramp of 0.5 V was applied to the tip potential at
50 mV/s rate. The probe was moved between curves to ensure a
representative data collection. The curves were performed at three different
sample potentials: Us= 10 mV, 150 mV and 250 mV vs Ag/AgCl. The tip
potential ramps always started at the tip potential implying the more negative

bias (belng Ubias=Utip'Usample) .

Force and current spectroscopy curves were acquired by approaching and

retracting the tip from the sample at 25 nm/s using the deflection as feedback.

Data was acquired through the Molecular Imaging PicoSCAN controller and

analyzed using Origin.
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4.3 Results and Discussion

4.3.1 cAFM probe insulation techniques

In our aim to obtain a simple protocol for obtaining conductive AFM tips that
could be used in electrochemical media, we followed two strategies to
electrically insulate commercial conductive AFM tips: coating commercial tips
with an Al203 layer with Atomic Layer Deposition, or coating the tips with a

layer of Electrophoretic Deposition Paint.

4.3.1.1 Insulation with Al20s.

Hong et al.231 developed a method to improve the resolution of cAFM tips up
to ~1nm. This method was based in coating a commercial cAFM tip with an
insulating layer (Al203) and creating a metallic microwire in its apex
electrically. Inspired by this work, we decided to test this methodology for the
fabrication of cAFM tips that could work in an electrochemical media.

In collaboration with Dr. Francesc Pérez-Murano and Dr. Narcis Mestres from
the Universitat Autonoma de Barcelona-ICMAB, we used Atomic Layer
Deposition (ALD) to deposit a conformal 20 nm Al203 layer on commercial
conductive AFM tips. The deposition conditions were 0.94/s at 200 °C. The
small size and the geometrical shape of the tips can be a challenge for the
coating, thus we used a thicker (20nm) layer than the ones reported by Hong
etal,, and choose high temperature depositions that would lead to more dense

layers.

Some of the Al203 coated tips low leakage currents as required by cAFM,
(Figure 4.1) but in general this parameter was not very reproducible. Half of
the tips showed current leakages above 1 nA, and only 10% showed leakages
below 100 pA. This lack of reproducibility could be due either to the Al203
layer not depositing uniformly on the tips, or to the porosity of the layer, that
does not insulate completely the body of the tips.
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Figure 4.1. Leakage currents of Al203coated c AFM tips. Black line corresponds to
the leakages of an Apiezon coated STM tip for comparison. The different red lines
correspond to different Al203 tips. All tips were tested in a three-electrode
configuration using a Pt/Ir wire as a counter electrode and a Ag/AgCl reference
electrode. The electrolyte was Na2504 0.2 M, and applied voltage was 100 mV.

4.3.1.2 Electrophoretic Deposition Paint coating

As an alternative approach, we used electrophoretic deposition paint (EDP) to
coat commercial cAFM tips. EDP had been previously used to coat fabricated
tips for AFM-SECM230. 238,239 and STM tips'®8® with very low leakages currents
results. With this technique, the deposited layer can be optimized by tuning
the potential applied to the tip.

We coated the tips following mainly two different strategies of deposition of
the paint: applying a continuous DC potential to the tip for a determined time,

or applying a potential ramp to the tip.

For the tips coated with a continuous dc potential, it was possible to optimize
the conditions to get reproducible, low leakages tips. The applied potential to
the tip was -10 V, after discarding more negative potentials (-30 V) that seem
to damage the conductive coating of the tip. Then the curing step for the paint
was optimized (Figure 4.2a) leading to a 15min curing time. With these
conditions, we were able to obtain low leakage tips (Figure 4.3b), with better
reproducibility: ~80% of the tips had leakages below 0.2 nA, and ~30% had
leakages below 50 pA.
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Figure 4.2. Leakage currents of EDP coated tips. All the tips were coated applying
-10V during 5 minutes to the tip. a) Leakage comparison for different curing times
for the paint, varying from 15 min to 120 min at 110°C. b) Leakage currents of 10
tips coated applying -10V to the tip, with a curing time of 15 min. All tips were
tested in a three-electrode configuration using a Pt/Ir wire as a counter electrode
and a Ag/AgCl reference electrode. The electrolyte was Na2S04 0.2M, and applied
voltage was 100mV.

Although several of these coated tips had a good enough current leakage to

test them in the ¢ AFM, in more than 50% of these cases the shape of the tip

was slightly compromised by the paint layer, being the paint layer too thick

for the laser of the AFM to reflect on it.

Tips coated with a potential ramp instead of a continuous DC potential,
showed no alteration in their shape (Figure 4.3), neither with rectangular
cantilevers nor with triangular cantilevers. The success rate was even higher
than with the DC continuous potential and ~70% of the tips showed current

leakages below 50 pA.

a

0 20 40 60 8 100
time(s)
Figure 4.3. a) Leakages current of cAFM tips coated with EDP applying a ramp of

potential from 0 to -5 V at 50 mV/s, tested in a three-electrode configuration using
a Pt/Ir wire as a counter electrode and a Ag/AgCl reference electrode. The
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electrolyte was Na2S04 0.2 M, and applied voltage was 100 mV. b) and c)

photographs of a (b) Pt/Ir coated rectangular cantilever and a (c) Au coated

triangular cantilever, both EDP coated applying a ramp of potential.
With ALD coating we obtained some low leakages tips, but reproducibility was
low, only ~40% of the tips had leakages under 1 nA, and just ~10% of the tips
had current leakages lower than 100 pA. With EDP coating by applying a
continuous DC potential we optimized the conditions to obtain around 30% of
the tips with current leakages below 50 pA, but some of the cantilever showed
some alterations in its properties. With EDP coating by applying a potential
ramp, we obtained reproducible, low leakage curves, and with a thin coat layer

that did not compromise the shape or reflectance of the cantilever.

4.3.1.3 Force and current spectroscopy of Au-Au junction in electrolytic
media

The tips coated with EDP with the ramp potential method were used to
perform force spectroscopy curves in ¢ AFM in an electrolyte. Previous to the
measurements, the tips were calibrated using the thermal noise method. The
calibrated tips showed a spring constant between 2 and 3 times higher than
the nominal one, obtaining spring constants of around 500 pN/nm for tips
with nominal spring constant of 200 pN/nm, and 150 pN/nm for tips with a

nominal spring constant of 60 pN/nm.

At the beginning of the experiment, the tips were completely coated with the
insulating layer. To expose the apex of the tip to detect current through it, the
tip was approached in contact mode with a high setpoint to the conductive
substrate (Au electrode) and several pulses of 5-10 V were applied. After
every pulse the current detection was checked either by imaging the surface
or by performing an approach curve. This process was repeated until the tip

detected current from the substrate.

Once the tip was exposed, force controlled break-junctions curves were
performed in a clean substrate. Force controlled break-junctions consisted in,
starting with the tip out of contact, approaching the tip till there was contact
with the sample and then retracting the tip, while recording the current
response (Figure 4.4). In the retracting process, we observed current traces
that resemble the ones obtained with the break-junction technique: the
current is saturated while the two electrodes are in contact, and decrease
sharply when they the contact breaks. In most current traces, we see a current

step or plateau when the tip is retracted, what indicates that a small junction
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is created and broken during the retraction of the tip. Collecting the retracting

current traces, we can construct conductance histograms (Figure 4.5). We

obtained a value of 0.67 = 0.02 G, conductance value for the steps, in the range

of the corresponding conductance of a Au-Au junction. The same experiment,

performed with commercial conductive AFM tips without further treatment

(i.e. notinsulated) in air conditions resulted in an agreeing value of 0.66 + 0.02

Go (Figure 4.5b, grey).
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Figure 4.4. Examples of simultaneous force and current recordings of an insulated
cAFM tip, at different approach rates. Measurements were performed in Na2504
0.2M applying 10 mV bias to the tip.
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Figure 4.5. a) Current retrace curves obtained with insulated ¢ AFM tips in Na2S04
0.2 M applying 10 mV bias. The x-axis represents piezo displacement, but the
traces have an offset for clarity. b) histograms of retracting current traces over a
gold electrode. Grey histogram corresponds to current traces obtained in air with
a commercial cAFM tip without insulation. Red histogram corresponds to curves
obtained with an insulated tip in liquid, at the same rate and bias conditions.
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4.3.2 Electrochemical cAFM measurements of Azurin protein.

In parallel to this experiments, we started collaborating with Dr. Demaille’s
Group in the Université de Paris 7 - Paris Diderot. This collaboration has
included two stays in the group in Paris, where the homemade AFM probes
the group developed were used to perform simultaneous current and force
measurements on the Azurin-Au system, under full electrochemical control.
With these measurements we evaluated the electrical response of azurin

molecule as a function of the applied force at its different redox states.

4.3.2.1 Force-controlled current voltage spectroscopy (ECTS).
Force-controlled current voltage spectroscopy of azurin protein was
performed by approaching the tip to the sample in contact mode at a fixed
value of deflection (force) and thus creating a Au-Azurin-Au junction. Once
the tip was in contact with the sample and thus the force controlled junction
was established, a linear potential ramp was applied to the tip potential,
recording the current response. As we applied a potential ramp to the tip
potential while keeping the sample potential fixed, we are in fact measuring
the current response to the variation of the bias potential (Ubias = Utip -Usample).
We performed current-voltage spectroscopy using a wide range of applied
forces in the molecular junction. To explore the conductance-force
dependence of Azurin in its different redox states, we performed current
voltage curves, with the same range of forces, at three different potentials Us
=10 mV (for Azurin in the reduced state), Us = 150 mV (at its redox midpoint)
and Us = 250 mV (in its oxidized state).

Azurin IV curves showed a clear dependence with the force applied at the
three measured sample potentials (Figure 4.6). The conductance of the Au-
Azurin-Au junction increases with an increasing applying force in all three
cases. It is important to note that the applied forces may seem higher than
usual for proteins but it should be taken into account that the homemade
probes are not so sharp, being the radius about 100 nm. Thus, the applied
pressure to the proteins at 100 nN would be in the same range that the
pressure applied by a commercial tip of 15 nm radius when is applying 2-3 nN

force.
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Figure 4.6. IV curves of Azurin protein at Us=10 mV (reduced state)(a,d,gj), Us=
150 mV (midpoint potential)(b,e,h,k), and Us= 250 mV (oxidized state)(c,f,i,j),
adquired with different applied forces (increasing force from top to bottom). IV
curves always started at the more negative bias value.
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At low forces, the I-V curves appear as almost a flat line, with a slope close to
0 nA/V. As we increase the loading force, we see the slope increase. Azurin
has been reported to require a minimum load force to give current signal!28
177,178,221 The increase of conduction with the applied loading force could be
due to several factors. First, an increase in the loading force may imply an
increase in the tip contact area, leading to a larger number of Azurin proteins
in contact with the tip. The increasing applying force also entails a decrease in
the tip-substrate distance, which may contribute to the increased current.
Also, the loading force may be distorting the secondary structure of the
protein, which can lead to changes in the electronic properties of the
protein28. All these factors may contribute to the increase in current flow

through the junction with an increasing loading force.

Interestingly, the conductance of the protein does not increase at the same
rate with applied force at different redox states (Figure 4.7). At low applied
forces, in all three cases the IV characteristics are almost flat. When we
increase the force, we see that when the protein is reduced, the IV curve is still
flat, but for the same applied force, at the redox midpoint, the junction
conductance increases, and is even higher when the protein is oxidized. Thus,
the Au-Azurin-Au junction requires lower forces to conduct through the

junction when the protein is oxidized.
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Figure 4.7. Evolution of the conductance of the Au-Azurin-Au junction with the
applied force at different sample potentials a) Us=10 mV, b) Us= 150 mV, c) Us=
250 mV.
The lower minimum force required to achieve a good conduction when the
protein is oxidized with respect to the other states, could mean that the
protein is more sensitive to force changes when it is oxidized, and thus more

flexible than at its reduced form. Nevertheless, there is no evidence that
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suggest a change in structure of the protein with its redox state. Thus, this
effect is more probably due to a more efficient ET through the protein when it

is oxidized.

4.3.2.2 Force and current distance spectroscopy.

We performed simultaneous force and current-distance spectroscopy
measures over the Azurin-Au system. In these experiments, the AFM tip is
approached and immediately retracted from the sample while deflection and
current are recorded. As the tip makes contact with the sample and presses
the substrate, the current increases until a saturating point where it makes
direct contact with the Au substrate, either displacing the proteins on the
sample or passing through them. When the tip is retracted, in the moment that
it stops contacting the Au electrode, the current stops saturating and drops
sharply to OnA. In the retraction process a molecule or a few molecules can get
momentarily trapped between sample and tip, stablishing a Au-Azurin-Au
junction. When this happens, we see a sudden plateau or step in the current

trace. When the junction brakes, the current drops sharply again.

While performing the experiments, it was seen that the deflection and current
curves not always correlated (i.e. the current did not start increasing as the tip
entered in contact with the substrate), which agrees with the current-voltage
results, that showed that it was necessary to apply a minimum force to
measure current through the junction. We performed these experiments at
different sample potentials: Us = -20 mV for the reduced state, Us= 120 mV for
the redox midpoint and Us= for the oxidized state. All measurements were

made keeping a negative bias of Upias= -100 mV.

In the first stage of the curves, when the tip is approaching the sample, we see
that, for all three conditions, the current increase while the applied force
increases (Figure 4.8). However, in the case of the reduced protein the
minimum force necessary to detect current through the protein is much
higher than in the other cases. When the protein is reduced, the current traces
start increasing when the applied force is above several hundreds of nN. This
does not happen when the protein is either at the midpoint or oxidized
potentials. These two states have a similar distribution of required minimum
forces (Figure 4.8e, 4.8f), where current starts to flow when the applied force
goes above 50-100 nN.
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These results agree with what we observed during the current-voltage
experiments in the previous section, where we observed that the required
force for current flow through the junction Au-Azurin-Au, was higher when
the protein was at its reduced state. The structure of the Azurin protein is
independent of its redox state?4?, thus the changes we see are most probably
related to the ET mechanism of Azurin,that has been reported to show
asymmetries with its redox statel%. In the case, of the force and current
distance spectroscopy curves, we have a more negative tip potential than
sample potential, thus the tip is injecting e in to the sample, or holes (electron
vacancies) are transferred to the probe. It seems that the less efficient process
of injecting e in an already reduced protein, is not accessible applying low
forces on the junction. If the force continuous to increase above a threshold of
500nN, the current starts to flow through the junction. The fact that the ET
mechanism becomes more favorable upon compression, could be due to an

alternative e- pathway result of a structural deformation of the protein.

force (nN) force (nN) force (nN)

Figure 4.8. a,b,c) Evolution of the current with the applied force approaching the
tip. 2d histogram that collects the current traces of the approaching curves plotted
vs applied force for a)Us =10 mV, b) Us=120 mV, and c) Us= 220 mV. Ubias was kept
constant at -100 mV. 2d histogram counts follow the shown color scale (right). d,
e, f) statistics of the minimum force necessary to apply for the current to be [> 0.01
nA for d)Us =10 mV, e) Us=120 mV, and f) Us= 220 mV. The histograms in (d, e, f)
represent the 1d representation of the dotted black line on the 2d histograms in
(a, b, c).
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During the retraction of the tip, we obtained current traces with steps or
plateaus that signal the presence of transiently-established junctions. In the
same way as ECSTM break junction experiments, we can collect these curves
and construct conductance histograms. In our histograms (Figure 4.9) the
current steps stand out as a peak around 4-9 - 10> G, in the range of the
Azurin single molecule conductance?96. This peak shows modulation with the
sample potential, in agreement with previous results performed with ECSTM

(Figure 4.10), which confirms that these steps are a result of Au-Azurin-Au

junctions.

C Ug=250mV
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Figure 4.9 Conductance histograms constructed collecting current-distance
retracting curves at a)Us = 10 mV , b) Us=120 mV, and c) Us= 220 mV. All
measurements were performed keeping a constant Upias= Utip-Us of -100 mV.
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Figure 4.10 Comparison between the results for conductance gating obtained
with a)EC-CAFM (figure 4.9) and b)ECSTM. b) Adapted with permission from ref
106(Artés et al. NanoLett 2012). Copyright (2012) American Chemical Society.

The applied force at the moment of the breaking of the step (Figure 4.11) gives
a wide distribution in all three cases, most probably due to a limited number

of replicates. However, the distribution of forces for the reduced protein hints

70



Conductive AFM in electrochemical media

a peak centered at higher forces than in the case of the redox midpoint, where
the distribution insinuates a peak aroud 150-200 nN. This points in the same
direction of the results discussed above, where the Au-Azurin-Au junction
required a higher force to conduct. Once the force applied is below this
threshold, the conductance drops. Regarding the applied force at the moment
at which the tip stops detecting current (1<0.01 nA)(Figure 3.12), we observe
no significant changes between the protein redox states. In all three cases, the
distribution of forces, although wide, suggest a peak centered around 0 nN,

when the tip is completely out of contact with the sample.

a Us=10mV|b Us=150mV | ¢ Us=250mV

counts
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Figure 4.11. Statistics of the applied force at the end of the conductance steps, at
the moment the molecular junction breaks, for three different Us potentials a)Us =
10 mV, b) Us=120 mV, and c) Us= 220 mV.

Us=10mV[b o = Usg=150mV
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Figure 4.12. Statistics of the applied force when the tips stops detecting current
(I<0.0 1nA) for three different Us potentials a)Us = 10 mV, b) Us=120 mV, and c)
Us= 220 mV.
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4.4 Conclusions

In this chapter, we described the adaptation of different methods to coat
conductive AFM tips. We developed a protocol that allowed us to reproducibly
obtain cAFM insulated tips with low leakages (<50 pA). With this protocol, we
were able to coat different tip shapes, keeping low spring constants. The
coating process is fast and all the steps are doable in a regular laboratory. With
these tips we measured the conductance of Au-Au junctions in an electrolyte,
obtaining similar results to the ones obtained with commercial conductive
AFM tips in air. We are working towards adapting these tips to measure the

conductance of small molecules and proteins under electrochemical solution.

Following a parallel approach, we used hand fabricated AFM-SECM tips
provided by Dr. Demaille to study the Azurin-Au system. With these tips, we
performed simultaneous force and conductance measurements on a protein
in electrochemical media for the first time. We performed two kinds of
experiments: force controlled current-voltage spectroscopy and force and
current-distance spectroscopy. Both methods showed that the conductance
on the Au-Azurin-Au junction increased with the applied force over the
junction. Surprisingly, we found that the conductance-applied force
dependence changed with the redox state of the protein: the required force
for current flowing through the Au-Azurin-Au is higher when the protein is

reduced.

The increase of conductance upon an increase on applied force could be due
to a number of factors: An increase in the contact area, a reduced distance
between the tip and the Au substrate, changes on the structure or changes on
the ET mechanism. These all factors can contribute to the increased
conductance through the junction, but the difference between the redox states
can only be explained through a change in the ET mechanism, since there is no

evidence of structural changes between redox states in Azurin.

Although further studies are needed to understand the effects of applied force
in azurin and its electronic behavior, it is clear that this method leads to a
deeper understanding of the complex relation between the structure of redox

proteins and their electron transfer properties
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5.1 Introduction

Photosystem I is a type I reaction center in oxygenic photosynthesis. It acts as
a natural photodiode, being able to funnel electrons through an electron
transport chain upon light radiation. The energy transfer efficiency of PSI is
close to unity138, These features make PSl is a very interesting protein complex

to study and a promising candidate for bioelectronics applications.

SPM are excellent tools to investigate the ET properties of individual
molecules, PSI not being an exception. The PSI complex and the reaction
center (RCI) from plants or cyanobacteria have been characterized with
AFM157,241-244 ¢ AFM141, 182,183 KPFM158, 245247 SCEM248, SNOM143 and STM184
185 but its ET mechanism has not been characterized under electrochemically

controlled conditions as the ones offered by ECSTM.

To investigate the properties of PSI with ECSTM, we need to immobilize the
protein onto a conductive electrode. Ideally the immobilization technique
should result in a uniform coverage, with a good orientation of the protein and
good electronic coupling with the substrate. We used gold single crystals
(111) as they are, stable and easy to functionalize and can be rendered

atomically flat.

Plant PSI has an ellipsoidal structure (Figure 5.1), with polar stroma and
lumen surfaces, and a hydrophobic region in contact with the membrane. It is
usually present in a monomeric form, and has a crystallographic structure
with a maximal height of~100 A and major and minor diameters of ~185 A

and ~150 A5t respectively.

a b  Lumen surface Stromal surface

&5

Pc bindiﬁg site Fd binding site
(positive patch at PsaF) (basic patch at the left
of the stromal ridge)

Stroma

Figure 5.1. a) Crystallographic structure of PSI (PDB: 4XK8) b) Surface potential
representation the lumen and stromal sides of the protein. (adapted from Mazor
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etal. eLIFE 201529) Color scale red for negative, blue for positive. The binding sites

of PSI redox partners plastocyanin (Pc) and Ferredoxin (Fd) are indicated.
Several immobilization strategies have been described and many of them take
advantage of the polar regions in the surface of the protein structure to
immobilize the protein via electrostatic interactions. For this, normally a gold
electrode is functionalized with a self-assembled monolayer of alkanethiols
with different terminal groups!4l 159, 185, 246, 249-252 Qther immobilization
techniques include electrode functionalizations to bind the PSI covalently248
253, PSI mutations to include surface cysteines!40. 143, 158, 247 electrophoretic

deposition157.242, 244 molecular wiress9, etc.

In our case we used simple immobilization strategies: adsorption of PSI on a
bare gold substrate; and adsorption of PSI onto alkanethiol-SAM
functionalized gold substrates, with three different terminal groups: -OH, -
NH2,-COOH, that yield respectively neutral, positively, and negatively charged
surfaces in solution of suitable pH. We examined the PSI adsorption in each
surface with AFM and evaluated the macroscopic redox activity and the
photocurrent generation for the two functionalizations that resulted in higher
adsorption. We finally imaged all the systems with ECSTM, and analyzed the
effect in the ECSTM imaging of applied sample potential and of the bias
between probe and sample potentials.

5.2Experimental methods

Materials

All the chemicals where purchased from Sigma Aldrich, unless specified
otherwise. All solutions were prepared using Milli-Q water of 18 MQ- cm, and
were bubbled with N2 for oxygen removal. All the glass material used for the
preparation of solutions as well as the electrochemical cells were previously
cleaned with piranha solution 7:3 H2SO04/H20: (CAUTION: Piranha is

extremely dangerous and should be used with extreme precaution).

Purification of Photosynthetic complexes.

PSI complexes were kindly provided by Dr. Emilie Wientjes. PSI complexes
were purified as described in 254 Thylakoids were isolated from Arabidopsis
thaliana plants as described previously?255 . The PSI complex were obtained by
mild solubilization of the thylakoids followed by the sucrose gradient density
centrifugation, as described in 256,
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Electrode preparation.
The Au electrodes used where Au <111> single crystals (Mateck GmbH). In
order to clean and ensure a <111> surface of the single crystals they were

annealed as describe in chapter 2.

Electrode functionalization

Right after annealing, the electrode was functionalized by immersion in an
ethanol solution containing the different SAM molecules: 2-mercaptoethanol
(2ME), 6-amino-hexane-1-thiol (6AHT), 8-mercaptooctanoic acid (8MOA).
Concentrations. For AFM and ECSTM imaging, immersion was performed for
2 hours in the case 2ME, and overnight for the 6AHT and the 8MOA. Different
immersion times were tested, and this gave the most uniform monolayers. For
the voltammetric analysis, the electrode was immersed in either of the SAM
solutions for 48 hours. After functionalization the electrode was immediately
rinsed with ethanol and Milli-Q water repeatedly.

PSI incubation.

The PSI solution was diluted (1:10) and buffer exchanged with PBS buffer
50mM pH 7.4. Buffer exchange was done with Zeba Spin Desalting Columns
for Thermo Scientific. This step was necessary to eliminate the excess of
surfactant (dodecyl-B-maltoside, DDM), since an excess of surfactant could
prevent the PSI to adsorb on the surface. Once filtered, the sample was
immediately used for PSI incubation. In all the cases (bare gold or
functionalized electrodes) 50 pl of diluted protein solution were incubated for

2 hours, in the dark, at room temperature.

Protein quantification.

Protein quantification was carried out using a Pierce BCA Protein Assay Kit
from Thermo-Fischer. The BCA protein assay is based on the reduction of Cu2*
to Cu* by protein in alkaline medium. The bicinchoninic acid (BCA) then reacts
with the Cu* ions resulting in an intense purple colored complex, which shows
a strong linear absorbance at 562 nm with increasing protein concentrations.
The protein content of unknown samples is spectrophotometrically
determined by comparison with known protein standards (BSA). According

to results, the concentration value of the original protein solution is 0.117 pM.
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Cyclic voltammetry measurements.

Cyclic voltammetry measurements were carried out with an Autolab
Potentiostat (Metrohm Autolab). The measurements were done in a three-
electrode configuration with a Ag/AgCl reference electrode and a Ptlr wire as
a counter electrode (CE). Electrolyte was PBS 50mM pH 7.4. When indicated,

it contained 20 nM Fe(CN)e3/4- as redox mediator.

UV-Vis spectroscopy.
UV-vis spectroscopy was performed in a wavelenght range between 350 and

800 nm, using an Infinite M200 PRO reader from Tecan.

Photocurrent generation measurements.

Photocurrent measurements were carried out in an Autolab Potentiostat
(MetrOhm) in a three-electrode cell configuration. Light cycles were
performed with a high luminosity (400 mcd) red LED (Ariston Electrénica).
Before the measurement, the potential was applied for about 3 min in the dark

to stabilize the current. The light-dark cycles had a duration of 60 s each.

AFM imaging.

AFM imaging was performed in an ASYLUM MFP-3D. All images were
performed in liquid (PBS 50 mM pH 7.4) using tapping mode. Tips were SNL-
10 (Bruker). For the images on mica the sample was prepared by incubating a

drop of solution on a freshly cleaved mica.

ECSTM imaging.

ECSTM imaging was carried out with our local ECSTM setup, a PicoSPM
microscope head and a PicoStat bipotentiostat (Molecular Imaging) controlled
by Dulcinea electronics (Nanotec Electronica). A homemade electrochemical
cell was used in a four electrode configuration, using a Pt:Ir (80:20) wire as
counter electrode and a miniaturized ultralow leakage membrane Ag/ AgCl
(SSC) reference electrode filled with 3 M KCl. The potentials of the gold
electrode sample (Us) and ECSTM probe (Up) are expressed against this
reference. Pt:Ir ECSTM probes were prepared as described.1®8 Recording
solution was PBS buffer 50 mM pH 7.4. Data were acquired and analyzed using
WSxM 4.0 software°,
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5.3 Results and Discussion

5.3.1 Bulk characterization.

5.3.1.1 UV-Vis spectroscopy.

The electron transfer chain of PSI is started upon irradiation with visible light.
We investigated the absorption of visible light as part of the characterization
process. Figure 5.2 shows the UV-Vis spectra of two sample of PSI: one with
the PSI solution (orange line) and one that has been buffer exchanged (green

line).

buffer
- P 51 solution
P51 solution buffer exchanged

Absorbance
)

300 400 500 600 700 800 900
L{nm})

Figure 5.2. UV-Vis absorption spectra of PSI sample. Grey line corresponds to the
absorption of the PBS buffer in absence of PSI. Orange line corresponds to the
spectra of the original PSI solution. Green line corresponds to the buffer exchanged
sample.
In both spectra, we see the two characteristic peaks for PSI?57, one centered at
675 nm and the other around 440 nm, both associated to chlorophyll content.
The peak at 675 nm corresponds to the P700 center at the PSI, which is a
special pair of chlorophylls that undergoes photoexcitation and starts the
electron transfer chain. We observe no significant differences between the
curves of the original solution and the buffer exchanged one, regarding both
the position of the peaks and their absorbance. Thereby we can assume that

we do not have protein loss during the buffer exchanging process.

5.3.1.2 Electrochemistry.

We characterized the redox activity of the P700 center of PSI. Figure 5.3 shows
the cyclic voltammogram of a bare gold electrode, and the voltammogram of
PSI protein absorbed on the gold electrode. In the bare gold electrode, we see

the characteristic peak of gold in PBS (gold oxidation and stripping?3°) and a
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large capacitance, characteristic of a large bare electrode. When we incubated
the PSI, we see a much lower capacitance current, indicating the adsorption of
molecules on the electrode, and a small peak around 400 mV. Since the gold

peak appears at similar potential, we cannot assign this peak to PSI.
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Figure 5.3 Cyclic voltammogram of PSI incubated on gold electrode (red) and of a
bare gold electrode (black) in PBS 50mM buffer. Scan rate 50 mV/s. b) expanded
current scale. Potentials expressed against Ag/AgCl reference electrode.

To avoid the gold peak, we characterized the redox activity of the PSI over
functionalized gold electrodes with two different molecules: 2-
mercaptoethanol SAM and 8-mercaptooctanoic acid SAM. Because of the SAM
formation, the gold peak disappears and the capacitance decreases (Figure 5.3
Figure5.4, black). When we incubate PSI on the 2-mercaptoethanol
functionalized gold we see an oxidation peak appear at ~350 mV, a bit higher
than expected from the literature reports25, However, the potential values
can change as the conditions surrounding the protein complex are

modified?51,

80
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Figure 5.4. Cyclic voltammogramm of PSI on a 2 mercaptoethanol
functionalizated electrode (red) and in the same system in absence of PSI (black).
Rate 50 mV/s b) Expanded current scale. Potentials expressed against Ag/AgCl
reference electrode.
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With the 8-mercaptooctanoic acid SAM (Figure 5.4) we see a similar behavior,

with a broader PSI peak centered around 350 mV.

3
a Au+ 8MOA bs— Au+ 8MOA+PSI |

Au+ 8BMOA+PSI

02 00 02 04 06 08 0,0 0.2 04 06 08
E(V) E (V)

Figure 5.5. a) Cyclic voltammogram of PSI on a 8-mercaptooctanoic acid
functionalized electrode (red) and in the same system in absence of PSI (blue). b)
Expanded current scale. Scan rate 10 mV/s. Potentials expressed against Ag/AgCl
reference electrode.
From the cyclic voltammograms we see that the PSI is attached to both SAM
functionalized electrodes and is electrochemically active. The peak of the FeS
centers is too negative to be explored with this technique, but it has been well

characterized with square wave voltammetry in the literature2>1.

5.3.1.3 Photocurrent generation.

We measured the changes in current due to illumination on PSI samples
adsorbed on to 2-mercaptoethanol SAM and 8-mercaptooctanoic acid SAM
functionalized Au electrodes (Figure 5.5). We kept the potential at 400 mV, at
the beginning of the oxidation peak for P700. For these measurements, we add
the couple Fe(CN)s3-/4 as a redox mediator, since is the mediator that reported

a largest photocurrent for PSI258,

a st Au-8MOA b sl
al Au-8MOA-PSI al
2t 2t
E 0 E 0
- 2t - 2t
Ar 4r — Au-2ME
sl i —— Au-2ME-PSI
0 60 120 180 240 300 0 60 120 180 240 300
time (s) time (s)

Figure 5.6. Photocurrent generation of PSI onto (a) 8-mercaptooctanoic acid and
(b) 2-mercaptoethanol functionalized electrodes. Colored lines corresponds to the
PSI measurements and the black one in the background represents the same
measurement in the absence of PSI. Light cycles are marked with a red shadow.
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The potential was set to Us= 400 mV vs Ag/AgCl, near the peaks on Figures 5.4
and 5.5. Current traces were substracted a base line for clarity.
In the two different cases, PSI showed current generation upon illumination,
indicating that the PSI was successfully immobilized on the electrodes and
remained active. The generated photocurrent has a similar magnitude of ~2

nA in both surfaces, which suggest a similar electrode coverage.

5.3.2 SPM imaging

5.3.2.1 AFM imaging.

We used AFM to characterize the adsorption and topography of the PSI
molecules onto different surfaces, in order to study and optimize possible
immobilization systems for ECSTM experiments. For ECSTM images, we need
conductive, flat electrodes. Working with Au electrodes we can achieve
ultraflat conductive surfaces, easy to functionalize. Thus, we characterized
PSI adsorbed onto gold electrodes, and PSI adsorbed onto functionalized gold
electrodes with 2-mercaptoethanol (2ME) and 6-aminohexanethiol (6AH). All

images were performed in liquid, in tapping mode.

(0]

H
SH\/\/\/\/U\OH SH/\/O 2-mercaptoethanol (2ME)

8-mercaptooctanoic acid (8MOA)

HO. OHO HO. o
NN NN HO. DN
SH oH
6-aminohexanethiol (6AH) n-Dodecyl B-D-maltoside (DDM)

Figure 5.7. Molecular structure of the molecules used to functionalize the Au
electrodes [8-mercaptooctanoic acid (BMOA), 2-mercaptoethanol (2ME), and 6-
aminohexanethiol (6AH)] and of the surfactant present in the solution to solubilize
PSI, n-Dodecyl B-D-maltoside (DDM). 8MOA is a weak acid, and will result in
partially negatively charged SAMs surfaces at the working pH (7.4). 6AH is a weak
base, thus will create SAMs with a partial positive charge. 2ME will be most likely
neutral at the working pH, being able to create hydrogen bonds, and thus resulting
in a largely hydrophilic surface.

82



Characterization of PSI: SPM imaging and electrochemistry

We first imaged the sample on freshly cleaved mica substrates. PSI adsorbed
on mica displays a homogeneous distribution (Figure 5.8). In the images we
see bright spots on top of what it seems a sublayer, possibly the surfactant
deposited on the mica surfaces. It should be noted that the protein samples for
the experiments on mica were not dialyzed. The spots have an average height
of ~9 nm, in agreement with its crystallographic height, and diameters of

~100 nm, that most likely corresponds to aggregates of proteins.

0 10 20 30 40
heigth(nm)

Onm EEEEENNNTT 125nm

Figure 5.8.2a) 10x10 um2 AFM tapping image of PSI onto a mica surface. b) Height
distribution of image in a.

In the case of bare gold electrode (Figure 5.9) the PSI adsorbed quite
homogeneously, but the coverage was lower than on mica. An incomplete
layer of film with a height of ~ 1 nm was observed over the gold surface and
underneath the protein. On top of it some bigger islands of several hundreds
of nm? area are also observed. This layer and islands most probably
corresponds to the surfactant molecules that aggregate on top of the gold
forming these structures and double layering on top of it. On top of this layer
and inside the islands there are bright spots, most likely protein molecules,
with ~5 nm height above the islands.
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Onm M 125 nm Onm M 112 nm

Figure 5.9. 10x10 pum? (left) and 5x5 um? (right) AFM tapping images of PSI

adsorbed onto a bare Au substrate.
PSI showed a better adsorption on the 2ME functionalized surfaces (Figure
5.10). In the AFM images, a monolayer with some holes is observed on the
substrate. On top of the monolayer, there are individual bright spots and some
patches with bright spots protruding around ~5.5 nm above them. The
distribution of these spots is quite homogeneous. There are some islands or
patches on the surface, but fewer than on gold electrodes, and large areas can
be found without them. The patches have a height of ~4.5 nm, and the
diameter of the spots is around 120 nm, bigger than on mica, which is
probably an indicative of protein agglomerates. Thus, PSI adsorbs quite
uniformly on the 2ME functionalized surfaces despite the formation of

aggregates.
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Onm M ]60nm  Onm EEEEEETTT 1 25n0m

Figure 5.10. 10x10 pm? (left) and 5x5 um?2 (right) AFM tapping images of PSI

adsorbed onto 2-mercaptoethanol (2ME) functionalized Au electrodes.
Characterizing the 6AH SAM functionalized electrodes, (Figure 5.11) we found
plenty of material adsorbed on top of the monolayer. The surface appears
quite homogeneous, but the roughness is higher than in the Au electrode or
the 2ME surface. It seems again that there are some surfactant islands or
agglomerates, with protein protruding above them. Protein bumps show a
height of ~10 nm, close to the crystallographic one, but appear in
agglomerates of 110-140 nm, and they are hard to distinguish from the rough

background.

Onm T ]40nm Onm

25nm

Figure 5.11. 10x10 pm? (left) and 5x5 um2 (right) AFM tapping images of PSI onto
6-aminohexanethiol functionalized electrodes.

85



Chapter 5

PSI protein adsorbed on the three systems gold electrode surfaces, but
adsorption was more abundant and homogeneous on the functionalized gold
surfaces, both the 2ME and the 6AH SAM. In the 6AH functionalization, PSI
created a rougher surface than in the 2ME one, where the sample appears

more homogeneous, only creating patches or multilayers locally.

ECSTM imaging

For ECSTM imaging we used 4 different systems: the three gold surfaces we
had imaged with AFM (PSI adsorption on bare gold, on 2ME, and on 6AH
functionalized gold) and another SAM functionalization: 8-mercaptooctanoic
acid (8MOA). This way we have, besides the bare gold surface, neutral,
positively, and negatively charged functionalizations (Figure 5.7). We imaged

the different systems with different potential and bias conditions.

In the case of the bare gold, PSI has a good adsorption on the surface. In the
images (Figure 5.12a) we see the flat surface of the gold crystal and on top of
it bright spots that seem to be individual proteins of around 10 nm diameter.
In the images with higher resolution we can distinguish a sublayer behind this
small spots. This sublayer or film has an apparent height of around 0.1 nm.
This sublayer, that appears forming patches or islands, most likely is
constituted by the surfactant forming agglomerates. To confirm this, we
incubated a single crystal with buffer and surfactant, following the same
procedure we followed when we incubated PSI. In Figure 5.12b, we can see
that the surfactant causes this kind of islands. Sometimes we see some

protrusions, probably due to double layering.

86



Characterization of PSI: SPM imaging and electrochemistry

Onm HEEEETTTT ] 4nm Onm HEEEETTT 1 3nm

Figure 5.12. a ECSTM image of PSI onto gold electrode. b ECSTM image of DDM
surfactant onto gold electrode. Both images were acquired with Us=200 mV, Up =
-100 mV, current setpoint [ =0.5 nA.
In the PSI images, the protein protrudes around 0.4 nm above this film. This
apparent height under constant current mode at the indicated potential is
tenfold lower than the crystallographic size of PSI, in agreement with the
apparent height of the protein complex reported with STM in the literaturel84,

We imaged the same sample with modified potential conditions. First, we
imaged the system keeping a fixed sample potential, and varied the probe
potential thus modifying the bias potential (Figure 5.13). Neither the apparent
height of the film or the bumps changed significantly with the bias applied
(Figure5.13d).
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Figure 5.13. a,b,c ECSTM images of PSI on a Au electrode obtained with Us=200
mV, with Upias= 500 mV, -100 mV, 100 mV respectively. Setpoint was [=0.5 nA.
d)Average protein apparent heights obtained at different bias.

We also imaged the system keeping a constant negative bias, but changing the
applied sample potential (Figure 5.14). In this case the height of the bumps
above the film have a small but significant change with the applied sample
potential. It starts weakly increasing at Us= 400 mV, and keeps increasing at
Us =600 mV, were the spots seem to be 0.5 A higher. This process is reversible,
as shown in Figure 5.14d (red spots correspond to images obtained at Us=200
mV, 400 mV after applying Us=600 mV).The PSI oxidation peak starts around
350 mV (Figure 5.3), thus differences in the apparent height of the PSI at these
values can be expected, as a result of changes in the protein’s oxidation state
and charge availability at these potentials.
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Figure 5.14. a,b,c ECSTM images of PSI on a Au electrode. Images were obtained
at Us=200 mV, 40 OmV and 60 OmV respectively, keeping Upias= -300 mV. Setpoint
was 0.5 nA. d) Average protein apparent heights obtained at different Us. Black
dots correspond to the heights obtained imaging a new sample, red dots
correspond to a sample already imaged at Us=600 mV.

PSI incubated onto a 2ME functionalized electrode, shows a great increase in
the adsorption (Figure 5.15). The surface appears almost completely covered
with small dots that seem the individual PSI complexes. These molecules are
on top of a layer that could be the surfactant or the functionalization SAM. We
see some holes in this layer but in general it is a complete homogenous
monolayer. This system was imaged at the same sample potentials of the
previous case, with a negative and a positive bias for each sample potential
(Figure 5.15).
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Figure 5.15. ECSTM images of PSI on a 2-mercaptoethanol functionalized Au
electrode. Images were obtained at Us=200 mV(a,b), 400 mV (c,d)and 600 mV (e,f)
respectively, with a negative (Ubias= -300 mV, left panel) and positive bias (Ubias=
+300 mV, right panel). Setpoint was always kept at 0.5 nA.
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In all the conditions, the bumps are lower than in the bare-gold case, but the
diameter is similar. Apart from Us=600 mV, no significant difference is
observed between the images acquired with positive or negative bias. In the
case of Us=600 mV, when the bias is positive, the Up= 900 mV and the probe
does not withstand properly this potential, hence the quality and resolution of
the image gets compromised. Thus, we see lower spots, but bigger in diameter.
We attribute these differences in the images to the tip changing its imaging
capacities and not to an electrically- induced deformation of the sample. For
the different applied Us, for both positive and negative bias, the apparent
height of the bumps appears lower at Us= 400 mV (Figure 5.16), but goes up
at Us =600 mV. The apparent height is measured above the background layer.
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Figure 5.16. Apparent ECSTM height dependence of PSI on 2mercaptoethanol

functionalized gold electrodes with Us. Red dots for positive bias, black dots for

negative bias.
Working with the 6AH functionalized gold there is a similar situation to PSI
incubated onto bare gold. The images show islands probably formed by
surfactant molecules that surround protruding proteins (Figure 5.17). The
adsorption is uniform but less efficient than with 2ME, and leads to a lower
protein density. The diameter is similar to the other surfaces (around 10 nm)
and does not change with the applied sample potential. The heights of the
protrusions are comparable to the ones found in gold surfaces (0.3-0.4 nm).
In this case the dependence with the potential is less pronounced. The protein
bumps appear significantly higher as we increase the applied sample potential

at Us>400 mV as in previous cases, but the difference is smaller.
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Figure 5.17 a,b,c ECSTM images of PSI on an aminohexanethiol functionalized Au
electrode. Images were obtained at Us=200mV, 400mV and 600mV respectively,
keeping Ubias= -300 mV. Setpoint was 0.5nA. d) Average protein apparent heights
obtained at different Us.

The structure of the surfactant islands is not altered with the potential applied
to the sample. In Figure 5.18 the evolution of two individual proteins with the
applied potential is shown in an enlarged region. Neither the height nor the
diameter change significantly as the sample potential is increased. At Us =850
mV the image gets very noisy and the imaging gets compromised, but
underneath the noise, we can distinguish the structure of the surfactant and
the proteins, which maintained its structure when we returned to lower
potentials.
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Figure 5.18 Enlarged ECSTM images of PSI on 6-aminohexanethiol functionalized
Au electrodes obtained at Us= 200 mV, 400 mV, 600 mV,850 mV respectively,
keeping Ubias= -300 mV. Setpoint was 0.5 nA. Two individual proteins are indicated
with a white arrow.

PSI also adsorbs well on 8MOA functionalized surfaces. The images show the
flat gold surface covered with small protein bumps, distributed in a
homogeneous way (Figure 5.19). The protein spots are smaller in diameter
than in the other surfaces (~8 nm) but they show a similar apparent height
(~0.4 nm).
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Figure 5.19 ECSTM images of PSI on a mercaptooctanoic acid functionalized Au
electrode. Images were obtained at Us=200 mV and Ubias= -300 mV. Setpoint was
0.5 nA.

5.3.3 PSI adsorption on the different surfaces.

All systems used here for PSI immobilization are based on physical
interactions, which are unspecific in the sense that there is not a specific
anchoring point targeted in the protein. PSI molecules adsorbed on all the
systems, but the quantity and distribution changed depending on the surface

properties of the functionalized substrates.

PSI molecules adsorbed quite homogeneously onto bare gold electrodes. The
proteins appear surrounded by surfactant islands. This happened also in the
6AH SAM, but not in the 8MOA or the 2ME, where the adsorption of PSI was
higher. PSI onto gold and 6AH seem also to have a similar behavior with
respect to the sample potential, i.e. an increase in apparent height under
oxidizing conditions. PSI is known to adsorb onto bare gold electrodes with
mixed orientations?44. The interaction of PSI with 6AH is not very clear. The
surface charge of PSI and the absence of specific attachment points suggest
that the nature of the interaction is most likely electrostatic, and in principle
we could expect that the partially positive charge of the surface would attract
the negatively charged residues of the protein. Nevertheless, it has been
reported?5? that amino-terminated SAMS in presence of inorganic phosphates
could adsorb phosphate molecules from the buffer solution, creating a layer

over the SAM surface that would over compensate the partial positive charge
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of the SAM. This could result in a SAM with heterogeneous electrostatic
properties, that causes in turn mixed orientations of the protein, and less

adsorption due to electrostatic neutrality.

PSI is known to have a good adsorption on hydroxyl terminated SAMs141. 185,
251,252 through hydrogen bonding, with a homogeneously oriented population.
It has been reported that the 70% of the PSI would be oriented with its ET
chain vector perpendicular to the surface, although there is some controversy
concerning if the PSI ET chain is pointing upwards!8> or downwards!41.The
appearance of the AFM and ECSTM images indicates that PSI adsorbs
homogeneously on the 2ME surface, but do not allow clarifying the orientation

of the molecule.

On 8MOA functionalized surfaces, PSI molecules adsorbed in an abundant and
homogeneous way. PSI and its reaction center has been reported to adsorb
well on negatively charged surfaces!4l 185, The interaction is more likely
electrostatic, with the partial negatively charged surface attracting the
positive residues on the protein surface. Although the positive charges are
distributed on the surface of the protein, one region candidate for the
interaction with the negative surface would be the positively charged patch in
the lumen part of the protein that is the binding site for negatively-charged
Plastocyanin51.
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5.4 Conclusions

In this chapter, we studied the immobilization of PSI molecules on four
different electrode surfaces based on gold single crystals: a bare, atomically
flat gold electrode, and 2ME, 6AH, and 8MOA SAM functionalized electrodes.
Both AFM and ECSTM imaging showed that PSI successfully bound to all these

surfaces, yet to different extents.

The systems that showed highest coverage and more homogeneous
adsorption were the 2ME and the 8MOA functionalized electrodes. PSI
retained its electrochemical activity in both, and produced photocurrent
generation upon illumination on the two surfaces. PSI also adsorbed onto
bare-gold electrodes and 6AH functionalized gold electrodes, but with a low
coverage of the surface and a heterogeneous adsorption, creating islands and

aggregates of the protein and/or the surfactant over the surface.

The four systems were suitable for ECSTM imaging, three of them in a variety
of sample potentials. The apparent height of the PSI molecules is in agreement
with reported values in the literature!84. The apparent height of PSI was
independent of the applied bias, but it changed with the applied sample
potential (Us). Imaging above Us>400 mV, the average apparent height of the
protein spots increased about a 10% (~0.5 A). This suggests that the ET
transfer mechanism has redox dependent steps, which can be elucidated with

further ECTS experiments.
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6.1 Introduction

PSI acts as a photodiode, an electrical rectifying contact or diode, with a
directional electron transport chain that goes from the P700 reaction center
up to the ferredoxin docking side (Figure 6.1). Upon light illumination, the
P700 center is photoexcited to P700*. The excitation of an electron to this
high-energy state leaves an electron vacancy (hole) in P700, which is
transferred to plastocyanin. The high energy electron in p700* is rapidly
transferred through the cofactor chain Ao-A1-Fx-Fa-Fs, which is arranged in a
potential cascade over a distance of several nm, separating this way the

charges and thus preventing electron-hole recombination.

-1.5—
P700*
A
1.0— ‘A,
“Fe:Sx
Fe;SA
8 Fe-Sg
< 0.5 hv “Fd

w

0,0~

PC—__
0.5— P700

Figure 6.1. a)Side view of PSI structure showing the co-factors involved in the ET
chain (adapted from ref 31). b)Energy diagram of photochemistry and early
electron transfer reactions in PSI (adapted from ref*7)
PSI electron transfer process has been studied with STS!84185 and c-AFM141 in
air, which confirmed its diode-like, rectifying behavior. PSI shows a transport
efficiency across more than 7nm distance!#?, and shows temperature
independence over a wide range of temperatures (160-320K)!4l. These
results suggest a tunneling based mechanism, but the distance exceeds the

maximum length for tunneling observed for organic molecules42,

With ECSTM and, more precisely, current distance ECTS, we can characterize

each one of the functionalizations discussed in the previous chapter and
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measure directly the distance decay current factor § by measuring the current
flowing between the electrodes while increasing the distance between
them105 187 [n systems that can be described by a Metal|Insulator|Metal
model, 3 is directly related to the effective tunneling barrier height in the
tunneling process,!87. 260 which can give us an insight into the charge transfer

mechanism.

We investigated the current-distance dependence for all substrates studied in
chapter 5. We studied each system as a function of applied sample potential
and the potential bias with respect to the probe. Finally, we performed some
preliminary experiments examining the influence of light illumination in the

current decay factor.

6.2 Experimental methods

Sample preparation.
The PSI samples were provided by Dr. Emilie Wientjes and were prepared as

described in the previous chapter.

Electrode preparation, functionalization and PSI incubation were carried out

as described in the previous chapter.

Current-distance (IZ) measurements

[Zs measurements were performed in our local setup PicoSPM Microscope
Head and a Picostat Bipotentiostat (Molecular Imaging) controlled by
Dulcinea electronics (Nanotec Electrénica). Data were acquired using WSxM
4.0 software!®® and analyzed with Origin. Current-distance curves were
recorded at different Up and Us potentials. Current setpoint was in all cases set
to 0.5 nA. When the probe was in range and stable, we proceed to launch the
[Zs. To run the curves the feedback was momentaneously disabled. The probe
was then retracted 5 nm at a speed of 8 nm/s and approached again to the
surface. The feedback was enabled between ramps. Ramps were taken in
different areas of the surfaces to ensure a heterogeneous data collection. As
the feedback is disabled to run the curves, ramps that started with a deviation
higher than 10% of the set point were discarded. The curves were then fit to
an exponential function I(z) = Ae~#%, (r220.95) to obtain the decay factor f.
Measurements under illumination were performed with a high luminosity
(400 mcd) red LED (Ariston Electrénica) attached to the ECTSM cell.
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6.3 Results and Discussion

6.3.1 Current -distance (Iz) curves.

We studied the current-distance behavior of PSI onto the 4 substrates studied
in chapter 5. In all systems, the current decayed exponentially till it reached
the faradaic current values of the tip far away from the sample. Fitting the
exponential part of the curves, we obtained the distance decay factor 8 for all
the systems, and evaluated its dependence with the applied sample potential,
at positive and negative bias. In most cases we obtained 8 values lower than
for metallic surfaces, in correspondence with the ones obtained for ET
proteinsi%5, However, these [ values varied with the potential and bias

conditions in different ways for each immobilization surface.

PSI adsorbed onto bare gold electrodes gave low 8 decay constants for all used
potentials and bias. In Figure 6.23, the 1z curves are shown (raw data) of the
system for different sample potentials at positive and negative bias,
superimposed to the control curves obtained in absence of the protein. In
Figure6.2b we see the statistics of the [ values of the same curves,
superimposed again over the control statistics. Relatively low [3 values (3-5
nm-1) are observed in all conditions and do not show a strong dependence
with US and bias. However, a small difference is found when the applied
sample potential is Us=200 mV, and the bias potential is negative. Although
the average 3 ~4 nm! value (peak of the histogram) is on the same order as
the ones obtained for the other sample potentials, the distribution in this case
is wider, and there are curves that attain <1 nm-1. They can be observed in
the raw [-z curves as having a slow decay (red curves, top red panel). No other

significant changes were observed with the sample potential or the bias.
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Figure 6.2 a) IZ curves for PSI onto bare gold electrodes (raw data) obtained for
different sample potentials (Us = 200mV, 400 mV, 600 mV, 850 mV, going up to
down) and positive (blue) and negative(red) bias. Grey curves correspond to
curves obtained in the same conditions in absence of PSI. b) Statistical
representation of the obtained 3 values for the curves in a. current setpoint was

always 0.5nA.

PSI bound to the 2ME electrode showed a different behavior (Figure). Low 3

values (down to 3 nm) are found in all the conditions, but at low sample

potentials (Us=200 mV) high (3 values predominate. As the sample potential is

increased for both positive and negative bias, low 8 values are more abundant

than high 8 values. Although both bias display a similar behavior, it is more

robust at positive bias where the high 3 peak is almost gone when increasing

the sample potential to Us=400 mV.
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bias +300mV

bias -300mV

z curves that achieve very low {3 values, even

1.2 nm! (Figure 6.4). The appearance of this super

a

Figure 6.3. a) IZ curves for PSI onto 2-mercaptoethanol functionalized gold

electrodes (raw data) obtained for different sample potentials (Us = 200 mV, 400
mV, 600 mV, 850 mV, from top to bottom) and positive (blue) and negative(red)

bias. b) Statistical representation of the obtained [ values for the curves in a.

Current setpoint was always 0.5 nA.

Focusing in the range of lower 3 values (f<4nm-) (Figure 6.4) we see that
they are present in all the conditions, and that the {3 values ~4nm-! don’t show
a dependence with sample potential or bias. However, there is a larger
population of low 3 curves at Us= 400 mV and positive bias (Figure 6.3). In
low 3 value peak is clearly conditioned by the sample and bias potential.

these conditions there are I
forming a small peak at f~
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Figure 6.4. Distribution of Iz curves with f <4 nm? for PSI onto 2-
mercaptoethanol functionalized gold electrodes. a) Selected Raw I-z curves
corresponding to beta<4nm! are indicated in red and blue (bias -300 and +300
mV respectively). b) Enlarged histograms from Fig. 6.3b for the beta<4nm-! region,
including higher resolution binning. The lowest values of the distance-decay
constant are found for Us=400 mV and bias +300 mV and form a peak at f~1.2 nm-
1. Current setpoint was always 0.5 nA.

In the case of PSI bound to the 6AH SAM functionalized electrode, we see a
wide distribution of 8 values in all of potentials and bias (Figure 6.5). There is
nevertheless a disguised peak at f~4 nm! for Us =200 mV, 400 mV, 600 mV
at negative bias that does not appear at positive bias. The broad distribution
of B values is an indicative of a mixture of orientations, although the small
tendency towards high [ values in the negative branch suggests that one
orientation is quite more abundant than others. This kind of distribution could
also be due to a low absorption of the protein, since there is a high

contribution from the background.
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Figure 6.5. a) IZ curves for PSI onto 6-aminohexanethiol functionalized gold

electrodes (raw data) obtained for different sample potentials (Us = 200 mV, 400
mV, 600 mV, 850 mV, From top to down) and positive (blue) and negative (red)

bias. b) Statistical representation of the obtained [ values for the curves in a.

current setpoint was always 0.5 nA.

0,1
0,01

values (Figure 6.6). In this case, there is a clear tendency to higher 3 values at

The system of PSI bound to 8MOA SAM was the one that showed lower 3
higher sample potentials for both positive and negative bias. We see low the

~ 4 nm disappear at Us=850 mV for negative bias,

peak corresponding to 3

and at Us

600mV for the positive bias. Focusing in the lower beta values ($<4

we see that there appear again curves with values of f~1

1) (Figure 6.6),

nm

200mV for both bias and, at Us= 400 mV for positive bias.

nm? at Us



bias +300mV b bias -300mV bias +300mV

bias -300mV

Chapter 6

a

counts counts counts counts counts counts

bias +300mV

T o/
ST =
gA._r.m

-~ —
T > 0 wn
Q > O
SEZ g
So w5
nOgC
SN
= on ]
O T S
£S5 8
E= %3
T=o" >
PEER E
©—~ ammu (<)
3 28~ b=
: . A +S So%g~> v
s P u SE2Zam i
vz || S o% g ©
S 2o d Q2
LY
wxsnw o]
O = 2
55T
= o
2235 >
£35%< &
= = O
E §S£E< g
N ﬂmwerD +
PntMs £
L5 E3 e 3
ezgggy “°
8o 8%
= W\qlazves
— ~
= SEE-g
— [~ 55ow 3 >
= Nx@8oE E
= RPN M,aom.w.m S
= € UV;&D. m
E_— =} p=)
= 1 ro.%mﬁe s
= o~ 7 »n
= 085 8
= = 5 \© o Qo
= - - 20 ~4d =
Z o> 5
" ; w3 EQ D
$ 5 - 5 &8 - 5 &8 - 5 3 o
o o

)l ()

~ 4 nmL, in the same range of previously others

respectively). b) Enlarged histograms from Fig. 6.6b for the <4 nm-! region,

corresponding to <4 nm-! are indicated in red and blue (bias -300 and +300 mV
including higher resolution binning. Current setpoint was always 0.5 nA.

mercaptooctanoic acid functionalized gold electrodes a) Selected Raw I-z curves

Figure 6.7. Distribution of Iz curves with f <4 nml for PSI onto 8-
obtained for ET proteins. In some cases we found, besides this peak,

In the four different immobilization systems we found curves with a low

distance decay factor of 3
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anomalously low 8 values up to $~1 nm-1, which have never been reported in
inter-protein ET and cannot be accounted for by multiple tunneling steps
through the aqueous solution. In an ongoing investigation in our laboratory
(A. Lagunas, in preparation), such low 3 values have been observed between
redox partner proteins bound to the probe and sample of the ECSTM, and have
been associated to strong electronic coupling that maintains efficient ET at

long distances through the aqueous solution.

In order to interpret the experiments of chapters 5 and 6, a table is presented
below that outlines the major results (table 6.1). It includes for each substrate
(bare Au, 2ME/Au, 6AH/Au, 8MOA/Au) the distribution of 8 values as a
function of the substrate potential and probe-sample bias, the minimum f3
values observed ( around 1 nm? corresponding to Long range electron
transfer, LRET, are indicated with a yellow arrow), the extent of surface
coverage by PSI, and the apparent PSI height measured by ECSTM at different

potentials and bias.
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Table 6.1. Summary of the results for the different functionalization. Histograms
(top of the table) show the distribution of § values of each surface at different
values of Us and Ubias. Long range electron transfer regions are marked with a
yellow arrow. Average apparent heights of the PSI molecules measured with
ECSTM at different Us are specified in grey in the histograms.

Many observables change with several parameters and thus it is useful to
represent them in a compact way in order to establish comparisons. In Figure
6.8, the distribution of 8 values is shown in the y-axis with a color code
(brighter for higher occurrence of I-z curves with that § value) as a function of
Us (x-axis) and bias (red and blue plots for -300 mV and +300 mV
respectively). This representation of distance-decay constants or “beta-gram”
can be used to interpret ET using the lower part of the plot. Values of § >10
nm? correspond to abrupt (metal-like) exponential drops between
electrodes, as for the DDM surfactant alone on gold, which also does not
depend on Us. Despite the relatively low coverage of PS], the simplest system
appears to be PSI on a bare gold electrode. The  values do not depend
strongly on potential changes and a region of the betagram corresponding to
very low [ values is clearly visible at Us=200 mV and negative bias. The 6AH

SAM gives the blurriest distribution of § values, suggesting low adsorption, as
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high B values are predominant. Some regions of interest in three of the

electrodes are highlighted in Figure 6.9.

Au-DDM Au-PS | 2ME-PSI 8MOA-PS | 6AH-PS |

0
0 200 400 600 800 O 200 400 600 800 O 200 400 600 800 0 200 400 600 800 0 200 400 600 800 1000
Us (mV) Us (mV) Us (mV) Us (mV) Us (mV)

Figure 6.8. 2d-histogramms showing the evolution of the beta values with the Us
for the different systems at negative (red) and positive (blue) bias. Normalized
counts follow the color scales (right).

Au PSI 2ME-PSI 8MOA-PS |
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nm'1)
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Figure 6.9. Enlarged 2d-histogramms showing the evolution of the beta values
with the Us for the beta<4nm-! region, for the different systems at negative (red)
and positive (blue) bias. Normalized counts follow the color scales (right). Stars
indicate conditions of LRET (B=1nm-1).
The interpretation of results is also facilitated by electron energy diagrams
like that of PSI in Figure 6.1. The set of potentials applied in our experiments
are shown in Figure 6.10. The potential conditions (Us, Up) in which LRET
between probe and sample is observed (stars in Figure 6.9) correspond to the

energy diagrams depicted in Figure 6.11.
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Figure 6.10. Energy diagram showing the used sample and tips potentials,
including the energy diagram of the cofactors of the PSI biological ET chain. As
reminder, Upias=Up -Us, two bias potentials were used in ECTS experiments in this
chapter (+/-300 mV).
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P700-

Figure 6.11. Energy diagrams for PSI in a) bare gold electrodes, b)2-

mercaptoethanol surfaces and c) 8mercaptooctanoic acid surface. Green arrows

show the conditions in which we found LRET.
In view of the redox potential of P700*- Ao-A1-Fx-Fg-Fa, probably these states
are not accessible to the range of electrode potentials that we are applying.
Thus, the charge transfer observed in our ECSTM and ECTS experiments is
probably not occurring trough the biological ET pathway. In the absence of
illumination, the redox state of the P700 center can be manipulated
electrochemically, but the P700 cannot get the excitation energy necessary to
transfer electrons through the ET chain. Thus, we are most likely using low
energy electronic states (“hole” pathways) that have unknown biological

relevance.
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The ability to exchange electrons between probe and sample through PSI
depends strongly on the functionalization of the gold surface. Regarding the
low B~4 nm?! peak, we have two different situations depending on the
substrate functionalization. In the cases with bare gold and 2-ME substrates,
the presence of the $~4nm! peak did not depend on the applied sample
potential or the bias voltage, suggesting that this low 8 curves are result of a
charge transfer mechanism that does not involve the redox states of the
molecule. In the other two systems, with the 8-MOA and the 6-AH SAMs, the
B~4 nm-1 peak disappears at high Us potentials. This suggest that, in this case,
the pathway could be redox mediated. We should take into account that
different functionalizations can lead to different orientations of the molecule
on the SAM!85 thus we are probably addressing different alternative
pathways.

The LRET B~1 nm peak indicates a significant change in the charge transfer
route or pathway through the protein. This peak appears in all the systems
but the 6-AH functionalized electrodes, probably due to a less efficient
adsorption of the protein. Looking at the potential conditions (Up, Us) in which
f~1 nmis observed between probe and sample (LRET, Fig 6.9), it is noticed
that it appears when Us is close to the redox potentials of P700 and PC (200-
400 mV), which suggest that the P700 center might be involved in the charge
transfer mechanism. In Au-PSI and 2ME, LRET depends with bias, what
implies a directionality of the charge transfer mechanism. As we see in the
energy diagram of Au-PS], effective injection of low energy electrons into PSI
(hole extraction) allow LRET from the probe. 2ME surfaces show efficient
extraction of low energy electrons of PSI (hole injection) and LRET from the
probe. This fact suggests opposite orientations of the protein over the
substrate. Finally, in the 8MOA, both hole injection and extraction lead to
efficient LRET with a high occurrence of ~1 nm at Us=200 mV and both bias,
which could be due either to a mix of orientations, or to a parallel orientation

of the protein on the substrate!8s.

Since hole transfer from PSI to the gold substrate is especially efficient in Au-
PSI, 2ME and 8MOA (Figure 6.11), we propose that hole extraction from PSI is
a key factor for efficient overall ET in PSI-coated gold surfaces. Enhancing the
hole-exchanging capacity of the substrate while keeping a good orientation of

PSI should allow increasing even further the ET efficacy of the substrate.
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6.3.2 IZ curves: Light experiments.

We carried out preliminarily studies of the effect of illumination on current-
distance measurements for PSI bound to 2ME functionalized electrodes. We
performed curves in the dark and under illumination applying a sample
potential of Us=200 mV (Figure 6.10), with both positive (+300 mV) and
negative (-300 mV) bias.

Upiae -300mV Upiae +300mV

Figure 6.10. a, c) IZ curves for PSI onto 2-mercaptoethanol functionalized gold
electrodes (raw data) obtained for Us=200 mV and positive (+300 mV, blue) and
negative (-300 mV, red) bias, performed in the dark (upper panel) and under red
light conditions (bottom panel). b,d) statistical representation of the obtained 3
values for the curves in a,c. current setpoint was always 0.5 nA.
We found that both positive and negative bias curves showed lower 8 values
upon illumination. Comparing with dark conditions, we can see that the high
B values population seen in dark conditions disappeared under illumination,
for both positive and negative bias potentials. However, we see a bigger effect
in the case for negative bias in which  values as low as ~0.5 nm! have been

obtained (inset Figure 6.10).

In both cases, the current-distance decay factor f was lower under
illumination. Further results, including the differences between positive and
negative bias and the interpretation of these photoeffects, will require

additional experiments in a new ECSTM setup with improved illumination.
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6.4 Conclusions

In this chapter, we performed current-distance spectroscopic measurements
of all the PSI adsorbed onto four different substrates: bare gold electrode, 2-
mercaptoethanol, 6-aminohexanethiol, and 8-mercaptooctanoic acid
functionalized gold electrodes. We obtained the current decay factor 3 for all
these systems, and evaluated its dependence with the applied sample

potential and the bias potential.

The most stable 3 values were obtained with PSI in a bare gold electrode, and
lowest 3 were achieved with PSI on the 2ME surface (with positive bias and
Us =400 mV) and on the 8MOA (with positive bias and Us =200 mV and 400
mV).

We obtained low 8 values (4 nm) in agreement with the ones reported for
ET proteins in all the systems. We also obtained LRET notably low 8 values
(~1 nm) in some of the systems, under determined conditions. Since we are
working in the dark, and we are not addressing the molecular levels of the
biological ET chain, these results suggest that we are most likely addressing

low energy (holes) pathways alternative to the biological ET pathway.

LRET only appeared when Us was 200-400 mV, a potential range of biological
relevance for P700, close to its own and plastocyanin redox midpoint
potentials. In bare-Au electrodes, PSI showed efficient long range hole
extraction, while in 2ME electrodes, the most favorable process was hole
injection. These results suggest that the P700 centre is involved in the
injection and extraction of holes through the molecule, and that this
mechanism has a preferred directionality. In 8MOA electrodes, PSI showed
efficient LRET for both positive and negative bias, what suggest a mixture of

orientations, or a parallel orientation over the electrode surface.

Preliminary current distance experiments under illumination yielded a

reduced current decay factor £.
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Conclusions

General conclusions

In this thesis we investigated ET proteins using Scanning Probe Microscopies
under electrochemical control. Cases of study were two very different ET
biosystems: the metalloprotein and the photosynthetic complex Photosystem
[ (PSD).

ECTS measurements of Azurin showed a current rectifying behavior of Azurin
under electrochemical control. From the obtained current-voltage data, we
obtained the transition voltage (TV) value of Azurin in the tunneling
configuration as well as wired to the metal electrodes. TV marks the transition
between two conductance regimes that are in agreement with the biological
activity of azurin: to exchange and transport charges. The lower value of TV
obtained for the wired configuration in comparison to the tunneling
configuration, reflects the stronger coupling of azurin with the probe, which
lowers the energy barrier between them. These results suggest that biological

ET could be modulated by the electronic coupling between redox partners.

We developed a method to improve the resolution of current measurements
in ECTS. This new method allowed us to obtain differential conductance
images of a surface under electrochemical control. The technique was
validated by characterizing the reversible oxidation of an iron electrode,
whose conductance and topography were monitored simultaneously in
different redox states. The conductance changes between reduced and
oxidized iron measured with this technique were in agreement with
previously published results. Differential conductance imaging was used to
characterize azurin and revealed a submolecular high conductance spot,
indicating the existence of an ET pathway towards a localized, high electronic

coupling site.

We studied the force-conductance relationship of azurin deposited on gold in
an electrochemically-controlled environment. Both force controlled current
voltage spectroscopy and force and current distance spectroscopies, showed
that the conductance on the Au-Azurin-Au junction increased with the applied
force over the junction. The conductance-force dependence changed with the
redox state of the protein: the required force for current flowing through the
Au-Azurin-Au is higher when the protein is reduced. The increase of

conductance upon an increase on applied force could be due to a number of
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factors: An increase in the contact area, a reduced distance between the probe
and the Au substrate, changes on the structure or changes on the ET
mechanism. All these factors can contribute to the increased conductance
through the junction, but the difference between the redox states can only be
explained through a change in the ET mechanism, since there is no evidence

of structural changes between redox states in azurin.

PSI was successfully bound to Au electrodes through different surface
treatments, yet it adsorbed to different extents. The systems that showed
highest coverage and more homogeneous adsorption were the 2-
mercaptoethanol and the 8-mercaptooctanoic acid functionalized electrodes.
PSI retained its electrochemical activity, and produced photocurrent
generation upon illumination on both surfaces. PSI also adsorbed onto bare-
gold electrodes and 6-aminohexanethiol functionalized gold electrodes, but
with a lower surface coverage and a heterogeneous adsorption, creating
islands and aggregates of the protein and/or the surfactant over the surface.
All four treatments were suitable for ECSTM imaging, and three of them stood
a relatively wide range of sample potentials. The apparent height of the PSI
molecules was in agreement with reported values in the literature. The
apparent height of PSI was independent of the applied bias, but it changed
with the applied sample potential (Us). Imaging at potentials above the redox
peak of p700 of PSI (Us>400 mV), the average apparent height of the protein
spots increased about a 10% (~0.5 A), suggesting that the ET transfer

mechanism has redox dependent steps.

Current-distance spectroscopic measurements showed that PSI presents low
distance decay 8 values of f~4nm, in agreement with the ones reported for
ET proteins in other systems. We also obtained anomalously low 3 values of
B~1nm! in some of the systems, under certain conditions of potential and
surface treatment. Since measurements are performed in dark conditions,
and the applied potentials do not attain the high-energy states of the biological
ET chain, these results suggest that in this case ET involves low energy (holes)
pathways of unknown biological relevance. Long range charge transfer (f~1
nm-1) was only observed at sample potentials close to the redox potential of
the P700 center, which suggests that it mediates the long range injection and

extraction of holes through the complex.
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Introduccion

1. Introduccion.

La transferencia de electrones (ET) es un proceso fundamental en biologia.
Es crucial para procesos biolégicos esenciales, especialmente los relacionados
con la conversidn de energia, como la fotosintesis o la respiracion celular. La
transferencia de electrones tiene lugar intra- e inter-proteinas, entre centros
metalicos u otros cofactores que estan separados por largas distancias. Se han
dedicado muchos esfuerzos experimentales y teéricos para comprender el
proceso de ET en biologia, no sélo por el interés fundamental del campo, sino
también por las potenciales aplicaciones tecnoldgicas de estas proteinas como

componentes de dispositivos electronicos biomoleculares2.

Transferencia de electrones en biologia: proteinas redox.

Los procesos de transferencia de energia en biologia, tienen lugar
principalmente entre centros de proteinas redox. Las principales familias de
proteinas redox involucradas estos procesos son: citocromos, clusters de
hierro-azufre y cupredoxinas. Combinadas, estas proteinas redox cubren toda
la gama de potenciales de reduccion relevantes en biologia3. Los centros redox
de las diferentes familias tienen diferentes geometrias, pero todos satisfacen
los requisitos para una ET! eficiente: 1) hay un cambio minimo en la geometria
entre estados redox, lo que minimiza la energia de reorganizacion asociada al
proceso de ET, y 2) presentan un acoplamiento electrénico eficiente entre

donante y aceptor de cargas a largas distancias a través de la proteina*.

Los citocromos son una familia de proteinas ET que contienen un grupo heme.
Estan presentes principalmente en la membrana mitocondrial interna de
organismos eucariotas y en una amplia variedad de bacterias Gram-positivas

y Gram-negativas3.

Las proteinas Fe-S se encuentran en todas las formas de vida y desempefian
papeles en procesos cruciales como la fotosintesis y la respiracién. Estas
proteinas muestran una amplia gama de potenciales redox y diferentes
motivos estructurales que les permiten interactuar con diferentes parejas

redox, participando en numerosos procesos bioldgicos® 7.

En las proteinas Fe-S podemos distinguir tres grupos principales:

Rubredoxinas, Ferredoxinas, y HiPIPs (Proteinas de hierro-azufre de alto
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potencial), ademas de complejos proteicos con centros de Fe-S presentes en
hidrogenasas y otras enzimas, y en la cadena del complejo respiratorio, de la

cual hablaremos en una seccién posterior.

Las proteinas de cobre que actian como mediadores de ET incluyen proteinas
de cobre azul (o tipo 1) y centros dinucleares Cua. En las cupredoxinas, la
estructura de la proteina desempefia un papel significativo en mantener la
geometria del centro redox. En ambos tipos de cupredoxinas, el Cu presenta
una geometria trigonal y un fuerte enlace cobre-tiolato. Las proteinas
dinucleares Cua incluyen la citocromo c oxidasa y otras enzimas, que son
receptores de electrones terminales de diferentes procesos ET. Las proteinas
de cobre azul incluyen proteinas implicadas en procesos ET como
Plastocyaninas, Azurinas y enzimas multicobrel0. Las proteinas de cobre azul
se encuentran en arqueas, bacterias y plantas, donde actian como portadores

de electrones en la ET biolégica.

Complejos respiratorios

El sistema respiratorio mitocondrial es el principal productor de energia en
células eucariotas3. Estd compuesto por cinco complejos multi-polipéptidos?s
y por ubiquinona y citocromo c como portadores de electrones méviles. Los
electrones entran en la cadena respiratoria en el complejo I (NADH-UQ
oxidorreductasa) y el complejo II (succinato deshidrogenasa), donde el NADH
y el succinato actian como donadores de electrones para reducir la
ubiquinona al ubiquinol. El ubiquinol transfiere electrones a través del
complejo III (complejo Cytochrome bc:) a citocromo c. El citocromo c se oxida
en el complejo IV (complejo de citocromo c oxidasa) y transfiere electrones a
02 para producir agua. Este proceso se acopla al bombeo de protones a través
de la membrana, lo que genera un gradiente de protones que es utilizado por

el complejo V (ATP sintasa) para generar ATP.

Proteinas fotosintéticas.

En la fotosintesis oxigénica, tres complejos proteicos se organizan en la
membrana tilacoide del cloroplasto, y plastocianina (PC) y quinona actdan
como portadores de electrones. En la cadena fotosintética, el Fotosistema Il
(PSII) oxida el agua para producir oxigeno y reduce las quinonas. Las quinonas
reducidas son entonces utilizadas por el citocromo bsf para crear un
grandiente de protones a través de la membrana y para reducir la

plastocianina, que es el donante de electrones del Fotosistema I (PSI). Un fot6n
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adicional se absorbe por cualquiera de los pigmentos del PSI y se transfiere al
par de clorofilas P700, oxiddndolo. El electrén extraido de P700 se mueve a
través de una cadena interna y reduce la ferredoxina (Fd), que es el aceptor
final de electrones del PSI. El P700 es re-reducido por la PC. La Fd reducida
estd implicada en varias vias celulares, principalmente la reduccién de NADP
a NADPH, que junto con ATP impulsan el ciclo de Calvin para producir
carbohidratos?®. La enzyma ATP sintetasa utiliza el potencial de membrana
para sintetizar ATP. Estos complejos de proteinas estan presentes en todas los
organismos que realizan fotosintesis oxigenada, cianobacterias, algas y
plantas.

El fotosistema I (PSI)

El PSI de las plantas superiores se compone principalmente de dos partes: el
centro de reaccién y el complejo de recoleccién de luz I (LHCI) que rodea el
centro de reaccién y maximiza la absorcion de luz y transmite la energia al
centro de reaccidn. El centro de reaccién esta compuesto por 19 subunidades.
El heterodimero PsaA-PsaB forma el corazén del centro de reaccién. Contiene
el par especial de clorofilas P700, donde comienza la separacién de carga
impulsada por la luz, y los primeros aceptores de electrones Ao (clorofila-a),
A1 (filoquinona) y Fx (cluster Fes-S4). Los receptores de electrones terminales
de la cadena, Fa y Fg, dos grupos de Fes-S4, estan unidos a la subunidad PsaC.
El resto de subunidades estan involucradas en el acoplamiento de ferredoxina,

plastocianina, y la asociacion con LHCI30,

Teoria de transferencia de electrones

La teorfa de Marcus describe la constante de ET entre un donante de
electrones (A) y un aceptor (B) a una distancia fija, en términos de la fuerza
motriz para la reaccién ET (-AGo), 1a energia de reorganizacién requerida (1),

y el acoplamiento electrdénico (Hag) entre A y B en el estado de transicion:

3 0 2
4w _ (AG°+d) ) eq. 1

kpr = |[———H%pex (
ET n2kgT TABEXP 42kgT

Donde ks y h representan las constantes de Boltzmann y Planck,
respectivamente, y T la temperatura. Cuando la fuerza motriz es igual a la

energia de reorganizacion, la constante de ET tiene una dependencia
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exponencial con das (Eq. 2). El parametro clave en esta relacion es el factor de
decaimiento B, caracteristica del mecanismo de ET, y del medio entre donante

y aceptor.

ker o< exp(—Bdyp) eq. 2

En biologia, las cargas necesitan recorrer distancias mas largas que las que
podrian lograrse mediante un proceso de tinel de un solo paso. La solucidon
para la ET de largo alcance es disponer cofactores espaciados entre si a una
distancia tinel actuando como intermediarios del ET25 78, Se han propuesto
varios modelos tedricos para describir la ET de largo alcance en cadenas

biolégicas incluyendo: Superexchange, Hopping, y Flickering Resonance?82.

En el modelo superexchange para ET, el tinel de electrones estd mediado
entre el aceptor y el donante por estados intermedios, que no se ocupan
durante el proceso. En el modelo de flickering resonance, el medio actia como
una cadena de estados redox que pueden aceptar y donar electrones o huecos.
En el modelo de hopping, la transferencia de carga entre donante y aceptor se
produce a través de saltos consecutivos de un sitio a otro, con probabilidad de
saltar hacia delante y hacia atras. Este mecanismo puede explicar distancias

ET mas largas, ya que muestra una dependencia débil de la distancia84.

Las Proteinas como dispositivos electronicos

Las propiedades especiales de las proteinas de ET las convierten en
candidatos prometedores para una amplia variedad de aplicaciones
tecnoldgicas®®, incluidas las aplicaciones energéticas®”- 28 biomédicas?9-101 y

ambientales102,

La metaloproteina Azurina como sistema modelo para estudiar ET

La Azurina de Pseudomonas aeruginosa (Az) tiene un centro de cobre y
presenta un puente disulfuro entre Cys 3 y Cys 2614, que puede usarse para
inmovilizar covalentemente la proteina sobre un electrodo de Aul2 103-106 g
metaloproteina Azurina representa un punto de referencia para el estudio de
ET en proteinas. La azurina presenta propiedades de transporte eficientes a
lo largo de ~ 3.5nm, una distancia demasiado larga para el tinel de electrones
através de moléculas organicas saturadas®*. Esta via de ET de largo alcance se

cree que estd asistida por aminoacidos oxidables como el triptéfano y la
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tirosina a lo largo de la estructura de la proteinal%. El potencial tecnolégico
de la Azurina ya estd siendo estudiado en diferentes aplicaciones, como

biomemorial3s, y otros dispositivos electronicos!06 137,

El Fotosistema I como un potencial dispositivo bioelectrénico.

El PSI actia como un fotodiodo natural, que induce transferencia de
electrones tras radiacién luminica. La eficiencia de transferencia de energia
de PSI en este proceso es cercana a la unidad!38. Esta eficiencia y la
accesibilidad superficial a los aceptores y donadores de electrones de la
cadena de ET puede ser explotada en el estudio de ET de PSI y en el empleo de
PSI para aplicaciones tecnolégicas. Estas caracteristicas hacen de PSI uno de
los sistemas de ET mads investigados en biologia, tanto por su importancia

como por sus prometedoras aplicaciones en electrénica biomolecular.

Ventajas de las SPM para la ET en biologia

Las Microscopias de Sonda Préxima (SPM) permiten la medida de una
pequena cantidad de proteina, o incluso de moléculas individuales, en vacio,
aire, atmosfera inerte o medio liquido. La posibilidad de trabajar en medios
acuosos abre la puerta al estudio de sistemas bioldgicos en condiciones casi
fisiologicas. STM en liquido admite la posibilidad de trabajar bajo control
electroquimico de ambos electrodos (muestra y sonda). Esta configuracion
permite un control electroquimico completo del sistema, ofreciendo al mismo

tiempo resolucién a nivel de molécula individuall2 71 105,169,

Uno de los puntos fuertes tanto de ECSTM como de AFM es el hecho de que
ademas de imagenes de alta resolucion, pueden realizar diferentes tipos de
espectroscopias, pudiendo sondear de esta manera diferentes propiedades de
la muestra, relacionadas con su comportamiento electrénico y propiedades

estructurales y mecanicas.

ECSTM y cAFM aplicado al estudio de proteinas de ET.

ECSTM se ha aplicado al estudio de proteinas de ET tales como azurina7? 104
106, 112, 137, 169, 171 citocromol72174, y enzimas redox!7’5 176, ECSTM ha
demostrado que el proceso ET en azurina implica su ion Cu’! 171, La Azurina
también se ha estudiado utilizando AFM conductorl’s, que muestra que la

conductancia de azurina depende de la fuerza aplicada sobre ella. El cAFM
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también se ha aplicado al estudio de proteinas de ET como plastocianinal7?o
fotosistema [141 182, 183 en ambientes no conductores. El PSI también se ha
caracterizado por STM y STS!84 185 ]o que demostré su comportamiento de
tipo diodo, y su dependencia con respecto a la orientacién de la molécula en la
superficie. Sin embargo, su mecanismo ET no se ha caracterizado en un
ambiente totalmente electroquimicamene controlado, como el que ECSTM

ofrece.

Retos actuales

ECSTM y ECTS han arrojado luz sobre ciertos aspectos del mecanismo de ET
en proteinas de ET, pero todavia hay desafios experimentales por delante,
como mejorar la resolucién espacial de ECTS. Un método fiable y rapido que
podria caracterizar la conductancia de moléculas individuales con alta
resoluciéon espacial serfa muy util para caracterizar las proteinas ET
multiredox o cadenas largas de transferencia de electrones. Otro desafio
técnico importante seria el desarrollo para la aplicacion de cAFM en
ambientes liquidos. Esta técnica permitiria estudiar la relacién entre la
estructura de las proteinas redox y el comportamiento electrénico bajo

control electroquimico completo, pero es técnicamente dificil.

Objetivos

El objetivo general de esta tesis es describir los mecanismos de transferencia
de electrones de las proteinas ET al nivel de una molécula individual. Para
abordar este objetivo, la Microscopia de Tunel Electroquimica (ECSTM) y la
Microscopia de Fuerza Atdmica conductora (cAFM) son técnicas ideales, ya
que permiten trabajar a nivel de una sola molécula, en diferentes modos de

operacion.

Nuestro objetivo es explorar el comportamiento de la conductancia de la
proteina Azurina con respecto a su estado redox y otros parametros, como el
modo de contacto entre azurina y los electrodos, o la fuerza mecanica aplicada
con este contacto. Este objetivo incluye evaluar los requisitos técnicos
necesarios para mejorar la resolucion espacial y la recopilaciéon de datos de
las medidas ECTS, adaptando el método de corriente alterna normalmente
utilizado en UHV-STS al STM electroquimico. Este primer objetivo principal

también implica desarrollar una metodologia en la que sea posible combinar
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las medidas de fuerza que el AFM ofrece, con medidas eléctricas, en un
entorno controlado electroquimicamente. El desarrollo de esta metodologia
incluira el disefio y la fabricaciéon de nuevas puntas de AFM. Esta mejora

técnica permitira describir el proceso de ET con un gran nivel de detalle.

Ademas de la caracterizacién de Azurina, pretendemos caracterizar el
mecanismo ET de una proteina ET mas compleja, el Fotosistema I.
Comenzaremos por caracterizar la proteina con imagenes y espectroscopia de
ECSTM y evaluaremos sus propiedades de conductancia en un amplio rango
de potenciales electroquimicos. Para lograr este objetivo, primero tenemos
que desarrollar una estrategia de inmovilizacién para el Fotosistema I
adecuada para ECSTM. Este primer paso permitira la aplicacién posterior de

todos los modos de ECSTM y ECTS para estudiar este sistema.

2. ECSTMy ECTS de la proteina azurina

Caracteristicas de corriente-potencial.

La dependencia de la conductancia de una Unica azurina en potenciales
electroquimicos se estudi6 con ECTS de corriente-potencial (I-V). Las medidas
se llevaron a cabo en la configuracién de tinel, donde no hay contacto fisico
entre la punta de STM y la proteina, y en configuracién "cableada”, donde la
azurina esta en contacto directo con la proteina. Enlas I-Vs se ven dos tipos
de curvas: una poblacién con rectificacién de corriente y otra poblacién con
un comportamiento lineal (Figura 8.1). En ausencia de moléculas de Azurina,
todas las curvas mostraron un comportamiento lineal, por lo que atribuimos

las curvas rectificadoras de corriente a la proteina Azurina.
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Figura 8.1 A) Histograma 2D mostrando las curvas IV obtenidas en una muestra
de azurina sobre Au. US = -0,3 V (azurina reducida); UP inicial = 0,5 V; Corriente al
iniciar las curvas I = 0,5 nA; N = 50. (b) Promedio de las dos poblaciones I-V
identificadas en (a), correspondientes a azurina (azul) y Au (negro). Las barras de
error gris indican desviaciones estandar
Calculamos el valor de potencial de transicién (TV) para la conductancia de
azurina de las curvas IV. Los espectros de potencial de transicion de Azurin
(TVS) mostraron valores minimos distribuidos alrededor de 0.4V. También se
examino el espectro de TVS de azurina en una configuracion cableada, donde
se encontré un minimo en la rama negativa que correspondia a un TV muy
bajo (-0,06 £ 0,01 V). El valor de TV inferior refleja el acoplamiento mas fuerte
con el electrodo de punta, que baja la barrera de energia entre los niveles del
electrodo de punt STM y la molécula. TV marca la transiciéon entre dos
regimenes de conductancia que estan de acuerdo con la actividad biolégica de
la azurina: intercambio y transporte. Estos resultados sugieren que el ET
biol6gico podria ser modulado por el acoplamiento electrénico entre las
parejas redox, un concepto que ha sido estudiado usando enfoques

electroquimicos201,

3. Imagen de conductancia diferencial con ECTSM

Adaptamos el modo de espectroscopia corriente-potencial de ECSTM para
incluir una modulaciéon de potencial sinusoidal a la punta y medimos la
amplitud de la modulacién provocada en la corriente por medio de un
amplificador lock-in. Esta sefial es proporcional a la conductancia diferencial
dI / dV de la superficie estudiada. Podemos utilizar esta sefial para construir

una imagen de conductancia diferencial mientras escaneamos la superficie,
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obteniendo simultineamente una imagen de conductancia diferencial y la
topografica tradicional. Primero validamos este método estudiando la
oxidacion reversible y pasivacion de un electrodo de hierro en tampén de
borato, un sistema ampliamente estudiado cuya conductancia local se habia
caracterizado previamente con ECTS170.208 gbteniendo resultados en acuerdo

con los previamente publicados.

Imagen DECC de Azurina en superficies de oro.

En las imagenes DECC de proteinas Azurina individuales, la imagen de las
proteinas individuales revel6 caracteristicas de conductancia sub-molecular.
La Figura 8.2 muestra imagenes topograficas y DECC de alta resolucion de una
sola proteina Az. Se puede observar un punto de conductancia diferencial
brillante y alto cerca del centro de la proteina, rodeado por una region de
menor conductancia. El punto de alta conductancia aparece en la misma
posicién en ambas direcciones de escaneo (Figura 8.2a y Figura 8.2b). La
mayor conductancia diferencial de Az con respecto al sustrato de oro puede

ser debido a las caracteristicas no lineales I-U de la proteinal92.

Simulaciones de Az en una superficie de oro (111)%!3 concluyeron que la
orientacién preferida de la proteina sobre la superficie es casi tumbada. Se
espera que la molécula, unida covalentemente a través de dos cisteinas
superficiales (de color verde en la Figura 8.2c) se “tumbe” con su parche
hidréfobo (azul en la Figura 8.2c) orientado hacia arriba. Este parche
hidrofébico rodea al centro de Cu, que juega un papel importante en la
transferencia de electrones!6% 214 215, En esta configuracion, el centro de Cu
estaria frente a la punta, favoreciendo asi la transferencia de electrones entre
ellos. Estos resultados apoyan laidea de que la ET a través de Az esta mediada
por su atomo de cobre. En el contexto de la ET biolégica entre las proteinas
redox y sus parejas, las regiones de proteina con alta conductancia pueden
asociarse a sitios especificos de altoacoplamiento electrénico, requeridos para

el intercambio electrdnico eficientel92,
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Figura 8.2. Imagenes simultaneas de alta resolucion topograficas(izq) y de
conductancia diferencial(dcha). Escala, 5nm. Aparece una azurina individual, que
muestra un area sub molecular con alta conductancia diferencial, rodeada de una
zona de baja conductancia. (c) Representacion de la proteina azurina (PDB: 1AZU)
sobre un electrodo de oro, de acuerdo con un modelo publicado 213.
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4. AFM conductor en medio electroquimico

En este capitulo, pretendemos desarrollar un protocolo para la obtencién de
puntas de cAFM capaces de trabajar en medios electroquimicos. Para eso
hemos seguido dos enfoques: en primer lugar, cubrir puntas comerciales con
una capa de Alumina y, en segundo lugar, adaptamos la técnica de

revestimiento del Prof. Demaille a puntas comerciales.

Paralelamente, gracias a una colaboracién con el grupo del Prof. Demaille,
utilizamos las puntas caseras AFM-SECM desarrolladas en este grupo, para
estudiar superficies de oro recubiertas con Azurina en un medio controlado

electroquimicamente.

Aislamiento de puntas de cAFM

Seguimos dos estrategias para aislar eléctricamente las puntas conductoras
comerciales de AFM: recubriendo puntas comerciales con una capa de Al203
con Atomic Layer Deposition (ALD) o recubriendo las puntas con una capa de
pintura de deposicion electroforética. Con el recubrimiento de ALD obtuvimos
algunas puntas de fugas bajas, pero con poca reproducibilidad. Con el
recubrimiento EDP mediante la aplicacién de un potencial DC continuo
optimizamos las condiciones para obtener alrededor del 30% de las puntas
con fugas de corriente por debajo de 50 pA, pero parte del cantilever mostré
algunas alteraciones en sus propiedades. Con el recubrimiento EDP mediante
la aplicacion de una rampa de potencial, obtuvimos curvas de fugas
reproducibles y con una capa de capa delgada que no comprometi6 la forma

del cantilever o la reflectividad del laser.

Fuerza y espectroscopia de corriente de la unién Au-Au en medios
electroliticos

Las puntas recubiertas con EDP con el método del potencial de rampa se
usaron para realizar curvas de espectroscopia de fuerza en cAFM en medio
electroquimico. Antes de las medidas, las puntas se calibraron utilizando el
método de ruido térmico. Las puntas calibradas muestran una constante de

flexibilidad entre 2 y 3 veces superior a la constante nominal.

Obtuvimos curvas de ruptura de uniones (break-junctions) Au-Au. En el
proceso de retraccion de la punta del sustrato, obtuvimos trazas de corriente

en las que la corriente estd saturada mientras los dos electrodos estan en
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contacto, y disminuye bruscamente cuando se rompe el contacto. En esta traza
de corriente, vemos un escalén que indica que una pequefia union se creay se
rompe durante la retraccion de la punta. Recogiendo las trazas de corriente de
retraccién, podemos construir histogramas de conductancia (Figura 8.3). Se
obtuvo un valor de conductancia 0,67 + 0,02 Go de los escalones, en el rango
de la conductancia correspondiente de una unién Au-Au. El mismo
experimento, realizado con puntas de AFM conductoras comerciales sin
tratamiento adicional (es decir, sin aislar) en aire dio como resultado un valor

en concordancia de 0,66 + 0,02Go (Figura 8.3b, gris).

1,0
Uncoated tip-Air
08l 777 Coated tip- Liquid
06}
<
= 04f 0,66 £ 0,02
0,67 £ 0,02
02} &
0,0 /\[\/\ ﬂj{\ AN 2o =

piezo displacement

Figure 8.3. a) Curvas de corriente obtenidas durante el retroceso de la punta
(aumentando la distancia punta-muestra), obtenidas con puntas de AFM aisladas
en solucién con un bias de -10 mV. El eje x representa el desplazamiento
piezoeléctrico, a las trazas se les ha aplicado un desplazamiento para separarlas
para mayor claridad. b) histogramas de trazas de corriente de retraccion sobre un
electrodo de oro. El histograma gris corresponde a las trazas de corriente
obtenidas en el aire con una punta cAFM comercial sin aislamiento. El histograma
rojo corresponde a las curvas obtenidas con una punta aislada en liquido, a la
misma velocidad y con el mismo bias.

Medidas electroquimicas de cAFM de la proteina Azurina.

Paralelamente a estos experimentos, colaboramos con el grupo del Prof.

Demaille en la Université de Paris 7 - Paris Diderot.

Espectroscopia corriente-potencial bajo fuerza controlada.

Las curvas de Azurina I-V mostraron una clara dependencia con la fuerza
aplicada a los tres potenciales de muestra medidos. A fuerzas bajas, las curvas
[-V aparecen casi como una linea plana, con una pendiente cercanaa O nA / V.
A medida que aumentamos la fuerza aplicada, vemos el aumento de la

pendiente. Se ha publicado que la azurina requiere una fuerza de carga
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minima para dar sefial de corrientel28.178,221 E] aumento de la conduccién con
la fuerza de carga aplicada podria ser debido a varios factores. En primer
lugar, un aumento en la fuerza de carga puede implicar un aumento en el area
de contacto de la punta, dando lugar a que un mayor nimero de proteinas
Azurina estén en contacto con la punta. Una mayor fuerza también implica una
disminucién de la distancia entre la punta y el sustrato, lo que puede
contribuir al aumento de la corriente. Ademas, la fuerza puede estar
distorsionando la estructura secundaria de la proteina, lo que puede provocar
a cambios en las propiedades electronicas de la proteinal?8. Todos estos
factores pueden contribuir al aumento del flujo de corriente a través de la
unién con una fuerza de carga creciente. Curiosamente, la conductancia de la
proteina no aumenta a la misma velocidad con la fuerza aplicada en diferentes
estados redox. Cuando aumentamos la fuerza, vemos que, cuando la proteina
esta reducida, la curva IV sigue siendo plana, pero para la misma fuerza
aplicada, en el punto medio redox, la conductancia de la unién aumenta y es
aun mayor cuando la proteina se oxida. Por lo tanto, la unién Au-Azurina-Au
requiere fuerzas menores para conducir a través de la unién cuando la
proteina esta oxidada.

La menor fuerza minima requerida para lograr una buena conduccién cuando
la proteina se oxida con respecto a los otros estados, podria significar que la
proteina es mas sensible a los cambios de fuerza cuando se oxida y, por tanto,
mas flexible que en su forma reducida. Sin embargo, no hay evidencia que
sugiera un cambio en la estructura de la proteina con su estado redox. Por lo
tanto, este efecto es mas probablemente debido a un ET mas eficiente a través
de la proteina cuando se oxida, lo que sugiere un mecanismo de conduccién

que implica huecos.

Espectroscopia de fuerza y corriente con la distancia

Realizamos simultdneamente medidas de fuerza y distancia de corriente-
distancia sobre el sistema Azurina-Au. En la primera etapa de las curvas,
cuando la punta se aproxima a la muestra, vemos que, para las tres
condiciones, la corriente aumenta mientras aumenta la fuerza aplicada. Sin
embargo, en el caso de la proteina reducida, la fuerza minima necesaria para
detectar la corriente a través de la proteina es mucho mayor que en los otros
casos. Durante la retraccion de la punta, se obtuvieron trazas de corriente con

escalones que sefialan la presencia de uniones. La conductancia de los
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escalones esta modulada con el potencial electroquimico, de acuerdo con los

resultados anteriores realizados con ECSTM1%¢ (Figura 8.4).
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Figura 8.4. Comparacién entre los resultados de modulacién de la conductancia
de Azurina sobre Au, obtenidos con cAFM electroquimico (izquierda) y ECSTM
(derecha). Datos de ECSTM de ref106 (Artés et al. NanoLett 2012).

5. Caracterizacion de PSI: imagen con SPM y
electroquimica.

Para investigar las propiedades de PSI con ECSTM, necesitamos inmovilizar la
proteina en un electrodo conductor. En nuestro caso utilizamos estrategias de
inmovilizacién simples: adsorcion de PSI sobre un sustrato de oro, y adsorcién
de PSI sobre sustratos de oro funcionalizado con monocapas auto-
ensambladas (SAM) de alcanotioles, con tres grupos terminales diferentes: -
OH, -NH2, -COOH, que producen superficies neutras, positivas y cargadas

negativamente respectivamente.

Adsorcion de Fotosistema I en las diferentes superficies.

Todos los sistemas utilizados para la inmovilizaciéon de PSI se basaron en
interacciones fisicas, inespecificas en el sentido de que no hay un punto de
anclaje especifico en la proteina. E1 PSI se adsorbi6 en todos los sistemas, pero
la cantidad y distribuciéon depende de las propiedades superficiales de los

sustratos utilizados.
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Figura 8.5. Imagenes de ECSTM del PSI sobre a) electrodos de oro, b) electrodos
de oro funcionalizados con una SAM de 6-aminohexanotiol, c) electrodos de oro
funcionalizados con una SAM de 2-mercaptoetanol, y d) electrodos de oro
funcionalizados con una SAM de acido 8-mercaptooctanoico. Todas las imagenes
se tomaron con un potencial de muestra de Us = 200mV, y un potencial de punta
de Up=-100 mV. La corriente se mantuvo en todo momento constante a I= 0.5nA.
La escala se indica en cada imagen. La escala de color (escala en z) se indica debajo
de cada una de las imagenes.

Las moléculas de PSI se adsorbieron en electrodos de oro, de manera bastante
homogénea, apareciendo las proteinas rodeadas de islas de surfactante. Esto
ocurri6 también en la SAM de 6-aminohexanotiol SAM, pero no en el acido 8-
mercaptooctanoico o el 2-mercaptoetanol, donde la adsorcién de PSI fue
mayor. PSI sobre oro y 6-aminohexanetiol parecen tener también un

comportamiento similar con respecto al potencial de la muestra, es decir, un
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aumento de la altura aparente en condiciones oxidantes. Es sabido que PSI
adsorbe sobre electrodos de oro con orientaciones mixtas?44. La interaccién
de PSI con 6-aminohexanetiol no es muy clara. La carga superficial de PSI y la
ausencia de puntos de fijacién especificos sugieren que la naturaleza de la
interaccion es muy probablemente electrostatica y, en principio, podriamos
esperar que la carga parcialmente positiva de la superficie atraiga a los
residuos cargados negativamente de la proteina. Sin embargo, se ha
publicado?5® que las SAMs terminadas en amino en presencia de fosfatos
inorganicos podrian adsorber moléculas de fosfato de la solucion, creando una
capa sobre la superficie de la SAM que sobrecompensaria la carga positiva
parcial de la SAM. Esto podria dar lugar a una SAM con propiedades
electrostaticas heterogéneas, que provoca a su vez orientaciones mixtas de la

proteina, y menos adsorcion debida a la neutralidad electrostatica.

Es sabido que el PSI tiene una buena adsorcién en SAMs terminadas en
hidroxilo85, mediante enlaces de hidrégeno, con el 70% del PSI orientado con
su vector de ET perpendicular a la superficie, aunque existe cierta
controversia en cuanto a si la cadena de ET esta apuntando hacia arriba8s o
hacia abajo!4!. La aparicion de las imagenes AFM y ECSTM indica que el PSI se
adsorbe homogéneamente sobre la superficie de 2-mercaptoetanol, pero no

permite aclarar la orientacién de la molécula.

En las superficies funcionalizadas con acido 8-mercaptooctanoico, las
moléculas de PSI se adsorben de manera abundante y homogénea. La
interaccion es probablemente electrostatica, con la superficie parcialmente
cargada negativamente atrayendo los residuos positivos sobre la superficie de
la proteina. Aunque las cargas positivas se distribuyen sobre toda la superficie
de la proteina, una regién candidata a la interaccién con la superficie negativa
de la SAM, seria el parche cargado positivamente en la parte lumenal de la

proteina, que es el sitio de unién para la plastocianina 51.
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6. Caracterizacion de PSI: Espectroscopia tunel

Curvas corriente-distancia.

Se estudid la dependencia de la corriente con la distancia (I-z) del PSI sobre
los 4 sustratos estudiados en el capitulo 5. En todos los sistemas, la corriente
decay6 exponencialmente hasta alcanzar los valores faradaicos de corriente
de la punta lejos de la muestra. Al ajustar la parte exponencial de las curvas,
se obtuvo el factor de decaimiento de distancia 8 para todos los sistemas y se
evalu6 su dependencia con el potencial de muestra aplicado, con bias positivo
y negativo. En la mayoria de los casos se obtuvieron valores 3 inferiores a los
de las superficies metalicas, en correspondencia con los obtenidos para las
proteinas ET105, Sin embargo, estos valores 3 variaron con las condiciones de

potencial y de bias de diferentes maneras para cada sistema de inmovilizacién.

En los cuatro sistemas de inmovilizacién encontramos curvas con un factor de
decaimiento de baja distancia de  ~ 4nm'}, en el mismo rango de otras
anteriormente obtenidas para proteinas ET195. En algunos casos encontramos,
ademas de este pico, valores [3 anormalmente bajos de incluso f~ 1nmZ, los
cuales nunca han sido reportados en ET inter-proteina. Estos valores pueden
ser indicadores de un fuerte acoplamiento electrénico que permite una ET

eficiente a largas distancias a través de la solucion acuosa.

A pesar de la cobertura relativamente baja de PSI, el sistema mas simple
parece ser PSI en un electrodo de oro . Los valores $ no dependen fuertemente
de los cambios potenciales y una regién a valores  muy bajos es claramente
visible a Us = 200 mV y bias negativo. La SAM de 6-aminohexanotiol da la
distribucién mas borrosa de los valores f3, lo que sugiere una baja adsorcién,

ya que los valores altos de 8 son predominantes.

En vista del potencial redox de P700 * -A0-A1l ... y Fd, probablemente estos
estados no son accesibles a la gama de potenciales de electrodo que estamos
aplicando. Por lo tanto, la transferencia de carga observada en nuestros
experimentos ECSTM y ECTS probablemente no se producen a través de la via
de ET bioldgica. En ausencia de iluminacion, el estado redox del centro P700
puede manipularse electroquimicamente, pero el P700 no puede obtener la

energia de excitacién necesaria para transferir electrones a través de la
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cadena ET. Por lo tanto, estamos muy probablemente utilizando otras vias de

baja energia para la transferencia de carga en PSI.
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-300mV_+300mV

7]

-300mV_+300mV

v

ny aieg HV9

a) electrodo de oro sin

funcionalizacién, b) SAM de 6-amino hexanotiol, c)SAM de 2-aminoetanol, d)SAM

de acido 8-mercaptooctanoico. Los potenciales de muestra utilizados son Us
200mV, 400 mV, 600 mV, 850 mV, de izquierda a derecha. Los potenciales de bias

Figura 8.6. Representacion estadistica de los factores de decaimiento de corriente
utilizados son Ubias= -300mV (rojo) y Ubias =+300mV (azul).

B de PSI sobre las distintas funcionalizaciones:
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Curvas corriente-potencial: Experimentos con iluminacidn.
Realizamos estudios preliminares estudiando el efecto de la iluminacién sobre
las medidas de corriente-distancia de PSI unido a electrodos funcionalizados

con mercaptoetanol. Se realizaron curvas en oscuridad y bajo iluminacién.
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Figura 8.7. Curvas IZ y su representacion estadistica para PSI sobre electrodos de
oro funcionalizados con SAM de 2-mercaptoetanol obtenidas para Us = 200mV y
bias positivos (+300 mV, azul) y negativos (-300mV, rojo). Experimentos
realizados en condiciones de oscuridad (panel superior) y bajo iluminacién de luz
roja (panel inferior). La corriente al iniciar las curvas siempre se mantuvo a 0.5nA.

Tanto para bias positivos como negativos, el factor de decaimiento {3 era
inferior bajo iluminacién. La interpretaciéon de estos resultados requeriran
experimentos adicionales en una nueva disposicion de ECSTM con la

iluminacién mejorada.
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7. Conclusiones.

En esta tesis se abord6 el estudio de las proteinas ET utilizando Scanning
Probe Microscopies bajo control electroquimico. Los casos de estudio fueron
dos proteinas ET muy diferentes: la metaloproteina Azurina y el complejo

fotosintético Fotosistema I (PSI).

ECTS de la metaloproteina Azurina mostr6 su comportamiento de
rectificacion de corriente bajo control electroquimico. Obtuvimos el valor de
potencial de transiciéon (TV) de Azurina tanto en configuraciones de tdnel
como en cableado. TV marca la transicién entre dos regimenes de
conductancia que estan de acuerdo con la actividad biolégica de la azurina:
intercambio de carga y transporte. El TV esta relacionado con la barrera de
tunel desarrollada entre la molécula y los electrodos. El valor méas bajo de TV
para la configuracion cableada con respecto a la configuracion de tunel refleja
el acoplamiento mas fuerte de azurina con la sonda, lo que reduce la barrera
de energia entre ellos. Estos resultados sugieren que la ET biol6gica podria ser

modulada por el acoplamiento electrdnico entre las parejas redox.

Desarrollamos un método para mejorar la resolucion y la recopilacion de
datos del ECTS. Este nuevo método nos permitié6 obtener imagenes de
conductancia diferencial de una superficie bajo control electroquimico. La
técnica fue validada caracterizando la oxidacién reversible de un electrodo de
hierro, cuya conductancia y topografia fueron monitoreadas simultaneamente
en diferentes estados redox. Los cambios de conductancia entre hierro
reducido y oxidado medido con esta técnica estuvieron de acuerdo con los
resultados previamente publicados. Se realizaron imagenes de conductancia
diferencial para caracterizar la metaloproteina Azurina, revelando un punto
de alta conductancia submolecular, indicando la existencia de una via ET hacia

un sitio de acoplamiento electrénico localizado y alto.

Usando las puntas de AFM-SECM proporcionadas por el Dr. Demaille
estudiamos el sistema Azurina-Au. Realizamos dos tipos de experimentos:
espectroscopia de corriente-potencial a fuerza controlada y espectroscopia de
fuerza y corriente-distancia. Ambos tipos de medidas mostraron que la
conductancia en la unién Au-Azurina-Au aumentaba con la fuerza aplicada
sobre la unién. La dependencia de la fuerza aplicada por la conductancia

cambid con el estado redox de la proteina: la fuerza requerida para que la
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corriente fluya a través de Au-Azurina-Au es mayor cuando la proteina esta
reducida. El aumento de la conductancia al aumentar la fuerza aplicada podria
deberse a una serie de factores: Un aumento en el area de contacto, una
distancia reducida entre la punta y el sustrato Au, cambios en la estructura o
cambios en el mecanismo ET. Estos factores pueden contribuir al aumento de
la conductancia a través de la unioén, pero la diferencia entre los estados redox
s6lo puede explicarse a través de un cambio en el mecanismo ET, ya que no

hay evidencia de cambios estructurales entre los estados redox en Azurina.

El fotosistema I (PSI) se adsorbié en electrodos de Au a través de diferentes
estrategias, pero en diferentes grados. Los sistemas que mostraron mayor
cobertura y adsorcién mas homogénea fueron los electrodos funcionalizados
con 2-mercaptoetanol y acido 8-mercaptooctanoico. PSI retuvo su actividad
electroquimica en ambos, y produjo generaciéon de fotocorriente tras la
iluminacidon en las dos superficies. E1 PSI también se adsorbe sobre electrodos
de oro y electrodos de oro funcionalizados con 6-aminohexanotiol, pero con
una baja cobertura de la superficie y una adsorcidn heterogénea, creando islas

y agregados de la proteina y / o el surfactante sobre la superficie.

Los cuatro sistemas fueron adecuados para realizar imagen ECSTM, tres de
ellos en una variedad de potenciales de la muestra. La altura aparente de las
moléculas PSI estaba de acuerdo con los valores reportados en la literatura.
La altura aparente de PSI fue independiente del bias aplicado, pero cambi6 con
el potencial de muestra, lo que sugiere que el mecanismo de transferencia ET

tiene pasos redox dependientes.

Las medidas espectroscépicas de corriente-distancia mostraron que PSI
presenta valores bajos de decaimiento {3, de acuerdo con los reportados para
las proteinas ET en otros sistemas. También obtuvimos valores superbajos de

B en algunos de los sistemas, bajo ciertas condiciones.

Dado que estamos trabajando en la oscuridad, y no estamos abordando los
niveles moleculares de la cadena ET bioldgica, estos resultados sugieren que
hay por lo menos dos caminos de transferencia de carga diferentes
alternativos a la via bioldgica en PSI. La via de transferencia de carga con
valores superbajos de 3 s6lo estaba activa bajo ciertas condiciones potenciales
de muestra y bias, lo que sugiere que la transferencia electrénica implica algin

centro redox, y que tiene una direccionalidad a través de la proteina.
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ac
AFM

ALD

ATP

Az

BCA
cAFM

CE
Cryo-EM
Cys

das

DDM
DECC
DNA

e-

ECSTM
ECSTM-BJ

ECTS
EDP
EOC
ET
Fa

Symbols and Acronyms

2- mercaptoethanol
6-amino-1-hexanethiol
8-mercaptooctanoic acid

Distance decay factor

Probe coupling

Gibbs free energy

overpotential

Substrate coupling

Chlorophyll-a in Photosystem I
Phylloquinone in Photosystem I
Alternating current

Atomic Force Microscopy

Atomic Layer Deposition

Adenosine triphosphate

Azurin

Bicinchoninic acid

Conductive Atomic Force Microscopy
Counter Electrode

Cryogenic Electron Microscopy
Cysteine

Distance between acceptor and donor
dodecyl-B-maltoside

Differential Electrochemical Conductance
Deoxyribonucleic acid

electron

Electrochemical Scanning Tunneling Microscopy

Electrochemical Scanning Tunneling Microscopy - Break

Junctions

Electrochemical Tunneling Spectroscopy
Electrophoretic Deposition Paint
Oxygen-evolving complex

Electron Transfer

Iron sulfur Cluster in Photosystem I
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Fs
Fd
FR
Fx
G
Go
h
Has

HiPIPs
His

I

Iblink

It

I-t

I-v

I[-z

ks

ket
KPFM
LDOS
LED
LEM
Lhca
Lhcb
LHCI
LHCII
LRET
Met
NAD/NADH
NADP/NADPH

NHE
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Iron sulfur Cluster in Photosystem I
Ferredoxin

Flickering Resonance

Iron sulfur Cluster in Photosystem I
Conductance

Conductance Quantum

Planck constant

Electronic coupling strength between acceptor and donor
at the transition state

High Potential Iron Sulfur Proteins
Histidine

Current

Current at the blink

Tunneling current

Current-Time

Current Voltage

Current-Distance

Boltzmann constant

Electron transfer rate

Kelvin Probe Force Microscopy

Local Density of States

Light Emitting Diode

Laboratoire d’Electrochemie Moleculaire
Light Harvesting complex a

Light Harvesting complex b

Light Harvesting complex [

Light Harvesting complex II

Long Range Electron Transfer
Methionine

Nicotinamide adenine dinucleotide ( oxidized/reduced)

Nicotinamide adenine dinucleotide phosphate
(oxidized/reduced)

Normal hydrogen electrode



NP
ocp
P680
P700
PBS
PC
PDB
PSI
PSII

Psa

RCI
RE
SAM
SCE
SE
SECM
SNOM
SPM
STM
STS
TV
TVS

U

Ubias
UHV
Up, Uprobe
uQ

Us, Usample
uv
UV-vis
WE

Yz

Symbols and Acronyms

Nanoparticle

Open Circuit Potential

Special pair of chlorophylls at Photosystem II
Special pair of chlorophylls at Photosystem I
Phosphate-buffered saline
Plastocyanin

Protein Data Bank

Photosystem I

Photosystem Il

Photosystem I subunit

Quinone

Reaction Center

Reference Electrode

Self-Assembled Monolayer

Saturated calomel electrode
Superexchange mechanism

Scanning Electrochemical Microscopy
Near-field scanning optical microscopy
Scanning Probe Microscopy

Scanning Tunneling Microscopy
Scanning Tunneling Spectroscopy
Transition Voltage

Transition Voltage Spectroscopy
Potential

Bias Potential

Ultra High Vacuum

Probe potential

Ubiquinone

Sample potential

Ultra Violet

Ultra Violet- Visible

Working Electrode

Tyrosine at Photosystem I, adjacent to P680
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