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Chapter 1 — Bioelectrodes: A Brief History & Introduction

The overarching theme of the projects described in this dissertation is the study of
bioelectrodes for energy conversion applications. Bioelectrodes, or biologically modified
electrodes, are created by the coupling of some biomaterial to a conductive electrode material.!"
The careful preparation of bioelectrodes enables analytical studies at the convergence of biology,
chemistry, biochemistry, and electrochemistry. Many will agree that the initial motivation for the
study of bioelectrochemistry took place in Bologna, Italy in 1791 when Luigi Galvani probed a
deceased frog with two dissimilar metals, connected electrically, and observed a jerking motion
produced within the muscle of the frog.>* While Galvani intended to study “animal electricity”,
the notion that electricity was produced by living beings, he had actually prepared what was
possibly the earliest form of a bioelectrode. Coincidentally, the groundwork for the field of
electrochemistry was simultaneously being laid by Galvani’s critic and collaborator Allessandro
Volta who keenly observed that Galvani’s results were brought about by using two dissimilar
metals and not by innate forces within the frog itself.* His “electric pile” and contributions

regarding dissimilar metals created a foundation for advancement in all fields regarding the

transfer of electrons among materials.*

Since the time of Galvani, the coupling of complex biological systems with electrochemical
cells has proven to be a greatly beneficial endeavor.> °> Biological redox reactions are ubiquitous
in nature and, therefore, have wide ranging applications in the fields of biology and engineering.’
The influences of bioelectrochemistry can be seen in the fields of medicine, agriculture,
manufacturing, chemical sensing, and energy conversion, among others.> > 7 In fact, many
common and valuable products contain a bioelectrode. For example, blood glucose sensors, a
lifesaving resource for those suffering from diabetes, implement an enzyme-based bioelectrode to
detect glucose within a small blood sample in a very short time.’ Bioelectrochemistry is also
prevalent in waste remediation, biosynthesis, and biohybrid energy technologies.!%!? Due to its
expansive range of applications, low-cost, and natural biocompatibility, there is no doubt that
bioelectrochemistry will continue to improve the wellbeing of people around the world and aid in

mitigating society’s impact on the natural world.
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Humanity is facing a daunting challenge with global energy use rapidly increasing and the
looming dangers of climate change closely tied to our use of fossil fuels. The National Renew.
Energy Laboratory’s recent technical report on electrification in the U.S. states that by 2050 the
capacity for domestic energy production and distribution will need to be doubled and that new
Renew. Energy projects will be critical in achieving widespread electrification.!*> Recently,
researchers have turned to bioelectrochemistry for both inspiration and innovation in the field of
clean and Renew. Energy technology.'* !4 Because biological redox reactions have been refined
through years of evolutionary adaptation, they promise both high efficiencies and high specificity.
Production of bioenergy can also be used as a means of CO» sequestration, furthering its benefits
for reducing the progression of global climate change.'!* !° So, efforts are being made to leverage
bioelectrochemical reactions to solve problems related to energy production. The goal of the
projects reported herein is to develop new technologies that will aid in the transition from a fossil
fuel-based energy economy. 7 119 First, biohybrid solar cells utilizing plant proteins to harvest
solar energy are investigated (Chapters 3 — 6). Secondly, the electrochemical regeneration of
enzymatic cofactors used to produce commodity chemicals typically produced via crude oil
refining (Chapters 7 — 9) is studied. Eliminating fossil fuels is a critical step in developing a clean
energy economy and efforts in the field of bioelectrochemistry can provide the scientific insight

necessary to develop clean or Renew. Energy technologies.

While the value of bioelectrochemistry remains unchallenged and interest in the field is
rapidly growing, the underlying mechanisms of electron transfer at the interface of many
biomaterials and electrodes is not well understood.> !’ In fact, the mechanisms of electron transfer
of only a few simple bioelectrochemical reactions can be explained in detail. Therefore, major
gaps remain in our understanding of the complex electrochemistry of enzymes, proteins, and their
organometallic reaction centers. The purpose of this dissertation research is to provide insight into
the modes of electron transfer from specified biomolecules to an electrode. Two
bioelectrochemical systems will be discussed: photosystem I (PSI) protein complex-based
bioelectrodes (Chapters 3 — 6) and bioelectrodes for the reduction of NAD" to NADH (Chapters 7
— 9). Topics will include electron transfer pathways, fundamental limitations and methods of

improvement, and discussions of important bioloelectrochemical topics including direct vs.
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mediated electron transfer, mediator diffusion, and kinetic equilibrium limitations. Improving the
transfer of electrons at the bioelectrode interface can improve the total efficiency of lab-scale
devices and bridge large gaps in developing commercially viable technologies. This is the
motivation for the work to follow and, with a great deal of effort and luck, will be the motivation

humankind needs to redevelop our use of energy to solve both local and global challenges.

The following section gives a short introduction to the theory of electron transfer at
bioelectrodes. Chapter 2 will give general experimental procedures used across many of the
research chapters. Several more detailed (and adaptable) experimental procedures are given in the
appendices including a detailed extraction procedure for obtaining PSI protein complexes and a
procedure for fabricating porous, translucent, and conductive indium tin oxide electrodes, among
others. The bulk of this dissertation is contained in Chapters 3 — 6, in which projects regarding the
use of the plant protein complex, PSI, as a means of harvesting solar energy are discussed. Chapters
7 — 9 describe projects related to the stability of nicotinamide cofactors in aqueous buffers and the
electrochemical regeneration of enzymatic cofactor NADH, respectively. Lastly, Chapter 10
summarizes the critical findings and general themes of the dissertation research and is followed by

the appendices.

Fundamental Principles of Electron Transfer at Bioelectrode Interfaces

In biological systems, redox chemistry governs energy transfer, storage, the transport of
nutrients, and the activity of critical processes including enzymatic reactions.'® 2022
Unsurprisingly, many types of biomolecules are redox-active; amino acids, proteins, enzymes, and
some metabolites are continuously reduced and/or oxidized in vivo.! Redox-active biomolecules
are involved in cell signaling, electron shuttling, and many other task specific bioelectrochemical
reactions. Certain biomolecules have evolved to convert specific forms of energy, others are
capable of efficiently catalyzing chemical reactions, and all electroactive biomolecules are

interrelated in a web of electron transfers throughout entire organisms.
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The capability of biomolecules to exchange electrons is crucial to their function, and
therefore, understanding the redox activity of biomolecules is highly beneficial to the study of
fields related to or within biology.’ The investigation of redox-active biomolecules via
electrochemistry enables the determination of the presence of specific biomolecules (biosensing),
studies of the energetics and kinetics of bioelectrochemical reactions, and methods to employ
biomolecules for novel purposes or tasks (bioengineering).! > Because biomolecules are highly
specific, elucidating an electrochemical response, or electron transfer, at an electrode surface is
nontrivial and often requires a more elaborate electrode design than the traditional electrodes used

for simpler heterogeneous electron transfer studies of solvated molecules.’

Biomolecules are typically found in much lower concentrations than traditionally used in
electrochemical testing. These low concentrations are impractical for electrochemical cells as they
result in miniscule signal.? To improve the interaction between a biomolecule and an electrode,
the molecule may be immobilized on the electrode surface.? > ' 232* Immobilization improves the
electrochemical signal by eliminating diffusional limitations and increasing the surface
concentration of the biomolecule. Such an electrode with an immobilized biomolecule is deemed
a biologically modified electrode or bioelectrode. Biologically modified electrodes vary widely in
application and have become an increasingly prominent area in electrochemical research.
Examples of three-electrode electrochemical cells employed as bioelectrochemical cells are shown
in Figure 1.1. The biomaterial may be immobilized in a very thin, invisible film on the working
electrode (Figure 1.1.A), found freely dissolved within the electrolyte (Figure 1.1.B), or
immobilized within a composite biofilm on the working electrode (Figure 1.1.C). The working
electrode is polarized or subjected to various electrical waveforms to study the transfer of electrons
to and from the biomaterial. Many variations of the simplified cells shown in Figure 1.1 exist
including flow cells, rotating disk electrodes, and two electrode devices, among others. The
common goal of preparing bioelectrodes is to study, better understand, and improve electron

transfer across the biomolecule/electrode interface.



/\ Ag/AgCl

Reference Electrode

Platinum Mesh
Counter Electrode

Electrolyte Solution Working Electrode

(with Immobilized Biomolecules)

Figure 1.1. Typical bioelectrochemical cells used for studying electron transfer of biomolecules. A.) A three-
neck, round bottom electrochemical cell containing a biomolecule immobilized in a thin, invisible film on the
working electrode. B.) An electrochemical cell with similar working components, except the biomolecule is
dissolved in the bulk electrolyte instead on being immobilized. C.) A bioelectrochemical cell in which the
biomolecule is immobilized in a composite film that is visible on the working electrode.

Achieving heterogeneous electron transfer between a biomolecule and an inorganic
electrode is much more difficult than achieving electron transfer between biomolecules that have

evolved to react with one another. The electron transfer reaction may occur at a complex reaction



site or via the redox activity of a functional group on the molecule.>® This transfer creates many
challenges in developing functional and efficient bioelectrodes that can mimic the natural electron
donor or acceptor molecule chemistries. Shown in Figure 1.2, biomolecules have been found to
interact with electrodes via two non-discrete electron transfer classifications: direct electron
transfer (DET) or mediated electron transfer (MET).?> MET involves the incorporation of another
electrochemically active species that is dissolved in the electrolyte and may or may not be
biologically derived. The mediator effectively shuttles charge from the biomolecule’s reaction site
to the electrode, and because the mediator is freely dissolved, the electron transfer distance can be
micrometers in length due to diffusion of the mediator. However, MET is inherently mass transfer
limited.? 232526 DET is considered superior in performance (rate and efficiency) but is difficult to
achieve. A common theme throughout this dissertation will be the discussion of MET vs. DET in

bioelectrochemical systems and their implications on the performance of the bioelectrode.

DET MET
E FISEET * Easily achieved
* High ET efficiency * Tunable

* Requires close proximity « Mass transfer limited

« Difficult to achieve a

A

Figure 1.2. Comparison of direct electron transfer (DET) and mediated electron transfer (MET) along with
some of their characteristic properties and limitations.

In the research chapters of this dissertation biologically modified electrodes will be
introduced, the electron transfer pathway (DET or MET) will be discussed, methods for testing
electron transfer will be employed, the electron transfer will be improved and/or optimized, and
concluding remarks will be given. While much recent effort has been focused on providing DET
at biologically modified electrodes, there are cases in which MET is preferred or present due to

other limitations.”> Chapters 4 — 6 primarily discuss MET in PSI-modified bioelectrodes while

6



Chapter 9 discusses direct reduction of NAD" to NADH at an electrode. The importance of

acknowledging and studying the differences in testing DET and MET at bioelectrodes cannot be

understated and is fundamental to the findings given in this dissertation.
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Chapter 2 — Experimental Methods

The following sections describe experimental procedures and analytical techniques used
throughout this dissertation and direct the reader to research chapters in which these methods were
employed. Many of the same experimental setups and analytical methods were used throughout
several of the research projects and therefore, for brevity, this chapter (along with the Appendix)
gives the experimental details for the work in the entire dissertation. The experimental methods
are organized into three categories: Cleaning & Sample Preparations, Electrochemical Analyses,
and Analytical Testing. In the appendices, methods are given for specific, more detailed

procedures mentioned in the research chapters including:

e Extraction and Quantification of Photosystem I — Appendix A
e Preparation of Porous Indium Tin Oxide Electrodes — Appendix B

e Layer-by-Layer Assembly of Photosystem I and PEDOT:PSS — Appendix C

Sample Preparation

Photosystem I Extraction and Modification (Chapters 4-6)

Photosystem I protein complexes were extracted from deveined baby spinach (Spinacia
oleracea) leaves via a modification of previously reported extraction protocols.! Appendix A gives
a thorough protocol for the extraction of PSI. For the modification of the stromal side lysine
residues (Chapter 5), either 2-iminothiolane (Thermo Fisher Scientific) or methyl-PEG4s-NHS
Ester (Thermo Fisher Scientific) was added to the resuspended pellet (50 mg in a total volume of
~50 mL). After 12 h, the solution was again centrifuged at 8,000X and washed twice to remove
the soluble reactants. The washed pellet was resuspended and mixed vigorously in a Triton X-100
(Millipore Sigma) lysing buffer to lyse the thylakoid membrane. The solution was then centrifuged
at 20,000X and the supernatant was collected, and the pellet discarded. The remainder of the
extraction was performed as described in Appendix A. The concentration of collected PSI was
quantified via a UV-Vis assay for P700 reported by Baba et al. and is also described in Appendix

A’ Unless otherwise noted, PSI concentration is typically between 0.5-1.0 mg/mL.
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Fabrication of Mesoporous Indium Tin Oxide (meso-ITO) Electrodes (Chapter 4)

The procedure for the porous ITO electrode fabrication was adapted from previously
reported methods and is reported in detail in Appendix B.® Briefly, conductive ITO-coated glass
(Sigma-Aldrich) was cut into 2 cm x 1 cm pieces and sonicated (for 5 min each) in acetone, nitric
acid (30%), ethanol (99%), and DI water, respectively. The ITO-coated sides of the dried glass
pieces were then masked with electrochemical masking tape (Gamry) to yield an exposed area of
0.708 cm? (geometric surface area). The isopropanol from the original dispersion was removed in
arotary evaporator at 60 °C, and the collected ITO-nanoparticles (Sigma-Aldrich, ~100 nm particle
size, 30 wt. % in isopropanol) (2.5 g equivalent of nanoparticle mass only) were dispersed in 10.7
mL terpineol (Sigma-Aldrich, 90% technical grade). The resulting ITO nanoparticle-terpineol
mixture was tape-cast onto the exposed area of the masked ITO electrodes. The nanoparticle film
was first dried under ambient conditions for 48 h and then sintered in a tube furnace at 550 °C for
15 min under argon flow. The tube furnace was ramped to the final temperature through a stepwise

ramping procedure, never exceeding 5 °C min™.

Fabrication of Macroporous ITO (macro-ITO) Electrodes (Chapter 4)

The fabrication protocol for porous ITO electrodes is given in detail in Appendix B.
Briefly, diluted (1:13) aqueous polystyrene (PS) dispersion (Sigma-Aldrich, Size: 5 um, 10 wt %)
was drop-cast onto the exposed area of the masked ITO-coated glass and allowed to dry in ambient
conditions (5-6 h). The slides were then placed on an electric hotplate set to 85 “C for 18 h to sinter
the PS spheres. The ITO nanoparticle-terpineol mixture used in the fabrication of meso-ITO
electrodes was drop-cast onto the dried and sintered PS-template. The mixture was allowed to dry
under ambient conditions again for 48 h, then sintered in a tube furnace at 550 °C for 30 min under
argon flow. The tube furnace was ramped to the final temperature through a stepwise ramping

procedure, never exceeding 5 °C min™',
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Modification of ITO electrodes with Photosystem I Multilayers (Chapter 4)

Prior to deposition, PSI extract was dialyzed (1:1000) against deionized water using a
regenerated cellulose membrane (Spectrum Labs, MWCO: 8-10 kDa) to minimize the
concentrations of excess surfactant and buffer salts. For deposition, a controlled amount of
dialyzed PSI extract was pipetted onto the exposed area of the ITO substrate, and vacuum was
applied to evaporate the solvent and leave behind a dry PSI multilayer film.” Due to the low
surfactant concentration in the protein suspension, the resulting protein film was no longer soluble

in water and could withstand electrochemical characterizations in aqueous electrolyte solutions.

Photosystem I Monolayer Deposition (Chapter 5)

Monolayers were prepared via solution deposition.® Gold-coated wafers were prepared
through thermal vapor deposition onto p-type silicon [100] wafers. An adhesion layer of 10 nm of
chromium was first deposited at a rate of 0.1 A/s, followed by a 125 nm layer of gold deposited at
1.0 A/s. The wafers were cut into samples approximately 0.75 ¢cm x 1.5 cm and were cleaned with
piranha solution (3:1 concentrated sulfuric acid to 30% hydrogen peroxide) for 30 s then rinsed
with deionized water and dried under N>. Samples were immediately submerged into a diluted
solution of either phosphate buffer, unmodified PSI, thiol-modified PSI (T-PSI), or PEG-modified
PSI (P-PSI). The solutions were diluted to obtain approximately 0.5 mg/mL PSI. With the
exception of deposition rate studies, samples were left in solution for 1000 m (~16.7 h). After the

deposition samples were rinsed with deionized water and dried under N».

PSI-PEDOT:PSS Layer-by-Layer Deposition (Chapter 6)

A more detailed protocol for the LBL deposition is given in Appendix C. Chromium (10
nm) and gold (125 nm) were sequentially deposited onto silicon (100) wafers, via physical vapor
deposition as described previously.® Gold-coated wafers were cut into 1.5 cm x 1.4 cm or 2.3 cm
x 1.4 cm samples and cleaned with three alternating rinses of ethanol and deionized water. Samples
were then dried under a stream of N> and placed into a solution of 1 mM aminoethanethiol (AET)
(Thermo Scientific) in ethanol for 1 h. The result is a positively charged amine-terminated self-

assembled monolayer (SAM) on the gold surface. Next, samples were again rinsed with ethanol
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and dried under N». For the LBL deposition solutions, PEDOT:PSS solution (Sigma-Aldrich, 1.1
wt %) was diluted to 0.5 mg/mL, and 0.15 M NaCl was added to the diluted PEDOT:PSS solution.
Aliquots of PSI solution were used as extracted (0.5 mg PSI/mL in 200 mM sodium phosphate
buffer at pH = 7.0 and containing 1 wt % Triton X-100). The AET SAM-modified gold substrates
were first exposed to the PEDOT:PSS solution for 15 min and then to the PSI solution for 30 min.
After each deposition step, the samples were rinsed with deionized water and dried under N». The
depositions of PEDOT:PSS and PSI were performed repeatedly until the desired number of

bilayers was reached.

Gold Deposition onto Carbon Paper (Chapter 9)

First, the hydrophilicity of the carbon paper should be checked and if a small drop of water
beads on the carbon paper surface, the PTFE coating needs to be removed by flame treatment (to
burn off the PTFE coating). Carbon fiber paper was cut into 1 cm x 2 cm electrodes, then a copper
tape connection was added, and electrochemical masking tape (Gamry) was used to cover the
copper tape, leaving a 1 cm x 1 cm area exposed. The electrode was then cycled (using cyclic
voltammetry) in 1 M sulfuric acid from +1.0 to -1.0 V vs. Ag/AgCl for ten cycles. The surface
area of the cleaned electrodes can be tested by cycling in 100 mM KCI solution and comparing the

capacitive current obtained.’

The gold acid solution was prepared by dissolving 19 mg of HAuCls * 3H>0, 29 mg sodium
nitrate, and 135 mg of 25 wt % cetyltrimethylammonium chloride (CTAC) in deionized water,
diluted to 10 mL total volume with deionized water, and sonicated for several minutes.'’ The
solution should be a cloudy yellow color and can be stored for repeated use in a refrigerator as
long as it is brought to room temperature prior to the deposition. For the deposition, a graphite rod
was used as both the counter and reference electrode in a 10 mL beaker. The carbon paper electrode
was immersed into the solution, connected as the working electrode, and a potentiostatic deposition
was conducted via chronoamperometry. Note that other electrochemical methods can be used, such
as pulsed deposition (using potentiostatic steps). After the deposition, the electrode was rinsed and
dried. Scanning electron microscopy can be used to verify that the deposition procedure was

successful.
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Copper UPD & Electroless Exchange for Platinum (Chapter 9)

A copper salt solution was prepared at a concentration of 50 mM copper(II) sulfate in 0.1
M sulfuric acid. The cleaned carbon paper electrode was then immersed in the copper salt solution
and underpotential deposition (UPD) of copper was performed by applying a potentiostatic hold
at a potential sufficient for UPD but not negative enough to allow bulk copper reduction. Cyclic
voltammetry in the copper salt solution can be used to determine the correct potential for UPD and
to check that copper UPD occurs on the electrode. For UPD, a Ag/AgCl reference electrode and a
platinum mesh counter electrode were used. Figures 9.7 and 9.8 in Chapter 9 describe the method
for determining the UPD potential. For carbon paper electrodes with gold nanostructures, a
potential of 0.3 V was applied for 100 s (see Figure 9.9) The electrode can then be rinsed and dried

or used for electroless exchange with platinum.

For electroless exchange of platinum, a 1 mM chloroplatinic acid (H2PtCls) solution was
prepared containing 10 mg H,PtCls in 25 mL of 0.1 M sulfuric acid.!! The platinum salt solution
was then well deoxygenated by purging with N> for approximately 30 min. The solution was kept
covered and purging was continued throughout the electroless exchange. After performing copper
UPD, the electrode was immediately rinsed with deionized water and then immersed in the
deoxygenated platinum salt solution for 30 s. As there is no visible evidence of the electroless
exchange, verification was done by measuring the potential onset of the oxygen reduction reaction
in sulfuric acid (see below). For generation of a full or nearly full monolayer of platinum, the
copper UPD and electroless exchange required repeating several times.!? In Chapter 9, the process

is repeated 3 times.

Electrochemical Analyses

Electrochemical data were collected using the CH Instruments (Austin, TX) CHI 660a
electrochemical workstation. Unless otherwise stated, the reference electrode used was a 1 M
Ag/AgCl reference, CH Instruments (Austin, TX). For cyclic voltammetry, the scan rate was 100

mV/s unless stated otherwise.
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Cyclic Voltammetry

Cyclic voltammetry was used throughout all research chapters of this dissertation (except
for Chapter 8). Conditions for cyclic voltammetry are reported in the respective sections.
Impotantly, the U.S. convention for plotting cyclic voltammograms was used for this dissertation.
That is, cathodic current is consider positive on the y-axis and the potential is plotted from positive
to negative (left to right) on the x-axis. The scan direction, therefore, is always clockwise. Figure
2.1 shows the U.S. convention in comparison to the [IUPAC convention for a cyclic voltammogram
beginning with a negative scan direction. The fundamental parts of the cyclic voltammogram are

labelled as well.!3

U.S. Convention IUPAC Convention
A k
(cathodic) Peak Cathodic Current (anodic) Peak Anodic Current
Reduction Limiting Oxidation Limiting
Cathodic Current Anodic Current
B 2
é- Scan Direction E
< <
= E -—
g E Scan Direction
= T Oxidation 2
i o Reduction
Anodic Current : Limiting
/ : Halt“Wave Potential Cathodic Current Halt-Wave Potential
Peak Anodic Current ‘ / ) / /
| Peak Cathodic Current
(+) Applied Potential (') (') Applied Potential (+)
(V vs. Reference Electrode) (V vs. Reference Electrode)

Figure 2.1. Cyclic voltammogram plotting conventions. The cyclic voltammograms shown throughout this
dissertation use the U.S. convention.

Photochronoamperometric (Photocurrent) Testing (Chapters 4-6)

Photoelectrochemical testing was performed using a homemade photo-electrochemical
sample holder with an electrolyte pathlength of 1 cm and a 250 W cold light source (Leica KL
2500 LCD) with an intensity of 100 mW/cm? (white light). The electrolyte solution always
contained 100 mM KCl as a supporting electrolyte; however, the electrochemical mediator varied
between chapters and individual tests. Details about photochronoamperometry (PCA) are given in

the individual chapters. A brief experimental description is given for each PSI chapter below.
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PCA in Chapter 4 (Porous ITO Cathodes). Photochronoamperometric studies were conducted
in a three-electrode system with a Ag/AgCl (sat’d KCI) reference electrode, a platinum mesh
counter electrode, and a PSI-modified planar or porous ITO working electrode. The dark open
circuit potential (OCP) was measured and set as the applied voltage during
photochronoamperometry scans. A 10 s period of dark baseline current was first recorded before
samples were illuminated. Stirred photochronoamperometry scans (Figure 4.13) were taken by
placing the sample in a 10 mL beaker containing the electrolyte and a small stir bar. Note that the
stir plate introduces electromagnetic noise to the chronoamperometry data. For the summarized
photochronoamperometric data in Figure 4.15, the cathodic photocurrent density values reported
were determined by taking the difference between the initial peak current under illumination and
the average dark current, divided by either the geometric surface area of the electrode (0.71 cm?)
or the electrochemically determined active surface area. Reported photocurrent density values are
the average from replicates of the same device type, with error bars representing the standard
deviation from the average (n = 10). The electrochemical mediator solution used in all
photochronoamperometric studies in Chapter 4 (unless otherwise stated) consisted of a mixture of
1 mM 2,6-dichlorophenolindophenol (DCPIP) and 5 mM sodium ascorbate (NaAscH) dissolved

in an aqueous solution of 100 mM potassium chloride (KCl).

PCA in Chapter 5 (Stromal-Side Modified PSI). For PCA testing of PSI monolayers (Figure
5.9), only dissolved oxygen was used as a mediator in the 100 mM KCI supporting electrolyte.
Note that for PSI monolayers, a low sensitivity value (0-100 nA range) is necessary due to the low

current response of monolayer films.

PCA in Chapter 6 (PSI-PEDOT:PSS LBL). All electrolytes contained 100 mM KCI in addition
to any electrochemical mediator (mentioned where applicable). Both methyl viologen (Acros-
Organics) and ubiquinone-0 (2,3-dimethoxy-5-methyl-1,4-benzoquinone from Acros-Organics)
were tested at a concentration of 2 mM. For all PCA data the open circuit potential of the sample

was first measured in the dark, and the sample was held at the measured open-circuit potential
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during the photocurrent measurement. The sample was then illuminated with a 100 mW/cm? white

light source for some time interval (typically 20 s) before the light was turned off.

Photopotentiometry (Chapters 4-6)

Potentiometry with illumination (photopotentiometry) was performed throughout the PSI
chapters to determine the potential of the electrode upon illumination and to determine driving
forces for the production of photocurrent. Photopotentiometry was performed under the same

conditions as PCA in each chapter (see above).

Electrochemically Active Surface Area Determination via Cyclic Voltammetry (Chapter 4)
Cyclic voltammetry of planar, meso- and macro-ITO electrodes for active surface area

determination were conducted in an aqueous solution of 0.5 M KCl at varying scan rates (50, 100,

150, 200, 250 mV s™!) (Figure 4.9). The method reported by Voiry et al. was used to determine the

electrochemically active surface area factor (ECASF).’

Electrochemical Impedance Spectroscopy (Chapter 6)

Electrochemical impedance spectroscopy (EIS) was conducted on a CHI 660 potentiostat.
A three-electrode cell was used with a platinum counter electrode, Ag/AgCl reference electrode
(CH Instruments), and the LBL-coated gold sample as the working electrode using a custom-built
sample holder. The electrochemically accessible area was constrained to an exposed area of 0.21
cm?. All measurements were performed in an aqueous solution of 100 mM KCI (Fisher Chemical).
EIS tests were performed from 10,000 to 0.1 Hz at the sample’s open-circuit potential and a

potential amplitude of 5 mV.

Oxygen Reduction Reaction Check for Platinum Activity (Chapter 9)

The successful deposition of platinum monolayers via copper UPD and electroless
exchange can be checked by cycling the electrode in 0.1 or 1 M sulfuric acid and comparing the
onset potential of the oxygen reduction reaction (ORR) to a control electrode without platinum.

Figure 9.10 shows the onset potential for various electrodes used in Chapter 9. The onset potential

17



shifts positive when platinum is present because active adsorbed protons on the platinum surface
catalyze the ORR. Achieving an onset potential near that of bulk platinum is possible on gold

nanostructures deposited onto carbon paper electrodes.

Batch Electrolysis of NAD" (Chapter 9)

NAD" reduction was performed in a 2 mM NAD" solution prepared in 50 mM tris buffer
with the pH adjusted to 8.5. Typically, 50 mL of NAD" solution was prepared and deoxygenated
in a sealed round bottom flask for at least 30 min. A sufficient amount should be prepared for the
number of electrolysis experiments to be performed. For the experiments discussed in Chapter 9,
10 mL of solution was used for each experiment. The reaction vessel was a 3-neck round bottom
flask sealed with septa. A Ag/AgCl reference electrode was placed in the center neck, a platinum
mesh counter was placed on one side, and a carbon paper electrode was placed on the opposite
side. All electrodes were passed through the septa so the round neck flask could be sealed and
deoxygenated. The carbon paper working electrode was connected to the potentiostat via a wire
and alligator clip passed through the septa (with the alligator clip inside the 3-neck flask). A stir
bar was placed in the bottom of the 3-neck flask. Figure 9.12 shows an image of the setup. An inlet
stream of N> was entered through a needle in one septum and an outlet from another. The outlet
led to a positive flow assurance bubbler (a beaker with water in which the end of the outlet is
submerged and bubbles show positive pressure). The vessel was purged with N> for several

minutes with all electrodes in place before the reaction solution was introduced.

An aliquot (10 mL) of the reaction solution was transferred via syringe from the round
bottom flask where it was continuously being deoxygenated to the reaction vessel where it was
then purged for several more minutes. During the batch electrolysis, a positive pressure of N> was
kept in the reaction vessel by flowing N> over the reaction solution at a slow rate (the inlet was not
submerged, so that no bubbles were formed). The stir bar was set to 600 rpm and positioned so it
would not touch any of the electrodes. For the experiments discussed in Chapter 9, a potential of
1.2 V vs. Ag/AgCl was applied to the working electrode for variable amounts of time (typically
10 min). The reaction effluent was then collected for analysis and stored in a 15 mL centrifuge

tube or vial. Before a second reaction the reaction vessel was washed and thoroughly dried.
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Analvtical Testing

Scanning Electron Microscopy (SEM) (Chapter 4)

SEM images of porous indium tin oxide electrodes used in Chapter 4 were taken with a
Zeiss Merlin Scanning Electron Microscope using an accelerating voltage of either 0.5 or 5.0 keV,
a working distance of 5 mm, and the InLens secondary electron detector. The low accelerating
voltage of 0.5 keV was necessary for imaging the bare polystyrene beads shown in Figures A.5 &
A.6 (Appendix B). At higher accelerating voltages, the non-conductive beads charge and the
resulting image is distorted. Energy dispersive spectroscopy (EDS) was performed using a Zeiss
Merlin Scanning Electron Microscope equipped with an EDS detector (Figures 4.11 and 4.12).
EDS samples were sputter coated with gold, and EDS spectra were taken at an accelerating voltage

of 20 keV and 3 nA probe current.

Powder X-Ray Diffraction (XRD) (Chapter 4)

XRD of porous indium tin oxide electrodes used in Chapter 4 was performed using a
Rigaku Smart Lab X-Ray Diffractometer with a scan time of 10 min from 20 to 70 degrees using
a Cu-Ka x-ray source (Figure 4.8). The sample material for XRD was recovered from prepared

ITO cathodes by scraping material from the cathode onto the XRD well plate.

Stylus Profilometry (Chapter 4)

Stylus profilometry was utilized to determine the cathode thickness in Chapter 4 using a
Veeco Dektak 150 Stylus Profilometer (Figure 4.7). Scans were taken over 1000 um with the stylus
beginning on the bare ITO-coated glass substrate and ending after scanning across approximately
800 um of the electrode. The average step height was calculated and taken to be representative of
the cathode thickness. The coffee-ring effect was observed and was mitigated by scanning over a

larger portion of the cathode and taking the average step height.
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Four-Point Probe (Chapter 4)

Sheet resistance was determined using an Ossila Four-Point Probe at ambient conditions
on electrodes cast onto non-conductive glass substrates (Table 4.2). Each sample was tested at
three locations or orientations of the four-point probe. In the event that the probe contacts

mechanically damaged the cathode, the data point was discarded and recollected.

Transmission-Absorbance Ultraviolet-Visible Spectroscopy (Chapter 4)
Transmittance-absorbance spectroscopy of porous ITO — PSI cathodes (Chapter 4) was
performed using a Varian Cary 5000 UV-VIS-NIR spectrophotometer (Figure 4.10). Scans were
performed from 800 to 400 nm at a rate of 600 nm min"! and a sampling frequency of 1 nm.
Samples were mounted to a transmittance absorbance holder and a 100% transmittance blank

sample (air) was used for baseline subtraction.

Sessile Drop Contact Angle Measurements (Chapter 5)
Sessile drop contact angle measurements of water on PSI monolayers (Figure 5.8.D-G)
were taken on a Ramé-Hart Instruments (Succasunna, NJ) goniometer fitted with a camera and a

droplet volume of approximately 1 pL of distilled water.

Spectroscopic Ellipsometry for Monolayer Presence (Chapter 5)

Ellipsometric thicknesses of PSI monolayers (Figures 5.8.A & 5.8.B) were obtained using
a J.A. Woollam M-2000VI Spectroscopic Ellipsometer (Lincoln, NE) at incident angles of 65° and
75°. On gold substrates, a Cauchy film model, a refractive index of 1.45, and an initial estimated
thickness of 10 nm were used. The sample size was 5 (n = 5) for all ellipsometric studies and a
background scan of the freshly cleaned gold wafers was taken and subtracted to determine absolute

changes in film thickness.

Fourier Transform Infrared Spectroscopy (Chapters 5 & 6)
Phase-modulated infrared reflectance absorbance spectroscopy (PM-IRRAS) was

conducted using a Bruker Tensor 27 Fourier transform infrared spectrometer with a liquid
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nitrogen-cooled, mercury-cadmium-telluride detector and an incident beam angle of 80° from the

substrate surface normal.

Individual LBL Layer Thickness Measurements (Chapter 6)

Ellipsometric measurements were obtained on a JA Woollam Co. M-2000VI variable angle
spectroscopic ellipsometer with WVASE32 software for modeling. Each sample was measured at
two incident angles of 65° and 75° using a 632 nm HeNe laser. Film thickness was fit from these

measurements by using a one-term Cauchy layer model with a refractive index of 1.45.

Water Contact Angles (Chapter 6)
Contact angles of deionized water in ambient conditions were measured on static water
drops (1 pL) using a Ramé-Hart goniometer. The needle remained inside the liquid drop during

measurements.

UV-Vis Absorbance Spectroscopy (Chapter 6)

UV-Vis absorbance spectroscopy was performed on extracted solutions of PSI using a
Varian (now Agilent Technologies (Santa Clara, CA)) Cary 5000 UV-VIS-NIR
spectrophotometer. The solutions were placed in disposable cuvettes and scanned from 800 to 450
nm. A background absorbance spectrum was taken of a cuvette with elution buffer and this

spectrum was subtracted from the PSI-containing sample’s spectra.

UV-Vis Spectroscopy for NADH Quantification (Chapters 8 & 9)

As the dihydropyridine ring of NADH can be observed via absorbance measurement at a
wavelength of 340 nm and NAD" does not absorb at 340 nm,.'* UV-visible spectroscopy provided
a method for analyzing the reaction effluent from batch electrochemical reduction of NAD™. The
reaction effluent was scanned from 500 to 250 nm against a background of the reaction solution
(2 mM NAD" in tris buffer). The absorbance maximum at 340 nm was checked against a NADH
calibration curve taken in tris buffer (see Figure 9.13.B). When the absorbance was above the

measurable range (between 0.20-0.80 a.u.), the reaction solution was diluted. When the absorbance
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was below the measurable range, the electrolysis reaction was performed for a longer amount of

time. 100 uM NADH (cuvette concentration) absorbs 0.58 a.u. at 340 nm.

NOX Enzymatic Assay (Chapters 8 & 9)

As the UV-vis method for NADH quantification did not test the biological activity of the
NADH, an enzymatic assay was used to validate biological activity through the consumption of
NADH by an enzyme and the measurement of the loss of absorbance at 340 nm. For the work in
this dissertation, a NADH oxidase (NOX) enzyme was used. Marcus Alahuhta (staff scientist at
NREL) produced and purified the NOX and shipped it to Vanderbilt for use. The NOX was 29.43
mg/mL as received, and a dilution series was first performed with tris buffer to determine the
necessary NOX concentration for use in an enzymatic assay with 3 mL total cuvette volume and a
concentration of 100 uM NADH. Dilution series were also performed in HEPES and phosphate
buffers and Figure 8.11 shows resulting curves at a NOX concentration of 150 ng/mL. Note that

the NOX was first diluted to 15 pg/mL and this solution was labeled NOX dilutant.

For the enzymatic assay, reaction effluent or freshly prepared NADH solution was diluted
to approximately 100 uM in a cuvette and either scanning kinetics test from 450 to 250 nm
wavelengths was begun (see Figure 8.11) or the absorbance at 340 nm was continuously measured
(see Figure 8.12). After 1 scan in the scanning kinetics test or 30 s in the 340 nm continuous
measurement, the NOX dilutant was spiked into the cuvette and the absorbance was measured over
several minutes. The typical cuvette contents were 2,820 uL of buffer, 150 uL of 2 mM NADH
solution in buffer, and 30 uL of NOX dilutant (15 pg/mL). Note that for reaction effluent testing,
the NADH concentration is dependent on the reaction time and, therefore, buffer is not used to
dilute the reaction effluent in the cuvette (i.e. 2,970 pL reaction effluent + 30 pL NOX dilutant).

When the reaction effluent was determined to be too concentrated, it was diluted.
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Chapter 3 — Introduction to Photosystem I

The efficient harvesting and storage of energy via photosynthesis has inspired the study of
photoactive protein complexes as active components in biohybrid solar energy conversion devices.
To date, photoactive protein complexes involved in oxygenic photosynthesis have been used in a
wide range of research efforts.! In nature, the two photoactive protein complexes, Photosystem I
(PSI) and Photosystem II (PSII), facilitate the transfer of electrons during photosynthesis (Figure
3.1).%* The electrons gain energy through photoexcitation and are transferred across the thylakoid
membrane where they are accepted by an electron carrier or mediator. In particular, the excitation
of electrons by PSI (shown inside a dashed box) is of great technological interest for use in bio-

hybrid solar energy conversion devices.>”’
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Figure 3.1. Scheme showing the electron transport chain of photosynthesis. Photosystem I (PSI), the protein
complex used in the following experimental chapters, is shown within the dashed box along with its natural
electron donor, plastocyanin (Pc), and electron acceptor, ferredoxin (Fd).

Photosystem I (PSI) can be found within plants, algae, and cyanobacteria. In vivo, PSI acts
as a photodiode that facilitates the photo-excitation and transport of electrons ultimately necessary
for the reduction of NADP*.®® When illuminated, PSI funnels photons captured by chlorophyll

antennae to a reaction center in the lumen composed of a special chlorophyll pair, called P7o0."°
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An electron hole pair, or exciton, is produced and the electron is transferred ~10 nm to a series of
iron-sulfur clusters on the stromal side, with the terminal cluster called the Fp reaction site.* '
This exciton is later utilized to reduce the primary energy storage molecule, NADP", to drive
photosynthesis.* !! Figure 3.2 shows PSI within the thylakoid membrane and depicts the electron
transfer across the membrane from the native electron donor protein, plastocyanin (PC), to the
electron acceptor, ferredoxin (FD).!% 1213 The inset shows an energetic diagram of the electron

transfer.
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Figure 3.2. Schematic of PSI operation in vivo. A Photosystem I (PSI) complex is shown within the thylakoid
membrane. PSI accepts an electron from plastocyanin (PC), photoexcites the electron from the P reaction
center to the terminal iron-sulfur cluster, Fp, and donates the electron to ferredoxin (FD). The inset shows
the absolute energy of the electron at each step, with a net potential gain of approximately 1.1 V from
plastocyanin (PC) to ferredoxin (FD). Crystal structures of PSI, plastocyanin, and ferredoxin reproduced
from Protein Database files produced by Amunts et al., Xue et al., and Mutoh et al., respectively.! 1213
PSI is of great interest for use in solar energy conversion devices because it generates
excitons with a net potential difference of 1.1 €V at an internal efficiency near unity.’ The photo-
induced exciton may be leveraged to produce efficient and low-cost biohybrid solar cells, increase

the performance of dye-sensitized solar cells (DSSCs), or be utilized for the photocatalysis of
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chemical fuel products.’” 1* The natural abundance of PSI, the facile extraction procedure, and its
stability outside of its native environment make PSI a prime candidate for development of
biohybrid solar energy conversion technologies.” ' For these reasons, PSI can be inexpensively
extracted and used to create a variety of lab-scale bio-hybrid photovoltaic cells. Both liquid and
solid-state photoelectrochemical cells have been reported.!>* Methods of producing useable fuel,
such as hydrogen, through PSI photocatalysis have also been proven.>>*! Many ongoing research
efforts continue to probe the fundamental challenges associated with PSI-based devices with the

goal of developing the first prototype PSI solar energy conversion technology.

To achieve charge transfer in PSI-based biohybrid systems, the soluble redox-active
proteins that interact with PSI in plants are replaced with electrochemical mediators and metal,
semi-metal, or semiconducting electrode materials.’% 327 Early PSI research studies focused on
improving the electrical current produced by the PSI bioelectrodes by choosing the best
combination of electrode material, PSI deposition method, and electrochemical mediator
species.'® 32-33:38-90 Throughout the early 2000’s and up to 2010, the work on PSI revealed which
electrochemical mediators could be used and their general behavior when in the presence of PSI.*?
Robinson et al. showed that the interactions between simple electrochemical mediators and PSI is
governed by imbalanced reaction kinetics at the two PSI reaction sites, resulting in the production
of an excess of either reduced (R) or oxidized (O) mediator species (Figure 3.3.A).%” Briefly, if a
mediator or mediator system (R; and O1) reacts faster at the Fp™ site of PSI, an excess of R; will be
produced (Figure 3.3.A). The excess R will then be oxidized at the underlying electrode and the
resulting current into the electrode is called anodic photocurrent. In the opposite case, there is a
production of excess oxidized mediator and cathodic photocurrent as shown in Figure 3.3.B. The
unbalanced reaction kinetics are believed to depend largely on the half-wave potential of the

mediator.’”> 4!
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Figure 3.3. Schematic representation of the effect of imbalanced reaction kinetics at the reaction sites of PSI
resulting in either anodic MET (left) or cathodic MET (right).

Another early advance in knowledge came regarding deposition methods for preparing PSI
films. Examples of these methods include rapid PSI adsorption to self-assembled monolayers
(SAMs), cross-linking of PSI multilayer films, vacuum-assisted deposition, and PSI trapping
within electropolymerized conductive polymers.” Some of the highest performing PSI
bioelectrodes from this time period include LeBlanc et al.’s PSI multilayers on p-doped silicon
that achieved 875 nA/cm? and Mershin et al.’s PSI based biophotovoltaic device that yielded 362
nA/ecm?.!'% 32 A major shortcoming of these deposition methods has been a lack of control over
exact PSI location, orientation, and film morphology.” '* More recent studies have pursued these
issues through means such as genetic engineering of the protein complex to express reactive sites,
coupling with smaller redox proteins, and tailoring the electrode surface to interact specifically
with PSI.2*-342-44 While advancements have been made, the lack of direct and convincing evidence
of individual protein complex control in the literature provided motivation for the research chapters

that follow.

More recently, attention has moved toward solid-state PSI devices, developing improved
means of immobilizing PSI, and understanding the role of dissolved oxygen in mediated PSI

devices (Figure 3.4).7 14 17:19.24.4547 \Whjle understanding the role of oxygen is primarily a
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concern of PSI stability, efforts toward developing solid state PSI devices and finding new PSI
linking strategies have been aimed to improve the performance of PSI devices. The move toward
solid state devices and faster electron transfer via better PSI immobilization has increased attention
to the concept of direct (DET) versus mediated electron transfer (MET).” 8 As mentioned in the
general introduction section, DET 1is desirable due to its faster electron transfer rates, but it is
difficult to achieve in bioengineered applications. Few research efforts have claimed to achieve
solely or even mostly DET in a PSI bioelectrode.**->! One area of promise in achieving DET is
using the smaller redox protein, cytochrome C. The use of cyt C with PSI has been extensively
studied with a recent report of cyt ¢ and PSI within porous graphene oxide electrodes yielding 14
nA/cm? 2022 48-30.52 T date, PSI bioelectrodes based on either DET or MET cannot outperform
other solar energy conversion technologies. Fundamental research on improving PSI electron

transfer is necessary to push PSI bioelectrodes forward toward viable small-scale prototypes.

With the promise of achieving efficient DET in PSI devices still out of reach, another
direction toward improving PSI bioelectrode performance is to increase the activity and loading
of PSI on the active electrode. Solid state PSI devices have suffered from low PSI loadings and
traditional deposition procedures for achieving high loadings of protein complexes (PSI
multilayers) result in random orientation and morphology. The following research chapters address
the challenges of low PSI loading and activity through the development of specially designed 3-
dimensional electrodes and deposition procedures based on molecular interactions. While these
directions still rely on MET, the improvements in performance may solve fundamental problems
and translate into solid-state device development or the use of PSI bioelectrodes for biohybrid solar

catalysis.
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Figure 3.4. Areas of recent interest in improving the performance of PSI-based bioelectrodes including the
development of solid-state PSI devices, discovery of new immobilization strategies for improving electron
transfer, and understanding the effects of dissolved oxygen on PSI. Modified and reproduced from Wolfe et
al., Curr. Opin. Electrochem. 2020, (19), 27-34.

The following chapters of this dissertation discuss work related to improving mediated
photocurrent generation through the development of 3-dimensional PSI electrode architectures and
specialized PSI deposition techniques. Chapter 4 discusses the development and study of porous
indium tin oxide electrodes that dramatically increase the active surface area and promote high
areal loadings of PSI. Chapter 5 changes focus and discusses a strategy for modifying the PSI
protein complex during extraction from spinach to produce PSI monolayer films with distinct
surface functionalities. PSI was modified with either thiol terminated functional groups or PEG
terminated groups by reaction with primary amines located on the lysine residues of PSI’s stromal
side. Lastly, Chapter 6 highlights the ability to deposit PSI and the conducting polymer
PEDOT:PSS sequentially using layer-by-layer assembly. The layers are highly reproducible and
yield an increase in PSI activity up to 6-layer pairs or twelve total layers. In all, the following

chapters add to our current understanding of mediated electron transfer between PSI and a nearby
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electrode. Focus and detail are given on the effects of oxygen, activity of PSI, mechanism of

electron transfer, and the mass transfer of mediator from the protein complex to the electrode.
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Chapter 4 — Photosystem I Multilayers within Porous Indium Tin Oxide Cathodes

The following work on producing and testing porous and transparent indium tin oxide
cathodes with PSI was a collaborative effort led by the author (Kody D. Wolfe) and Dr. Dilek
Dervishogullari. The contents of this chapter were first published in ChemElectroChem (Wolfe et
al., ChemElectroChem 2020, 7 (3), 596-603).! Dr. Christopher D. Stachurski and Joshua M.
Passantino assisted in editing and experimental planning. Additional thanks go to the Rosenthal
Lab at Vanderbilt University for the use of their tube furnace. Funding for the following work was
provided by the National Science Foundation (DMR-1507505) and the United States Department
of Agriculture (2019-67021-29857).

Introduction

One limiting factor within PSI-based bioelectrodes is the slow electron transfer from PSI’s
reaction centers to the electrode materials, which ultimately limits the produced photocurrent.?
Electron transfer in PSI bioelectrodes can be categorized into two broad groups: direct electron
transfer (DET) and mediated electron transfer (MET).2 DET is achieved through transfer of
electrons or holes from the electrode into the protein via electron tunneling.® MET involves the
use of an electrochemical mediator to shuttle charge between either of the two active sites, P7o0"
or Fg", of PSI and an electrode through a diffusion-reaction pathway * ® While DET is favorable in
regards to its elimination of intermediate species and associated mass transfer steps, it requires
close proximity of the protein active site to the electrode.® Many strategies have been explored
with aims of maximizing electron transfer between PSI and its host electrode.?” To enable DET,
monolayers of PSI protein complexes have been coupled with various linking molecules and
proteins, which help minimize the electrode-protein separation distance and also provide an
energetically favorable pathway for electron transfer.® '8 Most notably, the cytochrome complex

(cyt ¢) has been used to incorporate PSI onto a variety of electrode materials.'?

Alternatively, significant improvements in mediated photocurrent generation have been
achieved by drop-casting thick multilayer films of PSI onto silicon, gold, and graphene

electrodes.!®?* Applying thicker films of PSI increases overall light absorption by providing a
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higher areal protein loading and increases the total amount of converted mediator.* However,
multilayer PSI assemblies are limited by both the diffusion rate of the mediator and the distance

from individual PSI protein complexes to the electrode surface.?*2

Three-dimensional electrodes offer another avenue for increasing the areal protein
loading.” - 262% Ciesielski et al. modified nanoporous gold leaf electrodes with PSI monolayers

and achieved a 300% increase in photocurrent.?’

The improvement was credited to an increase in
the electrochemically active surface area, which allowed for an increase in mediated photocurrent
response. Examples of other high surface area PSI bioelectrodes include a gold nanoparticle-based
approach, and a nanostructured TiO, and ZnO device.’®?' In each case, the increase in
photocurrent density is primarily attributed to an increase in the active electrode surface area,
regardless of the prescribed electron transfer pathway. Increasing the active surface area will
impact both the DET and MET response of the bioelectrode because it provides a higher surface

area for either protein-electrode interaction or for mediator electron transfer.

Recently, methods for producing three-dimensional, transparent, and conductive ITO
electrodes have spurred interest in their application to biohybrid photovoltaics. Wenzel et al.
showed that photocurrents generated from photosynthetic biofilms composed of either Nostoc
punctiforme or Synechocystis sp. on porous ITO electrodes are two orders of magnitude larger than
those on planar ITO.?® Stieger et al. utilized porous ITO with isolated PSI by wiring T. elongatus-
derived PSI via cyt ¢ to the surface of 460 nm ITO pores, resulting in a 150 pA cm™ photocurrent
density with an applied potential of 100 mV vs. Ag/AgCl.!! Additionally, Ciornii et al. found that
porous ITO electrodes incorporating cyt ¢ as a linking agent show a maximum performance of
270 pA cm at the 460 nm pore size (compared to pore sized up to 3 um) with an applied potential
of 200 mV vs. Ag/AgCl.” The maximum is attributed to a maximum areal loading of cyt ¢ and PSI
on the ITO surface due to a higher protein binding capacity within smaller pores. These reports
have shown that porous ITO is an effective cathode material for PSI-based bioelectrodes in
conjunction with cyt ¢ and an applied potential to drive DET. In contrast to our work, PSI was
confined to the surface through the use of cyt c as a post-deposition linking agent and is therefore
limited by the surface area of the porous electrode and the capacity for areal loading of PSI and

cyt ¢.2%32
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Multilayers of PSI within pores can be expected to undergo mediated photocurrent
production, and, therefore, may surpass the pore size limitation of previous monolayer studies.
Many electrochemical mediators have been studied within PSI bioelectrodes to achieve high rates
of MET.*** One particularly high-performing mediator pair is 2,6-dichlorophenolindophenol
(DCPIP) and ascorbate (AscH).>* 3> Upon dissolution of sodium ascorbate salt into deionized
water, AscH is protonated, forming ascorbic acid (AscHz). AscH> then undergoes a heterogeneous
reaction (Rxn 4.1) in which two electrons and two protons are transferred to DCPIP, forming
DCPIPH; and dehydroascorbate (DHA).>*® DCPIPHS is a fast electron donor to P79, making it an
ideal mediator species for shuttling charge between the P790" reaction center and the cathode
material.>> > Herein, DCPIPH; is used to ensure fast electron transfer from ITO to PSI multilayers

in order to study the effect of the porous ITO morphology on MET.

DCPIP + AscH, — DCPIPH, + DHA (Rxn 4.1)

We used ITO nanoparticles to produce two different three-dimensional electrode
morphologies: mesoporous and macroporous ITO (meso-ITO and macro-ITO). The meso-ITO
electrodes bear cavities of approximately 20-100 nm, which is slightly larger than the
crystallographic dimensions of the PSI protein complex and is hypothesized to increase the PSI-
ITO contact area.’” Macro-ITO prepared via an ITO-coated polystyrene templating procedure (See
Appendix B) provided much larger pore sizes (~5 um). The electrochemically active surface area
of both electrode morphologies was determined via capacitance cyclic voltammetry (CV).*® These
electrodes were then modified with PSI multilayer films of various mass loadings and tested in a

photoelectrochemical cell.

Our findings show that by entrapping PSI protein complexes in larger pores, an increase in
mediated photocurrent is observed (Figure 4.1). Macro-ITO produced 42 pA cm™, approximately
3 times more photocurrent than meso-ITO and 40 times more than the planar ITO at a PSI loading

of 66 pug cm™. Macropores increase photocurrent by allowing multilayers of PSI to deposit along
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pore walls, which increases mediator conversion within a single pore and results in an increase in
MET. We discuss the effects of electrode conductivity, electrode translucency, protein loading,
and electrochemical surface area in multilayer PSI-modified meso- and macro-ITO cathodes to
draw conclusions about both charge transfer pathways and routes for optimizing porous
bioelectrode interfaces by incorporating mediated electron transfer. Finally, this work highlights
the ability of porous ITO-PSI biocathodes to improve MET at the dark open circuit potential
(OCP), achieving appreciable photocurrent in the absence of surface linking agents and an applied

overpotential.

Macroporous
PSI-ITO Cathodes

".photo / IJA cm

DCPIPH

DCPIP

Figure 4.1. Schematic representation of the fabrication and testing of a PSI Macro-ITO cathode for enhanced
mediated photocurrent production.
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Results & Discussion

First, the mediated electron transfer between PSI, DCPIPH», and ITO was investigated
using photochronoamperometry (Figure 4.2). A multilayer film of PSI on an ITO-coated glass
slide was illuminated under a 100 mW c¢m™ white light source in the presence of 1 mM DCPIP
and 5 mM AscH (green), 5 mM AscH (red), and I mM DCPIP (blue), while the ITO was held at
the dark OCP. Of these conditions, a 1:5 ratio of DCPIP to AscH produced a much greater
photocurrent in comparison to AscH only or DCPIP only solutions. In either the DCPIP only or
AscH only solutions, the photocurrent is much lower and is limited by a reaction at one of the PSI
active sites, evidenced by the flat photocurrent responses, Figure 4.2. A schematic representation
of the mediated electron transfer process is given in Figure 4.3. At the P79o* reaction site, DCPIPH>
is electrochemically oxidized via Reaction 4.2. The final oxidized product (DCPIP) may then react
at the cathode or be chemically reduced to DCPIPH» (Rxn 4.1, see in introduction section). Excess
AscH is necessary to increase the concentration of AscH», which regenerates the local
concentration of DCPIPH». A steady state rate is reached and is limited by the diffusion of AscH»
into the multilayer film to replenish DCPIPH».2** In conclusion, DCPIPH; is capable of rapidly
reducing the P70o" site, and PSI multilayers in the presence of DCPIPH: and excess AscH on an

ITO electrode produce cathodic photocurrent.

DCPIPH, < DCPIP + 2e™ + 2H* (Rxn 4.2)
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Figure 4.2. Photoelectrochemical studies of DCPIP and AscH. Photochronoamperometry scans taken on a planar
ITO electrode with a PSI multilayer in the presence of 1 mM DCPIP and 5 mM AscH (green) 5 mM AscH (red),
and 1 mM DCPIP (blue). Photochronoamperometry studies were performed in a 100 mM KCI supporting
electrolyte containing the mediator species and the sample was illuminated with a 100 mW cm white light source
with the planar ITO electrode held at the dark open circuit potential (OCP).
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Figure 4.3. Proposed mediated electron transfer mechanism by PSI in the presence of AscH and DCPIP.
Photocurrent generation is driven by the local production of DCPIP by PSI near the electrode surface, where it
can be reduced to DCPIPH; by the electrode, producing cathodic current. The homogeneous side reaction
competes with the production of DCPIP by P but also sets the solution potential and the dark OCP to a fully
reduced state (all DCPIPH>) so that when the light is turned on, PSI provides a driving force for cathodic
photocurrent generation (production of excess DCPIP near the electrode).

In the absence of an electrochemical mediator, the achieved photocurrent is negligible as
seen in Figure 4.4. In contrast, in the presence of a mediator, the PSI-modified ITO cathodes yield
a significant cathodic current, while in the absence of mediator a negligible current is observed.
This shows that mediated electron transfer (MET) is the primary means of electron transfer at the

PSI-ITO interface.
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Figure 4.4. Chronoamperometric scans of a PSI macro-ITO cathode with (red) and without (black) the
electrochemical mediator, DCPIP and AscH. The PSI-modified (125 uL PSI solution) macro-ITO cathodes were
immersed in an aqueous solution of 1 mM DCPIP, 5 mM NaAsc and 100 mM KCI and illuminated with a 100 mW
cm™ whit light source.

Mesoporous ITO electrodes were prepared by tape-casting an aliquot of suspended ITO
nanoparticles onto a cleaned ITO-coated glass slide. The nanoparticles were then sintered under
an argon environment to produce translucent and conductive mesoporous electrodes. Similarly,
macroporous ITO electrodes were prepared by tape-casting ITO nanoparticles onto a polystyrene
template and simultaneously sintering the ITO nanoparticles and removing the polystyrene
spheres. The polystyrene template was prepared by drop-casting polystyrene spheres onto a
cleaned ITO-coated electrode and sintering the spheres at 85 °C. After the porous electrode
fabrication, both meso- and macro-ITO electrodes were imaged to assess successful ITO
nanoparticle sintering and electrode quality using scanning electron microscopy (SEM). SEM also

verified the removal of the polystyrene spheres, during the sintering process of the macro-ITO

43



samples. Figure 4.5 shows top down and cross-sectional SEM micrographs of the meso- and
macro-ITO electrodes. Within the meso-ITO, the ITO nanoparticles pack randomly and densely,
forming pore sizes between 20 and 100 nm (Figures 4.5.A and 4.5.B). These mesopores are on the
scale of the crystallographic PSI protein complex unit cell dimensions, approximately 12 nm x 13
nm x 19 nm.?” The dense porous structure extends uniformly to the substrate surface, as shown in
the cross-sectional SEM (Figure 4.5.C). The macro-ITO electrodes yield hierarchical
nanostructured pores, with larger macropores created by the polystyrene template (Figures 4.5.D
and 4.5.E) and smaller mesopores created by the sintered ITO nanoparticles that make up the
macropore walls (Figure 4.6). The intrapore connections formed by sintering the polystyrene
spheres prior to the deposition of ITO nanoparticles can be clearly observed in both Figure 4.5.E

and the cross-sectional SEM in Figure 4.5.F.%
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Figure 4.5. Scanning electron microscopy (SEM) micrographs of: (4) Meso-ITO electrode surface, (B) Meso-
ITO electrode pores on the order of 20-100 nm, (C) Cross-sectional SEM of the meso-ITO, (D) Macro-ITO
electrode surface showing the inverse opal structure, (E) Individual macropores with intrapore connections, and
(F) Macro-ITO electrode cross-sectional image. A high magnification image of the macro-ITO pore wall is given
in Figure 4.6, highlighting the mesoporous structure of the sintered nanoparticle walls. All images are taken at
5.0 keV and a working distance of 5 mm using a secondary electron detector.

The hierarchical structure of the macro-ITO electrodes can be described as an inverse opal
macropore (created via the PS sphere template procedure detailed in Appendix B) structure created
by mesoporous walls.2® Figure 4.6 shows a high magnification electron micrograph of the outer
pore wall of a macropore which is composed of the sintered ITO nanoparticles.
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Figure 4.6. A high magnification scanning electron micrograph of the surface of a macropore wall (macropores
seen in Figures 4.5.D, E, and F). The mesoporous structure making up the macropore walls increases the active
surface area of the macro-ITO electrodes. Image taken at 5.0 keV and a working distance of 5 mm using a
secondary electron detector.

The fabricated meso-ITO electrodes have a thickness of 4.6 = 1.3 um (Figure 4.7.A), and
the macro-ITO electrodes have a thickness of 9.4 + 2.0 um as measured via profilometry (Figure
4.7.B). The profilometry scans began on the bare ITO-coated glass surface for approximately 200
um and proceeded onto to the porous electrode for approximately 800 pm. As a coffee ring effect
was observed on all electrodes, the average step-height was taken over the 800 um electrode scan
length to obtain a representative value. The average step height for 5 samples was measured and

the average value is represented by a dashed line.
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Figure 4.7. Stylus profilometry scans for unmodified (4) meso- and (B) macro-ITO electrodes.

Importantly, both the conductivity and optical band gap of ITO depend on the crystal
structure and the tin dopant concentration.**-*’ Therefore, to ensure the quality and performance of
the electrodes, the ITO must remain in its body-centered cubic structure (space group = la-3(No.
2006)) after sintering.*® Figure 4.8 shows powder x-ray diffraction (XRD) spectra for ITO recovered
from sintered meso- and macro-ITO electrodes and indicates that the crystal structure is unaffected
by the sintering process and the polystyrene templating procedure. The observed peaks correspond

to the desired cubic ITO phase, with peak assignments given in Table 4.1.%°
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Figure 4.8. Powder X-ray diffraction (XRD) spectra for macro- (blue) and meso-ITO (orange) recovered from
fabricated electrodes. The characteristic spectra for the body-centered cubic phase of ITO is given by the dashed
lines (with relative intensity and crystallographic plane assignments). The characteristic spectral data is also
tabulated below in Table 4.1.%°

Table 4.1. XRD peak assignments of ITO nanoparticles recovered from porous electrodes. The peaks correspond to
the body-centered cubic phase, space group la-3(No. 206).%°

Crystal Plane (hkl) 20 Angle (deg.) Relative Intensity (%)

211 21.46 11.0
222 30.54 100.0
400 35.41 30.4
411 37.63 5.2

332 41.78 4.5

431 & 413 45.61 39&4.5

440 50.94 36.6
611 55.89 33

622 60.56 26.5
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The electrical conductivity, or, inversely, resistivity, of the electrodes is critical to the
electrode performance and was measured via a four-point probe sheet resistance test. Sintering the
ITO nanoparticles under an argon atmosphere resulted in highly conductive electrodes. Table 4.2
gives a summary of the electrode sheet resistance measurements and highlights the exceptional
decrease in sheet resistance upon sintering for both electrode morphologies. For these
measurements, electrodes were cast onto non-conductive bare glass substrates. Sheet resistances
are reported (instead of resistivity values) to avoid the incorrect assumption that the electrodes are

a continuous bulk material, which is a requisite for the determination of resistivity or conductivity.

Table 4.2. Sheet resistance measurements pre and post sintering for meso- and macro-ITO electrodes.

Electrode Morphology Unannealed Sheet Post Annealed Sheet
Resistance (k€2/sq) Resistance (k€2/sq)
Meso-1TO 2400 £+ 1300 1.4 £0.2
Macro-1TO 900 + 600 35 +19

In electrochemical reactions, the active surface area can be directly related to the reaction
rate.!? Therefore, to better understand the MET achieved within porous electrodes, the
electrochemically active surface area should be considered. Following the procedure reported by
Voiry et al., we determined the electrochemical surface area factor (ECSAF) of the macro- and
meso-ITO electrodes and used these values to approximate the active surface area.>® By measuring
the ECSAF of the electrodes, the area in which a species in solution can react at the electrode
surface can be studied.’® The ECSAF was determined by plotting the capacitive current vs. the
scan rate in a linear potential sweep test, such as CV.® The capacitive current, i, (A), is known to

vary linearly with respect to scan rate, v (V s™) (Eq. 4.1).*!

li,| = AC4v (Eq. 4.1)

To measure the non-faradaic current, the test is conducted in a supporting electrolyte
solution in the absence of any electrochemically active species. The produced current is a result of

the formation of the electric double layer at the electrode surface. Figures 4.9.A-C show the large
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increase in non-faradaic current with respect to the scan rate for A) a planar ITO electrode, B) a
meso-ITO electrode, and C) a macro-ITO electrode. A dramatic increase is shown in the magnitude
of current for the porous electrodes in Figures 4.9.B and 4.9.C. The current at various scan rates
was then plotted, and the slope was used to determine the ECSAF. In Figure 4.9.D, the ECSAF
was determined for the meso- and macro-ITO electrodes by normalizing their slopes to that found
for the planar electrode, which was taken to have an area equivalent to the geometric surface area
and was thus assigned an ECSAF of one. After multiplying the respective ECSAF by the known
surface area of the planar electrode (0.708 cm?), we approximated that the meso-ITO electrodes
had an active surface area of 139 + 5 cm?, while the macro-ITO electrodes had a much greater
active surface area of 285 + 5 cm”. The increased active surface area in the macro-ITO electrodes
is due to the decrease in nanoparticle packing efficiency on the polystyrene template, which

resulted in a hierarchical porous structure and an increase in electrode thickness.
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Figure 4.9. Cyclic voltammetry (CV) scans of (4) planar ITO, (B) meso-I1TO and (C) macro-ITO electrodes in an
aqueous solution of 0.5 M KCI at increasing scan rates (50, 100, 150, 200, 250 mV s, black to yellow
respectively). (D) Scan rate (V s7') plotted against the current response (uA) at 0.0 Vvs Ag/AgCl (Square = planar
ITO, circle = meso-1TO and triangle = macro-ITO) with n = 10. From the capacitive charging current at 0.0 V
vs Ag/AgCl for various scan rates, the value of ACp can be extracted from the slopes of the linear fits shown in
panel D. The slope for meso- and macro-ITO is then divided by the slope for a planar electrode that has a known
surface area of 0.708 cm?. The ratio of the slopes is the ECSAF and the respective ECSAFs can then be multiplied
by the known surface area of the planar electrode to find the active surface area. Meso- and macro-ITO electrodes
were found to have an active surface area of 139 £5 cm? and 285 £5 cm?, respectively 340

PSI was introduced into the porous electrodes via sequential drop-casting of 13.2 pg cm™
PSI under low pressure until the desired mass loading was obtained. Transmission-absorbance
spectroscopy was used to characterize the ability of the prepared electrodes to transmit light within
the absorption region of PSI. PSI absorbs strongly at wavelengths of 680 and 450 nm.*? Figures

4.10.A and 4.10.B show transmission spectra for planar ITO-coated glass, meso-ITO, and macro-
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ITO, without and with PSI, respectively. As seen in Figure 4.10.A, the planar and meso-ITO
electrodes without PSI show high transmission. In the macro-ITO electrodes, much of the
transmission is lost to scattering. In Figure 4.10.B the characteristic absorption peak of PSI at 680

nm is clearly distinguishable in each electrode morphology; this peak is evidence that PSI is

present and active.
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Figure 4.10. Transmission of (4) planar, meso-, and macro-ITO electrodes without PSI. (B) Planar, meso-, and
macro-ITO spectra with 53 ug cm™ PSI. A characteristic absorbance peak for PSI can be seen in panel B at 680
nm in each spectrum, verifying that PSI is present and absorbing light.

The location of PSI protein complexes was investigated using energy dispersive
spectroscopy (EDS). Figure 4.11 shows a cross-sectional scanning electron micrograph (SEM) of
a meso-ITO electrode with 52 pg cm? of PSI deposited. To the right of the electron micrograph
are EDS maps for indium (In), tin (Sn), oxygen (O), silicon (Si1), carbon (C), and a composite map.
The indium, tin and oxygen are found in the ITO electrode. The silicon and additional oxygen
compromise the glass substrate. The carbon-rich layer in the upper ~1 um of the meso-ITO
electrode is attributed to the deposited PSI protein complexes. The presence of this carbon-rich

layer indicates that agglomeration or pore blockage prevents PSI from fully penetrating the meso-
ITO electrodes.
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Mesoporous ITO

Figure 4.11. Energy dispersive spectroscopy (EDS) mapping of a meso-ITO electrode with 53 ug cm™ of PSI
protein complexes deposited. Lefi: scanning electron micrograph (SEM). Right: EDS maps for indium (In), tin
(Sn), oxygen (O), silicon (Si), carbon (C), and a composite map.

Figure 4.12 shows a cross-sectional scanning electron micrograph (SEM) of a macro-ITO
electrode with 53 pg cm™ of PSI deposited. To the right of the electron micrograph are EDS maps
for indium (In), tin (Sn), oxygen (O), silicon (Si), carbon (C), and a composite map. The carbon
EDS map of the macro-ITO electrode with 52 ug cm™ of PSI did not reveal a carbon-rich area
stratified near the upper region of the electrode. Instead, the carbon is uniformly distributed
throughout the porous structure, with the exception of the intrapore connections. We hypothesize
that this carbon signal is because the PSI multilayers are deposited onto the inner surface of the
macropores. These results suggest that, within the macro-ITO electrodes, PSI multilayers assemble
along the macropore surface, allowing a greater PSI mass loading without blocking intrapore

connections.

Macroporous ITO

Silicon

Y

Figure 4.12. Energy dispersive spectroscopy (EDS) mapping of a macro-ITO electrode with 53 ug cm™ of PSI
protein complexes deposited. Left: scanning electron micrograph (SEM). Right: EDS maps for indium (In), tin
(Sn), oxygen (0O), silicon (Si), carbon (C), and a composite map.
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The photoelectrochemical performance of the cathodes was studied using
photochronoamperometry in the 1:5 DCPIP:AscH mediator (Figure 4.13). Both meso- and macro-
ITO cathodes improve the produced photocurrent measured at the dark OCP. The cathodes were
tested at the dark OCP to eliminate any current driven by external forces such as an applied
overpotential. The macro-ITO cathodes achieve a peak cathodic photocurrent of 42 £ 5 pA cm?,
the meso-ITO yield 11 + 1 pA cm™, and the planar ITO provides 1 + 1 pA cm™ at a PSI loading
of 66 ng cm™. The dashed photochronoamperometry curves in Figure 4.13, taken with a stirred
electrolyte, show that a steady-state photocurrent can be achieved when the mass transport
limitations within the bulk solution are eliminated. This result shows that intrapore diffusion is not

the cause of the large diffusional loss.
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Figure 4.13. Photochronoamperometric scans of PSI-modified (66 ug cm™ PSI loading) macro-, meso- and planar
ITO cathodes in an aqueous solution of 1 mM DCPIP, 5 mM AscH and 100 mM KCI. Dashed lines indicate
stirring of the solution. Samples were illuminated under a 100 mW cm white light source for a variable amount
of time and the ITO electrodes were held at the dark open circuit potential (OCP).

We also tested porous PSI-ITO cathodes with pore sizes of 500 nm because similar pore
sizes have been shown to be optimal for photocurrent generation by PSI and cyt ¢.” However, the
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500 nm pore cathodes produced photocurrent values lower than the meso-ITO (Figure 4.14). We
attribute the low value for the 500 nm pore size to the need for additional fabrication and deposition
optimization and suspect that the optimum value would fall between that of meso-ITO and macro-
ITO The achieved photocurrent for macro-ITO is high in comparison to other PSI multilayer
studies on metal and metal-like substrates and shows that MET within translucent and porous ITO

electrodes can improve PSI-based photoelectrochemical cells.?% 3
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Figure 4.14. Data from photochronoamperometric scans of meso-ITO, 500 nm pore size macro-1TO, and 5 um
macro-ITO with 0 ug cm? PSI (blue) and with 66 ug cm? PSI (green). The photocurrents are normalized to
geometric surface area and were taken in a 100 mM KCI, 1 mM DCPIP and 5 mM AscH electrolyte using a 100
mW cm? white light source. Note that n=3 for the 500 nm Macro-ITO while n=10 for all other data points.
Geometric surface area is crucial to the practicality of photovoltaics because it is used to
determine the footprint area needed to produce a specific amount of power. The areal loading of
PSI per geometric surface area is also known to greatly influence PSI biohybrid electrode
performance. By incorporating a greater quantity of PSI protein complexes, the concentration of

the reacted mediator is increased locally, resulting in a greater photocurrent.* 2 ** Figure 4.15

shows that increasing the PSI loading in the fabricated cathodes increases the produced
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photocurrent until a saturation point is reached, as denoted by asterisks. The macro-ITO cathodes
yield the highest saturation point between 53 and 79 pg cm™ of PSI. The meso-ITO cathodes
become saturated between 40 and 66 ug cm?, and the planar ITO cathodes show the lowest
saturation point between 26 and 53 pg cm™. At the saturation loading of the macro-ITO cathodes,
the macro-ITO produces 3 times more photocurrent than the meso-ITO and 40 times more than
the planar ITO. The cause of this protein saturation point can be attributed to both the absorption

of usable radiation and the total pore volume available for PSI protein complexes.
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Figure 4.15. Summary of photocurrent production as a function of PSI mass loading on ITO electrodes in the
presence of a 1 mM DCPIP, 5 mM AscH, and 100 mM KCI electrolyte. Asterisks denote the maximum
photocurrent achieved for an electrode morphology (planar, meso-, or macro-ITO). Samples were illuminated
using a 100 mW cm™ white light source and the ITO electrodes were held at the dark open circuit potential (OCP)
(n=10).

The rate of faradaic reactions, involving charge transfer between electrochemically active
species and the electrode, increases linearly with respect to active surface area.*! Therefore, by
increasing the active surface area, an increase in photocurrent should follow. To analyze how well
the meso- and macro-ITO cathodes utilize their respective increase in active surface area, we
defined a photocurrent factor (PCF) to be compared to the ECSAF. The PCF is simply the
photocurrent produced by either the meso- or macro-ITO cathodes divided by the photocurrent
produced by the planar ITO cathode at the same PSI mass loading. The ECSAFs of the meso-ITO
and the 5 pym macro-ITO were determined to be 197 £ 7 and 406 + 6, respectively. In an ideal

system the PCF would be equal to the ECSAF, and the cathode would then achieve a 100% usage
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of available active surface area. We found that, on average, the meso-ITO cathodes utilized 3.8 +
1.3 % of the total active surface area and the macro-ITO utilized 7.9 + 3.3 %. Below an example
calculation is provided for the meso- and macro-ITO cathodes at a PSI mass loading of 66 pg cm’
2. The standard deviation was carried through the calculation as a standard error to determine the
final error in the calculated active surface area utilization value. The active surface area utilized
during photocurrent production by the macro-ITO cathodes was over double that of the meso-ITO
cathodes for all PSI mass loadings. This result conveys that the increase in active surface area is
not the only factor involved in the increase in mediated photocurrent achieved with the macro-ITO

cathodes.

Meso-ITO with 66 ug cm™ PSI mass loading:

imeso _ 10.69 A cm™?

= = 9.83
iplanar  1.09 pA cm=2

PCEpes0 =

PCFpes, _ 9.83

Mesoporous ITO Active Surface Area Utilization = ECSAF,... 1968 = 0.050 = 5.0%
Macro-ITO with 66 ug cm PSI mass loading:
i 42.39 uA cm™?
PCFpgero = —2 = # — = 38.97
iptanar  1.09 pA cm
. Ly . PCFmacro 38'97
Macroporous ITO Active Surface Area Utilization = = = 0.096 = 9.6%

ECSAE,40ro 405.6
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Conclusions

The macro-ITO electrodes fabricated in this study increase the photocurrent produced by
PSI multilayers via MET using a DCPIP and AscH mediator from 11+ 1 pA cm™ in meso-ITO to
42 £ 5 pA cm in macro-ITO. We determined that the increase in active surface area was not the
sole contributor to the increase in photocurrent between the meso- and macro-ITO morphologies.
PSI-modified macro-ITO cathodes were capable of utilizing double the available active surface
area, when compared to meso-ITO cathodes with the same PSI mass loading. Our findings show
that if MET alone is considered, 5 um pores outperformed their mesoporous ITO equivalent, while
other studies that report a DET-based mechanism find that pores on the scale of hundreds of
nanometers are optimal.” We conclude that this difference in findings is due to the difference
between the electron transfer pathways. In future studies, an MET approach could be incorporated
in conjunction with DET strategies to further improve photocurrent within porous ITO

architectures.

We conclude that the geometry of the hierarchical pore structure and the location of the
PSI protein complexes allow for higher loadings of PSI to further increase the photocurrent in the
macro-ITO electrodes. PSI multilayers adhered to the inner walls of the macropores produce
converted mediator, which can then react at both the pore wall under the multilayer and also diffuse
through the pore to all other areas of the pore wall. Within meso-ITO, the PSI multilayers are
concentrated near the electrode/bulk electrolyte interface (Figure 4.11), and therefore, reacted
mediator can escape into the bulk solution more easily than in macro-ITO pores, decreasing the
maximum achievable photocurrent through MET and resulting in less efficient use of the active
electrode surface area. Our findings show that hierarchical pore structures on the micrometer scale
are advantageous in comparison to smaller pore sizes for MET within PSI multilayers, due to an
increase in PSI loading and higher concentration of converted mediator reaching the active

electrode surface.
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Chapter 5 — Stromal Side-Selective Modification of Photosystem [
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M. Passantino, and Dr. Christopher D. Stachurski for collaborative discussion, manuscript editing,
and general assistance. Funding for the following work was provided by the National Science
Foundation (DMR-1507505) and the United States Department of Agriculture (2019-67021-
29857).

Introduction

A major challenge in advancing the performance of PSI-electrode interfaces is the random
orientation of the protein after it has been removed from the thylakoid membrane and deposited
onto a surface.!™ In the thylakoid membrane, the PSI protein complex is naturally oriented with
the stromal side facing outward (see Figure 5.1.A).>”7 The directional nature of the exciton along
with the physical separation of the lumenal and stromal fluids by the thylakoid membrane results
in highly efficient electron transfer in vivo.> However, during the extraction of PSI, the thylakoid
membrane is lysed and regaining control over the orientation becomes challenging for various
reasons. One issue is the similarity between the functional groups on the stromal and lumenal faces
of the protein complex. For example, Figures 5.1.A and 5.1.B show the distribution of primary
amines on the surface of PSI. Although the stromal side contains a greater number of surface
amines, the presence of the same functional groups on both faces makes orientation specific

deposition difficult.
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Chloroplast Stroma

Figure 5.1. Schematic illustrations of PSI with primary amines labeled blue. A.) PSI in the thylakoid membrane.
B.) A stromal view of PSI (top-down view compared to panel A). C.) Lumenal view of PSI (bottom-up view
compared to panel A). Structure recreated from data reported by Amunts et al.’

Random orientation is problematic because maximizing performance of PSI monolayers
requires both directional orientation of PSI protein complexes upon deposition onto the electrode
and efficient transfer of the electrons from PSI to the electrode. Direct electron transfer (DET)
from PSI to the electrode via electron tunneling is the preferred electron transfer mechanism as it
is fast and is not limited by diffusion of solubilized species between the reaction center and
electrode.” However, DET is difficult to achieve due to the close proximity necessary for electron
tunneling. Lopez-Martinez et al. reported that a distance of approximately 1 nm is needed for
efficient electron tunneling at the P7o0 site, determined via electrochemical scanning tunneling
microscopy.'® The tunneling distance creates technical challenges when considering the
orientation of a large protein complex such as PSI that has dimensions on the order of 10-20 nm.
The issue is further exacerbated by P7o0 being contained within a lumenal pocket, making it very

difficult to interact directly with an electrode without modification.’ Alternatively, mediated

64



electron transfer (MET) is more often observed in PSI-based biohybrid photovoltaics.!!"'* MET
can be achieved through the introduction of electrochemical mediators and greatly enhances
charge transfer in multilayer PSI assemblies by leveraging diffusion of the molecules to reach

PSI’s reaction sites.!" 14

The issue of PSI orientation has been previously studied with success utilizing bio-
conjugation strategies and electrostatic interactions.!>?* Recently, Zhao et al. fabricated
unidirectional PSI monolayers on osmium-containing polymer coated gold substrates through
formation of monolayers at a water-air interface and depositing the monolayers via Langmuir-
Blodgett techniques.?! Many reports have also shown enhancements in electron transfer through
the use of the cytochrome complex (cyt ¢) as a linking agent.!®2!3% Cyt ¢ binds to PSI and can
provide an electron conduit between PSI’s Pz reaction center and the underlying electrode.??
While cyt ¢ provides a great enhancement in observed electron transfer rates, one concern
regarding the use of cyt ¢ to promote PSI orientation is that non-native cyt c relies solely on
electrostatic interactions between the lumenal side of PSI and cyt c¢.?> More direct approaches
toward PSI orientation have been investigated, including the preparation of genetically modified
PSI mutants that express cysteine residues near the Poo site.>! The cysteine mutants were used to
attach the PSI onto gold electrodes, but a great enhancement in photocurrent was not reported. The
need for a simple and highly efficient means of simultaneously achieving PSI orientation and
enhanced connectivity to the substrate electrode warrants further research in PSI modification

strategies.
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Herein, a solution-based modification strategy, implemented during the extraction of PSI
from spinach, is highlighted as a facile and scalable method for modifying PSI protein complexes
and preparing monolayer films. Amines located on stromal-side lysine residues of the protein
complex are targeted as reactive centers for modification during extraction.> 32 The modification
is performed during the PSI extraction, after the cell membrane has been mechanically broken but
before the thylakoid membrane is lysed, resulting in selective reaction with stromal side amines.
A schematic of the extraction procedure, also shown in Appendix A and adapted from Reeves and

Hall, Shiozawa et al., Millsaps et al., and Baba et al., with the modification step shown is given in

Figure 5.2.33-3¢
1.) Mechanical 2.) Mechanical 3.) Centrifugation #1 Decant
maceration separation (8,000 X) supernatant
Q (blender) (cheesecloth)
7.) Wash ion exchange
9.A) Determine PSI concentration via . column with column butfer
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Figure 5.2. PSI extraction procedure (also described in Appendix A) with the stromal side amine modification
step circled in red.

A general schematic of the PSI extraction step during which the thylakoid membrane is
intact and only stromal side amines are exposed is shown in Figure 5.3. The side-selective reaction
scheme can be tailored to use various amine reactive molecules to achieve novel surface
functionalities on the stromal side of PSI. The resulting modified PSI complexes are then used to

obtain oriented monolayer films.
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Figure 5.3. A general stromal-side modification scheme for PSI complexes wzthzn the thylakoid membrane.
At this step in the extraction procedure thylakoids are suspended in solution and amine reactive molecules
are introduced. The thylakoid membrane acts as a physical barrier, resulting in reaction with only stromal-
side primary amines exposed to the solution.

The substrate, in conjunction with the newly introduced functional groups, determines the
preferred orientation of the protein complex during a solution-based deposition. In this study we
compare PSI-modified with 2-iminothiolane, or Traut’s Reagent, (T-PSI) and an NHS-Ester PEG
(P-PSI). The reaction schemes resulting in T-PSI and P-PSI are given in Figure 5.4.A & 5.4.B,

respectively.
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Figure 5.4. Reaction schemes for PSI modification including A.) a thiol modification scheme using 2-
iminothiolane and B.) a polyethylene glycol (PEG) modification scheme utilizing a PEG,NHS ester.

The newly introduced functional groups are hypothesized to interact with a gold electrode,
resulting in opposite PSI orientations. As seen in Figure 5.5.A, PSI with stromal-side thiol
functionality (T-PSI) will orient itself with the stromal side nearest the gold substrate, subsequently
referred to as downward, due to the strong thiol-gold affinity.?! PSI with stromal-side PEG
functionality (P-PSI) will preferentially orient upward because the net neutral charge and
hydrophilic screening of the PEG chains prevents the stromal side from adsorbing through

electrostatic attraction, Figure 5.4.B. The unmodified amine groups on the lumenal sides of PSI
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are expected to adsorb due to electrostatic attraction, and this is the primary method of non-specific
deposition of unmodified PSI onto many substrates in other studies.!®!” Aside from greatly
improving electron transfer at the PSI electrode interface and improving overall efficiency through
a high net orientation, there are several other potential applications of side-selectively
functionalizing PSI, including assembly of a more stable monolayer, modification for attaching to
nano-scale catalysts, and the incorporation of the protein into complex frameworks such as

conductive polymer matrices.

A. Thiol modified PSI (T-PSI) B. PEG modified PSI (P-PSI)
deposited facing “down” deposited facing “up”

Figure 5.5. Hypothesized modified PSI monolayer orientations. A.) The hypothesized thiol-modified PSI (T-
PSI) orientation on gold. The strong thiol-gold affinity will result in T-PSI complexes with the reacted stromal
side facing the gold substrate B.) The hypothesized PEG-modified PSI (P-PSI) orientation on gold. The PEG
groups are highly hydrophilic and less likely to interact electrostatically with the gold substrate than
positively charged primary amines.

Results & Discussion

To determine if the PSI complexes are damaged during the stromal-side modification
reaction, T-PSI and P-PSI complexes were studied in solution for structure and function properties
prior to monolayer preparation. UV-Vis spectroscopy shows that the protein complex’s ability to
absorb red and blue light is not affected by partial reaction of the stromal side amines, Figure 4.6.
PSI strongly absorbs visible light at approximately 430 and 680 nm and has a characteristic
absorbance spectrum.* The modified protein complexes do show slight changes in absorbance. P-
PSI shows a shoulder at both 480 and 650 nm wavelengths. The shoulder may be due to a minor
change in the secondary structure of the protein complex due to the reaction of the surface amines.
Robinson et al. have reported similar changes including the deconvolution of the Amide I band

when PSI is encapsulated by PEDOT via vapor phase polymerization.’
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Figure 5.6 Absorbance spectra of modified PSI complexes in comparison with an unmodifided PSI control show
that the protein complexes are present and functional.

Because the T-PSI solutions maintain homogenous solubility upon visual inspection, the
modification procedure at low to moderate 2-iminothiolane (2-IT) concentration does not
significantly affect solubility of PSI in the presence of 1.0 wt % Triton X-100 surfactant. However,
at high concentrations of 2-IT (500 mg 2-1T/40 mL thylakoid suspension), the resulting modified
protein complexes lose their solubility (Figure 5.7). This loss of solubility is attributed to the
formation of disulfide linkages between modified protein complexes as reported by Yang et al.,
which result in protein complex aggregation and precipitation.*® Note that P-PSI was found to be

soluble even at high reactant concentrations.
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Figure 5.7. PSI modification with Traut’s Reagent (2-iminothiolane) to produce T-PSI was tested with
variable concentrations of reactant (5, 50, and 500 mg respectively). At higher concentrations, PSI
crosslinking results in loss of solubility (500 mg beaker).

Figure 5.8 shows the concentration of PSI complexes in solution after modification,
determined via Baba’s assay for P70 concentration.’® For subsequent experiments and protein
depositions, the concentration of PSI was diluted to approximately 0.5 mg/mL (1 pM) for each
solution so that we were able to investigate a normalized condition for each type of PSI. The lower
concentration of P-PSI is attributed to variation between extraction batches and is not believed to

be a consequence of the modification procedure.
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Figure 5.8. The Py concentration for each PSI type was determined via Baba’s Assay and used to adjust
concentrations for deposition studies.
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The deposition of PSI monolayers was observed using spectroscopic ellipsometry at
various times during the solution deposition process (Figures 5.8.A and 5.8.B). Ellipsometry is a
bulk surface technique, and the resulting output is an average height of the protein film across the
probed area; therefore, the ellipsometric height can be used to determine the percent coverage of
the monolayer. Faulkner et al. demonstrated that a 6-7 nm film corresponds to a dense PSI
monolayer.'® Assuming that a dense monolayer corresponds to approximately 91% coverage,
based on the maximum packing efficiency of circles on a surface and previous PSI reports, the
solution deposition process used here achieves between 25-45% coverage of PSIL.!® Table 5.1
shows the theoretical percent PSI coverages, ellipsometric thicknesses, equivalent surface
coverages, and expected PSI mass per unit area for comparison.'® 32 The ellipsometric thicknesses
and deposition rates are shown in Figures 5.8.A and 5.8.B. The T-PSI deposited significantly faster
than the unmodified PSI and P-PSI during the first minute of the deposition (Figure 5.8.B). After
1 min, the deposition rate slows dramatically and is similar for all samples. A larger observed
thickness is attributed to a higher packing density in the T-PSI monolayer; a result of the high
affinity of the T-PSI for the gold substrate.

Table 5.1. Theoretical percent coverages, ellipsometric thicknesses, equivalent surface concentrations, and PSI mass
per unit area. Note that 100% coverage is not achievable due to the maximum packing efficiency (91% for perfect
circles on a surface) limitation and the area covered by a single PSI complex is 320 nm? based on the reported
crystallographic structure. Herein, a 6.5 nm PSI film is considered a dense monolayer.

Apgz(r):elnmtate Ellipsometric Surface Concentration Expected Mass
Coverage (%) Thickness (nm) (pmol/cm?) Density (ng/cm?)
91 6.5 0.50 250
70 5.0 0.38 192
56 4.0 0.31 154
42 3.0 0.23 115
28 2.0 0.15 77
14 1.0 0.08 38
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After the deposition of the PSI complexes, PM-IRRAS spectra were obtained to validate
the presence of PSI in the deposited monolayers (Figure 5.8.C). The expected Amide I and Amide
11 bands at 1667 cm™ and 1546 cm™!, respectively, verify the successful deposition of intact PSI on
the gold substrates.* Orientation was examined by contact angle measurements. While the T-PSI
monolayers and unmodified PSI monolayers yielded the same contact angle of 71 + 3° and 72 +
3°, respectively, the P-PSI monolayers showed a decrease in contact angle, 60 = 2° (Figures
5.8.D-G). These results are consistent with the expected increase in surface hydrophilicity for a P-
PSI complex due to PEG groups facing upwards and that both an unmodified PSI complex and a
T-PSI complex, with the thiolated stromal side facing the substrate, should result in similar surface
compositions of amines, carboxylic acids, and more hydrophobic residues on the surface. Note
that a larger change in contact angle would be expected if the PSI surface coverage, which was
approximated as 35% for PSI, 28% for P-PSI, and 45% for T-PSI after a 16-h deposition, was

more complete (a dense monolayer).
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Figure 5.8. PSI monolayer characterization. (4) Gold substrates were exposed to buffer (blue diamonds), PSI
(green circles), T-PSI (orange triangles), or P-PSI (purple squares) solutions and the ellipsometric thickness was
taken at various time intervals. (B) The deposition rate was calculated from (A) and plotted versus time, showing
that T-PSI deposits significantly faster than PSI or P-PSI in the initial 1 min of the deposition procedure. (C) PM-
IRRAS scans of the deposited monolayers verify the presence of PSI through the Amide I and Amide Il peaks at
1667 and 1546 cm™, respectively. (D-G) Sessile drop contact angle measurements of 1 ul distilled water on a
sample immersed in buffer (D), PSI (E), T-PSI (F), or P-PSI (G) solutions for 1000 min. The average and standard
deviations are reported for n = 24. The contact angle results show that PSI and T-PSI result in monolayers with
similar surface compositions, while P-PSI results in a much lower contact angle due to the presence of PEG
groups facing away from the gold substrate.

Normalized Absorbance

The potential for an increase in photoelectrochemical performance in oriented PSI
monolayers was tested using photochronamperometry (PCA). The samples were held at the dark
open circuit potential (OCPgak) and illuminated for 10 s with a ~100 mW/cm? white light source
in the presence of a supporting electrolyte of 100 mM potassium chloride. Artificial

electrochemical mediators were not used in attempt to promote DET between PSI and the
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electrode. Ideally, in a PSI monolayer test without mediator, the electrode would donate an electron
to P700 and oxygen would scavenge an excited electron from Fg, producing cathodic photocurrent.
However, only anodic photocurrent was observed (Figure 5.9). The PCA test was repeated after
deoxygenating the electrolyte solution by bubbling N> for 30 min (dashed lines). The magnitude
of the produced photocurrent was the same for each type of PSI monolayer. Additionally, after
oxygen was removed, the photocurrent response was lost. The photochronoamperometry results
show that an oxygen mediated photocurrent response is dominant in the absence of an artificial
mediator or linking agent. We propose that dissolved oxygen is being reduced at Fg, similar to the
production of ROS in vivo.’> 3% The reduced oxygen then diffuses to the electrode and is

oxidized, producing anodic photocurrent dependent on the presence of dissolved oxygen.
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Figure 5.9. Photochronoamperometric studies of PSI monolayers. Photochronoamperometry (PCA) curves for
buffer (blue), PSI (green), T-PSI (orange), and P-PSI (purple) taken in 100 mM KCI with a 20 s illumination by a
~100 mW/cm? white light source. Tests conducted in a deoxygenated electrolyte are denoted by the dashed lines.

Photochronopotentiometry shows that the local potential at the substrate electrode shifts
more negative when the PSI monolayers are illuminated (Figure 5.10). Based on the Nernst
equation (Eq 5.1), the behavior observed is explained by an increase in the ratio of reduced (R) to
oxidized (O) species at the electrode surface, which causes a negative shift in the potential

measured at the electrode, E.*! The produced reduced species in this case are reduced oxygen
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species.>® We conclude that this shift in potential is the driving force in the production of anodic
photocurrent in the PSI, T-PSI, and P-PSI monolayers. In the PCA results (Figure 5.9), this local
increase in R results in an anodic photocurrent; the substrate electrode accepts electrons or oxidizes
R in solution. The driving force for the anodic photocurrent is the difference in the local solution

potential and the substrate’s OCPugark, at which the sample is held during PCA tests in Figure 5.9.

— o _"Ey oo (1R
E=E"—log ([0]) (Eq. 5.1)
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Figure 5.10. Photopotentiometric studies of PSI monolayers. Curves for buffer (black), PSI (green), T-PSI
(orange), and P-PSI (purple) taken in 100 mM KCl with a 10 s illumination by a ~100 mW/cm? white light source.
Curves for buffer (black), PSI (green), T-PSI (orange), and P-PSI (purple) taken in 100 mM KCI with a 20 s
illumination by a ~100 mW/cm? white light source.

Conclusions

T-PSI showed a faster initial deposition rate and a higher degree of surface coverage during
the ellipsometric deposition study. This agrees with the proposed deposition mechanism, in which
free thiols on the stromal surface of T-PSI should interact strongly with the gold surface. In

contrast, P-PSI shows a slower initial deposition rate and a lower surface coverage saturation than
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T-PSI but was not significantly different from unmodified PSI. The deposition rate results and the
presence of the Amide I and II bands in PM-IRRAS spectra show that the modified PSI complexes
deposit on gold electrodes with 25-45% coverage and that T-PSI deposits at a faster rate,
presumably due to the presence of free thiols on the stromal side. Further, contact angle
measurements reveal that the surface composition of T-PSI is very similar to that of unmodified
PSI. We conclude this is because any free thiols on T-PSI should preferentially bind to the gold
surface, leaving the unmodified lumenal side of T-PSI facing upward. Therefore, both T-PSI and
unmodified PSI can be expected to produce similar surface composition, as was observed. In
contrast, P-PSI yielded a more hydrophilic surface, as is expected if the PEG groups on the stromal
side inhibit substrate binding and thus, orient the stromal side upward. Through a summative view
of these results, we have shown that the facile solution-based modification of the stromal side
lysine residues in PSI can be leveraged to produce PSI monolayers with distinct surface

compositions.

Photoelectrochemical testing revealed that the photocurrent response of the produced
monolayers is dependent on oxygen mediated electron transfer and that modification of PSI did
not alter the photocurrent response. Here we would like to note that this was not the anticipated
outcome but is still an insightful result. The observed oxygen mediated electron transfer and the
lack of any measurable electron transfer upon deaeration implies that the resistance to direct
electron transfer (DET) via tunneling is too great in the prepared monolayers and that an electron
donor or acceptor may be necessary to study DET. This result is validated by the findings of Lopez-
Martinez et al., who determined through scanning tunneling microscopy that a distance of less than
1 nm between PSI’s Py site and the active electrode is necessary to achieve DET.!? We therefore
conclude that while the modified PSI monolayers provide a method for altering the surface
composition and potentially the orientation of individual PSI complexes, an additional electron
transfer conduit is necessary to provide DET, even at the single monolayer level. Further work
investigating a combination of facile modification-extraction procedures and the implementation

of additional electron transfer entities is needed.

To summarize, manipulating individual PSI complexes is a challenging task but one that

may yield advances in the performance of PSI biohybrid energy conversion. A simple solution-
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based modification-extraction procedure was developed that allows the tailored modification of
the stromal side of PSI. We modified PSI with both thiol and PEG functionalities and produced
monolayer films with unique surface compositions that validate the hypothesized orientations of
the modified PSI complexes. Yet the modified PSI monolayers did not operate by means of direct
electron transfer (DET). Instead, it was found that the produced monolayers were limited to oxygen
mediated electron transfer. These results call for further work on the task of both orienting
individual PSI complexes and providing a molecular scale electron conduit to promote DET. An
alternative means of testing for direct electron transfer, based on square wave voltammetry,
between PSI reaction centers and a gold electrode is given in Appendix D. The square wave
voltammetry results may indicate some degree of orientation; however, the tests were highly
irreproducible and were therefore removed from this chapter. The modification-extraction
procedure reported herein opens opportunity for the facile incorporation of modified PSI
complexes in combination with methods for achieving high degrees of DET for the future

development of PSI biohybrid technologies.
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Chapter 6 — Photosystem [ — PEDOT:PSS Laver-by-Layer Assembly

The research presented in this chapter was started by chemical engineering undergraduate
student and researcher Avi Gargye. Further work was completed to produce the following
manuscript, which was a collaborative effort between the author (Kody D. Wolfe) and Avi Gargye.
At the time of the writing of this dissertation, the contents of this chapter have been submitted for
publication in Langmuir and are under peer review. Long Than, undergraduate researcher, and
Faustin Mwambutsa, past graduate researcher, assisted in data collection and interpretation.
Funding for the following work was provided by the National Science Foundation (DMR-
1507505) and the United States Department of Agriculture (2019-67021-29857).

Introduction

In PSI-based electrodes and devices, PSI protein complexes are deposited as a monolayer
or multilayer film onto a variety of electrode materials. As mentioned in the introduction,
achieving a high loading of active PSI complexes is an area of great research interest. Many
methods to immobilize PSI have been reported, including self-assembly, vacuum-assisted drop
casting, dip-coating, Langmuir monolayer transfer, spin coating, and copolymerization among
others.!"1? Regardless of the deposition technique, the desired characteristics of a PSI film include
high connectivity between protein complexes, high loading of protein complexes, and good
connection between the active layers and the electrode. The following work seeks to improve
loading and connectivity of PSI by using layer-by-layer assembly to achieve the deposition of
individual PSI monolayers between conducting polymer layers.

Conducting polymers offer a promising route towards improving the connectivity between
the electrically insulating proteins. Conducting polymers fall into two classes, intrinsic or electron
conducting polymers and redox polymers, and both types have been used in conjunction with PSI.
Zhao et. al and Badura et al. developed osmium-based redox hydrogels and hydrogel films for use
with PSI, showing the promise of redox polymers in the field and resulting in their continued use
in recent efforts.”® !1"12 Dervishogullari et al. used a polyviologen redox polymer as an electron

transport layer and Yehezkeli et al. used two redox-active polymers to create layered films
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incorporating PSI and PSII.!*!* Intrinsic conducting polymers have also been successfully used in
thylakoid membrane-based bioelectrodes and as bulk conducting layers in PSI solid state
devices.!>!

Recently, efforts in the Cliffel and Jennings research groups has focused on incorporating
PSI within intrinsically conducting polymer matrices to fabricate PSI-based biohybrid electrodes.”
10.13 Gizzie et al. electropolymerized aniline in the presence of PSI to entrap it, creating an active
layer for a PSI-polyaniline film, and later a solid state bio-photovoltaic device.!® '® An impressive
increase in photocurrent is provided by PSI at low loadings (14.5 + 2.7 nmol PSI/cm?); however,
obtaining higher loadings of PSI in the devices was not demonstrated due to limitations in the
electropolymerization process.!” In another project, Robinson et al. vapor deposited poly(3,4-
ethylenedioxythiophene) (PEDOT) throughout a multilayer of PSI and concluded that PEDOT
acted as an extension of the electrode, decreasing photocurrent attenuation for PSI farther from the
electrode.” Unfortunately, when this grafting technique was used with densely packed PSI
multilayers, only a small amount of PEDOT was able to grow near the electrode, limiting electrical
connectivity. To address the issue of increasing PSI loading while retaining the beneficial
properties of using intrinsically conducting polymer entrapment, we have leveraged electrostatic
interactions between PSI and poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate
(PEDOT:PSS) to enable the preparation of layered PSI-PEDOT:PSS films. PEDOT:PSS is a
polymer salt with PEDOT acting as the positively charged polycation and PSS acting as the
polyanion.?’ PSI also bears a mixed charge in solution due to the varied functional groups on its
surface. Figure 6.1 schematically depicts the surface of the PSI protein complex and illustrates the
position of primary amines and carboxylic acids that contribute a majority of PSI’s mixed surface
charge. At pH = 7.0 the primary amines (blue) yield a local positive charge while the carboxylic

acids (red) yield a local negative charge.?!
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Figure 6.1. Schematic illustration highlighting PSI’s surface-exposed primary amines (blue) and carboxylic acids
(red). At pH = 7.0, surface amines yield a local positive charge while carboxylic acids yield a negative charge.
The primary amines shown are present in lysine residues while the carboxylic acids are contributed by aspartic
and glutamic acid residues. The exposed functional groups on PSI were created using the PyMol molecular
visualization software and structural data of Amunts et al.*!

One method for creating composite films based on electrostatic interactions is layer-by-
layer (LBL) deposition, where films are created by adsorbing nanoscale layers of material with
alternating charges. LBL deposition has proven useful for a variety of applications such as
membrane fabrication, electrochromism, and biomaterials.?>?® The benefits of LBL assembly
include nanoscale-control of the film thickness, ease of preparation and scalability, high degrees
of reproducibility, and high achievable loadings of biomolecules.?* 2’ Several researchers have
used LBL deposition to couple PSI/PSII or bacterial photosynthetic reaction centers with
polyelectrolytes and examined photocurrents.>>° Yehezkeli et al. fabricated up to 3 bilayers of
poly-benzyl viologen redox polymer-based LBL films with PSL.'* The authors did not observe an
increase in performance beyond 3 layers of PSI, which they attribute to electrical perturbations
causing a loss of communication between the active protein and redox polymer. Stieger et al. used
DNA as a polyelectrolyte to build self-assembled PSl:cytochrome c films.’ The DNA
polyelectrolyte was used to improve the stability of PSI and cyt ¢ co-assembled films and the
results showed that the high performing electrodes were also stable for many days if stored in dry
conditions.? This study highlights the importance of the polyelectrolyte to improve loading and
stability of active components in biohybrid layered assemblies.
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PEDOT:PSS has been studied as a conductive layer in PSI biohybrid films previously.
Using a spin-coating technique, Barhom et al. incorporated PEDOT:PSS layers of unreported
thickness as an electrode atop PSI multilayers and Kazemzadeh et al. used PEDOT:PSS as an
interfacial layer between PSI and indium tin oxide (ITO) to improve the performance of solid state
PSI devices.!®!7 Both of these studies capitalized on PEDOT:PSS’s flexibility and electrical
conductivity to improve the connection between PSI layers and electrodes. Based on the previous
successes, our goal is to leverage electrostatic interactions between PSI and PEDOT:PSS to
combat limitations with low PSI loadings and ill-defined electrode-conducting polymer interfaces
through the fabrication and testing of PSI-PEDOT:PSS LBL films.

In this work, alternating layers of PEDOT:PSS and PSI are deposited onto
aminoethanethiol (AET) monolayers on gold electrodes as shown in Figure 6.2. The LBL method
circumvents constraints from our group’s previous methods for creating PSI/conducting polymer
assemblies. It ensures both high PSI loading within the film and protein/conducting polymer
interactions throughout the film. During the LBL process, PEDOT:PSS first electrostatically binds
to the AET monolayer, producing a thin film of PEDOT:PSS on the electrode. Next, the mixed
charge functional groups on PSI’s surface promotes the deposition of a well-packed PSI
monolayer, creating a bilayer or one layer pair. The deposition is repeated to produce many layer
pairs. We then show that through mediated electron transfer (MET) via ubiquinone-0, a linear
increase in photocurrent production is achieved with the addition of each layer pair up to a
threshold level of 6-layer pairs and that the PSI-PEDOT:PSS LBL films greatly outperform

densely packed PSI multilayer films when photocurrent is normalized to protein loading.
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PEDOT:PSS
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Figure 6.2. Schematic illustration of the LBL assembly procedure showing the depositions steps required to
prepare 2-layer pairs.

Results & Discussion

During the preparation of the LBL films, advancing contact angle measurements were
taken to observe the evolution of film surface composition. The exposed functional groups of

PEDOT:PSS and PSI result in a change in contact angle with each layer of the deposition (Figure
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6.3). The positively charged amine-terminated SAM yields a reproducible contact angle below 40°
due to the strong interaction of water with the charged surface that provides a low solid-liquid
interfacial free energy. The deposition of the first layer of PEDOT:PSS does not significantly
change the observed contact angle. The dramatic increase in contact angle upon PSI deposition is
due to the complex, amphiphilic character of PSI, which contains a hydrophobic “belt” that is
typically embedded within the thylakoid membrane.>* Contact angles for PSI monolayers have
been reported as high as 90°, so the values of >80° here are consistent with a surface dominated
by the protein.’® After the PSI surface was exposed to a solution of PEDOT:PSS, the contact angle
drops from ~80° to ~60°, indicating the presence of the more hydrophilic polymer at the surface.
This contact angle trend is repetitive throughout the LBL deposition steps, signifying that the
respective material is adsorbed via each deposition step and that the film maintains an adequate
charge to attract the next layer.?! This consistent deposition behavior is typical of well-behaved
LBL systems. On average, PEDOT:PSS layers deposited atop PSI have a contact angle of 61° +
9°, and PSI layers deposited atop PEDOT have an average contact angle of 82° = 5°. Spun cast
homogeneous PEDOT:PSS films have been reported to provide water contact angles of 25°
because the free charges associated with the sulfonate and thiophene groups provide strong ion-
dipole interactions with water.>? In LBL films, the contact angles of water on PEDOT:PSS vary
widely from 20° to 80° based on layer thickness, counterion of the salt, and composition of the
other polyion.**** The discrepancy shown between the first and subsequent PEDOT:PSS layers
here is attributed to the different sublayers, a highly charged AET surface versus a more
hydrophobic PSI layer, in which each may be partially exposed. These different sublayers would
also affect the structure of the PEDOT:PSS layer. Water is known to be sensitive to surface groups
located within ~0.3-0.4 nm of the outermost surface.’® Thus, given the average thicknesses of the
polymer layers (1-2 nm, shown later in Figure 6.5) and the sensitivity of contact angle to the
sublayer, the contact angles suggest that intermixing occurs between the polymer and protein
layers. A schematic of this behavior is shown in Figure 6.2, in which the PEDOT:PSS polymer
penetrates the PSI layers.
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Figure 6.3. Advancing contact angle measurements taken with deionized water after each deposition step in the
LBL assembly.

The film thickness was also measured between each deposition step using spectroscopic
ellipsometry (Figure 6.4). In classical LBL films, alternating layers of oppositely charged polyions
are deposited, and the resulting layers are considered as intermingling charged domains with
thicknesses on the order of 1-3 nm per layer pair.>* The PSI and PEDOT:PSS case is much more
complex due to the sheer size of the PSI protein complex and the mixed-charge nature of both PSI
and PEDOT:PSS.?!' The thickness of the PEDOT:PSS and PSI composite films grows linearly by
8.11 = 0.14 nm with each additional layer pair. Based on the reproducibility of ellipsometric
thickness measurements across many samples, we believe that the films are much more uniform

than their thicker drop-cast counterparts.'
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Figure 6.4. Total film thickness for all whole layer pair samples, obtained via spectroscopic ellipsometry. Note
that whole layer pair samples are terminated by PSI. Note that a decrease in opacity of the markers indicates
overlapping data points.

While the step height for whole layer pairs is highly reproducible, the height change of
individual PEDOT:PSS or PSI layers is typically within the bounds of error of the previous layer
(Figure 6.5). Figure 6.5 shows that the deposition of PEDOT:PSS (blue bars) results in an
approximately 1-2 nm increase in thickness while the deposition of PSI (green bars) yields a 6-7
nm increase in thickness. Note that the error between partial layer pairs is large, and therefore,
only a qualitative assessment of this data is possible. PEDOT:PSS layers increase the thickness
much less than the PSI layers, as is expected based on their molecular sizes. The increase in film
thickness during PSI deposition is consistent with the formation of a dense PSI monolayer after
only a short deposition time of 30 min.?> For comparison, Faulkner et al. required 48 h for solution
phase assembly to deposit a similar thickness of PSI.> We believe the faster deposition onto the
PEDOT:PSS polymer is due to the favorable electrostatic interactions between the mixed charges
present on PSI along with the positive charge of the PEDOT moiety and the negative PSS counter

anion.
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Figure 6.5. Ellipsometric film thickness values for partial layer depositions. Blue bars denote a PEDOT:PSS-
terminated film otherwise called a half layer pair, and the green bars denote PSI-terminated films or full layer
pairs.

FTIR spectroscopy was used to confirm the presence of both PSI and PEDOT:PSS in the
film as layers were assembled. PSI’s characteristic amide I and amide II peaks appear prominently
at 1664 cm™ (I) and 1547 ecm! (1), respectively, in both the 1- and 8-layer pair samples shown in
Figure 6.6. The observed amide I and amide II bands align well with the PSI spectra presented by
Robinson et al.,” indicating that PSI is not only present, but whether in layer 1 or all inclusive, PSI
exhibits a secondary structure that is consistent with that of redox-active PSI used in multilayer
and polymer composite films. The peaks observed at 1009 cm™ (VII) and 1036 cm™ (VI) are
attributed to PSS’s S-phenyl bond and the broad peak at 1182 cm™! (IV) is attributed to PSS’s S=O
vibration.*®3® The peaks at 1128 and 1219 cm! (III) correspond to PEDOT’s C-O-C bond.3¢ 383
These peaks, characteristic of PEDOT:PSS, are present in the 1- and 8-layer pair samples as well,
indicating that PSI deposition does not remove either PEDOT or PSS during LBL deposition.
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Figure 6.6. (a) FTIR spectra of a single layer of PEDOT: PSS atop an AET monolayer shown at 25X intensity, (b)
a 1-layer pair LBL film shown at 8X intensity, and (c¢) an 8-layer pair LBL film shown at 1X intensity. Dashed
lines and Roman numerals indicate the positions of key absorbance peaks, as described in the text.

The peaks corresponding to PSS and PEDOT at 1182 and 1219 cm™!, respectively, grow
further apart as layers of PSI and the polymer are added repetitively to the film (Figure 6.7 and
Table 6.1). Figure 6.7 shows a zoomed in region of Figure 6.6 above, showing these shifted peaks.
Dashed lines align with the peaks in the PEDOT:PSS spectrum (a) and the arrows point in the
direction of the peak shift in the 8-layer pair sample (c). Spectrum (b) is for a 1-layer pair sample.
Table 6.1 gives the wavelength of the peaks in Figure 6.7 for each spectrum. Specifically, the S=O
peak (PSS) shifts from 1182 to 1173 cm™ and the C-O-C peak (PEDOT) shifts from 1219 to 1232
cm™! between the PEDOT:PSS film and the 8-layer pair film. These peak shifts may indicate
attractive intermolecular interactions between the polymer and PSI. Studies have noted peak shifts

during LBL deposition as a result of electrostatic or dipole-dipole interactions.***!
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Figure 6.7. FTIR spectra from Figure 6.6, zoomed into the low wavenumber region to show the shifting of peaks
corresponding to PEDOT and PSS. Spectrum a is from a single layer of PEDOT:PSS on an AET self-assembled
monolayer, spectrum b is from a single layer pair sample, and spectrum c is from an 8-layer pair sample. Table

6.1 gives the peak wavenumbers for each spectrum.

Table 6.1. Infrared Peak Assignments for Spectra Shown in Figure 6.7.36-%°

Wavenumbers for Assigned Peaks from Figure 6.7 (cm™)

Peak Label 11 v A% VI VII

Contributing

Constituent PEDOT PSS PEDOT PSS PSS

Chemical Assignment C-0-C S=0 C-0-C S-phenyl S-phenyl

PEDOT:PSS (a) 1219 1182 1128 1040 1010
1-Layer Pair (b) 1220 1176 1129 1038 1009
8-Layer Pairs (c) 1232 1173 1127 1036 1007
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The photoelectrochemical activity of the LBL films was studied using
photochronoamperometry (PCA). For all PCA experiments, the open circuit potential (OCP) was
first measured in the dark, and the measured OCP value for each individual sample was recorded
and used as the applied potential in the PCA experiment. By beginning the test at OCP, the
background current is near zero, and any increase in current upon illumination is directly due to
reactions within the film and, ultimately, at the electrode surface. Photoelectrochemical
performance of 3-layer pair PEDOT:PSS and PSI films were tested in three electrolyte solutions
including supporting electrolyte only (100 mM KCI), 2 mM methyl viologen and supporting
electrolyte, and 2 mM ubiquinone and supporting electrolyte (Figure 6.8). Tests were conducted
at ambient conditions, and the samples were illuminated by a 100 mW/cm? white light source from
10 to 20 s. The samples were held at the dark open circuit potential measured just before the test.
Anodic photocurrent was produced in the presence of methyl viologen or ubiquinone-0. On
average, ubiquinone-0 outperformed methyl viologen by more than a factor of two and was

therefore chosen as the mediator for the study of the PSI-PEDOT:PSS LBL system.
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Figure 6.8. Photochronoamperometry tests with 100 mM KCl(aq) supporting electrolyte only, 2 mM methyl
viologen in 100 mM KCI, and 2 mM Ubiquinone-0 in 100 mM KCI. The sample shown has 3 layer pairs of
PEDOT:PSS and PSI.
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Control tests were performed using a single layer of PEDOT:PSS atop an AET SAM-
modified gold substrate (alternatively described as a 0.5-layer pair film) in the presence of the 2
mM ubiquinone-0 mediator, and the results are shown in Figure 6.9. These controls were taken to
ensure that no photocurrent response can be attributed to the underlying electrode. A drifting

current response was observed with no change upon illumination.
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Figure 6.9. Photochronoamperometric results from a single layer of PEDOT:PSS on top of an AET-modified
gold substrate. Tests were performed in 2 mM ubiquinone-0 and 100 mM KCI at the measured dark open circuit
potential. Each result represents an independently prepared control film.

The ubiquinone-0 mediator produced higher photocurrents and was therefore chosen for
further study of PSI activity in the LBL films. The films were tested under aerobic conditions and,
therefore, the lower photocurrent produced by methyl viologen may be due to competing methyl
viologen oxidation by dissolved oxygen species.*? Ubiquinone-0 has been used as a mediator in
PSI bioelectrodes and was shown to mitigate damage by reactive oxygen species during
photocurrent production by Zhao et al.** Additionally, Friebe et al. have studied direct reductions
of ubiquinone-0 by reaction centers of photosynthetic protein complexes.** The behavior of
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ubiquinone-0 as an electrochemical mediator for PSI in LBL films was studied and the results are
summarized in the following paragraphs. First, cyclic voltammetry of the tested mediators is
shown in Figure 6.10. The reversible electron transfer process of ubiquinone-0 involves two
electrons while the methyl viologen redox couple involves a single electron (evident based on the
factor of 2 increase in current density at an equivalent mediator concentration). Additionally,
ubiquinone-0 has a more positive half-wave potential (E1/2, ubiquinone) than methyl viologen (E1,
mv). Figure 6.10 also shows why ubiquinone-0’s more positive Ei. is significant. The more
positive Ej increases the overpotential for reduction of ubiquinone-0 at the Fg™ site (Nubiquinone),
which results in production of excess reduced ubiquinone-0 within the LBL film. Note that the
overpotential for ubiquinone-0 oxidation vs. the P7op site is smaller in magnitude. The relationship
between the overpotential of an electrochemical reaction and the reaction kinetics is given by the
Butler-Volmer equation and the theory of mediated photocurrent generation by PSI is discussed in
detail by Robinson et al. for the ferri/ferrocyanide mediator system.*-*® We believe a similar mode
of mediated electron transfer is facilitated by ubiquinone-0. Methyl viologen, however, has a more
negative Ei» and a smaller overpotential for reduction vs. Fg™ The lower overpotential for
reduction and the competitive reaction of reduced methyl viologen with dissolved oxygen results
in a lower anodic photocurrent generation in the presence of methyl viologen. Lastly, the cyclic
voltammograms of ubiquinone-0 at varied pH gave nearly identical curves, which indicates that
the ubiquinone-0 reduction (under these conditions) does not involve protonation. The
mechanisms of quinone electrochemistry are complex and have been studied extensively.*’ To
summarize, we believe the greater overpotential and the additional transferred electron result in

greater photocurrent with ubiquinone-0 in comparison to methyl viologen.
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Figure 6.10. Cyclic voltammograms of 2 mM methyl viologen and 2 mM ubiquinone-0 in 100 mM KCI taken at
a scan rate of 100 mV/s on a gold working electrode. Cyclic voltammograms for ubiquinone-0 are given at pH =
6.4 and pH = 9.8. The pH = 9.8 scan was conducted by adjusting the solution pH using dilute NaOH.

To determine the mode of electron transfer between PSI (within the LBL films) and the
underlying gold electrode, the interactions between PSI and ubiquinone-0 were studied by
measuring the open circuit potential (OCP) under various conditions. The OCP is the potential at
which a near zero current is observed at the working electrode. The near zero current is observed
because the electrode potential is at equilibrium with the potential of redox-active species in the
solution. The OCP is therefore dependent on the concentrations of redox-active species in solution
(as governed by the Nernst equation).* We observed that in the presence of even a single layer
pair of PSI and PEDOT:PSS, the OCP of the electrode decreases by approximately ~150 mV
(Figure 7.11). This finding led us to conclude that in the presence of PSI, the ratio of reduced to

oxidized ubiquinone-0 in solution increases, shifting the observed OCP negative.
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Figure 6.11. Open-circuit potential (OCP) of LBL films under dark conditions ranging from zero to 9-layer
pairs. The arrow denotes the change in solution equilibrium potential caused by the presence of PSI (further
studied in Figure 6.12). Conditions are the same as for photochronoamperometric data given in Figures 6.15
and 6.16: 2 mM ubiquinone-0 in 100 mM KCI and atmospheric conditions.

We then conducted OCP studies of ubiquinone-0 and PSI in solution (Figure 6.12) under
dark conditions. These tests were conducted by measuring the OCP at an AET- and PEDOT:PSS-
coated gold electrode (alternatively denoted as a 0.5 layer pair LBL film) with 2 mM ubiquinone-
0 and 100 mM KCI present. After 120 s, an aliquot (1 mL) of A) PSI solution, B) deoxygenated
PSI solution, or C) PSI extraction buffer without PSI was spiked into the electrochemical cell.
Note that in the case of deoxygenated PSI (B), the ubiquinone-0 solution was also deoxygenated
before the spiked solution was added. Curve D) shows a control of 100 mM KCI (without
ubiquinone-0) as the initial solution and was spiked with PSI solution as in A). The results can be
summarized by two statements. First, as seen in the OCP measurements of LBL films in Figure
6.11, in the presence of PSI and oxygen, ubiquinone-0 becomes reduced, as evident by the
reduction of the OCP. Secondly, the production of reduced species does occur in the absence of

PSI but to a lesser extent. We conclude that even under dark conditions, PSI shifts the redox
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potential of a ubiquinone-0 mediator solution in the negative direction by producing reduced

species and that this process must involve an oxygen intermediate.
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Figure 6.12. Open-circuit potential (OCP) study of PSI and ubiquinone-0 under dark conditions. The OCP of
solutions of either 2 mM ubiquinone-0 in 100 mM KCI (orange area) or 100 mM KCI (blue area) were
monitored for 120 s then a 1 mL aliquot of A.) PSI solution, B.) deoxygenated PSI solution, C.) PSI elution
buffer without PSI, or D.) PSI solution was spiked into the electrochemical cell. Note that the initial cell volume
was 1 mL and the final volume (after addition of a 1 mL aliquot) was 2 mL and that these tests were performed

in the dark.

To show that the photocurrent is driven by the production of excess reduced species and is

accelerated by the influx of photons and the excitation of PSI, we conducted chopped light

potentiometry (Figure 6.13). Chopped light potentiometry was performed in solution at a gold

working electrode with either 1 mL PSI solution and 1 mL 2 mM ubiquinone-0 (black), 1 mL

elution buffer and 1 mL 2 mM ubiquinone-0 (blue), or I mL PSI and 1 mL 100 mM KCI (black,

dashed). When PSI and ubiquinone-0 are present, a greater change in the OCP is observed when

the solution is illuminated, compared to either ubiquinone-0 in the presence of elution buffer (the

extraction buffer used to elute PSI) or PSI in supporting electrolyte (KCl). These results show that

to produce an excess of reduced species, PSI needs ubiquinone-0 to be present, and that while

98



ubiquinone-0 exhibits some inherent light activity, the reduction of ubiquinone-0 is accelerated in
the presence of PSI. These results agree with recent reports on the importance of dissolved oxygen
in PSI bioelectrodes and the use of ubiquinone-0 as an electron acceptor from PS> #3448 [n the
chopped light experiment, upon illumination the potential decreases due to the production of
reduced species near the electrode surface (resulting in a decrease in the measured chemical
potential of the electrolyte solution). Further, because potential is being measured, very little
current is allowed to pass through the working electrode and some time is required to reach a
steady state equilibrium with respect to diffusion away from the electrode surface. The “saw-tooth”
shape is observed because after the light is turned off, the excess reduced species produced by PSI
diffuse into the bulk electrolyte. To summarize, the driving force behind the ubiquinone-0
mediated photocurrent is the production of excess reduced species by PSI in the presence of
dissolved oxygen. During photochronoamperometry (Figures 6.15 and 6.16), the production of
excess reduced species by PSI results in the collection of anodic photocurrent via the oxidation of
reduced species at the PEDOT:PSS or the underlying gold electrode. Previous studies by our group
have shown that PSI can exhibit unbalanced reaction kinetics with electrochemical mediators,
which result in anodic photocurrent generation when an excess of reduced mediator is produced

near the electrode.*¢
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Figure 6.13. Chopped light potentiometric study of PSI and ubiquinone-0. The potential at a gold working
electrode was measured during illumination with a 100 mW/cm? white light source in the presence of 1 mL PSI
solution and 1 mL 2 mM ubiquinone-0 (black), 1 mL elution buffer and 1 mL 2 mM ubiquinone-0 (blue), or 1 mL
PSI and 1 mL 100 mM KCI (black, dashed).

We also determined that the PEDOT:PSS interlayers act as a conductive framework, aiding
in electron transfer to the underlying electrode and improving the photocurrent production of the
LBL films. PEDOT:PSS acting as a conductive framework is supported by electrochemical
impedance spectroscopy (EIS), which showed no observable increase in impedance with the
addition of layer pairs (Figure 6.14). Figure 6.14 shows the results in Bode plot format in panel A
and in a Nyquist plot in panel B. The lack of a dramatic change in impedance also supports our
hypothesis that the maximal photocurrent for the 6-layer pair (see Figure 6.16) is not related to a

transport barrier effect, but rather to a charging effect within the LBL films due to excited electrons

produced by PSI only when the samples are illuminated.
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Figure 6.14. Electrochemical impedance spectroscopy (EIS) was performed on a sample of 6-, 7-, 8-, and 9-
layer pairs. EIS testing was performed at the open circuit potential over a frequency range of 0.1 to 10,000 Hz
in a 100 mM KCI supporting electrolyte with a potential amplitude of 5 mV. Panel A gives a Bode plot
representation of the data and panel B gives the same data in a Nyquist plot format. Note that in all tests the
sample surface area was 0.21 cm’.

The LBL films were tested for photocurrent performance as soon as possible after the
terminal PSI layer was deposited. Figure 6.15 shows representative PCA curves for samples with
up to 9-layer pairs. The shape of the photocurrent curves indicates that two electron transfer
processes are occurring. A photocurrent spike and diffusional loss is observed but the spike is
hidden by a gradual increase in photocurrent. The spike behavior is typical of mediated electron
transfer (MET) in a PSI film as reported by Robinson et al.*® However, the diffusional loss or

“diffusional tail” does not follow the typical shape for MET. Instead, an increase in current is
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observed in the first 2 s of illumination, followed by a gradual decrease after ~2 s. We attribute
this unique shape to a “saw-tooth” photocurrent limitation that has been observed in solid-state
PSI devices.!” In a saw-tooth response, the photocurrent increases gradually up to a maximum
value and does not show signs of diffusional losses. An overlay of a “saw-toothed” photocurrent
response and a typical MET response (a spike followed by a diffusional loss) yields the
photocurrent shape observed in the LBL assemblies. We believe the combination of the
photocurrent response shapes is due to the two modes of electron transfer. The first is MET from
PSI to the PEDOT:PSS or underlying electrode (diffusional response) and the second is electron
transfer through the PEDOT:PSS conductive framework (saw-tooth).
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Figure 6.15. Representative PCA curves for each layer pair where the samples were illuminated from 20 to 40 s

by a 100 mW/cm? white light source in the presence of 2 mM ubiquinone-0 and 100 mM KCI with the electrode
held at the dark OCP.

Figure 6.16 shows the average photocurrent after 15 s of illumination recorded for n = 3
samples of each type. The photocurrent of the LBL films increased in a linear manner up to 6-layer
pairs, where a maximum value of 414 + 13 nA/cm? was achieved, and then decreased with

additional layers. We attribute the photocurrent maximum achieved at 6-layer pairs to charge
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carrier trapping within the outer most PEDOT:PSS domains of the film.2?* %! Charge carrier
trapping has been observed in model LBL systems such as polybithiophene and polyviologen
films.>! As the number of layer pairs increases in the PSI-PEDOT:PSS films, electrons that have
been excited by PSI may no longer have an energetically favorable path to the electrode due to
film imperfections, inhomogeneity, and the resistance associated with the PSI interlayers. Instead
of contributing to the observed photocurrent, these electrons will be trapped throughout the
PEDOT:PSS framework where they impact the polymer’s redox state and may lower conductivity.
Based upon the trend in Figure 6.16, we believe the charging effect must increase as the distance
from the electrode to the outermost layer increases and that charging within one layer can alter
electron transfer from nearby layers. EIS data for 6- through 9-layer pairs (Figure 6.14) shows that
no barrier effect to ion transfer is introduced with the additional layers, indicating that the charging
effect occurs only during photocurrent production. The inability to collect these electrons and an
overall decrease in film conductivity results in a tradeoff in performance at higher numbers of

layer pairs, yielding a maximum photocurrent density between 5- and 7-layer pairs.
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Figure 6.16. Average photocurrent response after 15 s of illumination (at t = 35 s in Figure 6.15). Each data
point represents 3 independently prepared samples (n = 3). All PCA data were obtained at open circuit potential
(measured in the dark) and in the presence of 2 mM ubiquinone-0 and 100 mM KCI.
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Through a least-squares linear regression we determined that each additional layer pair
(between 1- and 6-layer pairs) yields an increase of 83 + 6 nA/cm? of anodic photocurrent. In
comparison to previously reported PSI monolayers, which yielded approximately 90 nA/cm? when
densely packed in a single monolayer on gold, the LBL system achieves a similar performance
with each layer pair until saturation is reached at 6-layer pairs.> To our knowledge, this is the
highest number of distinct PSI layers deposited in a layered film. Yehezkeli et al. reported a
maximum in performance after just 3 layers of PSI deposition.'* The ability to systematically build
individual layers of PSI and conducting polymer is encouraging for the development of improved
connectivity and higher loadings of PSI in films for both liquid electrochemical cells and solid-
state PSI devices.

To ensure the observed photocurrent response can be directly attributed to the
incorporation of PSI, an additional control test was conducted by preparing PSI that had been
deactivated by ultraviolet light. Figure 6.17 shows UV-Visible absorbance spectra of PSI solutions
that have been exposed to UV light (mercury UV lamp) for 0, 2, and 4 h. The characteristic PSI
absorbance peaks at 680 and 440 nm diminish upon exposure and Rayleigh scattering increases

(resulting in an increased background across all wavelengths).
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Figure 6.17. UV-Vis Absorbance profiles of PSI before (0 h) and after exposure to a mercury UV lamp for 2 and
4 h. The characteristic PSI absorbance peaks at 680 and 440 nm disappear after exposure to UV and Rayleigh
scattering across the visible spectrum is increased.

The deactivated PSI was then used to prepare LBL films of 3-layer pairs. These samples
were tested in a 2 mM ubiquinone-0 mediator solution, and the results are shown in Figure 6.18.
A noisy and drifting background current was observed and no change in current occurred when
the lamp illuminated the samples. Thus, we conclude that active PSI is required for photocurrent

production in the LBL films reported in this manuscript.
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Figure 6.18. Photochronoamperometric performance of 3-layer pair samples produced using deactivated PSI
(exposed to UV light for 4 h). Each run represents an independently prepared film.

The PSI LBL films exhibit a large photocurrent response for such a thin PSI film (~50 nm
thickness at 6-layer pairs). To better understand how individual PSI complexes are performing in
the LBL films, we analyzed the performance on a per PSI basis by calculating the turnover number
(TN). The TN is calculated using Equation 6.1 and describes the photocurrent normalized to the
quantity of PSI in the film.

mole— iPCA( Az)
TN ( )= — cm Eq. 6.1

molpSI C
s *molpgy st (o3 )*F P

In Figure 6.19, the TN, as calculated from PCA data, is plotted for each number of layer
pairs. When compared in terms of TN, a similar performance is achieved between 4- and 6-layer
pairs. Thus, the negative impacts of loss of charge trapping result in similar TNs for 4-, 5- and 6-

layer pairs before the TN decreases above 6-layer pairs. These results show that a trade-off in
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performance is being made gradually, beginning at approximately 4-layer pairs. We also
performed studies of densely packed, drop-cast PSI multilayer films atop a PEDOT:PSS film in
the presence of 2 mM ubiquinone-0. Shown in red in Figure 6.19, multilayer films of PSI achieve
a TN of 0.03 + 0.01 mol../(s molps), an order of magnitude lower than the PSI-PEDOT:PSS LBL
films that achieve 0.34 & 0.03 molc./(s molps) for 4- to 6-layer pairs. Therefore, the LBL films not
only increase the achievable loading of PSI but also enable more current to be produced by each

PSI complex in the film when compared to a less organized PSI multilayer.
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Figure 6.19. Turnover numbers for LBL films based on photocurrent performance and quantity of PSI in the film.
For multilayer films, the quantity of PSI was determined based on the concentration and volume of PSI solution

deposited and for LBL films the amount of PSI was determined based on the number of densely packed monolayers
present.

Limitations of the current system include low light absorbance by such thin films and the
MET by ubiquinone-0, both of which limit the amount of photocurrent. Circumventing the latter
will require further study on the use of mixed mediators for enhanced electron and hole extraction
from PSI. Nonetheless, the LBL films show linear increases in mediated photocurrent generation
by ubiquinone-0 for each layer pair added up to 6-layer pairs and the achieved TN is also an order
of magnitude greater than that of a densely packed PSI multilayer. These results along with the
highly reproducible nature of the LBL assemblies show great promise for producing very thin and

high performing PSI and PEDOT:PSS bioelectrodes.

107



Conclusions

The rapid deposition of alternating layers of PSI and PEDOT:PSS via LBL deposition was
leveraged to produce layered assemblies up to 9-layer pairs thick. The ability to deposit these PSI-
PEDOT:PSS LBL films is due to the favorable electrostatic interactions between the mixed charge
surfaces of the PSI protein complex (Figure 6.1) and the PEDOT:PSS polymer. The LBL
assemblies yielded alternating changes in contact angle throughout the deposition process along
with a highly reproducible layer pair thickness of 8.11 £ 0.14 nm. An increase in photocurrent
density of 83 = 6 nA/cm? was observed with each additional layer pair from 1- to 6-layer pairs.
The linear enhancement of the achieved photocurrent peaked at 6-layer pairs, producing 414 + 13
nA/cm?, and then decreased with additional layer pairs. We attribute the decrease in performance
to charge carrier trapping within the outermost PEDOT:PSS layers due to an increase in resistance
to electron transfer across or through the proteinaceous interlayers. The LBL films greatly
outperform densely packed PSI multilayer films in terms of the turnover number (TN), proving
that LBL assembly of PSI with an intrinsically conducting polymer provides benefits beyond
increasing areal loading of the protein complex. Our results highlight the LBL process as an
efficient and controllable means of depositing PSI films and show promise for tailoring of the PSI
and PEDOT:PSS LBL system to produce a variety of biohybrid photovoltaic device architectures

in the future.
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Chapter 7 — Introduction to Electrochemical Nicotinamide Cofactor Regeneration

In collaboration with National Renew. Energy Laboratory (NREL) scientists Yannick J.
Bomble, Michael E. Himmel, Marcus Alahuhta, Chapters 7-9 of this dissertation explores the
electrochemical regeneration of NADH from NAD™ for use in an enzymatic bioreactor to produce
2,3-butanediol (2,3-BD). Text and figures reported in the following sections are adapted or
reproduced from update reports submitted to Yannick J. Bomble as partial fulfillment of
subcontract number XEJ-9-92257-01 (prime contract number DE-AC36-08G028308). All data,
figures, and text were produced by the author (Kody D. Wolfe).

Nicotinamide cofactors (NAD/NADH/NADP'/NADPH) are used in many biosynthetic
processes and are a costly feedstock.!”? Specifically, the metabolic pathways of acetogenic
microorganisms have been studied in an effort to diversify the available sources of 2,3-BD, a
feedstock for the production of many commodity chemicals.>* 2,3-BD is typically produced as a
byproduct of the oil refining process and earns a market of 40+ billion dollars in sales each year.*
As society transitions from a primarily fossil fuel based economy, we will need to find alternative
sources of petroleum based products. Many microorganisms are capable of producing 2,3-BD.’
However, isolating the specific enzymes that catalyze the production of 2,3-BD in these organisms
may provide a pathway to a more efficient production process. While solely electrochemical
methods of 2,3-BD synthesis have been developed, enzymatic routes benefit from the natural
selectivity and efficiency of acetogenic organisms. Therefore, a combination of an enzymatic
pathway with the control enabled by electrochemical methods of cofactor regeneration would
enable the development of an electrochemically controlled enzymatic pathway with high yield and

selectivity for 2,3-BD.’
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The specific target application of this work is the production of 2,3-BD from a feedstock
of pyruvate based on an electrochemical platform. In an ideal scenario, the reduction of NAD" to
the cofactor NADH will be performed at an electrode, with three enzymes, which are necessary
for the complete conversion of pyruvate to 2,3 butanediol, immobilized near the electrode surface,
Figure 7.1.A. The complete enzymatic pathway of interest is given in Figure 7.1.B. NADH is
consumed by acetoin reductase to convert acetoin to 2,3 butanediol. Because NADH is the energy
source for this reduction reaction, control over the turnover of NAD" to NADH is highly desirable.
Therefore, the foremost goal is to design an electrode that facilitates NAD" reduction and is

suitable for the immobilization of the three enzymes necessary to produce 2,3-BD.

(a) (b)
. Acetolactate Synthase

. Acetolactate Decarboxylase

9 Acetoin Reductase Multi-Enzyme

Film

Electrode g

Figure 7.1. (A) The proposed multi-enzyme electrode for the production of 2,3-butanediol. The
electrode drives the production of 2,3-butanediol (2,3-BD) by replenishing the NADH cofactor to be
consumed by acetoin reductase. (B) The production of 2,3-BD from pyruvate via a three-enzyme
pathway.

In comparison to purely enzymatic or cellular turnover of cofactors, electrochemical
regeneration provides numerous advantages.' ® The first is that the chemical energy for the
reaction is cheaper. Non-electrochemical routes for regeneration require a chemical electron

source or sink to provide the electron needed for the reduction or oxidation of a cofactor.
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Electrochemical regeneration allows for the use of electricity provided directly to the electrode as
the electron source or sink. Electricity is much cheaper than chemical feedstock, does not require
storage, is much simpler to distribute or transport, and results in no waste stream to be separated
and disposed.? Another advantage of electrochemical regeneration is the control over the
regeneration rate.® The rate of reaction can be controlled by varying the current at the electrode, a
streamlined approach compared to varying feedstock flow rates as in enzymatic or cellular
turnover. Electrochemical cofactor regeneration has been long sought after and has the potential

to enable the feasibility of biosynthesis of many desirable commodity chemicals.

Electrochemical reduction of NAD"* to NADH is a two electron, single proton exchange.’
Figure 7.2 shows the mechanism of NAD" reduction at an electrode. First, NAD" adsorbs to the
electrode surface and accepts a single electron to produce a radical species, NAD". Next, a proton
attacks the NAD', yielding NADH". Finally, a second electron reduces the positively charged
NADH", resulting in the generation of NADH. The second electron transfer occurs at a much
greater overpotential, reported at -1.6 V vs. SCE on a mercury electrode.” An alternative pathway
is possible, in which NAD" dimerizes forming (NAD),. However, it is suspected that dimer
dissociation often results in the production of biologically inactive 1,6-NADH. Critical factors in
the NAD" reduction reaction include the adsorption density, conformation of the adsorbed species,

proton concentration, and rate of dimer dissociation.’
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Figure 7.2. Mechanism of electrochemical NAD" reduction. The desired overall reaction pathway is a
two electron, single proton addition following the mechanism of ECE. Inactive (NAD); dimers may form
after the first electron transfer.

Efforts aimed at the electrochemical regeneration of NADH form NAD" typically fall into
two categories: the employment of organometallic catalysts or the use of surface immobilized
metal catalysts.> The use of organometallic complexes, typically containing ruthenium, rhodium,
osmium, or iridium, has been shown to catalyze the reduction of NAD" both in solution and
immobilized or found in a redox polymer.> 3% This approach significantly lowers the reaction
overpotential but is complicated by the necessity of synthesizing organometallics and tethering
them to an electrode surface while retaining conductivity. Second, the use of nanostructured metals
with high affinity for proton adsorption has been shown to improve the reaction by avoiding
biologically inactive byproducts such as NAD dimers and 1,6-NADH.> '"!2 Others have used
biological species known to bind to NAD" in attempt to lower the reduction overpotential by
promoting surface adsorption of NAD™.!* As mentioned, the important metrics of improving the
NAD" reduction is lowering the overpotential and avoiding the production of biologically inactive
byproducts. The strategy used in this dissertation is the deposition of platinum monolayers to
promote the NAD" reduction reaction by increasing the surface concentration of adsorbed

hydrogen. Ali et al. and others have demonstrated high yields of active NADH production at
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platinum-modified glassy carbon electrodes.!* ! Inspired by their findings, the work presented in
Chapter 9 uses carbon paper electrodes with platinum monolayers to lower the mass of platinum
needed, therefore lowering the cost of production of NADH per cost of catalyst.

The following chapters highlight work toward the development of an efficient and
applicable electrochemical NAD' to NADH regeneration scheme. First, Chapter 8 covers the
stability of NAD"/NADH in aqueous buffers of relevant conditions for bioreactors. While there
are literature studies of cofactor stability, they are often incomplete and are not undertaken in
conditions suitable for stability of both the oxidized and reduced forms of the cofactors, which is
a requisite for a regeneration reaction. Chapter 8 highlights the long-term stability of both oxidized
and reduced cofactors (NAD'/NADH) in tris (tris(hydroxymethyl)aminomethane) buffer at a pH
of 8.5. Then, Chapter 9 discusses work on the development of a low-cost carbon paper electrode
modified with monolayer platinum for NAD" reduction. Both long-term stability and efficient
electrochemical reduction at an electrode are necessary for cost-effective electrochemical cofactor
regeneration and the efforts reported here are necessary steps toward the development of such a

system for the enzymatic production of 2,3-BD.
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Chapter 8 — Long-Term Stability of NAD"/NADH in Agueous Buffers

The work included in this chapter is in collaboration with National Renew. Energy
Laboratory (NREL) scientists Yannick J. Bomble, Michael E. Himmel, and Marcus Alahuhta
under subcontract number XEJ-9-92257-01 (prime contract number DE-AC36-08G028308).
Marcus Alahuhta provided the nicotinamide oxidase enzyme used herein. Text and figures are
adapted or reproduced from update reports submitted to Yannick J. Bomble. All data, figures, and
text were produced by the author (Kody D. Wolfe).

Introduction

The stability of the NAD(H) cofactor in solution is a serious concern when considering the
possibility of long-term cofactor regeneration.'> Unfortunately, nicotinamide cofactors have
complex degradation considerations. Specifically, the oxidized form (NAD") undergoes base-
catalyzed degradation at high pH values while the reduced form (NADH) undergoes acid-
catalyzed degradation at low pH values. Chenault and Whitesides have reported on the stability of
nicotinamide cofactors including a summary figure showing that the NAD'/NADH system may
have an optimum pH of approximately 8.5, with respect to minimizing degradation of both
species.! The total degradation rate of the reduced form of the cofactor can be summarized by
Equation 8.1 where k., is the total first-order rate constant of NADH degradation, k,, is the rate
constant for general degradation, kj, is the rate constate for general acid-catalyzed degradation,
and ky, is the rate constant for specific acid-catalyzed degradation.! A similar equation may be

written for the base catalyzed degradation of NAD".
kops = kw + kyy +kya Equation 8.1

General degradation (k,, ) is predominantly a function of temperature while acid-catalyzed
degradation (k) is dependent on the pH of the solution. The specific acid-catalyzed degradation
(ky4) is dependent on the concentration of the specific acid (HA), which is a function of the
solution pH and the pKa of the specific acid. Further, experimental studies have shown that the
degradation rate is highly sensitive to the solution pH and the specific acid present.? Typically, the

specific acid present is the conjugate acid found in the chosen buffer. Therefore, buffers with high
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pKa values result in a lower concentration of HA and reduce the rate of NADH degradation. Note
that the degradation of NAD" is base- and specific base-catalyzed and the opposite trend holds

true.

Optimal conditions for solutions containing NAD* and NADH have been reported as pH
= ~8.5, room temperature or cooler, and biologically relevant buffers with high pKa values such
as HEPES and Tris buffers.! Additionally, phosphate containing buffers have been shown to have
high rates of specific acid-catalyzed degradation of NADH." *® Methods used in previous reports
for studying NAD"/NADH degradation are largely limited to UV-visible spectroscopy.” > The
reduced form (NADH) contains a dihydropyridine ring that absorbs strongly at both 260 and 340
nm while the oxidized form (NAD") contains a pyridine ring that absorbs at 260 nm and does not

absorb at 340 nm (Figure 8.1).2
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Figure 8.1. Absorbance spectra of 2 mM NAD" and 2 mM NADH in HEPES buffer pH = 8.5. The
absorbance peak at 340 nm is attributed to the reduced dihydropyridine ring of NADH. Note that the
cuvette concentration is 100 uM NAD" or NADH.

Degradation of NADH proceeds through acid-catalyzed protonation of the dihydropyridine
ring followed by nucleophilic attack of the imine resulting in the addition of a hydroxyl group at
either Cs or Ce.® The expected products of NAD" degradation are D-ribose 5-phosphate (CsH;10sP,
MW = 230.1 g/mol), nicotinamide (CsHsN.O, MW = 122.1 g/mol), adenylic acid or adenosine
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monophosphate (CioH14NsO7P, MW = 347.2 g/mol), and nicotinamide mononucleotide
(C11H15N20sP, MW 334.2 g/mol).* Figure 8.2 shows the structure of NADH along with the three
likely locations of degradation: 1.) Phosphate-phosphate linkage, 2.) nicotinamide-ribose linkage,
and 3.) carbons Cs and Cs of the dihydropyridine ring. Efforts have been made to improve stability
of nicotinamide cofactors in aqueous solutions including the use of organic, inorganic, and
biological additives as well as modification of the pyridine ring.>’-® The work presented herein is
aimed to determine the simplest optimum buffer conditions for long-term stability of both NAD"

and NADH, upon which other more complex methods may be used to further improve the stability.

Figure 8.2. Structure of NADH with the likely locations of degradation labeled: 1.) Phosphate-
phosphate linkage, 2.) nicotinamide-ribose linkage, and 3.) carbons Cs and Cs of the dihydropyridine
ring (subject to acid-catalyzed hydrolysis and nucleophilic attack). Note that the hydrolysis of the
phosphate-phosphate linkage is base catalyzed and is the main degradation mechanism of the NAD"
cofactor.

Previous studies of nicotinamide cofactor stability have focused on specific applications or
reported degradation rate constants for many conditions.> > ° Based upon these reports, the
conditions studied herein should result in long-term stability, which is necessary for the
development of an NADH regeneration system. To show the ability to achieve long-term stability,
in this chapter a long-term degradation study is conducted at optimal conditions for
implementation in a bioreactor. The buffers used are 2-amino-2-(hydroxymethyl)propane-1,3-diol

(tris), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and sodium phosphate all at
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pH values of 8.5 and a buffer concentration of 50 mM. In addition to the typical UV-visible
spectroscopic measure of stability, an enzymatic assay to show proof of biological activity is also
utilized. The findings suggest that tris buffer is an attractive buffer system for the NAD/NADH
system because it fosters cofactor stability for up to 43 days. In the test conducted, a loss of only
7 % NADH was observed in tris buffer over 43 days at a rate of 4 pM/day and although a

quantitative value was not determined, NAD" appeared to be highly stable as well.

Results & Discussion

For the initial UV-visible spectroscopic stability study, sample solutions were prepared
with a range of NADH concentrations from 0 to 2000 uM with the total NAD"/NADH
concentration being constant at 2000 uM (i.e. 800 uM NADH and 1200 uM NAD"). The buffer
conditions are pH = 8.5, temperature = 19 °C, and a total buffer concentration of 50 mM. UV-vis
calibration curves were taken at t = 1 h from wavelengths of 400 nm to 200 nm in the range of 0-
100 uM NADH. The curve for HEPES buffer is shown in Figure 8.3. Note that the slope varied
slightly between the buffers with a value of 0.0056 in tris, 0.0057 in HEPES, and 0.0058 in sodium
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Figure 8.3. Calibration curve for absorbance at 340 nm vs. NADH concentration in HEPES buffer.
Identical tests were completed in Tris and sodium phosphate buffers as well, resulting in minimally
different slopes. The calibration curves were used to determine the NADH concentration in the following

figures.
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phosphate. The calibration performed in each buffer was used to determine concentration in that

buffer for all successive testing.

Absorbance spectra were then taken at various time intervals spanning over two weeks at
a 19:1 dilution of the stock solutions to determine the concentration of NADH over time. The 340
nm absorbance was used to track the concentration of NADH in each buffer (Figure 8.4). The
measured concentration of NADH in the 2 mM or 2000 uM NADH samples did not change
appreciably over the timespan of 24 h at pH = 8.5 and 19 °C in any of the three buffers. However,
the testing was continued over days and the resulting degradation rates are shown in Figure 8.4.
NADH degraded most rapidly in sodium phosphate buffer (Figure 8.4.C), at a rate of
approximately 23 pM/day of loss. Both HEPES (Figure 8.4.B) and tris (Figure 8.4.A) were found
to be more stable, with Tris showing the lowest rate of degradation at 4 uM/day. A comparison of
all three buffers in Figure 8.4.D shows that when the temperature and pH are equal at 19 °C and
pH = 8.5, tris buffer yields the lowest acid catalyzed rate of degradation of NADH. As determined
from the slopes, the rates of degradation in HEPES and phosphate are higher by 3.9- and 5.5-times,

respectively, than that measured in tris.
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Figure 8.4. Stability of NADH in A.) tris buffer, B.) HEPES buffer, C.) phosphate buffer, and D.) all
three buffers shown in one figure. For each buffer, pH = ~8.5 and the temperature was 19 °C. The initial
concentration of NADH was 2 mM and the stability was measured via the absorbance of NADH at 340
nm using UV-Vis spectroscopy and referring to a calibration curve made for each buffer.

The effect of temperature on the degradation of NADH was also investigated. Samples of
2 mM NADH in 50 mM buffers at pH = 8.5 were stored in a water bath at 25 °C. The increased
temperature (by 6 °C) increased the rate of degradation in each of the three buffers (Figure 8.5).
The degradation rate in tris buffer (8.5.A) increased from 4 pM/day to 11 pM/day, the rate in
HEPES buffer (8.5.B) increased from 18 uM/day to 51 uM/day, and the rate in sodium phosphate
buffer (8.5.C) increased from 23 uM/day to 34 uM/day. Note that the 11-day data point in tris

buffer was determined to be erroneous and was omitted. Temperature has a significant effect on
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NADH stability and Figure 8.5.A shows that at 19 °C over 90% of the NADH is retained over 40

days while at 25 °C only 75% of the NADH remains. To summarize, 50 mM tris buffer at pH =

8.5 and lower temperatures (19 °C) are ideal conditions for long-term stability of NADH in

solution.
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Figure 8.5. Effect of temperature on the
sodium phosphate buffers.
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The direct determination of the concentration of NAD" in solution is not straightforward
due to the potential of NADH degradation products (mainly acid-catalyzed products with a
hydroxyl addition on the dihydropyridine ring) also absorbing at 260 nm wavelength. Therefore,
to qualitatively study the degradation of both NAD" and NADH, the absorbance spectra for 2 mM
NAD*, 1 mM NAD" and 1 mM NADH, and 2 mM NADH over 43 days were plotted for each of
the three tested buffer systems. First, we will discuss the behavior in sodium phosphate buffer
(Figure 8.6), which yields the most rapid rate of NADH degradation. As a reminder, in sodium
phosphate buffer, we have observed a degradation rate of 23 uM/day for NADH. As shown in
Figure 8.6.A, the reduction in the peak absorbance at 260 nm indicates that NAD" degrades slowly
over the 43-day experiment. As previously mentioned, absolute degradation rates were not
reported for NAD" as was for NADH due to other species absorbing at 260 nm. The next intriguing
observation is shown in Figure 8.6.B; the peak at 260 nm first increases in magnitude, then
decreases. This behavior indicates that two processes are occurring simultaneously, and one results
in production of a pyridine-containing molecule while the other degrades such a molecule. The
production of the pyridine is likely the acid-catalyzed attack of nicotinamide, which results in the
addition of a hydroxyl group to dihydropyridine and a change in the electronic configuration of
the ring. Lastly, in Figure 8.6.C, the peak at 260 nm increases over the course of the experiment
while the peak at 340 nm decreases. To explain the two-process behavior shown in Figure 8.6.B,
the pyridine must degrade at a slower rate than the dihydropyridine, resulting in a simultaneous

increase and decrease in the intensity of the 260 nm peak when NADH and NAD" are present.
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Figure 8.6. UV-Vis spectra for A.) 2 mM NAD", B.) I mM NAD" and I mM NADH, and C.) 2 mM
NADH in sodium phosphate buffer over a span of 43 days. The peak at 340 nm is assigned to
dihydropyridine (characteristic of NADH) and the peak at 260 nm is assigned to pyridine (characteristic

of NAD").

In the HEPES buffer (Figure 8.7), the 2 mM NAD" solution (Figure 8.7.A) degraded nearly
entirely over the 43-day period. Thus, while NADH is more stable in HEPES buffer than in sodium
phosphate, the oxidized cofactor (NAD") degrades more rapidly in HEPES. There is also a clear
red shift in the 260 nm peak as the NAD" degrades.
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Lastly but critically, in Figure 8.8, we observed that both NAD" and NADH are very stable

in tris buffer over several weeks, further supporting the use of pH = 8.5 tris buffer for an

NAD'/NADH reactor. The degradation of rate of NADH in tris was determined to be only 4

uM/day and a very small change in absorbance at 260 nm was observed following a similar trend

as for HEPES buffer.
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Figure 8.8. UV-Vis spectra for A.) 2 mM NAD", B.) I mM NAD" and 1 mM NADH, and C.) 2 mM
NADH in tris buffer over a span of 43 days. The peak at 340 nm is assigned to dihydropyridine
(characteristic of NADH) and the peak at 260 nm is assigned to pyridine (characteristic of NAD").
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To better represent the stability of NAD", albeit without quantification, Figure 8.9 shows

the UV-visible spectra for NAD" in the buffers (seen as the disappearance of the peak at 260 nm)
over the same time points (from Figures 8.6.A, 8.7.A, and 8.8.A). The spectra show that the
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Figure 8.9. Stability of NAD" in tris buffer (top), HEPES buffer (middle), and Phosphate buffer (bottom)
over 43 days. The initial concentration was 2 mM NAD" and the buffers are prepared at pH = 8.5 and
kept at 19 °C. The decrease in peak intensity at 260 nm is attributed to the degradation of NAD", but
the degradation rate cannot be quantified from this data due to lack of a calibration curve for NAD"

only solutions.
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degradation of NAD" in Tris is slow, with only slight (4%) drop in the 260 nm peak after 43 days,
which is much slower than the degradation in phosphate or HEPES. The stability of NAD" in
HEPES is poor, as indicated by the complete loss of the peak at 260 nm after 43 days.

Going beyond the often-used UV-vis method for NAD"/NADH quantification, the stability
results discussed above were followed by an enzymatic activity stability study. This follow up test
using a highly specific enzyme is important because degradation products may contain either
dihydropyridine or pyridine, thereby resulting in absorbance at 340 or 260 nm respectively and
giving false positive stability data. We received NADH oxidase (NOX) from Markus Alahuhta of
the National Renew. Energy Laboratory for use as an enzymatic assay for NADH activity. The
NOX assay allows for quick and simple verification of activity of NADH due to its high activity
and use of oxygen as a substrate. Upon receiving aliquots of NOX from Markus, an enzyme
dilution series was performed in tris buffer (data not shown). Using a 1:2000 dilution of NOX from
the ~29 mg/mL stock and a concentration of 50-100 uM NADH in a cuvette continuing tris buffer,
the absorbance of the 340 nm peak is quenched in approximately 4 min. These conditions are
suitable for performing both the stability test and enzymatic activity tests after bulk electrolysis

(Chapter 9).

Next, the kinetics of the NOX assay were tested in each buffer using a 1:2000 NOX dilutant
of'a 29.43 mg/mL stock solution. Note that 30 uL. of NOX dilutant was spiked into a 3 mL cuvette,
making the total dilution 1:200,000 or 150 ng/mL NOX. Figure 8.10 shows full spectrum examples
of the consumption of freshly prepared 100 uM NADH (150 pL of 2 mM NADH stock solution
diluted to 3 mL in the cuvette) by NOX in A.) tris, B.) HEPES, and C.) phosphate buffers. The
spectra in Figure 8.10 were taken by scanning every 30 s from 450 to 250 nm wavelength. Tris
buffer yields the slowest NOX reaction rate while NOX in HEPES and phosphate buffers exhibits
a similarly higher reaction rate. The slower reaction rate in tris is believed to be indicative of some
interaction between either the tris buffer and NOX or the tris buffer and NADH, causing a slower
binding and reaction rate. The metric for the stability test is the absorbance at 340 nm after the
enzymatic reaction has gone to completion in comparison to the absorbance at the beginning of
the test. If a significant absorbance is still observed after the reaction, then non-enzymatically

active NADH (containing a dihydropyridine moiety) is present in the sample. Note that in the tests
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shown in Figure 8.10, using freshly prepared NADH, the absorbance goes to a near-zero value and

therefore approximately 100% of the NADH present is enzymatically active.
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Figure 8.10. Examples of NOX consuming 100 uM NADH as shown by a decrease in absorbance at
340 nm wavelength in A.) tris, B.) HEPES, and C.) Phosphate buffers at pH 8.5 and a buffer
concentration of 50 mM.
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The enzymatic activity-based stability study of NADH over 30 days, as determined via the
NOX assay, is shown for the three buffers in Figure 8.11. This data set is complementary to the
previous stability analyses and demonstrates that the improved stability in tris buffer at pH = 8.5
(in comparison to HEPES or phosphate buffers) also preserves enzymatic activity. If inactive
NADH degradation products containing an intact dihydropyridine ring were present, the
absorbance at 340 nm would not have gone to zero or near zero values. Therefore, because NOX
was able to consume the remaining NADH over 30 days in each buffer, we conclude that any
remaining absorbance at 340 nm in the UV-Vis stability studies corresponds to active NADH.
Thus, the NADH degradation rates shown in Figures 8.4 and 8.5 can be interpreted as

enzymatically active NADH degradation rates.
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Figure 8.11. Enzymatic activity testing data over 30 days for 2 mM NADH (diluted to 100 uM) solutions
in A) Tris, B) HEPES, and C) Phosphate buffers. All buffer concentrations are 50 mM, pH =8.5, and
solutions were stored at 19 °C. Panel D shows the 30-day curve for each buffer. Enzymatic activity was
tested by spiking a dilute solution of NADH oxidase (NOX) into the cuvette at t = 0.5 min (marked by
an asterisk) and measuring the decrease in absorbance at 340 nm wavelength.

Conclusions

The long-term stability testing of NAD"/NADH showed that 50 mM tris buffer at pH = 8.5
and 19 °C is a favorable aqueous buffer for storing NAD"/NADH solutions for up to 40 days. This
condition is an important finding because although the stability of nicotinamide cofactors has been

previously reported for various aqueous solutions, current studies employing NAD/NADH as
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reactants for electrochemical or biochemical reactions often use ill-fit buffers.!®!> As seen in
Figure 8.4, tris buffer yields a low degradation value for NADH of 4 uM/day. In Figure 8.8, the
stability of both NADH and NAD" is qualitatively proven, a requisite for systems in which
turnover of the cofactors is necessary. Lastly, Figure 8.11 shows that the spectroscopic
measurements of NADH stability are upheld by an enzymatic activity assay, ensuring that the
long-term stability of NADH in tris buffer also maintains biological activity. The stability test
reported herein may be expanded upon by identifying the degradation mechanisms and further
studying the effect of temperature on the degradation rates. If the degradation products and
degradation mechanisms were better understood, alternative methods for improving the stability

may be explored.
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Chapter 9 — Platinum-Modified Carbon Paper Electrodes for NAD" Reduction

The work included in this chapter is in collaboration with National Renew. Energy
Laboratory (NREL) scientists Yannick J. Bomble, Michael E. Himmel, and Marcus Alahuhta
under subcontract number XEJ-9-92257-01 (prime contract number DE-AC36-08G0O28308).
Marcus Alahuhta provided the nicotinamide oxidase enzyme used herein. Text and figures are
adapted or reproduced from update reports submitted to Yannick J. Bomble. All data, figures, and
text were produced by the author (Kody D. Wolfe).

Introduction

In comparison to other recent efforts toward electrochemical reduction of NAD" to NADH,
the work reported herein explores the production of a low-cost and high surface area alternatives
to previously reported modified glassy carbon or carbon nanotube electrodes.!” The deposition of
metal catalysts that promote NAD" reduction on glassy carbon has been proven as a means of
increasing the amount of biologically active product.!” > However, the deposition method
reported in this chapter is more versatile and decreases the amount of platinum used by leveraging
the ability to create a platinum monolayer on gold nanostructures. Specifically, proton donating
catalysts including platinum, nickel, titanium, and cadmium deposited as nanoparticles onto an
electrode surface facilitate the reduction of NAD" by providing active adsorbed protons on the
electrode surface.’” Using these catalysts does not reduce the overpotential of the reaction, it
simply pushes the reaction forward by providing the reactant for the rate limiting protonation step.
The monolayer platinum catalysts will be deposited onto a high surface area carbon paper electrode
that should both increase the rate of NADH production per footprint area and lower the cost in
comparison to other carbon electrodes. The goal of the research in this chapter is to develop a
procedure for producing low-cost carbon paper-based electrodes with monolayer platinum

catalysts and to study their viability as electrodes for NAD" reduction.

The deposition of metallic nanostructures onto carbon electrodes has been studied and
shown to be highly adaptable.! ° Various size and morphological features are achievable by

tuning the surfactant concentration and deposition time and potential. In this study, chloroauric
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acid (HAuCl4e3H>0) solutions are prepared with 1.4 wt % cetyltrimethylammonium chloride
(CTAC) as a cationic surfactant. The CTAC forms finger-like micelles in solution that encapsulate
the gold salt, and upon reduction of the gold salt at the electrode surface, the formation of coral-
shaped gold nanostructures is achieved.’ Next, a monolayer of copper atoms is deposited onto the
gold nanostructures via underpotential deposition (UPD) and then exchange for platinum atoms
via electroless exchange (Reaction 9.1).!%!! The copper UPD and electroless exchange for
platinum must be repeated multiple times to produce a platinum monolayer due to the 2:1
copper:platinum stoichiometry seen in reaction 9.1.'? Figure 9.1 shows a schematic of the catalyst
deposition procedure. Variable gold nanostructures were produced using different deposition

potentials and all could undergo copper UPD and the deposition of platinum.

2Cu (s) + PtCl3~ (aq) —» Pt (s) + 2Cu?* (aq) + 4Cl” (aq) Rxn9.1

Gold Cu Monolayer Partial Pt
Nanostructures (via UPD) Monolayer
G
3

&
— 9 A
¥ 4

Figure 9.1. Schematic illustration showing the deposition of copper monolayers onto gold
nanostructures and the exchange of copper for platinum monolayers.

After preparation of the platinum-modified electrodes, they were tested for their ability to
reduce NAD" to NADH. A stirred batch reactor was used with 2 mM NAD" as the feedstock.
Because the oxygen reduction reaction is known to consume adsorbed proton, therefore competing
with NAD", the solution was thoroughly deoxygenated using N> purging. The production of

NADH was measured via both UV-visible spectroscopic monitoring of the 340 nm wavelength
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(corresponding to dihydropyridine in NADH) and an enzymatic assay to show biological activity.
Although reasonably high rates of NADH production were found using UV-vis spectroscopy, the
resulting solutions showed little biological activity. The low biological activity is attributed to the
production of NAD dimers or 1,6-NADH (a typical problem in electrochemical NAD" reduction)
and is hypothesized to occur on the bare carbon-paper, between the catalysts.* & !> Therefore, the
reported method for high surface area platinum-modified carbon paper electrodes may be
improved via backfilling of some molecule or layer onto the bare carbon paper or through chemical

modification of the carbon paper surface.

Results & Discussion

The process of depositing the platinum monolayers begins with depositing gold
nanostructures. Following a procedure by Tung et al.,, gold nanostructures were first
potentiostatically deposited onto the carbon paper at a potential of -1.8 V vs. a graphite rod counter
and reference electrode.” The deposition time was varied to determine the time required to achieve
a uniform coating. The deposited gold was analyzed using scanning electron microscopy and the
images taken of bare carbon paper and gold deposited for 10 s, 100 s, and 1000 s are shown in
Figure 9.2. The gold nanostructures appear to deposit by sintering or tacking to one another after
the initial reduction of gold onto the carbon paper surface. This behavior is shown best at a higher
magnification. The carbon paper with gold nanostructures after a 10 s deposition and after a 1000
s deposition are shown at 100,000 X magnification in Figure 9.3. The 1000 s deposition provided
an even covering of the gold nanostructures; however, the nanostructures did begin to deposit in

larger clumps and grow away from the surface.

The deposition of gold nanostructures from CTAC solution is considered an
electrochemical templating method. CTAC forms elongated micelles around solvated gold, and
therefore, as a reducing potential is applied, finger-like or coral-like gold nanostructures are
produced.’ In an effort to produce smaller gold nanostructure feature sizes, we have varied the
reducing potential and the time of applied potential to study their effects on nanostructure
morphology. First, Figure 9.4 shows the effect of electrode potential at two length scales. In this

study, the potential was held constant at -1.1, -1.8, or -2.5 V vs a graphite rod counter electrode
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for 100 s. At the lowest potential, the gold nanostructures deposited as few, but large coral-like
structures and as the potential was increased, the feature size, or size of the individual structures,

decreased significantly.

Figure 9.2. Scanning electron micrographs of (A) bare carbon paper and carbon paper after gold
nanostructure deposition for (B) 10 s, (C) 100 s, and (D) 1000 s. The micrographs were taken at an
accelerating voltage of 10.0 keV and a magnification of 25,000 X.
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Figure 9.3. Scanning electron micrographs of (A) 10 s and (B) 1000 s gold nanostructure depositions
at 100,000 X magnification.
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Figure 9.4. Changse in morphology of gold nanostructures deposited from CTAC solution at -1.1, -1.8
and -2.5 V vs graphite for 100 s.
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Next, the effect of the length of time of applied potential was studied by applying a pulsed
potential for 1 s and allowing the solution and electrode to rest for 9 s before the next pulse. This
waveform allows the gold nanostructures to be deposited only on the timeframe of the diffusional
“drop” where the current is changing from kinetic to diffusional limitation (Figure 9.5). After
approximately 1 s the current changed dramatically (believed to be the change from “seeding” or
nucleation to gold nanostructure growth) and after ~50 s the deposition rate was constant, limited

by only diffusion of gold to the electrode.

4.0
3.5 =
3.0

2
210 = Diffusionally limited deposition

1.0 -
0.5 A1
0.0

Kinetically limited deposition

Current (mA)

0 10 20 30 40 50 60 70 80 90 100 110
Time (s)

Figure 9.5. Electrochemical deposition of gold nanostructures at carbon paper electrode. A potential
of -1.8 V vs. a graphite rod counter/reference electrode was applied for 100 s.

Figure 9.6 shows the effect of 1 s pulsed deposition at the 3 chosen potentials. The
nanostructure morphology was altered at each of the three potentials. However, there was not a
specific trend observed in the morphological change. At the -2.5 V potential, a high areal coverage
of nanostructures was produced. Additionally, we hypothesize that the nanostructures produced at

high pulsed potential are very thin due to their low contrast with the carbon electrode.
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Applied Deposition Potential

25V

Figure 9.6. Changes in morphology of gold nanostructures deposited from CTAC solution at -1.1, -1.8
and -2.5 V vs graphite for 100 s via either a potentiostatic deposition or a 1 s pulse, 9 s rest deposition.

After the deposition of the gold nanostructures, a monolayer of copper must be deposited
at a potential under, as in more positive, the potential required for bulk copper deposition. This is

termed underpotential deposition or UPD. UPD enables a monolayer of metal to be deposited by
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leveraging the lower energetic barrier to depositing single atoms on a heterogeneous surface vs.
depositing a bulk metal.!" To study the ability to UPD a copper monolayer onto the gold
nanostructures, copper UPD was performed from a copper salt on bare carbon paper, planar gold,
and carbon paper coated with gold nanostructures. For this experiment, a gold deposition time of
30 min was used to ensure a surface area of gold that would be observable on the obtained cyclic
voltammograms (CVs). Figure 9.7 shows CVs of the deposition and stripping of copper
monolayers of bare carbon paper, planar gold, and gold nanostructure coated carbon paper. The
bare carbon paper does not facilitate the UPD of copper (Figure 9.7.A), which results in the two
smaller and broad peaks seen near 0.55 and 0.40 V vs. Ag/AgCl. Both the planar gold and the gold
nanostructure-coated carbon paper (Figures 9.7.B and 9.7.C) exhibit these peaks corresponding to
the deposition of monolayer copper (~0.40 V vs. Ag/AgCl) and the stripping of the monolayer
(~0.55 V vs. Ag/AgCl). The observation of UPD peaks on gold nanostructured carbon paper is an
indication that the gold deposition was performed correctly and that the copper will be deposited

as expected in the next step.
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Figure 9.7. Cyclic voltammograms (CVs) of the UPD of copper monolayers onto (A) bare carbon
paper, (B) planar gold, and (C) gold nanostructure coated carbon paper.

The large oxidation peak seen near 0.3 V vs. Ag/AgCl is the stripping of deposited bulk

copper. This peak does not correspond to the UPD process and is only observed when the potential
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is scanned sufficiently positive, allowing for the deposition of bulk copper as opposed to
monolayer copper (See Figure 9.8). Potentials resulting in the presence of this stripping peak
should be avoided when performing UPD, so the potential window was varied for each sample to
determine where the onset of bulk deposition occurs. Seen in Figure 9.7.C, the bulk stripping peak
is not present when the potential cutoff was 0.20 V vs. Ag/AgCl, but there is a small peak when
scanned just 30 mV further to 0.17 V vs. Ag/AgCl. This shows that the onset of bulk copper
deposition is between 0.20 and 0.17 V vs. Ag/AgCl. When UPD is performed, the electrode will
be held at a potential that is more positive than 0.20 V vs. Ag/AgCl to avoid bulk copper

deposition.
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Figure 9.8. Schematic showing copper UPD in comparison to deposition of bulk copper.

The UPD of copper was performed by holding the electrode at 0.3 V vs. Ag/AgCl for 100
s. As seen in Figure 9.9, the current drops off quickly after ~5 s. This is attributed to the rapid
deposition of a copper monolayer. As previously mentioned, if the applied potential was slightly

more negative, bulk copper deposition may occur (see Figure 9.8).
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Figure 9.9. Copper UPD curve. Solution conditions 1 mM copper(Il) sulfate in 0.1 M sulfuric acid. The
1 ¢cm x 1 ecm modified carbon paper electrode was held at 0.3 V vs. Ag/AgClI for 100 s.

After the UPD of the copper monolayer is performed, the sample is quickly immersed in a
platinum salt solution, resulting in the electroless exchange of the copper atoms for platinum. The
platinum salt solution must be deoxygenated via N> purging to avoid the fast oxidation of copper
to copper oxides, which would hinder the electroless exchange process.!> '* The electroless
exchange of copper for platinum follows a 2:1 copper:platinum stoichiometry.'* Therefore, the
UPD and electroless exchange process must be repeated multiple times to achieve a high coverage

of monolayer platinum.

The oxygen reduction reaction (ORR) results in the electrochemical conversion of
dissolved oxygen into water and typically occurs at high cathodic potentials (negative potentials
vs. Ag/AgCl). However, due to the affinity for adsorbed protons on platinum and other metal
surfaces, the ORR occurs at more positive potentials. To show the ability to introduce monolayer
platinum onto the carbon paper, Figure 9.10 shows the onset of the ORR at the various steps in the
electrode preparation in 1 M H»SOs4 saturated with oxygen. After the electroless exchange of

copper for platinum, the onset of the ORR shifts to a more positive potential (blue), and after three
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repetitions of the electroless exchange (red), the ORR onset potential is comparable to a bulk
platinum electrode (grey). In the cases of bare carbon paper (black), gold nanostructure-modified
carbon paper (yellow), and copper monolayer-modified carbon paper (orange), the ORR onset is
at a much more positive potential. Note that the slope of the ORR is dependent on the surface area,
and in Figure 9.10 the currents have not been normalized to active surface area. This result shows
that the platinum monolayer deposition process improves the electrode’s ability to provide active

adsorbed protons, which is also necessary for the NAD" reduction reaction.
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Figure 9.10. Shifting onset of the ORR at various steps in the deposition of platinum monolayers onto
carbon paper (CP). Scans taken in 1 M H,SO, under saturated O; conditions at a scan rate of 100 mV/s.
The dashed and solid lines of the same color indicate replicates of the same electrode type.

Batch electrochemical testing of the carbon paper electrodes was begun by first testing a

sample with a high likelihood of success to gain a better idea of the achievable conversion rates.
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Platinum nanostructures were deposited onto the carbon paper similarly to our previous gold
depositions. Platinum was deposited for 100 s at -1.2 V vs. Ag/AgCl onto a 1 cm? carbon paper
electrode. The platinum nanostructure-decorated carbon paper was then cycled in 0.1 M H>SO4
(Figure 9.11) to clean the surface and show catalytic activity for the ORR reaction. Catalytic
activity for the oxygen reduction reaction is important because it indicates that the introduced
platinum nanostructures increase the concentration of surface adsorbed hydrogen on the electrode
surface, thereby facilitating catalysis of the ORR. Note that the bulk platinum nanostructures, as
opposed to a platinum monolayer on a gold nanostructure, were prepared to show proof-of-concept
NAD" reduction and to determine the achievable NADH production rate on a complete platinum
surface. The onset of the ORR at a more positive potential for the platinum-modified electrode is

evidence for the successful deposition of platinum and the presence of adsorbed proton.
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Figure 9.11. Cyclic voltammograms of a bare CP electrode and a carbon paper electrode modified with
platinum nanostructures (100s deposition) in 0.1 M H>SOy. The onset of the oxygen reduction reaction
(ORR) is observed only on the platinum-modified sample due to platinum’s ability to catalyze the ORR
by providing active adsorbed hydrogen.
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Batch electrochemical testing for the reduction of NAD" to NADH was performed in 50
mM tris buffer (pH = 8.5) under deoxygenated conditions. The reaction solution was first purged
with Nz in a separated round-bottom flask, then transferred to the reaction chamber that had been
purged with N2 as well. Discussed in Chapter 8, stability tests performed on buffers suitable for
NAD*/NADH electrochemistry over 43 days showed that tris(hydroxymethyl)aminomethane (Tris
buffer) is an ideal candidate for our studies. At 19 °C, a concentration of 50 mM, and pH = 8.5,
Tris buffer retains over 90% of the original NADH concentration (as measured via absorbance at
340 nm) and shows little to no NAD" degradation. These conditions differ from previously
reported NAD" reduction testing in that the most stable buffer (tris) has been used in place of the
previously used phosphate buffer. The reaction was run for 1 h to produce a measurable amount
of NADH and the reaction solution was continuously stirred to remove any mass transfer

limitations. Figure 9.12 shows the batch electrochemical reaction setup.

150



Figure 9.12. Electrochemical batch reaction setup: 1.) Counter electrode connection and N inlet
needle, 2.) platinum mesh counter electrode, 3.) Ag/AgCl reference electrode, 4.) stir bar, 5.) N; outlet
needle, 6.) carbon paper working electrode (held with alligator clip inside of reaction vessel).

The UV Vis spectra of the reaction solution before and after the reaction at the bulk
platinum-modified carbon paper electrode are shown in Figure 9.13.A and a calibration curve for
the NADH absorbance at 340 nm is given in Figure 9.13.B. To obtain an absorbance spectrum
within the absorbance range of the calibration curve, the reaction solution was diluted by 10X to
yield the curve shown in Figure 9.13.A. From the peak absorbance of 0.13 a.u. and the calibration
equation shown in Figure 9.13.B, the concentration of NADH in the diluted reaction solution was
approximately 22 uM. After multiplying by the dilution factor and accounting for the 15 mL
volume of the reaction cell, the NADH production rate was 3.3 pM h! cm™. Based on this
preliminary data, obtaining a full and homogenous coverage of platinum on deposited gold

nanostructures is key in achieving a high reaction rate.

151



o>
=]
(o

us]
=]
[

e
0.5
e 0.4 - ——Before Reduction ';
3 & 04 1
203 - —— 60 Min Reduction 3 e
3 8 0.3 1 .
. 2 ’
§; 02 8 02 - "
8 ) p 4.
£0.1 1 <014 & y=00056x+00069
. R2=0.9994
0 1 1 I L] 0 ’ I L) T T
250 300 350 400 450 500 0 25 50 77 100
Wavelength (nm) NADH Concentration (uM)

Figure 9.13. A.) UV-Vis spectra of a 2 mM NAD" solution in 50 mM tris buffer (pH = 8.5) before
reaction at a platinum modified carbon paper electrode and after 60 min of reaction at an applied
voltage of -1.2 V' vs. Ag/AgCl. The peak at 340 nm corresponds to the presence of NADH and the solution
was diluted by 10X to obtain an absorbance spectrum within the bounds of the calibration curve. B.) A
calibration curve for peak absorbance at 340 nm by NADH in 50 mM tris buffer.

Next, batch electrochemical reduction of NAD' to NADH was performed at four types of
1 cm x 1 cm carbon paper electrodes including bare carbon paper (CP), carbon paper that was
modified with gold nanostructures (denoted as Au), carbon paper modified with both gold
nanostructures and a copper monolayer atop the gold (denoted as Cu), and an electrode in which
the copper monolayer was electrolessly exchanged with platinum to form a platinum monolayer
on the gold (denoted as Pt). A deposition potential of -2.5 V (Figure 9.14.B) was used for gold
depositions due to the ability to produce smaller gold structures with a greater surface coverage at
the more negative potential (compared to-1.8 V vs Ag/AgCl shown in 9.14.A). And, as previously
reported, cyclic voltammetry in 1 M H2SO4 was used as a means of validating the presence of

platinum monolayers via a catalytic activity of the oxygen reduction reaction.

The four sample types were tested in a 10 mL deoxygenated and stirred electrochemical
cell containing 2 mM NAD" and 50 mM Tris buffer (pH = 8.5), see Figure 9.12. Samples were
held at -1.2 V vs. Ag/AgCl for 15 min and an aliquot of the resulting solution was transferred to a
cuvette for UV-Vis spectroscopy. Absorbance was measured between 300 and 450 nm

wavelengths and the peak value near 340 nm was then used to determine the concentration of
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NADH produced. Figure 9.15 shows the results of these tests, each electrode type having 3

individually prepared samples except for the Au samples (n = 2).

Figure 9.14. Scanning electron micrographs of A.) gold nanostructures deposited at a potential of -1.8
V vs. graphite and B.) gold nanostructures deposited at -2.5 V vs. graphite. Gold nanostructures were
deposited for 100 s from a gold acid and cetyltrimethylammonium chloride (CTAC) solution due to the
higher surface coverage achieved at -2.5 V.

The results in Figure 9.15 show that modification of the carbon paper electrodes increases
both their average activity for NAD" reduction and the variability among samples. The bare carbon
paper electrodes (CP) yielded a reproducible rate of NADH production (4.4 + 0.3 pumol NADH h'!
cm). The platinum-modified electrodes produced 5.1 + 1.3 umol NADH h! cm™ and were more
reproducible than either the gold (Au) or copper (Cu) electrodes. However, on average, the Au and
Cu control electrodes exhibited higher apparent concentrations of NADH than the Pt did.
Literature on electrochemical NAD" reduction indicates that a platinum surface produces high
yields of biologically active NADH while many other metals suffer from high rates of NAD
dimerization.> '51® Thus, the Pt may have produced lower concentrations of products but high
concentrations of the active product. We hypothesize that the decrease in NADH production on
the Pt electrodes (in comparison to Au and Cu) is due to a competitive effect of the oxygen

reduction reaction (ORR) that occurs readily on platinum surfaces.
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Figure 9.15. NADH production rate for carbon paper (CP), gold nanostructure coated carbon paper
(Au), copper underpotential deposited onto gold nanostructures (Cu), and monolayer Pt deposited onto
gold nanostructures via electroless exchange with copper (Pt). The NADH production rates are based
on increased absorbance at 340 nm wavelength measured via UV Vis spectroscopy. Tests were
conducted in a 10 mL deoxygenated and stirred solution of 2 mM NAD" in 50 mM Tris buffer (pH 8.5)
for 15 min at a reducing potential of -1.2 V' vs. Ag/AgCI.

A follow up experiment was conducted to provide additional data to the data set shown in
Figure 9.15. Figure 9.16 shows the additional data points (red circles) in comparison to the data
shown in Figure 9.15 (black diamonds). Similar rates of NADH production were observed with
the platinum-modified electrodes yielding a slightly lower rate than previously reported.
Additionally, Chapter 8 discusses the use of an enzymatic assay based on NADH oxidase (NOX)
to validate NADH biological activity. The new samples (red circles) were also used to perform the

NOX assay for biological activity.
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Figure 9.15. An updated figure of the NADH production rate for previously reported samples (black
diamonds) and newly prepared samples (red circles). The NADH production rate reported here is
determined by the absorbance of dihydropyridine (present only in reduced NADH, not in NAD") in the
reaction effluent.

Using the NOX assay as the enzymatic probe for biological activity, Figure 9.16 shows
scanning kinetics UV-vis curves for bare carbon paper (9.16.A), gold nanostructure-modified
carbon paper (9.16.B), and platinum monolayer-modified carbon paper (9.16.C). Unfortunately,
the scanning kinetics curves using NOX enzyme do not show biological activity. The peak at 340
nm wavelength (seen clearly in 9.16.B) should disappear as the NOX enzyme consumes the
produced NADH. We attribute the lack of activity to the production of either NAD dimers or 1,6
NADH, which both contain dihydropyridine but are not enzymatically active.!” Opportunities for
improving the current system include chemical modifications of the carbon fiber surface or

switching to a primarily sp? hybridized carbon electrode.

155



1.8 q ——t=0min
1.6 1 —t=0.5 min
] ——t=1.0 min
3 It t=1.5 min
& 1.2 1 t=2.0 min
8 1.0 A t=2.5 min
g 08 - t=3.0 min
_g 0.6 —t=3.5 min
P —t=4.0 min
< 04 -
0.2 A
0.0 T T T T T T —
275 300 325 350 375 400 425 450
Wavelength (nm)
B.
1.8 1 —t=0min
1.6 A —t=10.5 min
——t=1.0 min
2 14 t=1.5 min
= 1.2 4 t=2.0 min
2 1.0 1 t=2.5 min
S 08 4 t=3.0 min
-;g 0.6 —t=3.5min
et —t=4.0 min
< 0.4 A
0.2 -
0.0 T T T T T T -1
275 300 325 350 3175 400 425 450
o Wavelength (nm)
T1.8 - ——t=0min
16 4 —t=0.5min
: ——t=1.0 min
~ 14 t=1.5min
2 12 4 t=2.0 min
C t=2.5 min
g 104 t=23.0 min
S 08 - ——t=3.5min
£ e —t=4.0min
& v —t=4.5min
< 04 -
02 -
0.0

T T T T T T T 1
250 275 300 325 350 375 400 425 450

Wavelength (nm)

Figure 9.16. Enzymatic activity testing of the product of NAD" batch electrolysis reactions performed
in deoxygenated 2 mM NADH in Tris buffer for 15 min on A.) bare carbon paper, B.) gold
nanostructure-modified carbon paper, and C.) platinum nanostructure-modified carbon paper
electrodes. Dilute NADH oxidase (NOX) was spiked into the cuvette containing the reaction product at
t = 0.5 min. Note that the scans trace themselves and no change in absorbance was observed.
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Conclusions

This chapter shows a reproducible and versatile method for the production of platinum
monolayer-modified carbon paper electrodes. The size of the gold nanostructures can be tuned
through deposition time and deposition potential. Some control over nanostructure morphology is
also achievable. Aside from use as NAD" reduction catalyst, these electrodes may be used for other
applications such as incorporation with PSI (see chapters 4-7) for use as a biohybrid hydrogen

evolution scheme. !

When employed for the reduction of NAD+ to NADH via batch electrolysis, the electrodes
produce some dihydropyridine-containing product that is not enzymatically active. Likely
products are either 1,6-NADH or NAD> (NAD dimers).!*!” Further work on facilitating the
catalysis of NAD" to NADH at the produced electrodes is necessary with a key area of focus being
the underlying carbon paper electrode and the remaining bare carbon paper surface. Ali et al. have
reported glassy carbon electrodes modified with bulk platinum nanostructures and show NADH
activity as high as 96%.? Therefore, the foremost conclusion from the findings reported herein is
that the carbon support or underlying electrode must influence the reduction of NAD". Switching
to sp? hybridized carbon or chemically modifying the carbon surface are recommended first steps

in studying this shortcoming.
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Chapter 10 — Summaries & Perspectives

A summary of each research chapter along with a perspective and outlook for PSI
bioelectrodes and electrochemical NADH regeneration is given below. Thank you for your interest

and time spent reading this dissertation.

Summary of PSI Bioelectrode Research

The PSI bioelectrodes produced in Chapters 4, 5, and 6 show great promise in improving
MET within PSI biohybrid devices. First, the challenges of improving protein loading and
capturing converted mediator were addressed by developing porous, translucent, and conductive
ITO electrodes. The protein complexes, trapped within the inverse opal pores of the ITO cathode,
produced oxidized DCPIP that diffuses through the porous structure and reacts at the high surface
area mesoporous pore wall (Figures 4.5 & 4.6). The porous ITO cathodes produced 42.4 + 5.2 pA
cm? at a protein loading of 66 pg cm™ and avoided the “pore blockage” effects observed for
mesoporous cathodes. In future works, porous electrodes may be incorporated into full PSI devices
or solid-state biohybrid photovoltaics. Additionally, the use of porous, conductive, and transparent
electrodes for photoactive protein complex based bioelectrodes could be extended to other fields
such as biophotocatalysis or biosynthesis. Lastly, the finding that 5 uM pores performed best in
comparison to both smaller and larger pores calls for further research into the diffusion of reactive,
soluble species through porous electrode architectures because even 3-dimensional diffusional

models do not account for the porosity of the electrode material.

Chapter 5 lays out a method for preparing PSI complexes with stromal-side only chemical
modifications. The modified PSI complexes were then used to prepare PSI monolayers with
distinct deposition rates and wetting properties. The distinct surface properties imply that the PSI
complexes may be oriented on the surface. However, when photochronoamperometry was
conducted in an aerobic solution, similar photocurrents were observed for each of the distinct
monolayers. The presence of oxygen and similarity of the performance of the PSI control and
modified PSI monolayers leads to the conclusion that oxygen mediated electron transfer (MET)
was prevalent and that additional surface or protein complex modification is necessary to facilitate
DET.
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Chapter 6 explores a method for increasing the loading of PSI monolayers beyond a single
monolayer, addressing some of the challenges faced in Chapter 5 by increasing the areal loading
of the protein complex. A layer-by-layer assembly process was employed with PSI monolayers
deposited in between PEDOT:PSS layers. Up to 9-layer pairs were produced with highly
reproducible layer thicknesses (8.11 = 0.14 nm per layer pair). A maximum in photocurrent
performance, 414 + 13 nA/cm?, was achieved at 6-layer pairs with a trade-off being made between
protein complex loading and loss of connectivity of the PEDOT:PSS conductive matrix at higher
layer pairs. PSI and PEDOT:PSS LBL assemblies show an order of magnitude greater turnover
numbers than PSI multilayers in the same mediator, proving that the PEDOT:PSS conductive

matrix is beneficial to MET in PSI bioelectrodes.

Perspectives and Outlook for PSI-Based Biohybrids

The current challenges in PSI biohybrid energy conversion are developing a better
understanding of oxygen effects in MET, developing strategies for achieving DET, and producing
solid state PSI biohybrid devices. Many research efforts have been aimed at understanding oxygen
interactions in PSI bioelectrodes, but the importance of oxygen should be included in all reports
of novel PSI studies.!** One critical area of research is the effect of oxygen on solid-state and quasi-

solid-state PSI devices.!?

Research efforts in determining the typical modes of electron transfer based on
photochronoamperometry or photocurrent curve shape would be greatly beneficial. For example,
the diffusional limited current achieved in Chapter 4 (Figure 4.13) varies greatly in appearance
from the curves in the LBL assembly in Chapter 6 (Figure 6.15). However, these systems both
undergo MET. Until a comprehensive understanding of the many electron transfer mechanisms
encountered in PSI bioelectrodes is available, modelling studies may be the best resource for better

understanding photocurrent curve shapes and meanings.>”’

Lastly, the move toward solid-state PSI devices is greatly promising and challenging, in

that a solid device weighs less than an electrochemical cell and requires the ability to achieve DET
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if the solvent is removed (mediators require a solvent). Many reports have shown the promise of
solid-state PSI devices." #12 A few interesting prospects based upon the work discussed in this
dissertation include the use of porous electrodes in solid-state devices, leveraging modified PSI
for use in solid-state films, and the ability to systematically deposit individual monolayers, which

may enable the fabrication of solid-state films with alternating or specified compositions.

Summary of NADH Regeneration Research

Developing an electrochemical means of recycling NADH as an enzymatic cofactor will
require considerations of long-term stability (Chapter 8) and the production of biologically active
NADH from NAD" at a specialized electrode (Chapter 9). Chapter 8 shows that tris buffer at a pH
of 8.5 is an ideal buffer for enabling the stability of both NAD" and NADH over 40+ days with a
degradation rate of only 4 uM NADH per day at 19 °C and 11 uM NADH per day at 25 °C.
Unfortunately, the NADH oxidase (NOX) enzyme also reacted with slower kinetics in the tris
buffer system. Regardless of the specific application, careful selection of the buffer is necessary if
the solution should be used for more than several hours and should be considered in all

electrochemical cofactor regeneration efforts.'?

Chapter 9 gives a detailed protocol to produce platinum monolayer-modified carbon paper
electrodes. The procedure is highly tunable and can produce various nanostructure sizes and
morphologies. Briefly, gold nanostructures were electrochemically deposited from gold acid and
CTAC solutions with various potentials, times, and potential waveforms. The nanostructures
deposited as “coral-like” structures at more positive potentials, and the structure size decreased
drastically at more negative potentials (Figure 9.4). Pulsed depositions resulted in greater areal
coverage of nanostructures (Figure 9.6). Then, copper monolayers were deposited using
underpotential deposition and exchange via electroless or galvanic exchange for platinum
monolayers. The success of the fabrication procedure was then shown via catalysis of the oxygen
reduction reaction (Figure 9.10). Platinum-modified carbon paper electrodes achieved a similar

potential onset of the ORR to bulk platinum.
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The platinum-modified carbon paper electrodes produced dihydropyridine containing
reaction products that were not biologically active 1,4-NADH when used in a batch NAD"
reduction reaction. The product is most likely 1,6-NADH or NAD; dimers.'* Based on the success
of other reports with similar catalysis strategies, the cause of the inactivity is most likely the
underlying carbon paper electrode.!>!” Future studies utilizing this deposition procedure should
focus on changing the carbon substrate for an sp? hybridized carbon or chemically modifying the

carbon paper surface.

Perspectives & Outlook for Electrochemical NADH Regeneration

Many challenges remain in improving the electron transfer between biomolecules and
electrode materials with the frontiers of this field working on enabling direct electron transfer and
better understanding of proton coupled electron transfer. While others have reported up to 97%
biological activity of NADH produced at bare metal catalysts, alternative means of electrochemical
NAD-+ reduction are available.'® These include both MET with an organometallic catalyst or DET
between a surface, an organometallic catalyst, and NAD™.'3-2* Prospects regarding NAD" based on
Chapters 8 and 9 of this dissertation include the use of highly stable buffer systems for the cofactors
and the use of high-surface area electrodes. Note that the first step in the NAD" reduction
mechanism is adsorption and electron transfer (Figure 7.2); therefore, high-surface area electrodes
are critical for improving the production rate per footprint area. Potential also exists for the success
of techniques reported in Chapters 4 & 6 (porous and conductive electrodes and layer-by-layer
assembly) to produce electrodes for NAD" reduction. The most important future work based upon
Chapter 9 is the study of the effects of the underlying carbon electrode hybridization and surface
chemistry on the adsorption and reduction of NAD" to NADH.
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Appendix A — Photosystem I Extraction & Quantification Procedures

Prior to use in Photosystem I (PSI) biohybrid devices or for PSI-electrode interface studies,
the PSI complex must be isolated and quantified. PSI can be isolated from a variety of sources
including species of cyanobacterium and higher plants to be used in the conversion of solar to
chemical or electrical energy.! The following procedure is designed for the isolation of PSI from
baby spinach (young leaves harvested from Spinacia oleracea.) Baby spinach should be purchased
at a local grocer for PSI isolation. The isolation of PSI complexes, also called PSI extraction, is a
stepwise procedure taking place over several hours, followed by storage, and quantification.
Additionally, the resulting PSI solution may be dialyzed against deionized (DI) water to remove
surfactant, depending on the desired application of the PSI complexes. Dialysis is typically
performed just before the PSI is to be used in an experiment. The procedure herein was adapted
from Reeves and Hall, Shiozawa et al., Millsaps et al., Kincaid et al., and Baba et al.>* Figure A.1
shows the general extraction steps, and the following sections give the solution recipes and the

step-by-step extraction procedure.

1.) Mechanical 2.) Mechanical 3.) Centrifugation #1 Decant
maceration separation (8,000 X) supernatant
(blender) (cheesecloth)

JIed Bd Rl

7.) Wash ion exchange
9.A) Determine PSIconcentration via . columnwith column buffer @
Baba’s assay or chlorophyll
quantification and adjust 8.) Remove PSI from
concentration to desired value column with elution buffer 4.) Resuspend in
(optional) lysing solution and
mix/vortex
10.) Dialyze 1000:1 9.B) Store PSI 6.) Load supernatant 5.) Centrifugation #2
for 12 hr and use Effluent at -80 °C onto hydroxyapatite (20,000 X)
immediately \ =

ion-exchange

Q_:‘I;'» i i - column . <II

Figure A.1. Schematic of the PSI extraction procedure from baby spinach. Steps 7, 8, and 9.4 are not shown
but are described in the written procedure below.
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For best results, the solutions required for the extraction should be prepared in advance and
chilled to at least 4 °C. This allows for a streamlined workflow during the extraction while also
maintaining a cold temperature at each step. The solution recipes provided below are sufficient for
a typical extraction from 100-150 g of baby spinach leaves and the expected yield of PSI is 50-
100 mL of 1-3 mg/mL PSI. This extraction may be modified in several ways. Namely, the
centrifugation step using grinding medium may be repeated to increase the concentration of PSI
by increasing the total number of separated thylakoid membranes. It is important to note that this
procedure is often performed in the absence of ambient light (lights turned off). However, no
significant variation in results of extracted PSI has been observed and, therefore, this choice is left
to a matter of personal preference. Important safety considerations during the extraction procedure
include the use of a high-velocity desktop centrifuge. The centrifuge vials (including the vial, cap,
and contents) must be balanced before each centrifugation step. Please refer to the centrifuge’s
operating manual for balance tolerances. The maximum tolerance reported for the Allegra X-30R
Centrifuge by Beckman Coulter when using either the F-0850 or F-0630 rotor is +/- 6 g. It is

strongly recommended that all vials are balanced to within +/- 100 mg when using these rotors.

Column Buffers

The two sodium phosphate buffers used for the ion affinity column are responsible for the
washing of other proteins and organic matter from the column (Column Buffer) and then the
elution or removal of PSI from the column (Elution Buffer). The hydroxyapatite ion affinity
column works based on both a change in pH and a change in ionic concentration or ionicity of the
buffer.!” The column buffer is a 10 mM sodium phosphate buffer with a pH of 7 and the elution
buffer is a 200 mM sodium phosphate buffer with a pH of 6.5. The elution buffer also contains
0.05 wt % Triton X-100 to promote desorption and solubilization of PSI during elution. Note that
the pH values of the buffers should be checked and slightly adjusted, but they should be very near
the expected value. The Henderson-Hasselbach equation and the pKa of the sodium monobasic
and dibasic buffer system (6.82) may be used to prepare buffers of differing ionic strengths or pH

values.
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Extraction Solutions

Grinding Medium (300 mL) e NaH,PO4 H,0 0.549 ¢
. (Monobasic)
* Sorbitol 18.040°g e NaHPOsanhydrous 0.855¢g
e Na-Pyrophosphate 1.340 g (Dibasic)
e MgCl 6H0 0240 g

(L) Ascorbic Acid  0.110 g
*Adjust pH to 7.0

*Adjust pH to 6.5 with HCI
Elution Buffer (1 L)
Lysing Solution (100 mL) e NaH>PO4 H>0 18.656 g
(Monobasic)
* HEPES 1.192 g e NaHPOgsanhydrous 9.199 g
e Sorbitol 6.012 g (Dibasic)
o EDTA 0.058 g e Triton X-100 0.500 g
e MgCl 6H20 0.020 g 0.05% (W/v)
e MnCl; 4H>O 0.020 g
e Triton X-100 1.000 g .
1.00% (W/V) *Adjust pH t0 6.5
Procedure

The PSI extraction procedure is composed of multiple steps that must be followed
sequentially (Figure A.1). To maximize efficiency, upcoming steps can be prepped while waiting
on the current step to be completed. Note that all extraction solutions should be prepared well in
advance (usually the day before the extraction) and stored in a refrigerator at 4 °C. Also be sure
that ice is available to chill the column and a bucket and circulation pump to use for several hours.
The centrifuge should be turned on and chilled to 4 °C (it will take several hours to cool, and the
first rotor (F-0850) should be loaded while it is cooled). Before beginning check that the blender,
centrifuge tubes (both sizes for each rotor), and column are clean and dry. Also check that plastic
vials for PSI storage are available (~100 mL of volume total, typically in 2 mL aliquots). If PSI

quantification and dilution to a desired concentration will be performed before storage, be sure
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that a UV-Vis spectrometer is available for use immediately after the extraction and that the

quantification solutions have been prepared.

1. Mechanical Maceration

First the baby spinach leaves must be deveined and weighed. Remove the stems and any
large veins or harder plant materials and discard. This is easily done by holding a leaf with the
thumb of one hand across the center vein coming from the stem and ripping the softer and dark
green section from the opposite side. Then switch hands and rip the other side from the central
vein and stem. Discard the vein and stem. Devein approximately 100 — 150 g of baby spinach
leaves and load them into the blender. Pour 200 mL of grinding medium into the blender and blend

until the contents appear homogenous (well blended so that no large pieces of leaf remain).
2. Mechanical Separation

Large (unmacerated) leaf material must now be removed via mechanical separation using
a cheesecloth filter. Before proceeding, check that the centrifuge is on and cooled to 4 °C with the

F-0850 rotor loaded.

Place two layers of cheesecloth within a funnel and position the funnel so that it empties
into a beaker of at least 300 mL volume. Pour the contents of the blender into the cheesecloth
slowly. You may have to stop and change the cheesecloth if it becomes clogged. After the first
pass of the solution, switch the cheesecloth filter to eight layers and pour the collected volume
through the cheesecloth into another 300 mL beaker. You may need to gently squeeze the
cheesecloth to promote solution to pass through during these separation steps. You should collect

approximately 150-200 mL of solution after the eight-layer separation.
3. Centrifugation #1 (Thylakoid Separation)

After maceration and mechanical separation, the thylakoids will be isolated by
centrifugation. The thylakoids and thylakoid stacks are heavier than other organelles and plant cell

debris in solution and will therefore pellet when centrifuged at the appropriate angular velocity.
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After this centrifugation, the pellet will be kept and the supernatant discarded. Before proceeding
check that the centrifuge is prepared with the correct rotor (F-0850), it is cooled, and the settings
are set to RCF = 8,000 and Time = 1 min. Be sure that the rotor setting on the centrifuge is correct!
The rotor setting corresponds to the rotor number (the “F” is omitted). If the rotor setting is
incorrect the angular velocity necessary to obtain the correct RCF will be incorrectly calculated by

the centrifuge.

Locate the centrifuge tubes/vials that are sized to fit the F-0850 rotor (they are larger than
the tubes for the F-0630 rotor) and place them in a holder or rack. Divide the filtered solution into
the tubes. They should be filled approximately halfway (20-25 mL each). Now balance the tubes
by eyesight. Use a Pasteur pipet to transfer solution from the tubes with a greater volume to those
with less. Be sure that the tubes are straight vertically and that they are sitting in their stands at
equal heights. You may want to look at eye level to the menisci to check for equally level filling.
Next, take the mass of each tube (including the cap) and write the masses down on a scrap piece
of paper. They can be labeled on the cap for notetaking. After weighing, check that the maximum
difference between any two tubes is not greater than 100 mg. If you are using a centrifuge other
than the Allegra X-30R Centrifuge by Beckman Coulter, check the manufacturer’s balance
tolerance guidelines. Once the vials are balanced, place them in the F-0850 rotor. Be sure that you
fill the rotor or (if using less vials for an alternative extraction) the rotors are loaded in a balanced

manner. Search “balanced loading of centrifuge holders” for more information.

After the vials are properly loaded, tighten the rotor cap (do not overtighten, finger tight is
sufficient) and close the centrifuge lid. Check the settings (Rotor = 0850, RCF = 8,000 and Time
=1 min) and begin the centrifugation by pressing start. The centrifuge will make a humming noise.
If you hear a rattle as the centrifuge is ramping up, immediately press stop. While you wait, you
may locate the centrifuge tubes for the second centrifugation and the lysing solution. After the
centrifugation, remove the samples and discard the supernatant. The pellet can be left in the vials

for the next step.
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4. Lysing the Thylakoid Membrane

A surfactant containing solution will now be used to lyse the thylakoid membranes (located
in the pellet). The surfactant acts by inserting into the hydrophobic regions of the lipid bilayer
membrane, solubilizing the lipids, and releasing membrane bound proteins. The surfactant also
solubilizes proteins by binding to their hydrophobic equatorial regions that are typically embedded
within the thylakoid membrane. Herein the surfactant will be Triton X-100. Other surfactants may
be used, and significant amounts of research have been conducted on surfactant properties and
effects on isolated PSI activity.* !! From this step forward (until dialysis) the PSI complex will be
solubilized by some amount of Triton X-100 so that it will remain suspended in solution (if the
surfactant is removed, PSI may “crash out” of solution). Note that prior to this step, modifications
of the stromal side of the PSI complex may be achieved by introducing amine reactive molecules
before lysing the membrane. More detail on PSI stromal side modifications is given in a later

section of this procedure.

Begin by changing the centrifuge rotor to the F-0630 rotor in preparation for the next
centrifugation step and changing the centrifuge settings to Rotor = 0630, RCF = 20,000, and Time
= 15 min. With a Pasteur pipet, load a few mL (2-3 mL) of lysing solution into each of the eight
centrifuge tubes containing pellets from the previous step. Vortex each tube for ~30 s (or shake
vigorously) and empty the contents into the tubes for the next centrifugation step (the smaller tubes
for the F-0630 rotor). Note that the F-0630 rotor can only hold six tubes, so the solution from the
previous eight tubes must be equally distributed among the six for the next step. Place these tubes

open on a holder or rack.
5. Centrifugation #2 (Removal of Cell Material)

The second centrifugation will separate any thylakoids that were not successfully lysed or
any heavier organelles and cell material from the now solubilized PSI complexes. Remember that
there is also solubilized lipids and other proteins in the solution as well. Any solubilized cell
material that is not heavier than PSI will not be separated at this step. The solubilized PSI
complexes will not “fall-out” into the pellet, they will remain in the supernatant. Therefore, after
this centrifugation the supernatant will be collected, and the pellets discarded. Because the
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supernatant will be collected, it is advisable to use as little lysing solution as possible during this
step. Approximately 25-40 mL total volume or 3-6 mL per R-0630 centrifuge tube (six tubes) is a

good benchmark.

Begin by ensuring that the centrifuge is cool, the rotor has been changed to the F-0630
rotor, and the settings are correct for this step (Rotor = 0630, RCF = 20,000, Time = 15 min). Now,
balance the six tubes with a few additional mL of lysing solution. Balance by eyesight as described
in step 3 and weight the tubes (including caps) to verify the largest discrepancy in mass is less than
1 mg between any two tubes. Vortex or shake each tube vigorously, again, for 30 s. Load the tubes

and begin the centrifugation.

This step will take over 15 min, so this time should be used to prepare the column. Place a
circulation pump with the outlet connected to a hose in a bucket and fill it with ice. Then fill the
void space in the bucket with cold tap water. Secure a straight jacketed extraction column (with a
valve) upright using glassware clamps. Attach the outlet of the pump to the lower inlet of the
column jacket and attach another piece of tubing to the upper jacket opening. This tube should
return the water to the bucket so that the flow of the cooling water is up through the jacket. Weigh
15 g of hydroxyapatite (fast-flow) and place it in a 300 mL beaker. Add enough column buffer to
this beaker to cover the hydroxyapatite with an excess of a few cm above. Stir the mixture and
allow it to settle for 30-60 s then discard the column buffer without losing much of the
hydroxyapatite. Repeat this procedure once more. This is a washing/activation step that removes
very small hydroxyapatite particles that may slow down flow through the column and allows the
hydroxyapatite to become properly charge for the column loading procedure. Fill the beaker with
column buffer again and pour the mixture into the column with the valve closed. After the
hydroxyapatite settles, open the valve, and allow the excess column buffer to drain into a waste
beaker until the meniscus is exactly level with the top of the now packed hydroxyapatite layer.
Turn the valve off, discard the column buffer waste, and turn on the circulation pump to cool the

column.

Return to the centrifuge to collect the tubes after the centrifugation has finished. Remove

the tubes, decant the supernatant into a small beaker or Erlenmeyer flask (there should be
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approximately 25-30 mL), and turn off the centrifuge. The tubes and pellets can be set aside for

cleaning later.
6. Loading the Extraction Column

The loading of the hydroxyapatite extraction column with PSI is achieved by collecting the
negatively charged, solubilized PSI complexes via hydrostatic interactions with the hydroxyapatite
particles.!> Note that the PSI complex’s net negative charge is due to the collective charge of
surface amino acid residues that are mostly primary amines (found in lysine residues) and
carboxylic acids. The surface charge of PSI complexes in solution is dependent on the solution pH
and the pKa’s of the surface amino acid residues. The isoelectric point of solubilized PSI was
reported as 4.4, making PSI negatively charged at neutral pH.!? During the column loading, acidic

proteins (including PSI) will adhere to the hydroxyapatite electrostatically.!?

Using a Pasteur pipet, carefully load the supernatant from the second centrifugation step
onto the column. The solution can be applied to the inner column wall, 1-3 cm above the top of
the hydroxyapatite layer, and allowed to run down the wall to avoid disrupting the hydroxyapatite
surface. Load all the solution while keeping the column valve in the off position. Open the valve
and allow the solution to flow through the column, catching the waste in a beaker, until the
meniscus is again level with the top of the hydroxyapatite. The column is now loaded with PSI

and should be visibly dark green.
7. Washing the Extraction Column

Washing the extraction column with a low ionic concentration buffer (the column buffer)
will remove any weakly bound or positively charged species. These species may include other
proteins or protein complexes or micelles of thylakoid membrane lipids. While washing the
column, a green effluent will be removed and should be discarded. However, the column should
either remain green or a green band should remain. After washing the column, PSI complexes will
be removed in the next step by using a high ionic concentration buffer that also contains a

surfactant.
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With the valve in the off position, and in the same manner that the PSI solution was loaded
onto the column, careful load column buffer onto the column. After the buffer is filled several
centimeters above the hydroxyapatite layer, the valve can be opened, and the effluent caught in a
waste beaker. Continue to add column buffer, keeping the level several centimeters above the
hydroxyapatite (even filling the column is alright), until the effluent is completely clear. The
washing process may take 1-2 h. After the effluent becomes clear, allow the remaining column
buffer to pass through the column until the meniscus is level with the hydroxyapatite, then turn the
valve off. The column buffer can be kept on ice to keep it chilled while loading it onto the column

during the washing procedure.
8. Eluting the Extraction Column/Collecting PSI

By changing the buffer to a high ionic concentration and slightly lowering the pH, the
electrostatic attraction of negatively charged species to the column will be decreased due to charge
shielding by the ions in solution.!® Additionally, the excess Triton X-100 solubilizes PSI
complexes adsorbed to the hydroxyapatite that may have lost a portion of their surfactant during
the washing procedure. A combination of these driving forces results in the release of PSI from

the column when the elution buffer is used.

Load elution buffer onto the column carefully as described above in steps 6 and 7. After an
excess of elution buffer is loaded, open the valve. Keep a waste collection beaker under the column
until the effluent becomes a dark green. Some extractions result in lighter effluent colors, but there
will be a change in effluent color and even the appearance of a downward moving “band” of PSI
in the column. Continue adding elution buffer. When the dark effluent or band reaches the outlet
of the column switch to a PSI collection beaker. Continue adding elution buffer and collecting the
darker PSI effluent until the color begins to change back toward clear. After a sufficient volume
of darker PSI effluent is collected (typically 50-100 mL), the valve can be turned off. The pump
can be turned off as well and the column left for cleanup after the PSI solution is stored. At this
point in the extraction an unknown concentration of PSI has been isolated and is ready to store at
-80 °C. The next step (9) includes an optional quantification and dilution step (9.A) followed by

the storage instructions.
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9. Quantify and Store PSI

9.A) PSI Quantification and Dilution (Optional)

Before storing, the concentration of the isolated PSI may be quantified to allow for dilution
to a chosen concentration. This step is optional, but it is very beneficial as well. First, adjusting
the PSI concentration to a known (presumably round and easily remembered) number will allow
for easy reporting of the concentration used in future studies. Second, if the concentration is
known, dilution studies can be easily designed without further concentration analyses. The
expected PSI concentration based on past results is between 1-3 mg PSI/mL. There are two
procedures typically used for PSI concentration quantification, Baba’s assay and chlorophyll
quantification.’ For best results, both can be used and contrasted. While performing the
quantification procedure(s) the PSI solution should be kept covered in a refrigerator at 4 °C. After
using one or both quantification procedures, the determined concentration can be used to dilute the
remaining PSI solution to any chosen value via C1V; = C2V> using the remaining elution buffer.

The procedure for Baba’s assay is outlined in the “Baba’s Assay” section of this document.

9.B PSI Storage

The isolated PSI concentration (regardless of whether Step 9.A was taken) is now prepared
to be stored at -80 °C in the elution buffer. Use a Pasteur pipet to transfer aliquots of PSI solution
into small vials. Typically, 2 mL vials are chosen although smaller aliquots may be suitable for
certain projects. Place the capped vials into a box or other storage container and label well with
your name and date of extraction. The concentration should be noted as well if it is known. Place
the box in a -80 °C freezer and begin cleanup of the glassware/equipment used. Remember to turn

off the centrifuge.
10. Dialyze PSI for Experimental Use (Optional)

PSI solution can be taken from storage, thawed, and used immediately. However, because
the frozen PSI solution contains a high concentration of Triton X-100, this solution cannot be used

to prepare PSI multilayers.'* Non-dialyzed PSI, or PSI solution containing high concentrations of
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free surfactant, has been shown to enable the facile preparation of PSI monolayers on some
electrode materials.'* Briefly, to prepare PSI monolayers, simply incubate a cleaned electrode in
the non-dialyzed PSI solution or use vacuum assisted deposition to dry non-dialyzed PSI solution
on an electrode and rinse excessively with deionized water to remove PSI that is not strongly
adsorbed to the surface.'* Alternatively, to prepare PSI multilayers, the PSI solution must be
dialyzed against deionized water to remove excess surfactant.!> A complete dialysis of PSI solution
obtained using this extraction procedure should be performed at a dilution ratio of at least 1000:1
and should be given a minimum of 12 h to complete. A topic of concern when performing PSI
dialyses is exposure to ambient light and temperature. This may be mitigated by dialyzing the PSI
inside a designated refrigerator equipped with a stir plate. If dialysis is to take place on the bench

top, aluminum foil should be used to shield the dialysis setup from ambient light.

To begin dialysis, remove the desired PSI aliquots from the freezer and allow to thaw. Fill
a bucket or other sufficiently large container with deionized water. Use 1000 times the volume of
PSI solution to be dialyzed to fill the container for dialysis (typically 2 x 2 mL (4 mL total) aliquots
are dialyzed per bucket, so 4000 mL or 4 L of deionized water is needed). Place a large stir bar in
the bucket and position the bucket securely on a stir plate. Cut a 5-8 cm portion of 8 kDa molecular
weight cut-off (MWCO) regenerated cellulose dialysis tubing (use the version with a 15 mm inner
diameter from Spectrum Labs). Clamp one end shut using a specialized dialysis clamp or a binder
clip. Hold the opposite end open with one hand and pipet in your aliquot of thawed PSI solution
using the other hand. Load the PSI solution to be dialyzed and clamp the second end of the dialysis
tubing. Place a float (Styrofoam or dialysis float) on one clamp and check for leaks. If there are no
leaks, place the tubing, clamps, and float into the bucket. Start the stir plate on a low to medium
speed and check that the dialysis setup remains in the center of the bucket, spinning in the vortex
created by the stir bar. Cover the entire dialysis setup with aluminum foil and leave for at least 12
h. Remove the PSI solution from the dialysis tubing using a Pasteur pipet and transfer it to a
container for storage at 4 °C until used in experimentation. The dialyzed solution can now be

pipetted onto a surface and dried using vacuum assisted deposition to produce a PSI multilayer.
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Photosystem I Quantification

This procedure has been adapted from the procedure reported by Baba et al. for the
quantification of P700 reaction centers.’ The solutions for Baba’s assay should be prepared in
advance of beginning the extraction. Baba’s assay is based on collecting absorbance spectra from
two samples containing PSI of equal concentration; one that is treated with a reducing agent and
one that is treated with an oxidizing agent. The difference in the absorbance of these samples at a
wavelength of 725 nm (the isosbestic point) can be used to determine the concentration of PSI in
the samples by way of determining the concentration of P700 reaction centers. The assumption
must be made that all P700 reaction centers are fully reduced and oxidized, and that each PSI
complex contains exactly one P700 reaction center. As mentioned in step 9.A, a chlorophyll
quantification procedure may also be used to validate the results found via Baba’s assay. In any
case, a sample size of at least three is recommended to obtain an accurate concentration, because
Baba’s assay has been found to vary greatly between trials. The required buffer (Baba’s Assay
Buffer), the reduction solution, and the oxidation solution are given below followed by brief

instructions for performing the assay and an example of the expected results.

Baba Assay Buffer (100 mL) Oxidation Solution (10 mL)

e Tricine (50 mM) 0.896 ¢ e Ferricyanide (1 M) 3.293 ¢

e Sorbitol (0.1 M) 1.822 ¢

e NaCl (10 mM) 0.059 g Reduction Solution (1 mL)

e Triton (0.05 % w/v) 0.050 g * Na Ascorbate 0.099 ¢
(0.5 M)

e Dithiothreitol 0.001 g

(5 mM)
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Baba’s Assay Procedure

First check that the UV-Vis spectrometer is turned on and the lamp is warmed up. Set the
instrument to take scans between wavelengths of 750-650 nm. The UV-Vis scans must either be
done using a double beam experiment with one sample cuvette being the “Reference” cuvette and
the other being the “Sample” cuvette or separate reference scans must be taken individually for
later calculation. This brief procedure is written for a double beam experimental setup but can be

easily adapted to a single beam test.

1. Take a baseline scan with 3000 pL of Baba’s Assay Buffer.

2. Test the concentration of PSI by adding 100 pL of the extracted PSI solution to a cuvette
filling with 2800 uL of Baba’s Assay Buffer and taking a scan from 750-400 nm. The absorbance
of the peak near 700 nm should be between 0.4 to 0.7 for Baba’s Assay to work properly. If the

absorbance is not in this range, adjust the volume of PSI added accordingly and retest.

3. Prepare two cuvettes with 2275 uL of Baba’s Assay Buffer and 100 puL of PSI (assuming

100 pL resulted in an appropriate absorbance) solution from the extraction. Mix by inverting.

4. Place the two cuvettes in the UV-Vis spectrometer and collect the absorbance spectrum.
Save the scan. When using a double beam setup, the machine may save the data as “Sample”
cuvette minus “Reference” cuvette, so the data for this scan can be interpreted as the baseline scan
and can be used to qualitatively determine the background noise of the experiment. The data should
be very near zero. If the data is reported as two different spectra, they should be nearly identical,

and their difference can be taken as the baseline scan.

5. Add 120 pL of deionized water and 5 uL of reduction solution to the reference cuvette.
Note that the volume of reduction solution will need to be adjusted if the volume of PSI was

changed.
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6. Add 125 pL of the oxidation solution to the “Sample” cuvette. Quickly cap and invert the
cuvettes to mix. Note that the volume of oxidation solution will need to be adjusted if the volume

of PSI was changed. Wait 15 min for reaction to complete.

7. Collect the absorbance spectrum from 750-650 nm. You may also use a wider range to see

the full PSI absorbance spectrum if desired. Save the scan.

8. Export the “reaction” scan and the baseline scan and open in Microsoft Excel or other data

processing software. Subtract the baseline scan from the reaction scan and plot.

9. Locate the peak absorbance in the differential scan, the peak should be near 700 nm. Record

the peak absorbance value.

10.  Record the absorbance value at 725 nm (isosbestic point) and subtract the isosbestic point

value from the peak absorbance value. Record the difference.

11. Calculate the PSI concentration in the sample cuvette using the extinction coefficient of

P700 (64 mM™! cm™). Equation A.1 shows the necessary calculation.

[Apeak_AisobestiC]
64 (mM—l cm—l)xL (Cm) Eq. A.l

Cpsi, sample cuvette (mM) =

Cpsi, sampie cuvette = PSI Concentration in the Sample Cuvette (mM)
Apear = Peak absorbance from the differential spectrum (unitless)

Ajsopestic = Isosbestic point absorbance (unitless)

L (cm) = Pathlength in the cuvette (cm), typically 1 cm

12. Back calculate the PSI solution concentration from the determined concentration in the
sample cuvette using Equation A.2. Additionally, the concentration can be converted to the more

common units of mg PSI/mL by using the molecular weight of PSI (500 kDa).

CPSI (mM) — CPSI,sample cuvette (mM)Xchvette Eq A2
Vpsi solution
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Cps; = PSI Concentration in the bulk PSI solution (mM)
Cpsi, sampie cuvette = PSI Concentration in the Sample Cuvette (mM)
Veuverte = Total volume of the sample cuvette (uL), typically 2500 uL

Vst sotution = Volume of PSI solution added to the cuvette (uL), typically 100 pL

The expected results from Baba’s assay are outlined in Figure A.2. Please note that
regardless of the exact procedural steps, the goal is to obtain a scan of PSI + reduction solution
and a scan of PSI + oxidation solution so the difference in absorbance between fully reduced and

fully oxidized PSI can be measured.
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Figure A.2. Example curves for the Baba’s Assay. The oxidation curve traces the example PSI only curve taken
without the addition of either oxidation or reduction solution. The absorbance at 680 nm is quenched for
reduced PSI (red curve). And the absorbance at the isosbestic point (720 nm) is unchanged. Note that this
sample did not yield a high enough absorbance because the PSI concentration in the cuvette was lower than
recommended.
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Appendix B — Preparation of Porous Indium Tin Oxide Electrodes

Porous and conductive electrodes comprised of indium tin oxide (ITO) nanoparticles have
proven themselves to be highly beneficial in biohybrid electrodes.'* Generally, porous ITO
electrodes are prepared by sintering ITO nanoparticles together that have been cast onto some
desired template. The following fabrication guidelines will describe the process for preparing
reproducible electrodes with 5 pum inverse opal pores, herein described as macropores or
macroporous electrodes. The procedure may be adapted to produce electrodes with larger or
smaller pore sizes. The procedure can be adapted to produce electrodes with mesopores or
mesoporous electrodes. The mesoporous electrodes do not have an inverse opal structure and the
pore size is defined by the random packing of ITO nanoparticles that are nominally 25 nm in
diameter, and yield pores between 10-100 nm with varying morphology. It should be noted and
considered when analyzing experimental results, that the macroporous electrodes contain some
degree of mesoporosity as well. This is due to the macropore wall being composed of sintered ITO
nanoparticles. Therefore, the macroporous electrodes have a hierarchical structure with both meso-

and macropores that result in a great increase in active electrode surface area.

The preparation of macroporous ITO electrodes follows a templating procedure in which
a polystyrene microsphere (PSM) template is first deposited, followed by the deposition of ITO
nanoparticles that cover and fill the void space of the template, and the simultaneous removal of
the PSM and sintering of ITO nanoparticles to yield a mechanically stable and electrically
conductive porous electrode. The electrodes can then be filled via vacuum assisted deposition with,
for example, Photosystem I (PSI) protein complexes. Figure A.3 shows the stepwise procedure for
the preparation of macroporous ITO electrodes. Alternatively, the PSM template can be omitted
to produce mesoporous ITO electrodes. The procedure given below has been adapted and

optimized from Wenzel et al.®
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1. PS Spheres Deposited 3. ITO Nanoparticles Deposited
onto ITO Coated Glass and Sintered at 550 °C

2. PS Spheres Sintered 4. PSI Vacuum Deposited
for 16 h at 85 °C into Pores

Figure A.3. Procedure for the preparation of macroporous ITO electrodes infiltrated with Photosystem I (PSI)
protein complexes.

Procedure

The preparation of inverse opal porous ITO electrodes requires the use of a sonication bath,
hotplate, and tube furnace equipped with argon gas and the ability to reach 500 to 600 °C. Other
required materials (not included in stock solutions above) include ethanol, acetone, nitric acid, ITO
coated glass slides, a scribe or glass scorer, and tape or other material to prepare masks. The
procedure takes approximately two to three days due to two slow drying steps and the sintering
process. Below the procedure is given as a series of sequential steps, including the characterization
of the produced electrodes. The crystal structure can be determined via powder x-ray diffraction
(XRD), the conductivity via four-point probe analysis, and the transmittance via transmission
absorbance spectroscopy. Additionally, the procedure for determining the electrochemically active
surface area via cyclic voltammetry, adapted from Voiry et al., is given.’ The characterization of

the active surface area is incredibly useful and can also be used to analyze other electrode
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materials. Lastly, the method for introduction of Photosystem I (PSI) into the electrodes is given,
because the incorporation of PSI within porous and translucent electrodes is the primary goal of

this work.*
1. ITO Coated Glass Cleaning and Preparation

First determine the desired electrode size. The final electrode area must lie within a masked
area during the following deposition processes, so the actual area must be larger to accommodate
the mask. Approximately 1.5 cm x 3 cm is a suitable size to prepare circular porous electrodes
with an area of 0.71 cm?. Leaving a space for holding the sample is also advised. Figure A.4 shows
a schematic of the typical masked electrode before any deposition has begun. The ITO coated
surface will need to be well cleaned to remove any adsorbed species that would prevent good ITO
nanoparticle adhesion during later steps. Lastly the masks will be prepared and applied to the ITO

coated glass slides.

Unmasked
Area=0.71 cm®

3.00 cm

Mask covers
remainder of —F—
ITO-coated glass

1.50 cm

Figure A.4. Schematic of typical ITO coated glass dimensions with a circular, 0.71 cm? mask applied. The
circular, unmasked area, which will define the final electrode area, can be prepared by punching a hole in the
mask using a 3/8 inch in diameter hole punch.
Begin by cutting the ITO coated glass slides to the desired dimensions. Using a multimeter,
determine which side is conductive and place that side face down on a Kim Wipe or other non-

abrasive surface. Score the slide using a scribe or glass cutting wheel. Position the larger portion

of the slide, on either side of the score, on top of another piece of glass or other thin object that has
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been covered with a Kim Wipe. Allow the smaller section to hang off the ledge with the score
aligned on the edge. Hold the larger section down firmly and crack the smaller section off. Pressing
the larger side down with a ruler or straight edge is helpful for larger pieces. Remove any glass

debris and continue to the next cut.

Sonicate the cut ITO pieces for 5 min in acetone, ethanol, 30% nitric acid, and water
sequentially. Using a bath sonicator and a vial or beaker, sonicated now more than 2-3 pieces at a
time and dry with an inert gas between each sonication. Refrain from touching the surfaces and
instead hold the pieces using wafer tweezers or hold by the edges. After the water sonication and
drying, lay the ITO pieces on a dry Kim Wipe. Using a multimeter, check again for the conductive

side. Leave the conductive side face up.

Prepare your masks so that they will cover the entire ITO piece, leaving only the area
desired for electrode deposition bare. Electrochemical masking tape (Gamry) works well. Paper
hole punches are helpful for circular electrode masks. Be careful to center the punched hole in the
middle of the mask so that it is not too near an edge. Carefully apply the masks to the conductive
sides of the ITO pieces with touching the bare ITO surface. Labeling samples by marking on the
mask is helpful.

2. Deposition of Polystyrene Microsphere (PSM) Template

The polystyrene microspheres (PSMs) should be well dispersed in a slow drying solvent.
Herein deionized water is used, but other solvents such as terpineol were investigated. In this step
the PSM solution will be cast onto the unmasked ITO-coated glass surface and allowed to dry
slowly. The slow drying step allows for the PSMs to self-organize in a close packed hexagonal
structure (Figure A.5). The drying procedure will be followed by an overnight sintering step in
which the PSMs will become interconnected with each other. The sintering provides mechanical

stability of the PSM template and also results in good pore connection within the final electrode.
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Figure A.5. Scanning electron micrograph of well packed 500 nm PSMs yielding a close-packed hexagonal
structure.

Dilute the stock solution of PSMs to less than 1 wt %. For PSMs of different sizes, a
different weight percent may be necessary to achieve a uniform film after drying. Using 5 pum
PSMs, a dilution of 13:1 of deionized water to 5 um PSMs (10 wt %) was found to produce well-
behaving films. The diluted PSM stock can be stored for repeated use. Using a micropipette, agitate
the diluted PSM solution by pipetting several times without removing the pipet from the solution.
Now, apply enough PSM solution to cover the unmasked area. For a 0.71 cm? area, 85 pL is
sufficient. If the solution does not wet the entire area, gently use the pipette tip to spread the
solution. Set the PSM coated ITO aside to dry for several hours under ambient conditions. Note
that the airflow in a fume hood may cause the films to dry too fast and therefore produce non-

uniform films.

After fully dry, check for cracking, peeling, or the “coffee-ring-effect”. If the films look
uniform, place the ITO-coated glass pieces on a hot plate set to 85 °C and leave overnight (~18 h).
The pieces should be kept near the center of the hotplate to maintain uniform heating. After this
step, the PSM template should be sintered and mechanically stable. A scanning electron

micrograph can be taken before and after leaving overnight on the hotplate to check for sintering
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and even packing (Figure A.6). Use a low accelerating voltage (0.5 keV) and close working
distance (5 um) to image the non-conductive PSMs. If a charging effect is observed during

imaging, lower the probe current or use inert gas flow to mitigate the charging of the particles.

= 4

Figure A.6. Scanning electron micrographs of the PSM template before (4) and after (B) sintering.
Accelerating voltage = 0.5 keV, Working distance = 5.0 um. A low accelerating voltage and probe
current is necessary to avoid charging of the non-conductive PSMs.

3. Deposition of Indium Tin Oxide (ITO) Nanoparticles

After the PSM template has been sintered, ITO nanoparticles must be deposited to fill the
void space in the template. ITO nanoparticles of 100 nm nominal diameter can be purchased in
solution (Sigma). ITO nanoparticles are typically suspended in an alcohol-based solvent and
therefore a solvent exchange is necessary for the deposition, which requires a slow drying or less
volatile solvent. After exchanging the solvent, the nanoparticles are deposited and the excess
solution above the masked area is removed via a doctor blade or tape casting procedure. The

nanoparticles are then allowed to dry fully overnight.

Exchange the stock solvent for a less volatile one such as terpineol by removing the solvent

using a rotary evaporator and resuspending the collected nanoparticles in terpineol. Note the mass
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fraction of the original suspension, determine the mass of nanoparticles after the initial solvent is
removed, and add an appropriate volume or mass of terpineol so that the new mass fraction of ITO
nanoparticles is known. For example, an exchange from a 30 wt % ITO nanoparticle suspension
in isopropanol was performed by rotary evaporation of 10.6 mL of solution (2.5 g of nanoparticles
based on the density of isopropanol, 0.786 g/mL). The 2.5 g of dried nanoparticles were then

resuspended in 10.7 mL of terpineol to provide a 20 wt % ITO suspension in terpineol.

Next, deposit enough of the ITO nanoparticle suspension onto the PSM template with the
mask still in place. 100 puL will sufficiently cover 0.71 cm? of PSM template. Allow the solution
to settle for 30-60 s, then quickly slide a straight-edged object such as a glass slide across the
masked area to remove any solution that is above the mask. The mask acts as a guide to set the
height of the straight edge. This procedure is known as doctor blading or tape casting. Be careful
not to scratch the PSM template. The removal of excess solution accelerates the drying process
and reduces the “coffee-ring effect”. Now let the ITO nanoparticle coated PSM templates dry
overnight in ambient conditions. After fully dried, the films should appear very slightly tacky but

not wet.

4. Sintering the ITO Nanoparticles and Removal of PSM Template

The last step in the preparation of the inverse-opal ITO electrodes is the simultaneous
sintering of the ITO nanoparticles and the removal of the PSM template. This is done by heating
the samples to 550 °C under an argon atmosphere. It is hypothesized that the PSMs melt and
evaporate and the ITO becomes sintered. The order of these two occurrences is not known. The
argon atmosphere reduces excess oxidation of the ITO nanoparticle surface, resulting in more

conductive electrodes.

Remove the mask from the dried samples and keep them in some order if they were not all
prepared identically. If the samples must be labeled, it is recommended that numbers be inscribed
on the glass away from the electrode area. Load 5 to 10 samples into a tube furnace. Either a 1” or

4” tube will work, but the samples should be kept near the center of the furnace to avoid
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temperature fluctuations. Seal the tube and begin argon flow to evacuate the tube. Wait 10-30 min

for the tube to be fully cleared of residual air.

Using a gradual ramp-up procedure or recipe, program the furnace to increase the furnace

temperature to 550 °C over several hours with short periods of rest. The rest periods allow for

temperature variations within the tube to dissipate. It is recommended that the temperature ramp

be no greater than 5 °C/min. An example recipe is as follows:

1.

Room temperature (25 °C) to 300 °C over 3 h

2. 300 °C to 350 °C over 30 min
3. Restat 350 °C for 10 min

4. 350 °C to 400 °C over 30 min
5. Rest at 400 °C for 10 min

6.
7
8
9

400 °C to 450 °C over 30 min

. Rest at 450 °C for 10 min
. 450 °C to 500 °C over 30 min
. Rest at 500 °C for 10 min

10. 500 °C to 550 °C over 30 min
11. Rest at 550 °C for 15 min

12. Cool to room temperature (25 °C)

The samples may be removed after the temperature has dropped below 100 °C. After

sintering, the electrode area should appear a translucent blue (Figure A.7). If there is a black soot-

like color, the PSMs were burned. This should be mitigated by adjusting the ramp-up procedure to

191



be more gradual or be ensuring the tube is sealed and full of argon when the sintering process is

performed.

Figure A.7. Image of a sintered 5 um inverse opal porous ITO electrode.

5. Determining the Crystal Structure of the Sintered ITO

The conductivity of the sintered electrodes is dependent on good intra-nanoparticle
connections provided by the sintering, absence of surface contaminants (such as burned PSMs due
to the presence of oxygen), and the crystal structure of the ITO nanoparticles themselves. ITO is
most conductive when it is in a body centered cubic structure (space group = Ia-3, no. 206). The
crystal structure of the prepared electrodes can be verified and compared to the unsintered ITO
nanoparticles using powder x-ray diffraction (XRD). Powder XRD works by collecting a diffracted
x-ray signal over a range of angles (®). The powder sample will yield the greatest signal at angles
corresponding to the diffraction within specific crystal planes. The diffraction spectra over a range
of O can then be used in comparison to a database to confirm the crystal structure of the powder

sample.
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Start by preparing a set of electrodes and choosing one or more to analyze using XRD.
Carefully scrape the sintered nanoparticles from the prepared electrode onto a glass slide or an
XRD powder holder. Prepare a control sample by evaporating the solvent from the as received
ITO nanoparticles and collecting the dried nanoparticles. Perform an XRD scan from ® = 20° to
70° and plot the results. Reference an x-ray diffraction database to find the diffraction pattern of

body centered cubic ITO. Figure A.8 gives the diffraction spectra of body centered cubic ITO and

an example spectra obtained from ITO nanoparticles.> ©
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Figure A.8. Diffraction spectra of body centered cubic indium tin oxide (ITO) from tabulated data (dashed).5
Space group = la-3, No. 206. Example diffraction spectra obtained from ITO nanoparticles (solid).

6. Four-Point-Probe Analysis of Electrode Conductivity

Another method for verifying the production of conductive porous electrodes is the four-

point-probe technique. Four-point-probe measures the surface resistance of a sample as the applied
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potential is varied. The main advantage of this technique is that it decouples the current and
potential measurements using four probes instead of two as in a typical voltmeter. A critical
assumption that is violated when using four-point-probe on a porous sample is the assumption that
the film is continuous and uninterrupted. By definition, porous electrodes do not meet these
criteria. Therefore, four-point-probe is a useful tool because it will determine the general
conductivity or resistivity of the film, however, a quantitative resistivity or conductivity value

cannot be determined.
7. Transmission Absorbance Measurements for Electrode Translucency

A major advantage to producing porous ITO electrodes is that ITO remains partially
transmissive across the visible light spectrum. It can be clearly seen that the resulting electrode is
blue (Figure A.7), meaning it absorbs lower wavelength visible light. Transmission absorbance
spectroscopy can be used to determine how transmissive the prepared electrodes are over a range
of wavelengths. Using a standard UV-visible spectrophotometer, and a transmission sample
holder, scan from approximately 400 to 800 nm. Be sure the sample holder being used allows the
beam to pass through the electrode area. The control or background sample should be a piece of

ITO coated glass. Figure A.9 shows the transmission spectra of a typical porous ITO electrode
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Figure A.9. Transmission spectra of a typical 5 um inverse opal porous ITO electrode. Note that Rayleigh
scattering causes decreased transmission near the UV wavelengths.
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prepared with a 5 pum PSM template. The average transmission is approximately 20% across the

visible spectrum. Note that considerable Rayleigh scattering occurs at low wavelengths.

8. Characterizing the Electrochemically Active Surface Area

The electrochemically active surface area of the prepared porous electrodes is much greater
than the geometric, or footprint, surface area. The increase in electrochemically active surface area
is beneficial because it increases the overall rate of reaction at the electrode by increasing the
surface area.” This, however, causes a problem if the active surface area is unknown. For example,
a figure reporting current with respect to the footprint area of the electrode may mislead the reader
to believe an improvement is being made with respect to the kinetic rate or another rate limiting
step of the reaction when, in fact, it may be solely due to an increase in active surface area. To
address this issue, the electrochemically active surface area can be determined and should be

reported for porous electrodes as described by Voiry et al.’

The electrochemically active surface area can be determined experimentally by comparing
the magnitude of the capacitive current, observed in cyclic voltammetry, of the porous electrode
to the capacitive current of a planar electrode. The planar electrode must be composed of the same
material and have a known surface area.'® To determine the active surface area of the prepared
porous ITO electrodes, first mask an area of an ITO coated glass slide and collect a cyclic
voltammogram in a high concentration supporting electrolyte, such as 500 mM potassium chloride.
The same 0.71 cm? mask is recommended and a piece of copper tape can be used as a connection.
Using Ag/AgCl reference, platinum mesh counter, and ITO coated glass working electrode obtain
scans over a potential window yielding a nearly flat capacitive current. Obtain the same
voltammogram with varied scan rates (10 to 500 mV/s). Switch the working electrode to a porous
ITO electrode with the 0.71 cm? porous area exposed and the remainder covered by an

electrochemical mask. Repeat the same cyclic voltammetry conditions as for the planar sample.

Choose a point within the flat region of the capacitive current (0.00 V vs. Ag/AgCl works

well) and extract either the cathodic or anodic current values at this potential for one scan from
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each cyclic voltammogram. Plot the current magnitude vs. scan rate. Create this plot for the porous
electrode also. Determine the slope of capacitive current vs. scan rate for each electrode by
applying a linear fit or trendline. Now, divide the slope obtained from the porous electrode by the
slope from the planar electrode. This value is deemed the electrochemical surface area factor or
ECSAF of the porous electrode. The ECSAF can be multiplied by the known surface area of the
planar electrode to find the electrochemically active surface area of the porous electrode. Replicate
this test with several porous electrodes to achieve an average value for the electrochemically active
surface area of the prepared electrodes. There should not be a high variance in the obtained ECSAF
values. Figure 8 (A) shows two cyclic voltammograms highlighting the large increase in capacitive
current between the planar ITO and the porous ITO electrodes. Panel (B) shows the capacitive
current vs. scan rate for a planar and porous ITO electrode along with the slope values needed to

calculate the ECSAF and the active surface area of the porous electrode (shown in inset text boxes).
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Figure A.10. (4) Cyclic voltammograms obtained at a scan rate of 250 mV/s on planar (solid) and porous
(dashed) ITO. (B) Capacitive current vs. scan rate for a typical planar (solid squares) and porous dashed circles)
ITO electrode. The slope (m) of the porous electrode divided by the slope of the planar electrode yields the ECSAF
of the porous electrode. The ECSAF can then be multiplied by the known surface area of the planar electrode to
determine the active surface area (SA) of the porous electrode.
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9. Loading the Porous Electrode

The prepared porous ITO electrodes can be filled with PSI or another biological molecule
via vacuum assisted deposition. Vacuum assisted deposition is a simple method that allows the
quantity of deposited material to be easily determined based on the volume deposited and the
known concentration. To fill the electrode with PSI, deposit a small volume (25 pL) of dialyzed
PSI onto the electrode with the 0.71 cm? mask applied. Apply low vacuum for approximately 30
min to remove the solvent and deposit another small aliquot of dialyzed PSI and repeat, if desired.
The series of small volumes allows the PSI solution to fill the porous electrode and then dry,
leaving the PSI well dispersed.® ® If a large volume is deposited at once, the electrode will be
overfilled and any PSI solution above the electrode surface will be dried on top of the electrode

and result in blocking of the upper pores. Figure A.11 shows an electrode filled with approximately

75 ng of PSL

Figure A.11. Image of PSI filled porous ITO electrode (approximately 75 ug PSI).
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Appendix C — Laver-by-Layer Assembly of Photosystem I and PEDOT:PSS

Layered films on the nanometer and sub-nanometer scale can be produced on a surface
through careful use of attractive molecular charges. In a traditional layer-by-layer (LBL) film,
molecular cations and anions are deposited repeatedly by introducing a surface to one molecule in
solution then rinsing and exposing it to the next. The molecules adsorb to the surface due to a
strong attraction to an opposite charge and if two molecules of opposite charge are used, they can
be layered, often up to 50-100 layers.!"> Before the first layer is deposited, the surface must be
cleaned and be suitable for good adsorption of the first molecule. Many LBL procedures begin
with the formation of a self-assembled monolayer (SAM) to prepare the surface. SAMs also allow
the surface charge to be tailored to promote the first layer of deposition. Of course, the molecules

of interest must be compatible.

Utilizing LBL assembly to deposit proteins is a growing field of interest. Traditional LBL
molecules are small and have strong charges relative to their size. In contrast, proteins are bulky,
and their charge is dependent on functional groups that have different pKa values and are present
in varied quantities on the protein surface. Still, many protein LBL systems have been studied and
have shown promise in the development of organized protein thin films. Below a procedure is
given for producing LBL assemblies of PSI and PEDOT:PSS. Under the proper conditions, films
of PSI and PEDOT:PSS can be produced with up to 10 layer pairs or bilayers.

Deposition Solutions:

¢ Aminoethane thiol (AET) solution
o 1 mM aminoethane thiol (AET) in ethanol
e PSI Solution (used “as extracted”)
o 0.5 mg PSI/mL in 200 mM sodium phosphate buffer at pH = 7.0 and containing 1
wt % Triton X-100
e PEDOT:PSS Solution

o 0.5 mg/mL PEDOT:PSS and 0.15 M NaCl
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Gold Preparation

A gold surface is used to facilitate the deposition of an aminoethane thiol (AET) SAM.
Before deposition of the SAM, the gold surface must be cleaned appropriately. If a gold surface
prepared through physical vapor deposition is to be used, and the surface has not been exposed
to any other environment than air, the gold is already mostly clean. Simply rinse the gold with
water then ethanol and dry with nitrogen. If a gold disc electrode is to be used, the electrode
surface should be polished using 0.25 pum alumina slurry polish then rinsed with deionized
water and sonicated in deionized water for 2-3 min. Next, the electrode should be cleaning via
cyclic voltammetry in 1 M H2SO4 to remove any chemical contaminants from prior uses or
storage. Cycle the electrode from 1.0 to -1.0 V vs. Ag/AgCl using a scan rate of 100 mV/s for
at least 10 full cycles. The cyclic voltammogram will have peaks, but after a few cycles, the
scans will trace over themselves indicating that no changes are being made to the electrode

surface by the potential cycles.
. Formation of an Aminoethane Thiol (AET) SAM

Simply place the cleaned gold surface into a I mM AET solution and allow the SAM to
form. For the sake of this procedure, a one-hour deposition is sufficient. Note that the formation
of a densely packed SAM can take many hours depending on the carbon chain or tail length
and the degree or organization or packing desired. The purpose of the AET SAM in this
procedure is to provide a positively charged surface for the initial deposition of PEDOT:PSS.
After the one-hour deposition, the sample should be rinsed with ethanol and dried. The contact
angle can be checked and should be much lower than before the deposition to verify formation

of the AET SAM.
. Deposition of PEDOT:PSS and PSI

Immediately after the formation of the AET SAM, the sample can be immersed in the
PEDOT:PSS solution. The best method of immersion is dependent on the sample shape and
the amount of PEDOT:PSS prepared. Options include small petri dishes, small beakers,
standard screw top vials, or centrifuge tubes. The AET coated gold should be left in the
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PEDOT:PSS solution for 15 min. Then rinse the sample with deionized water and dry. No
visible change will be seen due to the thin nature of the film. Both contact angle and
spectroscopic ellipsometry are viable methods for determining if PEDOT:PSS was deposited

but the clearest evidence is only present after the PSI deposition.

In the same manner, simply incubate the sample in PSI solution for 30 min. Extra care or
planning may be necessary for the PSI deposition due to the large volume of PSI necessary to
sufficiently cover the sample(s). A small petri dish is very useful. Another option is to mask
an area of the sample using electrochemical tape (Gamry), pipette a volume of PSI solution
onto the masked area, and to allow the deposition to take place while the solution rests as a
drop. The excess solution can be rinsed off. After the PSI deposition the sample should be
rinsed and dried again. The deposition of PSI results in a drastic change in hydrophobicity. The
sample should now have a contact angle of near 80° (using deionized mater) and when placed
back into the PEDOT:PSS solution (for the next deposition step) the surface should be
noticeably hydrophobic. If using gold coated silicon wafers and a petri dish, the samples will
likely float atop the PEDOT:PSS solution after the PSI deposition due to the hydrophobicity.
But after the PEDOT:PSS deposition, they will easily be wetted when introduced to the PSI
solution. This repetitive change in contact angle is good evidence that the deposition is
proceeding well. To produce many layer pairs, simply incubate the sample in PEDOT:PSS
solution for 15 min, rinse and dry, incubate in PSI solution for 30 min, rinse and dry, and repeat

as many times as desired.
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Appendix D — Square Wave Voltammetry of Thiol-Modified Photosystem I

Square wave voltammetry (SWV) was used to study the thiol-modified Photosystem I
protein complexes reported in Chapter 5. Following a report by Ciobanu et al., PSI complexes
were deposited via solution adsorption onto a hydroxyl terminated self-assembled monolayer
(SAM) on a gold electrode.! Ciobanu et al. reported that the Pz reactive site can be observed
through electrochemical oxidation and reduction at a potential of 0.30 V vs. Ag/AgCl by SWV
atop short-chain hydroxyl terminated SAMs.! A mercaptohexanol SAM was shown to yield the
greatest current corresponding to P70 oxidation/reduction due to the suppression of the gold oxide
peak, which has a potential near that of P700. The results reported in this appendix agree with the
findings of Ciobanu et al.; however, the observation of the oxidation/reduction of the P7oo site was
not highly reproducible. Approximately 1/6 of the tested samples yielded the results shown below
and therefore the SWV analysis was not included in the main text (Chapter 5). Additionally,

various chain-lengths of hydroxyl-terminated SAMs were studied.

Following Ciobanu et al.’s protocol, hydroxyl-terminated SAMs were prepared by first
cleaning the gold electrode through both polishing with alumina slurry and cycling in sulfuric acid,
then immersing the electrode into a 2 mM mercaptoethanol solution in ethanol for approximately
12 h. The SAM-coated gold electrode was then immersed into either the PSI extraction elution
buffer (control), an unmodified PSI solution, or a thiol-modified PSI (T-PSI) solution for 24 h.
The samples were removed, rinsed, and used for SWV testing in a 100 mM KCI solution.
Performing the test in only a supporting electrolyte solution (no active mediator present) allows
for the direct oxidation and reduction of the reaction centers themselves. We hypothesized that
downward oriented films (T-PSI with the stromal side nearest the electrode) would show an
increase in oxidation/reduction peaks of the Fp cluster due to its close proximity to the electrode
surface. Figure A.12 shows the SWV results for the positive scan direction of both unmodified PSI
and T-PSI. Note that during SWYV either a positive scan direction or a negative scan direction may
be used. During a positive scan, the electrode becomes increasingly positively charged and species
near the electrode surface are oxidized, resulting in anodic current at the electrode. In the case of

Figure A.12, the peak observed 0.35 V vs. Ag/AgCl may be attributed to the oxidation of P79 as
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reported by Ciobanu et al. at 0.30 V vs. Ag/AgCl. The peak at -0.75 was also present in the buffer

only control samples and is therefore not a result of the deposition of PSI.
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Figure A.12. Positive scan square wave voltammograms showing peaks for the direct oxidation of the Py site on
a mercaptoethanol SAM.

The voltammograms in Figure A.12 show a decrease in the presence of the P70 reaction
center in T-PSI protein complexes. This may be taken as indirect evidence for the expected
downward orientation; however, the argument is not strong due to the lack of reproducibility and
known variance in the modified PSI monolayers (see Chapter 5). Interestingly, the peak attributed
to P700 was observed on both mercatoethanol and mercaptohexanol SAMs, which further supports
findings by Ciobanu et al.! In conclusion, SWV may be a beneficial tool in determining the effects
of side-selectively modifying PSI protein complexes; however, the procedure must be optimized

to greatly improve reproducibility.
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