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Abstract

Evolving out of research on biomineralization, a new field devoted to studying the
interactions between inorganic materials and proteins is emerging. In natural systems,
proteins are responsible for the assembly of complex hierarchical structures such as
the nacre of abalone. Tools such as phage and yeast display libraries have enabled
the combinatorial screening of peptides against a multitude of materials to which
natural systems typically have no exposure. These techniques have yielded peptides
that can bind and assemble technologically relevant materials such as gold and CdS.
In this work, combinatorial phage and yeast display libraries are used to identify
peptide sequences that bind to electrode materials and metal oxides. As in nature,
it is observed that the context of a particular peptide dramatically influences its
properties. While a peptide sequence may exhibit good adhesion to a particular
surface when displayed on yeast, the same peptide may have little affinity towards that
same surface when displayed on bacteriophage. To probe the interactions between
peptides and materials in a context-free environment, rationally designed synthetic
peptides were screened against a number of inorganic materials. A synthetic peptide,
covalently linked to either microspheres, quantum dots, or a polymer, was able to
mediate adhesion of those entities to electrode surfaces.

In nature, proteins play important roles beyond biomineralization. For example,
membrane proteins contain voltage-gated ion channels that open and close in response
to a voltage bias. Inspired by the electro-responsive activity of ion channels, the inter-
actions between peptides, surfaces and electric fields was investigated. The peptide
sequences that exhibited significant adhesion to metal oxides were dominated by pos-
itively charged residues. A high voltage, pulsed electric field was used to overcome
the inherent negative charge of the metal oxide electrode surface, thereby controlling
peptide adhesion to an electrode surface.

Drawing further inspiration from the way nature employs peptides, a synthetic
photocatalytic system for water oxidation was developed using photosystem II (PSII)
as a model. Proteins form the structural scaffold for PSII, assembling dye molecules
as well as the metal-oxo catalytic center; furthermore, peptides play an active role in
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shuttling charge throughout PSII. The D1 peptide in PSII is an electro-responsive pep-
tide of sorts, releasing plastiquinone upon the two electron reduction of the molecule.
The system developed in this work uses: iridium oxide as a metal-oxo catalyst assem-
bled by a peptide expressed on the M13 bacteriophage; metalloporphyrin photosen-
sitizers that are covalently assembled on the protein framework of the bacteriophage;
and a synthetic Ce(IV) dipicolinate electron accepting molecule. The electron ac-
cepting molecule, developed to fill the role of plastiquinone in PSII, is believed to
be the first non-sacrificial electron acceptor capable of driving the metalloporphyrin-
sensitized photocatalytic oxidation of water.

Thesis Supervisor: Angela M. Belcher
Title: Germeshausen Professor of Materials Science and Engineering and Biological
Engineering
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Chapter 1

Introduction

1.1 Motivation

Amino acids are the functional building blocks of biological systems, each amino acid
imparting specific functionalities which in concert enable complex processes such as
biomineralization and photosynthesis. Crucial to each of these processes are the
interactions between amino acids and inorganic species. Proteins drive the formation
of numerous biologically-derived inorganic structures including bone, egg shell, teeth
and the shells of mollusks. In photosynthesis, both the assembly of the catalytic center
and the precise positioning of light-harvesting molecules are controlled by proteins.
Beyond simply serving as a structural scaffold, photosystem proteins play a dynamic
role in photosynthesis by facilitating charge transfer between active sites.

The synthesis of a multi-functional chemical compound can take months or years
to design, potentially requiring many steps, low yields, and toxic organic conditions.
The rich chemical diversity of amino acids enables the design or discovery of multi-
functional peptides, while modern peptide synthesis enables the facile synthesis of
these compounds. New synthetic amino acids promise to even further extend the
functionalities of synthetic materials constructed using peptide bonds. Simply ex-
amining how individual amino acids are used by natural systems provides numerous
ideas for the utilization of peptides in synthetic systems. Potential applications of

peptides include enhancing electron transport, promoting crystal growth, and facili-
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tating charge gradients.

1.2 Biomineralization

One of the fundamental tenets of theoretical computer science is that even the most
complex computational processes can be reduced to a simple set of rules known as a
Turing Machine. The biological-mediated assembly of complex hierarchical structures
such as nacre of abalone originates from a similarly simple template. At the atomic
scale, calcium carbonate is nucleated by a protein that is secreted by abalone. The
protein controls the crystal phase of calcium carbonate that is formed [8]. The abalone
nacre is made up of stacked plates that are ordered on a length scale much greater
than that of a single protein, and on the macroscale, the shells of mollusks exhibit a
further level of ordering. Much like a Turing Machine, a complex, ordered structure
arises out of a simple set of rules: the amino acid sequence that controls CaCOj3
nucleation.

Natural systems have a limited set of available raw materials. Beyond the biomin-
eralization of CaCOg, diatoms form highly ordered SiO, based structures and some
bacteria nucleate magnetic iron based nanoparticles used for navigation, but few
other inorganic materials are nanostructurally assembled in naturally occuring bio-
logical systems. Using combinatorial phage display libraries, Belcher and coworkers
identified peptide sequences that could bind to inorganic materials not found in na-
ture, such as GaAs, InP, and Si.[105]. Furthermore, sequences identified using phage
display were able to mediate the assembly of crystalline nanowires of materials such
as ZnS, CdS, CoPt, and FePt [63, 67]. Biologically templated inorganic nanowires
enabled the construction of devices such as batteries, with active electrode materials
nucleated on bacteriophage scaffolds [81].

In this thesis, the principles of biomineralization are used to study the interactions
between peptides and inorganic materials. Experiments studying electrically respon-
sive materials and photocatalytic water-splitting are not traditionally the realm of

biomineralization. Principles developed from the study of interactions between pep-
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Figure 1-1: Abalone uses proteins to self-assemble multi-scaled ordered structures.
(A) An image showing the macroscopic structure of an abalone shell. (B) An SEM
image showing the stacked plate morphology of the nacre of abalone, SEM image
by Angela Belcher. (C) The nucleation and growth of crystalline CaCQO3 by abalone
proteins, from [8]. (D) The peptide responsible for CaCOj3; nucleation by abalone,
PDB 1L3Q [116].
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tides and inorganic materials are employed to better understand the underlying role

of peptides in the water-splitting and electro-responsive systems.

1.3 Photosynthesis

Photosynthesis is one of the most complex natural processes, utilizing highly op-
timized, multi-scalar structures to convert sunlight, water, and CO, into chemical
energy in the form of sugars. In eukaryotic organisms the structures that enable
photosynthesis are ordered hierarchically. At a molecular level, dye molecules and
catalytic metal ions are precisely positioned in four protein matrices that are struc-
turally optimized to promote efficient electron transfer and energy transduction. The
proteins are located across membranes as part of sac-like structures called thylakoids
[83]. Thylakoids are encapsulated within chloroplasts, flat disks about 1 pm tall and
about 5 ym in diameter. In plants, microfluidic structures play an important role
in delivering water and nutrients to photosynthetic cells. This multi-scaled frame-
work protects delicate light harvesting antennae, enables the transport of charge and

reactants to reaction centers, and constantly replaces photosynthetic molecules.

At the core of photosynthetic processes is photosystem II (PSII), an assemblage of
dye molecules, catalytic metal ions, and proteins that cooperate to photocatalytically
oxidize water and separate the resulting charge. The overall efficiency of photosynthe-
sis is similar to that of modern silicon solar cells (10 - 25%) [11], however the efficiency
of PSII at absorbing light and creating separated charge is very impressive, more than
95% [11]. The light-harvesting molecules, catalytic reaction center, electron accepting
complexes, and framework for charge transfer found in PSII are all crucial features for
synthetic schemes for the photo-oxidation of water. In this section, these functional
entities from PSII are discussed and related to the components of the catalytic water

oxidation system developed in this thesis.
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Figure 1-2: The solar irradiation spectrum at air mass 1.5 (ASTM G173-03) overlayed
by the absorption spectrum of green plants [46].

1.3.1 Light Harvesting Dye Molecules

More than 200 chlorophyl and around 50 carotenoid molecules are arranged through-
out. PSII, cooperating to absorb light, convert photons into electric charge, and assist
in transferring the charge to a single catalytic reaction center [106]. Chlorophyll,
a cyclic tetrapyrrole coordinated to a central manganese ion, is the primary light
absorbing molecule while carotenoids, linear polyenes, absorb light in the blue and
green region and help protect photosynthetic complexes by quenching the chlorophyll
triplet state and by “downregulating” excess light. The absorption of chlorophyll
and other dye molecules found in green plants combine to effectively span the solar
spectrum, as shown in Figure 1-2. Porphyrin molecules and [Ru(bpy);]*”., commonly
used dye molecules for synthetic photocatalytic reactions, are similar to chlorophyll:
they all contain a central metal cation coordinated via nitrogens to a conjugated ring
structure.

The many pigment molecules of PSII are organized in highly ordered structures,
as seen in Figure 1-3, enabling them to function cooperatively to focus energy to-
wards the catalytic center, and to overcome overload under high light intensities.

The nanoscale separation of the pigment molecules results in strong pigment-pigment
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Figure 1-3: The arrangement of chlorophyll pigment molecules in PSII, rendering of
PDB 1S5L [35] with UCSF Chimera [86].

interactions enabling delocalization of excited electronic states [21]. Classically, the
excitonic coupling between pigments is described using Forster energy transfer [36],
a theory of non-radiative exciton transfer by dipole-dipole coupling of allowed transi-
tions. Recent work indicates that the Forster theory for exciton transfer is inadequate
because the compact packing of dyes within photosynthetic complexes results in the
breakdown of the point-dipole approximation [21]. Modifications to Forster’s theory
to account for excitonic delocalization [50] and correlated fluctuations between donor
and acceptor modes [49] provides a more precise description of multichromophoric
systems but cannot account for a critical component of energy transfer in pigment-
protein complexes such as PSII: coherence [21]. Engel et al. showed that quantum
coherence plays an important role in energy transfer in photosynthetic systems [33].
Quantum phenomena may explain the very high efficiency of photosynthesis at con-
verting light to electronic energy. Wavelike behavior of excited states would allow
phase space sampling to identify the most efficient pathway for energy transfer [33].

Theories describing coherent phenomena in pigment-protein systems are in their in-

30



fancy. Aspuru-Guzik and coworkers have developed models of environment-assisted
quantum transfer [91, 74] that suggest that interactions between free Hamilton evo-
lution and thermal fluctuations in the environment lead to significant increases in
energy transfer efficiency for the Fenna-Matthews-Olson pigment-protein complex
[74]. A better theoretical understanding of the quantum aspects of energy transfer
in PSII could enable rationally designed light-harvesting antennae for solar energy
harvesting applications.

In this work, the chlorophyll-like zinc porphyrins are co-assembled with catalyst
nanoparticles on the surface of bacteriophage, with the idea that the ordered bac-
teriophage template and nanoscale spacing of pigment molecules may improve light

harvesting efficiency of the zinc porphyrins.

1.3.2 Manganese Reaction Center

The catalytic core of photosynthesis is a complex of four manganese atoms and a
calcium atom. This Mn,sCa complex is the reaction center where the oxygen-oxygen
bond is created, yielding molecular oxygen. The Mn are connected by mono-u-oxo,
di-p-oxo, and/or hydroxo bridges. High resolution structures suggest that eight amino
acids coordinate to the metal ions in the Mn,Ca complex [109], shown in Figure 1-4.
These ligands likely play a role both in stabilizing the MnyCa complex and in the
redox chemistry of the catalytic reaction.

While recent high resolution structures have provided a clearer physical picture of
the Mn4Ca complex, a definitive picture of the coordinating ligands, the exact nature
of the oxo-bridges between Mn, and the location of water molecules and protons
is not yet possible. The precise chemical processes that occur in MnyCa oxygen
generation are not yet fully understood, however Kok and coworkers developed the
generally accepted model for the catalytic cycle. Illumination of PSII-complexes with
flashes of light results in a period of four appearing in the yield of dioxygen, with the
most O, appearing after the third, seventh, and eleventh pulse [58]. The “S-state”
model explains this periodic behavior by proposing that the catalytic reaction is a

four step process with each quantaum of energy inducing an increasingly oxidized
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Figure 1-4: Reprinted from [109]. A schematic of the MnyCa catalytic core of PSII
shown with putative ligands from the electron density.

state of a trapping center, since identified as the Mn4Ca reaction center. Figure 1-5
shows a modern revision to the Kok cycle including the proposed removal of protons
and electrons from the Mn complex [28]. While many of the features of the Kok
Cycle have been confirmed, such as the four quanta requirement for water oxidation,
much is still unknown about the exact mechanism of the catalytic reaction. Despite
much speculation [10, 28], the exact oxidation state of each Mn, the nature of the
oxo-bridges, and much more at each step of the Kok Cycle remains unknown.
Manganese is a natural choice for PSII to utilize as the basis for its catalytic re-
actions [2]. Mn can exist in each cationic state from +2 to +7, with redox states
above +2 all strongly oxidizing under certain conditions. The rich redox chemistry
and stability of Mn compounds with water and oxygen enable the removal of mul-
tiple electrons and protons that is required during water oxidation [2]. While other
elements are suitable catalytically for water oxidation, none are as abundant as Mn,
the third most abundant transition metal in the earth’s crust. In spite of the ad-
vantages of Mn for catalysis, it is remarkable that nature has evolved an efficient
complex for water oxidation using Mn, as both the +2 and +5 oxidation states are

unstable. Furthermore, the precise structure of the Mn reaction center, appears to
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Figure 1-5: Reprinted from [28]. The Kok cycle, updated to show the alternating
removal of protons and electrons from the Mn catalytic complex. The nine interme-
diate states of the Mn complex are denoted as S;" /™ states where the subscript gives
the number of accumulated oxidizing equivalents and the superscript indicates the
relative charge. States enclosed by a rectangle are stable for tens of seconds. The
illumination of any of these semi-stable states yields a tyrosine cation radical, T} .
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be very important to its catalytic activity, demonstrated by the limited success of
synthetic attempts to replicate the catalytic performance of the Mn reaction center
[77]). Researchers have demonstrated catalytic oxygen production using manganese
complexes, however, these complexes are used with oxygen-transfer oxidants such as
H,0; to facilitate molecular oxygen formation [62]. A complete understanding of the
Mn,Ca complex, including the role of specific PSII amino acids in mediating electron
transfer as well as the structure and stability of the complex, and the precise de-
scription of the Kok cycle, including the structure and oxidation states of the Mn,Ca
complex at each step, could be the only route to cheap, efficient, Mn-oxo complexes
that can catalyze dioxygen production from water.

In this work, iridium was selected in place of manganese as the catalytic cen-
terpiece for water oxidation. While Ir is very rare, making it impractical for the
catalytic activities of natural systems or for most commercial applications, the well
studied catalytic activity of synthetic iridium oxide clusters [40, 79, 78, 75] makes it a
suitable choice for studying the interactions between peptides and catalytic metal-oxo
clusters. Iridium, like manganese, exists in a number of different oxidation states and
the proposed mechanism for the catalytic activity of iridium oxide clusters, detailed
in Section 4.2.2, is similar to the Kok cycle mechanism of PSII. As in PSII, where
the Mn-oxo complex is assembled by the protein framework, iridium oxide(IrOx) was
co-assembled with dye molecules on the M13 bacteriophage using an IrOx-specific
peptide. The catalytic performance of this structure was compared to that of uncou-

pled IrOx colloidal clusters.

1.3.3 Quinone Electron Acceptor

The electrons and protons removed from water by the MnyCa reaction center are
transfered through PSII to drive the reduction of plastoquinone to plastoquinol. Plas-
toquinol plays an important role in photosynthesis, carrying electrons and protons
across the thylakoid membrane to the transmembrane cytochrome bg f for the subse-
quent transfer of electrons to PSI and generation of a proton gradient by cytochrome

bef. PSII contains two quinone molecules, the irreversibly bound Q,, and the mobile
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Figure 1-6: Reprinted from [106]. A schematic drawing of PSII showing the transfer of
electrons from the catalytic Mn center to Q, an electron transporting plastoquinone
molecule. D1 and D2 are the core proteins of the PSII reaction center and LHC-II are
the PSII light harvesting complexes. The electrons are transported from the MnsCa
complex to the T, tyrosine residue (Tyr), continuing to the P680 reaction center
chlorophyHl, a pheophytin molecule (Phe) and then to a bound plastoquionone Q,.
The electron is transported via an iron redox intermediate to plastoquinone Qp which,
after two reduction cycles, is released into the thylakoid membrane and subsequently
replaced by an oxidized plastiquionone (PQ) enabling the cycle to start over.

Qs [106]. Binding pockets of the D2 and D1 polypeptides of PSII immobilize Q, and
Qs respectively [56]. As charge is removed from water by the Mn4Ca reaction center
it is transported via an electron transfer chain to Q, and to Q,. Figure 1-6 shows the
path taken by electrons as they are transported from the Mn catalytic center to Q.
After Qp has been fully reduced by the addition of two electrons and two protons,
the D1 binding pocket no longer presents affinity towards Q, and the molecule is
released into the thylakoid membrane. The transmembrane region contains a bath
of oxidized plastoquionone molecules that can bind to the Qp, enabling the process
to be repeated. For each O, molecule created, two Q, molecules undergo complete
reduction, corresponding to the 4 electrons extracted from water to form the dioxygen

bond.
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In synthetic, colloidal systems for the photo-oxidation of water, mobile electron
acceptors are an important component, filling the role Q, serves in PSII by remov-
ing electrons from the catalytically active site, thereby enabling additional cycles to
take place. Many studies of photo-oxidation use electron sinks, employing sacrifi-
cial electron acceptors, such as the persulfate anion [72]. The use of a sacrificial
electron acceptor enables studies of a catalytic half reaction, but inhibits the future
coupling between any resultant oxidative catalytic process and a corresponding reduc-
tive half-reaction. In this work, a non-sacrificial electron acceptor based on a Ce(IV)
dipicolinate complex is synthesized and its utility as an electron-accepting complex

for photo-oxidative applications is demonstrated.

1.3.4 Protein Framework for Electron Transfer

As described above, the protein framework of PSII plays many roles, promoting coher-
ent exciton transfer, assembling the MnyCa complex, facilitating the redox responsive
binding and release of Q;, and facilitating electron transfer processes. Beyond provid-
ing a pathway for electron transfer, aromatic amino acids can promote unidirectional
energy transfer, thereby inhibiting undesirable back reactions [54].

The dielectric environment that results from the protein framework is crucial to
determining electron transfer pathways. Boxer and coworkers studied the functionally
asymmetric electron pathways of the bacterial photosynthetic reaction center. The
reaction center contains two nearly structurally equivalent electron transfer pathways,
though electron transfer only occurs via one of the pathways. Stark spectroscopy
reveals that the active pathway has substantially higher dielectric strength than the
non-active pathway, suggesting that the collective properties of the amino acids near
the electron transfer pathways explain the functional asymmetry [100]. Through the
modification of about 14 amino acids, Boxer and coworkers restored the electron
transfer capabilities of the non-functioning pathway [26].

In this work, peptides designed to link iridium oxide clusters and porphyrin
molecules are synthesized containing different spacer groups to study whether a short

peptide sequence can facilitate enhanced electron transfer between porphyrin and
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catalyst.

1.4 Scope of Work

This thesis focuses on interactions between peptides and inorganic materials and,
in particular, ways to facilitate functionality that extends beyond biomineralization.
Using material-binding peptides as a starting point, new electroresponsive coatings
and a new framework for photocatalytic water oxidation were developed. Paramount
to future applications is understanding the specific role of peptides in a particular
material system. For each of the systems described in this thesis, the nature of the
peptide’s role in either driving adhesion, imparting electro-responsive behavior, or
promoting electron transfer is examined.

Chapter 2 focuses on the identification of peptides that bind to electrode surfaces
and development of rules for peptide adhesion to metal-oxide surfaces. The binding
to metal oxides is predominantly driven by electrostatics. In Chapter 3 this electro-
static binding mechanism is exploited through the use of electric fields to overcome
the interactions between a charged peptide and metal oxide electrode yielding an
electrically reversible peptide coating. A new framework for photocatalytic water
oxidation is presented in Chapter 4. At the core of this framework is a metal-oxide

binding peptide that mediates the assembly of the catalytic material.
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Chapter 2

Peptides that Bind to Conducting

Surfaces

2.1 Summary

A massively parallel combinatorial approach utilizing phage and yeast display libraries
is employed to discover peptides that bind to conducting substrates including gold,
platinum, aluminum and ITO. It is observed that positive charge is common to many
of these peptides, likely due to the negatively charged oxide layer that found on
most of these materials in water. The binding characteristics of a highly positively
charged, synthetic “universal binder” peptide, termed AOS, is explored. By observing
the binding behavior of mutations of this “universal binder” some insight is provided
into its binding mechanism. Lastly, carbodiimide chemistry is used to couple the AO8
peptide to a polymer, quantum dots, and microspheres to show that peptides can be

used to faciltate binding to conducting surfaces.

2.2 Motivation

Controlling the adhesion of bio-molecules to conducting surfaces is valuable for appli-
cations including sensors, drug delivery, anti-microbial coatings, and other electronic

technologies. It has been shown that short peptide sequences can assemble and nu-
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cleate numerous inorganic materials. The aim of this work is to discover peptide
sequences that can bind to metal or other conducting surfaces. Combinatorial tech-
niques using phage or yeast display libraries are powerful tools to discover peptide
sequences with affinity towards a particular material. The specifics of these two
techniques and their respective advantages and disadvantages are discussed in this

chapter.

Context is critically important to interactions between peptides and inorganic
surfaces. While a phage-displayed peptide may exhibit a certain material affinity, the
same peptide sequence on yeast may behave completely differently. This is evidenced
by examining the peptide “binding rules” for a variety of materials established by
Peele et al. for yeast displayed peptides [84] and by Willett et al. for poly-amino
acids [108]. The results of Peele et al. indicate that histidine, particularly, up-
regulates peptide binding to gold while Willett et al. observe no such effects. Perhaps
the negatively charged yeast surface influences peptide structure in a manner that
the histidine is more apt to interact with the material surface. Irrespective of the
cause, these results make it clear that while display library techniques provide a
starting point for discovering peptide sequences that can be used as linker molecules,
studies must be performed to understand the interactions of “free” peptides with

metal surfaces.

In this section, phage and yeast display are used to discover peptide sequences that
exhibit binding affinity towards conducting surfaces. One sequence selected from a
yeast surface display library in a screen against CdS by Eric Krauland, RSGRRRSH-
HHRL, exhibits a particularly broad binding affinity towards metals and metal oxides
[60]. To examine binding properties of peptides in a template free environment, the
A08 and several mutants were prepared synthetically. The ability of the A08 peptide
to serve as a linker between different materials and metal surfaces was demonstrated

by coupling the peptide to microspheres, quantum dots, and a polymer.
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2.3 Methods of Peptide Discovery

Using recombinant DNA technology, peptide sequences can be expressed on the sur-
face of biological entities such as phage and yeast. This technique can be extended to
create peptide display libraries containing on the order of 10° phage or 10° yeast each
expressing different peptide sequences. Display libraries were first used to screen an-
tibodies against biomedical targets of pharmaceutical interest with such success that
companies such as New England Biolabs developed, producing tools for phage display

including libraries of phage expressing short peptide sequences.

Inspired by biomineralzation peptides found in nature, Whaley et al. used a
commercially available phage display library to discover peptides that bind to semi-
conductor materials not commonly found in nature [105]. Peele et al. constructed
peptide libraries on yeast and demonstrated that yeast display can also be used to
discover peptides with an affinity towards a particular inorganic material [85, 84].
Some of these peptides are able to promote biomineralization; incubating inorganic
precursors together with phage or yeast that express material selective peptides, it is

possible to nucleate quantum dots [63], nanoparticles [64], and microshells [34].

The process of selecting material binding from a display library is iterative -
downselecting peptides from an initially diverse library over several rounds of screen-
ing under increasingly stringent conditions. The library is exposed to the material of
interest in a buffer, often containing a detergent or bovine serum albumin to minimize
non-specific interactions, and incubated to allow different peptides to sample the sur-
face. Weak binders are removed by rinsing and the remaining clones are amplified
and the process repeated for several rounds until a consensus sequence is isolated or
trends can be determined from the peptide sequences. While evolutionary processes
tend to be quite slow, this combinatorial approach rapidly identifies peptides with

unique material affinities.
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2.3.1 The M13 Bacteriophage

Bacteriophage Structure

The M13 virus is a filamentous bacteriophage (Ff) belonging to the family Inoviri-
dae. M13 bacteriophage has a quite high aspect ratio; it is about 900 nm long and
about 6.5 nm in diameter. The virus capsid is formed by five proteins that assemble
around the phage genomic DNA, a 6400 nucleotide, single stranded, covalently-closed
DNA molecule. The major coat of the bacteriophage is formed by 2700 copies of the
pVIII protein assembled in an alpha-helix around the ss-DNA. The protein assembly
has five-fold rotational symmetry, with the axis of the pVIII protein exhibiting an
approximately 20° right-hand tilt with respect to the longitudinal axis of the phage.
The assembly of the coat proteins is driven by electrostatic interactions between
the negatively-charged sugar-phosphate DNA backbone and four positively charged
residues at the C-terminus of the pVIII protein. At the proximal end of the bacterio-
phage (with respect to E. coli attachment) are five copies each of the plIIl and pVI
proteins, while at the distal end five copies each of pVII and pIX assemble. Figure
2-1 shows a depiction of the M13 bacteriophage.

M13 replicates through the non-lytic infection of Escherichia coli (E. coli). High
density virus amplification is made possible by the non-lytic nature of infection, a
crucial factor for phage applications. The pIII peptide enables the attachment of the
bacteriophage to the F pilus of the E. coli host cell. The phage disassembles and
the pVIII proteins and virus DNA enter into the cell cytoplasm. Once in the cell,
using the single stranded phage DNA as a template, the bacterial host synthesizes
the complementary strand yielding double stranded DNA suitable for replication.
The complementary strand is the template for transcription, from which the resul-
tant mRNA molecules are translated into phage proteins. The phage is constructed
by assembly proteins and is extruded from the E. coli through a pore in the cell

membrane.
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Phage Display

Through modifications to the bacteriophage genome, peptides can be inserted into the
M13 coat proteins. Peptides have been inserted into the plll, pVIII, and pIX proteins.
On the pVIII protein only short peptides, 6 to 8 amino acids, can be expressed
genomically. Furthermore, sequences that can disrupt phage assembly, particularly
those that are highly positively charged are not able to be inserted into the pVIIL.
On the pllI, longer sequences can be inserted and more diversity is possible; some
sequences can influence the phage’s ability to infect E. coli, slowing or completely
inhibiting phage replication. Multiple peptide sequences or larger proteins can be
expressed using phagemid DNA. Phagemid DNA is a plasmid inserted into the host E.
coli encoding for the phage protein plus insert. The E. coli produces the phage protein
and upon infection by a “helper phage” the insert containing proteins are randomly
co-incorporated into the phage capsid along with wild type phage proteins. With
phagemid system, the complete genome of the bacteriophage is no longer carried on
board the virus preventing self-replication. Additionally, 100% display of the peptide

on the phage surface is not possible, particularly with large phagemid inserts.

Phage display libraries, containing many phage each expressing different peptide
inserts, have been constructed using both pIII and pVIII display. The pllI libraries
exhibit significantly higher diversity and copy number, but because there are only 5
copies of each plIIl protein per phage they are not suited for all applications. Three
different plll libraries are available commercially from NEB, a 7-mer library, a 12-mer
library, and a 7-mer cysteine constrained library (C7C). The 12-mer linear library and
7-mer constrained library were primarily used in this work. In the 7-mer constrained
libraries the peptide insert forms a loop due to the disulfide linkage that is formed
between the two cysteine residues. This constraint imparts conformational rigidity

to the peptide.
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Phage Selection

In this work the 12-mer and C7C NEB plII libraries were used to identify peptides that
are able to bind to an array of inorganic materials. For screening with a phage library
a piece of the material of interest ~0.5 cm x 0.5 cm was cleaned and placed in a small
petri dish or in a well plate. The sample was incubated with =~ 1.5 x 10! virions in a
buffer solution for about 1 hour. The unbound phage were rinsed off and the binders
either eluted with acid or grown directly off of the surface by placing the sample in
E.coli broth. The first round binders were amplified and used for the next round of
screening. After several rounds the phage were plated and plaques picked for DNA
sequencing. DNA sequencing revealed the peptide sequences that mediate binding
to the material of interest. Typically, three to five rounds are sufficient to attain
either a consensus binding sequence or to be able to discern recurring patterns in
the peptide sequences. Figure 2-2 provides a graphical representation of the selection
procedure. The C7C library tends to yield consensus sequences more frequently than
the 12-mer library, perhaps due to the increased structural conformity imparted by
the constrained geometry. For some materials the short length and lack of flexibility
inherent to C7C sequences can inhibit binding. Materials for which charge plays an
important role to mediate binding, for instance, may not be well suited for screening
with the C7C library. This is evidenced experimentally by an overly rapid collapse of
library diversity during early panning rounds. More detailed experimental procedures

are included in Appendix A.

2.3.2 Saccharomyces cerevisiae
Yeast Structure

Saccharomyces cerevisiae have been utilized as single cell bioreactors for millennia.
Critical for baking and brewing, yeast turn sugars into CO, or ethanol. More recently
yeast has been utilized for biofuel production and antibody discovery. Yeast is a
single-celled eukaryote, with spherical cells approximately 4 ym in diameter. Like all

eukaryotes yeast cells contain a set of subcellular organelles within a cell envelope.
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Figure 2-2: A schematic of the bio-panning procedure used to identify material-
selective peptides. The material of interest is incubated with the peptide library
(either phage or yeast), non-binding clones are rinsed away, binders are either acid
eluted and then amplified or directly amplified off of the material surface, and using
this subset of binding clones, the processes is repeated 3-5 times.
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The protective cell envelope is made up of an inner cell membrane and a cell wall.
Since this work focuses on interactions between yeast cells and inorganic materials,
the properties of the yeast outer surface are important to understand. The outer
layers of the cell wall are made primarily of mannoprotein. Mannoproteins are a
conglomeration of proteoglycans with varied molecular weight and protein content,
though typically the protein content is less than 10%. The carbohydrate moieties
of the mannoprotein branch off of the protein components and consequently are the
primary groups exposed on the yeast surface. In water these carbohydrate groups are
responsible for the yeast’s generally negatively charged surface.

Yeast are able to reproduce both sexually and asexually. In nutrient rich media,
however, asexual reproduction by yeast budding dominates. Reproduction by yeast
budding yields genetically identical offspring - critical for applications of yeast display
libraries. Budding initiates with the duplication of the genetic material within the
cell as well as an increase in the volume of cellular components. A cell bud forms
at actin dots on the cell surface, eventually leading to cytokinesis leaving two fully

functional cells.

Yeast Display

Yeast display poses some distinct advantages over phage display. Peptides displayed
on yeast are surface expressed and in no way influence the yeast’s ability to replicate
or grow; this property enables nearly any sequence as well as larger proteins to be
expressed on the yeast surface. Additionally, yeast do not require any host cell for
reproduction, and yeast cells are easily visible under a light microscope. Antibodies
and short peptide sequences can be displayed on the surface of yeast cells as a protein
fusion to the Aga2p matting agglutinin protein. The Aga2p protein is disulfide linked
to a protein embedded in the cell membrane, Agalp. Peptide fusion expression is
controlled by galactose induction via the GAL1,10 promoter. The strain of yeast
used for display, EBY100, is designed with Agalp expression inducible from a single,
integrated open reading frame downstream of the Gall,10 promoter. The peptide of

interest is encoded into the Aga2p protein using the pCT302 plasmid and transformed
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Figure 2-3: Structure of a yeast cell and the display of peptides on the yeast surface.
Agal and Aga2 are proteins through which the peptide insert is expressed. HA is the
hemagglutinin antibody used to measure peptide expression rates.

48



into the yeast strain. Also on the pCT302 plasmid is the hemagglutinin antigen
(HA) antibody. HA can be tagged fluorescently and used as a measure of peptide
expression rates. Figure 2-3 depicts the components involved in yeast surface display.
Combinatorial yeast display libraries of both antibodies and 12-mer peptides have

been created and used for material and antibody selection.

Yeast Selection

For experiments using yeast display libraries to screen against inorganic materials, a
12-mer yeast display library created by Beau Peele and Eric Krauland was used [85].
A yeast library with diversity of approximately 107 random 12 amino acid peptide
clones was incubated with the material of interest under agitation. Weakly binding
cells were removed by surface washing and the sample was imaged to determine
overall binding. The adherent cells were grown off of the material surface, serving
as a sub-library for further rounds of screening. On subsequent rounds stringency
was increased by decreasing the amount of time yeast cells were permitted to interact
with the surface and increasing the concentration of Tween20 and BSA to inhibit non
specific interactions. Figure 2-2 provides a graphical representation of the selection
procedure. The binding peptide sequences were determined by DNA sequencing of

the pCT302 plasmid after transforming it into E. coli.

2.4 Peptide Selection Results

In this section, the results of screenings against various materials using either phage
or yeast display are reported. For each material several sequences from late screening
rounds are reported and discussed with respect to the chemical properties of the

amino acids in relation to the material surface.

2.4.1 Noble Metals: Platinum and Gold

Though both platinum and gold are often considered too expensive for many applica-

tions, they both serve important roles as materials for catalysis and microelectronics.
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Selection Technique

P P P

Phage C7C Library, Seker et al.
Phage C7C Library
Yeast PL12 Library
Yeast PL12 Library

Yeast PL12 Library

Yeast PL12 Library

Yeast PL12 Library
Selection Technique

Phage 12-mer Library, Nam et al.

Phage 7-mer PVIII Chiang et al.

Phage C7C Library

Yeast, Designed by Peele et al.

Yeast PL12 Library

Yeast PL12 Library

Yeast PL12 Library

, Gold and Platinum
W WW
W

Selection Technique
Yeast PL12 Library
Yeast PL12 Library

Table 2.1: Peptide sequences that exhibit an affinity for platinum or gold
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Nearly every automobile made today contains a catalytic convertor containing plat-
inum as a reduction catalyst. Platinum is also often used as a hydrogen evolving
catalyst for electrolysis [53] and photolysis [3, 37] of water. Gold nanostructures can
also serve as a catalytic material [12], enable biological imaging [117, 31], and even

serve as a therapeutic tool for cancer treatment [103].

Seker et al. reported phage-displayed platinum-binding sequences in 2007 with the
cysteine-constrained sequence CPTSTGQAC [93]. Gold nanowires assembled using
bacteriophage have been employed for applications including battery electrodes [81]
and virus based fibers [22]. The gold binding motif used for those applications had
the sequences LKAHLPPSRLPS and VSGSSPDS respectively. Peele et al., in their
work examining yeast-displayed sequences of the type XHXHXHX (X is any amino
acid) showed significant up-promotion of yeast binding to gold (in reference to X
= alanine) by histidine, tryptophan, lysine, methionine, cysteine, arginine, glutamic
acid, and tyrosine. Histidine exhibited a nearly seven-fold improvement in binding,
while substituting tryptophan, lysine, and methionine each exhibited at least three-
fold improvements in binding to gold [84]. Using the binding rules they derived, Peele
et al. designed the yeast binding sequence RMRMKMK that exhibits an affinity for
gold but not CdS or ZnS [84].

In this work the C7C phage display library (New England Biolabs) was used to
select against platinum wire (Alfa Aesar). The platinum wire was first cleaned with
8:7:1 HyO:HCI:HNOg, rinsed thoroughly with water and ethanol, and then flame
sterilized. A consensus sequence, CMATSAPRC, was reached after three rounds of
screening. Some parallels can be drawn between this consensus sequence and that
of Seker et al. Each sequence contains a hydrophilic domain at the same position
in reference to the disulfide linkage. In their work Seker et al. compare the binding
of the constrained version of the peptide CMATSAPRC and the version without
cysteine residues. They observe that the constrained peptide exhibits significantly
better binding to platinum and argue that this is due to structural considerations [93)].
Considering that the consensus sequence reported in this work contains a methionine

residue, perhaps the factor leading each of these peptides to exhibit enhanced binding
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is actually interactions between the sulfur atoms in both cysteine and methionine
and the platinum surface, coupled with interactions by the hydrophilic regime in the

middle of the peptide.

The PL12 yeast library was also used to screen for peptides that bind to platinum
wire. The platinum wire was cleaned with ethanol and the library incubated with
the platinum sample for four hours. BSA was used to block non-specific interactions.
Several sequences that resulted from this yeast screening are presented in Table 2.1.
The yeast-displayed sequences that bind to platinum contain more positive charge
than the phage-displayed sequences. The positive charge may balance the net negative
charge of the yeast surface or may cooperate with the negatively charged yeast surface
to orient the ring structures of the amino acids histidine and tryptophan to better

coordinate with the platinum surface.

A preliminary phage display screening of a gold on silicon substrate was performed
using a C7C library. The consensus sequence CSLSIGSHC was isolated after three
rounds of screening. Unfortunately this selection was not wholly specific to gold be-
cause the library was exposed to both the gold surface and the silicon substrate. This
sequence is similar to that reported by Chiang et al. [22] as both are very hydrophilic.
The PL12 yeast display library was used to carry out more rigorous selection against
gold. Gold coated glass slides (EMF-Corp) were cleaned with concentrated HCI and
thoroughly rinsed with water before screening. No consensus sequence was reached
from the yeast screening, however three representative sequences from round 5 are
shown in Table 2.1. Sequences from other rounds can be found in Appendix B. These
gold binding sequences are in good agreement with the bind rules established by Peele
et al. [84]. The sequences are highly positively charged, the three sequences are +5.1,
+4.1, and +3.9 at pH 7.0, where the screen occured. Furthermore, the sequences
are enriched with tryptophan and cysteine, which Peele et al. indicate up-promotes

binding to gold [84].
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Indium Tin Oxide Selection Technique

Phage C7C Library

Phage C7C Library

Phage C7C Library

Phage C7C Library

Phage C7C Library
Selection Technique

Phage 12-mer Library Zuo et al.

Phage 12-mer Library Zuo et al.

Phage C7C Library

Phage C7C Library

___|Phage C7C Library

[ L [Phage 12-mer Library

Phage 12-mer Library

P F |Phage 12-mer Library

Yeast PL12 Library

Yeast PL12 Library

Table 2.2: Peptide sequences that exhibit an affinity for ITO or Aluminum.

2.4.2 Conducting Oxides: Indium Tin Oxide and Aluminum

Indium tin oxide (ITO) is a transparent, conducting metal oxide, a unique combina-
tion of properties that makes I'TO commercially indispensable for display production.
ITO is more precisely a solid solution of indium oxide and tin oxide typically con-
taining about 9-10% tin oxide. From the perspective of surface chemistry, aluminum
is very similar to ITO. Metallic aluminum rapidly forms a several nanometer thick
layer of aluminum oxide, yielding a surface that is a mixture of aluminum and oxygen.
Without further treatment, both aluminum and ITO have a large number of hydroxyl
groups on their surfaces (16, 71], yielding a negatively charged surface in water.

The C7C plIl phage libraries were used to screen for phage that exhibit affin-
ity towards ITO coated glass slides (DCI Inc., gift from Rubner Group). The ITO
substrates were cleaned with ethanol and then autoclaved prior to screening. Acid
elution was used to elute the bound phage. Screening was carried out multiple times

through at least 4 rounds, yielding several different sequences shown in Table 2.2.

Each of these sequences contains at least 3 positively charged residues and is particu-
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larly enriched with histidine, which appears at least once in each sequence. Additional
sequences from other rounds of screening against ITO can be found in Appendix B.

To discover peptide sequences with an affinity for aluminum, the C7C and 12-mer
pllIl phage libraries and PL12 yeast libraries were screened against aluminum wire
or foil (Alfa Aesar). For phage display screening, the aluminum substrate was rinsed
with ethanol and water and then autoclaved. Consensus sequences, Table 2.2, that
contained hydrophilic amino acids supplemented by positively charged amino acids
were observed after 4-5 rounds of screening. Sequences isolated from the 12-mer li-
brary exhibited an over-expression of amide-containing amino acids. Both amides and
hydrophilic residues can participate in hydrogen bonding interactions with hydroxyl
groups on the aluminum surface. These results are consistent with the aluminum
binding sequences reported by Zuo et al. in which serine and tyrosine appear to play
a critical role in mediating binding [118].

The PL12 yeast display library was screened against pieces of high-purity alu-
minum foil (Alfa Aesar). The aluminum foil was washed with ethanol and water
but not autoclaved, as contamination is not as problematic working with yeast as
phage. The sequences isolated after several rounds of screening, shown in Table
2.2 were highly positively charged, some as many as 9 positively charged residues.
These highly charged sequences may suggest that the electrostatic forces drive the
interaction between the yeast displayed peptides and the aluminum surface. The au-
toclaving of the aluminum surface may yield a more hydroxylated surface yielding
more hydrophilic sequences from phage display, while the native metal oxide is neg-
atively charged in water, resulting in highly positively charged sequences from the

yeast display screen.

2.4.3 Sapphire

Sapphire is the single crystal phase of alumina, or aAl,O3. Krauland et al. selected
sapphire as a model system to probe the role of peptide sequence in mediating binding
to metal oxide materials [61]. In that work, the A, C, and R faces of sapphire were

screened using the PL12 yeast display library. In water, the A, C, and R faces exhibit
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differing chemical characteristics. The C-face is completely hydrated with doubly
coordinated oxygen atoms leading to surface passivated hydroxyl groups that are
highly reactive towards metal ions [32]. The R-face is more complex, with a mixture
of basic (1-coordinated oxygen atoms) and acidic (3-coordinated oxygen atoms) sites
on the surface [19]. The properties of the A-face are expected to be somewhere
between that of the C- and R- faces [61]. Krauland et al. found that even yeast
without a surface-displayed peptide insert displayed (stop codon) bound to the C-
face of sapphire, which they attributed to divalent metal ion bridging between the
biomolecules on the cell surface and the oxygen ions on the sapphire surface. On both
the A and R faces of sapphire the consensus binding sequences isolated by Krauland et
al. are dominated by positively charged residues; compositional analysis of sequences
showed an enrichment from 10% positively charged residues in the native library vs.
40% positively charged residues in clones that came from screens versus the A and
R faces. After studying a series of designed peptides both displayed on yeast and
expressed on maltose binding protein, the final conclusion reached by Krauland et
al. was that “spacial matching between peptide and surface charges is not a major
mechanism for the observed adhesion” [61]. While Krauland et al. do observe a role of
sequence in enhancing binding, they conclude that this is purely a factor of promoting

configurations that best expose the positively charged residues to the material surface.

In this work, a 12-mer, plIII phage display library was used to select against the A,
C and R faces of sapphire to further probe the hypothesis that the peptide sequence
of “consensus clones” for sapphire is driven purely by charge considerations rather
than structural features of the sapphire surface. The three different orientations of
synthetic sapphire, C-plate (0 0 0 1), A-plate (1 1 -2 0), and R-plate (1 -1 0 2)
were obtained from Crystal Systems (Salem, MA). Prior to use, the 0.5 cm x 0.5 cm
sapphire substrates were cleaned with hydrochloric acid and ethanol, as detailed in
Appendix C.5. Four rounds of screening with increasing stringency were carried out
versus each sapphire face. Table 2.3 presents representative sequences selected from
each substrate after the forth-round screen. Additional fourth round sequences are

included in Appendix B.2. Based on the titer of the eluted phage after one round
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Aluminum Oxide, C-Face Selection Technique
3 i
G Yeast PL12 Library, Krauland et al.

east PL12 Library, Krauland et al.
Phage 12-mer Library (Also from Al)
Phage 12-mer Library
Phage 12-mer Library

Selection Technique
Yeast PL12 Library, Krauland et al. (Both A&R)|
Phage 12-mer Library
12-mer Library (Both A&R)
Selection Technigque
Yeast PL12 Library, Krauland et al.
Yeast PL12 Library, Krauland et al.
Yeast PL12 Library, Krauland et al. (Both A&R)

|Phage 12-mer Library (Both A&R)

Table 2.3: Peptide sequences from screens versus each face of sapphire.

of screening. phage binding to each face of sapphire is comparable, suggesting that
endogenous binding to the C-face of sapphire. Appendix A.1l. is not significant with
bacteriophage.

In contrast to yeast display. sequences selected via phage display indicate that
binding to sapphire is not mediated simply by positively charged residues. The per-
centage enrichment of groups of amino acids with similar chemical qualities over the
original distribution of the 12-mer pllII library is shown in Figure 2-4. For all three
faces of sapphire. positive charge does promote binding, however, aromatic and amide
containing residues also figure predominately into the binding signature. Unlike the
conclusions of Krauland et al., sequence analysis of clones selected using phage display
for the different faces of sapphire suggest that there may be links between the sur-
face structure of the sapphire face and the peptide sequence. Plotting the increased
probability versus the library of observing a particular amino acid at a particular
location in the peptide insert shows that each face has a slightly different signature.
The A and R faces of sapphire are likely to have aliphatic regions at the end of the

peptide insert, whereas the C face is more likely to have either positive or aromatic
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Figure 2-4: The chemical nature of peptide sequences with affinities towards each
face of sapphire. This graph displays the enrichment of groups of chemically similar
amino acids in sequences isolated from late round screens versus the original library.

residues in this region. Sequences selected versus A- and C-faces have an enhanced
probability of negative amino acids near the beginning of the peptide insert, however
negatively charged amino acids have a low probability of appearing at any position
in sequences selected versus the R-face. For the A-face, particularly. proline has an
increased probability at several points along the peptide, which suggests that the
peptide structure may play a role in mediating binding to the material surface. The
positional analysis graphs of peptide sequences isolated from the A, C and R faces of
sapphire are in Appendix B.2, Figure B-1.

To further probe binding interactions between phage-displayed peptides and the
different sapphire surfaces, a mini-library was created containing six peptide sequences
selected from different faces of sapphire, each selected either because it was isolated
multiple times or because of unique chemical characteristics. The six sequences that
make up the mini-library are presented in Table 2.4. Sequence C3-4 was isolated
from the C-face and also appeared in screens against aluminum metal. Sequence

A4-12 was isolated from both the A- and R-face, has a high isoelectric point, and is
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Neutral Iso.
GRAVY Charge Point

-0.80 0.2 8
-0.01 1 11

0.25 1 11
-1.76 1.5 10.1
-1.88 1 9.7

003 01 7.8

Table 2.4: Sequences selected for inclusion in the mini-library for screening against
each face of sapphire.
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Figure 2-5: The enhanced probability of peptides from the sapphire mini-library
binding to each face of sapphire.



aliphatic. Sequence A4-11 was isolated from the A face, has a high isoelectric point,
contains methionine residues and is aliphatic. Sequence C4-31 was isolated from the
C-face, has a large number of positively charged residues, and a low grand average
hydropathicity score (GRAVY). Sequence C4-32 was isolated from the C-face has no
aliphatic residues and a low GRAVY. Sequence R4-38 was isolated from the R-face, is
hydrophobic, and is enriched with methionine residues. UV-vis absorption was used
to normalize the concentrations of each of the sequences when creating the library.
Unfortunately, growth biases led to over-representation of sequence C3-4 in the library
(63%). The library was screened against the A, C, and R faces of sapphire and 24
clones sequenced from each face. Because of the library bias, sequence frequency was
plotted with respect to percent enhancement versus the library, Figure 2-5. Sequence
C3-4 appears at lower frequency than it is found in the library for all three sapphire
faces, suggesting that while this clone has some affinity for sapphire its recurring ap-
pearance may be attributed to accelerated amplification. From the C-face of sapphire,
sequences A4-11 and R4-38 both exhibit some enhanced binding. Interestingly, these
two clones are both very hydrophobic and contain methionine residues. This result is
somewhat surprising given that sulfur-containing residues appear with relatively low
frequency from the phage display screen versus the C-face. From the A-face of sap-
phire, sequences A4-11, C4-31, and C4-32 show some enhancement. These sequences
vary dramatically; C4-31 and C4-32 are very hydrophilic while A4-11 is hydrophobic.
From the R-face of sapphire, sequences A4-12, C4-31, C4-32, and R4-38 each exhibit

some enhanced binding, again these sequences are widely varied in properties.

The result of the mini-library screen illustrates some of the shortfalls of phage
display, particularly the idea of “specificity.” Affinities between a particular sequence
and the face of sapphire it was selected from exhibited little relation. For example,
the sequence that exhibited the most significantly enhanced binding to the A-face was
C4-31, a sequence isolated from the C-face. Furthermore, sequence C4-31 exhibited no
binding to the C-face of sapphire from the screen. The three bio-panning experiments
against each of the faces of sapphire clearly did not yield individual sequences with

specificity towards the sapphire face from which the sequence was isolated. Though

39



true “consensus” sequences were not reached through four rounds of screening, it is
unlikely that further rounds of screening would lead to a sequence that matches a
particular sapphire surface. Using phage display techniques, with each additional
amplification, sequences that bind slightly but amplify well, C3-4 for example, can
overtake better binders in late screening rounds. As a result, attaining an individual
sequence that is structurally relevant in relation to the surface of interest is difficult
when simply using phage display library screening.

Careful examination of the aggregate sequences identified from the phage display
screens against each of the faces of sapphire yielded some insight into patterns of
binding to the different faces of sapphire. Rigorous studies of rationally designed
peptide sequences based on the binding signatures of each sapphire face could yield
peptide sequences exhibiting a preferential affinity towards an individual sapphire
face. Negative selection screening, a technique that is used to minimize background
binding to similar substrates, could be employed in this system. For instance, to
identify sequences that had better specificity to the C-face of sapphire, by incubating
the library with the A- and R-faces prior to exposing it to the C-face, sequences with
affinities towards the A and R face would be removed from the screen. The negative
selection technique has proven powerful for applications such as identifying silicon
defects in germanium [97]. To identify peptides that exhibit a preferred affinity
towards a single face of sapphire, the negative selection approach alone may not
suffice because the surfaces are so similar chemically and structurally; but used in
combination with rational design peptide sequences, it may be possible to discover

peptides that exhibit structural-based preferences towards an individual sapphire face.

2.4.4 The A08 Peptide

The peptide sequence RSGRRRSHHHRL, termed A08, was selected from the PL12
yeast display library from a screen against CdS. The A08 sequence is unique, not for
its specificity, but for the breadth of materials to which the sequence displays affinity
[60]. AO8 yeast was screened in collaboration with Eric Krauland against a variety of

insulator, semiconductor and conducting materials. The yeast-displayed A08 peptide
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Figure 2-6: The yeast-displayed A08 peptide has “universal” material binding char-
acteristics, exhibiting binding affinity towards metals, semiconductors and insulating
material surfaces.

exhibited an affinity towards CdS, ZnS, GaN, Al,O3 , SiO, and gold, Figure 2-6. The
binding affinity of yeast-displayed peptides to surfaces is assayed by measuring the
percent yeast surface coverage using the optical microscope. The image was processed
(ImageJ, NIH) by thresholding the image such that the cells were defined as black
and background as white, the percent surface coverage was calculated taken as the
percentage of dark pixels. Surface coverages of above about 5% indicate that the
yeast clone exhibits some affinity towards the target substrate. The surface coverage
of the A08-yeast on each of these materials screened, Figure 2-6, was at least 15%,

while the un-induced yeast exhibited little background affinity.

2.4.5 Differential binding to gold foil and gold films on glass

Gold is one of the most non-reactive metals, valued commercially because it does not
corrode over time. Considering the inherent stability of gold, the surface properties

of different well cleaned gold substrates were expected to be fairly consistent. Three
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yeast clones, A08, hexa-histidine (H6), and hexa-cysteine (C6) were interacted with
high purity gold foil (Alfa Aesar) and evaporated gold films on glass (EMF-Corp) to
compare the gold-binding affinity of the three different peptides. Surprisingly, the
binding affinities of the three different peptides differs between the two gold surfaces,
Figure 2-7. While all three clones bound well to the gold film on glass, only the C6
clone showed any substantial affinity towards the gold foil, suggestive that the surface
properties of the two materials are quite different. The mechanism by which the C6
clone interacts with the gold surface is likely through a thiol-like sulfur-gold bond,
which is tenable for either gold surface. A charge-based mechanism is proposed for
the interactions between the A08 and H6 peptides and the gold film. The gold film is
deposited on SiO,, which has a negative surface charge. The negatively charge of the
SiO, surface will be countered by positive charge at the gold/SiO, interface, leaving
an excess of negative charge in the bulk gold. Because gold is such a good conductor,
the outer surface is the only place this charge can be readily balanced. Examining
water beading on the two gold surfaces it is evident that gold film is more hydrophilic
than the gold foil, which is consistent with the gold film having some surface charge.
The negative surface charge enhances the binding of both the A08 and H6 yeast to
the gold film. The differential binding observed between these two gold substrates
suggests that the yeast-displayed peptide binding rules established by Peele et al.
for gold, [84] which were assayed based on gold films on glass, may not be broadly
applicable to all gold surfaces.

2.5 Synthetic Peptides

Phage-display and yeast-display screening techniques are powerful tools for discover-
ing peptides that possess affinities towards a particular material, and for some appli-
cations phage or yeast are suitable templates for material growth to form nano- or
micro-structures. Some applications, however, are better suited to peptides that are
free of a biological scaffold such as phage or yeast, so that the peptide can be chemi-

cally coupled to alternative material frameworks. As described in Section 2.2, peptide
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Figure 2-7: Differential binding of A08, H6, and C6 yeast to gold film and foil.

context influences material-peptide interactions, and while a particular residue such as
histidine may significantly promote binding to a particular substrate when expressed
on yeast, the same residue may minimally influence binding as a "free” peptide. Thus,
understanding the interactions between unfettered peptides and a particular material

substrate are critical to applications of non-displayed peptides.

2.5.1 Peptide synthesis

In natural systems, peptides are synthesized in the cell by ribosomes, assembling
amino acids in a stepwise manner based on the translation of a messenger RNA se-
quence. This stepwise, translational approach is efficient and highly reproducible,
critical features as cells constantly synthesize fresh proteins and when small muta-
tions can inhibit important biological processes such as photosynthesis or cellular
respiration. Early in the twentieth century, chemical peptide synthesis was very de-
manding work, requiring many protection and deprotection reactions and repetitive
extractions and purifications to remove secondary products and unreacted precursors
[9]. With the “classical approach” for peptide synthesis, low yield and poor purity
are major problems. making the chemical synthesis of a biologically active peptide
very challenging and the commercialization of such a molecule nearly impossible.
The Nobel Prize work of R. B. Merrifield yielded a solid-phase peptide synthesis
technique that enabled high yield, high purity, automated peptide synthesis [69].
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Solid-phase peptide synthesis has enabled the construction of peptide libraries for
high-throughput pharmaceutical screenings and has enabled bulk peptide synthesis
for applications as pedestrian as cosmetics. Merrifield’s revolutionary idea was to
build peptides in a stepwise manner with one end of the peptide coupled to a solid
support. The covalent linkage of the peptide to an insoluble support during synthesis
enabled the rapid removal of any unreacted materials or side products and eliminated
the painstaking purification of the final product through crystallization.

Solid state peptide synthesis is a multi-step process, though today the complete
process is fully automated. An insoluble polymer matrix is functionalized, enabling
the anchoring of the first amino acid. The first amino acid, protected with a blocking
group such as tertbutyloxycarbonyl (BOC), is covalently attached to the resin sup-
port. The amino acid is deprotected by removing the BOC group and subsequently
neutralized. Each additional BOC-protected amino acid is coupled to the growing
peptide using carbodiimide or similar chemistries. Finally, the complete peptide is
cleaved from the resin [9]. Using modern peptide synthesizers, the purity of some
peptides at this point is satisfactory for many applications, requiring only desalting
of the peptide. High performance liquid chromatography (HPLC) purification is often
used to provide a high purity final product.

In this work, peptides were either prepared by collaborators at the Natick Soldier
Center or purchased from the MIT Biopolymers Laboratory, Genscript, or New Eng-
land Peptide. All peptides were desalted before use and were 85% purity or better.

2.5.2 Binding rules for A08-derived peptides to different ma-

terials

The A08 peptide was selected as a model peptide to compare the material binding
properties of yeast displayed versus “free” peptides. Because the A08 yeast binds to
such a broad array of materials, the AO8 peptide could serve as a broadly applicable
linker molecule, a kind of single molecule glue, for attaching biomolecules, polymers,

or other nanostructures, to inorganic substrates. Binding of the A08 peptide to
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numerous inorganic substrates was tested and on aluminum and SiO, the binding of
the AO8 peptide and several mutants thereof were compared.

The A08 peptide was synthesized attached to a tri-glycine linker with an N-
terminal lysine. The N-terminal amine is sometimes non-reactive because of incom-
plete cleavage from the resin; hence, to assure high yield conjugation, the primary
amine of the N-terminal lysine is used for chemical linkage reactions. Oregon Green
488 carboxylic acid, succinimidyl ester or similar amine reactive fluorophore molecules
were coupled to the AO8 peptide to enable visualization of the peptide on material
surfaces using a fluorescent microscope.

The fluorescently-labeled A08 peptide was incubated with a number of inorganic
materials with properties spanning insulating, semiconducting, and metallic materi-
als. Samples were imaged using the fluorescence microscope. The mean histogram
value, correlating to fluorescence intensity, was used as a measure of peptide binding.

As observed for the A08 yeast, the A08 peptide exhibited a binding affinity towards
a variety of different materials, Figure 2-8. The A08 peptide bound most strongly to
oxide materials including glass, ITO and aluminum. Additionally, the A08 peptide
showed a positive affinity towards semiconductors, GaN and CdS, and metals without
substantial oxide coatings, brass and stainless steel. Noble metals such as gold and
platinum exhibited little to no binding of the A08 peptide, in contrast to the result
observed for the AO8 yeast. This difference in affinity for gold of the A08 “free”
peptide versus A0S yeast suggests that the yeast surface may play a role in orienting
the AO8 peptide to better enable binding to gold.

The A08 peptide contains a number of both histidine and arginine residues. To
determine the role of the nitrogen ring structure of the histidine versus pure electro-
statics in promoting binding to oxide materials, mutations of the A08 peptide were
synthesized and screened against aluminum, glass, gold, and platinum substrates.
Five different peptides were synthesized and screened: two peptides with the histi-
dine residues replaced with either alanine (AO8H-A) or arginine (AO8H-R), and three
peptides with the arginine residues replaced with either alanine (AO8R-A), glutamic
acid (AO8R-E), or glutamine (AO8R-Q). Replacing the histidine residues probes the
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Figure 2-8: Adhesion of the A08 peptide to a number of commercially relevant ma-
terials.
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Name Sequence Al Si0, Au Pt
A08 RSGRRRSHHHRL +++ +++ - -
AO8H-A RSGRRRSAAARL ++ +++ - -
A08H-R RSGRRRSRRRRL +++ +++ + +
AO8R-E ESGEEESHHHEL
AO8R-Q QSGQQQSHHHQL
AQS8R-A ASGAAASHHHAL

++

Table 2.5: Binding of A08 Variants to Glass and Aluminum.

role of charge in promoting binding, while replacing the arginine probes whether
negatively charged residues can still promote binding (AO8R-E) or whether nitrogen
containing residues can promote binding (A08R-Q).

Table 2.5 shows the different sequences and their respective affinities towards
aluminum, glass, platinum and gold. The A08 and A08 H-R peptides are the best
binders to both aluminum and glass, indicating that the binding is most likely driven
by positive charge. AOSH-R is the only peptide showing any affinity towards gold and
platinum, suggesting that the peptides interact solely through electrostatics and that
the histidine residues in no way enhance binding. AO8H-A binds well to aluminum
and very well to SiO; indicating that the histidine ring plays a minimal role in binding.
The lack of significant binding of AOBR-Q and AO8R-A to either substrate further
supports the hypothesis that interactions between the positively charged peptide and
negatively charged surface drive the binding of the A08 peptide. The AOSR-E peptide
exhibits even less binding to aluminum than AO8R-A and AO8R-Q indicating that
the negative charge outweighs the weak interactions between the histidine residues

and the aluminum surface.

2.5.3 Peptide Binding Rules

To further probe the role of charge in promoting binding, a number of “rationally-
designed”, 12-mer peptides were synthesized to study peptide adhesion on two metal
oxide surfaces, I'TO and aluminum. These peptides, modeled on sequences studied by

Krauland et al. [61], were designed to study the influence of charge spacing as well as
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Name Sequence® Net charge
R12 RRRRRRRRRRRR +12
H12 HHHHHHHHHHHH +1.1

AS6 ASASASASASAS 0
AR6 ARARARARARAR +6
DK6 DKDKDKDKDKDK 0
ER6 ERERERERERER 0

R1  GRGRGRGRGRGR +6
R2 GGRRGGRRGGRR +6
R3 GGGRRRGGGRRR +6
K1  GKGKGKGKGKGK +6
K2 GGKKGGKKGGKK +6
K3 GGGKKKGGGKKK +6

“Each peptide sequence was synthesized with an N-terminal fluorescein separated
from the peptide by a tri-glycine linker.

Table 2.6: Peptides designed to study the role of charge spacing on metal oxide
binding. The column “Net charge” is the average charge of the peptide at neutral
pH.

the influence of negatively charged or hydrophilic residues on peptide adhesion to the
metal oxide surfaces. Krauland et al. engineered yeast to express the peptides R1,
R2, R3, K1, K2, or K3 (Table 2.6. Examining the binding of the different yeast clones
to sapphire revealed that binding decreased with increasing charge clustering for both
the lysine and arginine yeast variants. A mechanism where repulsion forces between
adjacent positively charged side chains impedes binding was proposed by Krauland
et al. to explain these results [61]. Configurations of peptides containing clustered
charge that allow adjacent charged residues to interact with a material substrate are
energetically unfavorable. The sequence and net charge of each synthetic peptide is
presented in Table 2.6 and the relative binding of each of the peptides to aluminum

and ITO is shown in Figure 2-9.

Clustering of lysine residues decreased the affinity of peptides towards ITO, the
binding of K3<K2<K1, mirroring the observations made by Krauland et al. On alu-
minum, clustering of lysine residues also decreases binding, though K2<<K3<K1.
The particularly low binding of K2 to aluminum is surprising, and may be an ex-

perimental artifact. The R1, R2, and R3 peptides all exhibit good binding affinities
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towards ITO, though the binding of R3 is slightly less than R1 and R2 suggesting
some influence of charge clustering. R12 exhibits weaker binding to ITO than R3,
indicating that arginine clustering is somewhat detrimental to ITO binding. The
clustering of arginine residues has the opposite impact on binding to aluminum as
expected with R1<R2<R3. The increase in binding with increased clustering of argi-
nine residues suggests structural matching with the aluminum surface. The positive
charge is distributed among the nitrogen atoms of the arginine side chain, potentially
minimizing the charge repulsion between adjacent side chains, explaining the differ-
ences in affinity to aluminum between peptides with clustered lysine versus arginine
residues. Increasing the total charge and charge clustering, as in peptide R12, does
not alter the binding affinity compared to R3. Interestingly, replacing the hydrophilic
residue, glycine, with the hydrophobic residue, alanine, as in peptide AR6, enhances
binding compared to R1.

The H12 peptide binds well to ITO but poorly to aluminum, indicating that
the nitrogen ring structure of histidine can promote adhesion to ITO but is not
significantly charged enough to promote adhesion to aluminum. Neither ITO nor
aluminum bind the AS6 peptide, indicating that hydrophilic interactions are not
enough to mediate binding to either material. DK6 and ER6 show moderate binding
to ITO and weak binding to aluminum. The presence of negative charge reduces the
overall binding affinity, but this result suggests through proper design a net neutral

peptide could have a suitable affinity towards either material.

2.5.4 Dissociation Constant, A0O8 to Aluminum

The A08 peptide binds strongly to aluminum substrates. Vigorous rubbing of the
A08-modified aluminum surface does not remove the peptide. This binding affinity
can be quantified by calculating the dissociation constant, k. The kq value is deter-
mined from the off rate, koff, determined by measuring the adhesion half-life of the
A08 peptide to the aluminum substrate, divided by the on rate, k,,. The value for

kon is approximated as the diffusion-limited on rate. The adhesion half life for the
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Figure 2-9: The relative adhesion of synthetic peptides to ITO and aluminum sub-
strates.
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Figure 2-10: Rate of removal of the A08 peptide from an aluminum substrate.

AO08 peptide, Figure 2-10, is 26 hours yielding:
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Nanomolar dissociation constants (1x10~%) are considered high affinity interac-
tions for biomolecular binding interactions, typically indicative of a highly specific
interaction. Analysis of the “binding rules” established for aluminum along with
the breadth of binding exhibited by the A08 peptide refutes any “specific” A08-
aluminum interaction. The sub-nanomolar dissociation constant indicates that purely
electrostatic interactions between a peptide and surface can exhibit very high binding
affinities and suggests that the A08 peptide is suitable as a linker molecule between

metal-oxide surfaces and other materials.

71



2.6 Synthetic Peptides as Binding Mediators

Interfacing biological materials and inorganic substrates has utility for applications
including sensors, drug delivery, and biological fuel cells. Biological targets are com-
monly imaged using quantum dots or microspheres that are coupled to specific pep-
tides. Beyond linking biomaterials to inorganic substrates, peptides have the potential
to be used as molecular coupling agents to link any two materials, enabling new lev-
els of control of nanostructured materials. Utilizing carbodiimide chemistry, peptides
can be conjugated to any material possessing carboxylic acid groups. The A08 pep-
tide was selected as a model system to demonstrate that short peptide sequences can
be used to mediate adhesion between non-biological materials and inorganic surfaces.
The strong affinity of the AO8 peptide to aluminum was utilized to mediate the as-
sembly of quantum dots and a polymer on aluminum substrates. The A08 peptide
was coupled to polymer microspheres as a model system to better understand the

role of the yeast surface in mediating binding to substrates such as gold.

2.6.1 Microspheres

The complexity of the yeast surface complicates efforts to understand the role in-
teractions between the surface and displayed peptides play in mediating binding to
inorganic materials. For example, the negatively charged yeast surface may play an
important role in orienting the A08 peptide in a way that allows its three histidine
residues to interact with gold surfaces. Carboxylated polymer microspheres have ho-
mogeneous, negatively charged surfaces, making them a suitable platform to probe
the role of particle surface charge in relation to A08 yeast gold binding.

The A08 peptide was covalently coupled to 4.5 um carboxylate polystyrene mi-
crospheres (Polysciences). The detailed coupling procedure is in Appendix C.4. The
zeta potential of the carboxylate and A08-modified microspheres was measured, Ta-
ble 2.7. The zeta potential of the unmodified particles is very negative, but when the
basic A08 peptide is coupled to the microspheres, the zeta potential is similar to the

~40 zeta value observed for yeast (with or without expressed peptides). The more
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A08, umol | Mobility Zeta
0.0 -79+02| -101 +£2
0.1 -49+02| -64+3
1.0 -34+£02| -43%2
5.0 -3.8 £0.1 | 48709

Table 2.7: Zeta potential measurements of microspheres.

Sphere Type Mobility Zeta
Unmodified -7.5+ 0.2 97 £ 2
Unmod, Esterified | -4.4 £ 0.3 -56 + 3
A08 -4+0.05 |-51.2+0.6
A08, Esterified |-2.11 £0.08| -27+1

Table 2.8: Zeta potential measurements of microspheres after esterification.

than 50% decrease in the mobility between the microspheres with no peptide and
those reacted with 1.0 umol of peptide indicates that a significant percentage of the
carboxyl groups on the microsphere surface have been functionalized with the A08
peptide.

The A08 microspheres exhibited no binding on aluminum. The net negative charge
of the microspheres, even after AO8 conjugation, may inhibit their adhesion to alu-
minum. On gold, the A08 microspheres exhibited enhanced binding over carboxy-
late microspheres, Figure 2-11. To further probe the interaction between negatively
charged groups on the microsphere surface, the AO8 peptide, and binding to the
aluminum substrate, the microsphere carboxylate residues were esterified through in-
cubation with ethanol. Esterification reduces the negative charge on the surface of
both A08-conjugated and un-modified microspheres, as evidenced by the particle zeta
potentials, Table 2.8.

Incubation of the AO8-microspheres with less than 50% ethanol led to a reduction
in binding to gold, Figure 2-11C. The reduction in binding may indicate the disrup-
tion of interactions between the peptide and the microsphere surface that enable the
peptide to mediate gold binding. Unfortunately, incubation with higher concentra-

tions of ethanol with either the A08 or un-modified microspheres increases binding
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Figure 2-11: Optical microscope images of unmodified (A) and A08 (B) microspheres
bound to gold. (C) The relationship between esterification and microsphere adhesion.

to gold, perhaps due to interactions between esters and the gold surface.

2.6.2 Quantum Dots

Quantum dots are fluorescent semiconductor nanoparticles with optical properties
that are determined by the quantum confinement of exicitons. The emission of quan-
tum dots is tunable based on the size of the particle and unlike organic dyes, quantum
dots do not readily photo-bleach. Quantum dot assemblies have potential applica-
tions for light-emitting structures, photo-voltaics, and quantum computation and
communication. Coupling quantum dots to peptides to mediate assembly on inor-

ganic substrates could enable unique structures to further these different applications.
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Figure 2-12: (A) Image of fluorescence from A08-Qdots bound to an aluminum sub-
strate. The inset shows fluorescence from aluminum incubated with un-modified
Qdots. (B) AFM images taken by Shanying Cui of the A08 and un-modified Qdots
on the aluminum surface.

As a proof of concept, the AO8 peptide was covalently coupled to 605 nm Amino-QDot
quantum dots (Quantum Dot Corporation), Appendix C.1. The A08-quantum dots
were incubated with an aluminum substrate (Al on SiO;), Appendix C.2, and visual-
ized using atomic force (AFM) and fluorescence microscopy. The AFM image, Figure
2-12B, indicates a dense coating of quantum dots on the aluminum surface. Fluo-
rescence from the A08-Qdots was not visible to the eye, but could be imaged using
the fluorescence microscope and a 5 sec integration time, Figure 2-12A. The inset of
Figure 2-12A is the fluorescence observed from the aluminum surface incubated with

un-functionalized Qdots.



2.6.3 AO08-Conjugated Polymer

Poly(2-hydroxyethyl methacrylate) (pHEMA) is a biocompatible hydrogel that is used
commercially in soft contact lenses [107]. pHEMA and other swellable polymers
are highly porous, making them suitable matrices for sensor applications [68, 65].
Immobilization of glucose oxidase within a pHEMA matrix enabled detailed studies of
the enzyme’s activity in different chemical environments [1]. Applications of hydrogels
for on-electrode sensors are hindered by the delamination of the polymer caused by
shear forces at the material-polymer interface initiated when the polymer swells.

To improve adhesion properties of hydrogels to inorganic surfaces, a polymer was
synthesized with a peptide side-chain to mediate material binding. The A08 peptide
was covalently linked to carboxylic acid residues in a poly(2-hydroxyethyl methacry-
late/methacrylic acid) 90:10 random co-polymer (pHEMA-co-MAA) using carbodi-
imide chemistry. The conjugation procedure is described in Appendix C.3. pHEMA-
co-MAA and A08-conjugated-pHEMA-co-MAA were deposited on aluminum-coated
glass slides to compare their adhesion properties. Adhesion was tested using electri-
cal tape, Figure 2-13. More that 50% of the unmodified polymer was removed from
the aluminum surface, while only a small portion of the A08-conjugated polymer was
removed. The results of this adhesion test suggest that peptides with a particular

material affinity can be used to promote the adhesion of a polymer to that material.
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Figure 2-13: Results of adhesion test of pHEMA-co-MAA (top) and A08-modified
pHEMA-co-MAA to aluminum-coated slides (bottom).
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Chapter 3

Peptide-based electro-responsive

materials

3.1 Summary

Phage and yeast display are used in an attempt to identify peptide sequences that
exhibit electro-responsive propertes. The shortcomings of both phage and yeast dis-
play are discussed in the context of the discovery of electro-responsive peptides. The
ability of phage to survive exposure to high voltage electric fields is demonstrated.
The electrostatic driven interaction between the A08 peptide and an aluminum sur-
face is exploited to demonstrate that pulsed electric fields can remove peptides from
an electrode surface and transport the peptides through solution. Charge induced
on sapphire surface by high voltage fields is used to remove maltose binding protein
from the sapphire surface. Maltose binding protein with a 2K1 affinity tag is removed
from an ITO surface using a low voltage electric potential. In conclusion, peptides
that interact with a material surface through electrostatic dominated mechanisms can
potentially replace complex self-assembled monolayer structures as electro-responsive

tags of inorganic materials.
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Figure 3-1: Addressable deposition and release of peptides from an electrode array
could improve controlled drug delivery. Material-specific, electro-responsive peptides
would make this type of application a reality.

3.2 Motivation

Electrical control of biological molecules has the potential to impact technologies
including biological and chemical sensing, environmental monitoring, protective films,
and drug delivery. The original vision for this work was to employ combinatorial tools
such as phage and yeast display under electrical selection pressure to identify peptide
sequences that respond to a particular electric field or potential by releasing from a
material surface. Alternatively, through the application of a different design pressure,
peptides that only bind to a particular material when an electric field is applied could
be isolated. With peptides that are both material specific and field controllable it
would be possible to control spatially peptide deposition and desorption using an

electric stimulus.

Electro-responsive peptides could be used to link drugs to an array of electrodes
enabling controlled delivery of the drug through the electro-release of the peptide-drug
complex, Figure 3-1. For many sensor applications, the underlying electronics are
intricate and expensive. Electro-responsive linkers could yield the ability to rapidly
reconfigure a sensor system for a new target or to regenerate a saturated sensor by
simply releasing old sensing molecules from the surface and incubating with fresh
active species. Currently, many paint and coating technologies for metal surfaces
require toxic, flammable solvents to remove the coating. An electro-releasing peptide
could mediate the adhesion of coatings which, under regular conditions, adhere well

to a surface but can be removed rapidly using an electric field.
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3.2.1 Electric Fields in Natural Systems

Electrical signaling in neural circuitry, cell membrane potentials, and photosynthetic
redox processes are all examples of situations where electrochemical stimuli play cru-
cial roles in natural systems. While redox chemistries take place with potentials on
the order of one volt, the voltage-gated ion channels found in electric eel electrocyte
membranes cooperate to produce potentials as high as 600 V. Within cells there can
be small voltage differences, ~ 100 mV, over very small distances, such as a mito-
chondrial membrane, that yield extremely large electric fields, on the order of 108 7—‘:;
or larger.

One example from nature, photosystem II, has particular relevance to this work.
Photosystem II is a protein complex that is the water oxidation hub of photosyn-
thesis. Photosystem II (PSII) is described in more detail in Section 1.3. One of the
critical functionalities of PSII involves peptide electro-release of the electron accept-
ing molecule, plastiquinone (Qp). The PSII protein removes electrons from water and
transfers them to Q. The D1 protein, part of PSII, selectively binds Qp in a pocket
involving approximately 50 amino acids [29, 99]. After two electrons are transfered to
Qp, the binding pocket no longer recognizes the molecule and it is liberated from the
D1 protein, moving into the hydrophobic core of the photosynthetic membrane [106].
Qs is a biological example of a material that undergoes an electro-chemical change
and as a result is released by a peptide that no longer possesses an affinity for that

material.

3.2.2 Electroactive Monolayers

Synthetic electro-responsive films, relying on redox chemistry similar to that of PSII,
have been developed by Mrksich et al. [43, 44, 51]. In their work, redox active groups
are coupled to self-assembled monolayers (SAMs) on gold. Mrksich et al. designed
SAMs that can release biomolecules under electrochemical control. These SAMs
consist of alkanethiolates that attach to gold through their thiol group and assemble

in an ordered way due to hydrophobic interactions between the long alkane chains.
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Attached to the alkanethiolate is a triethylene glycol group that prevents non-specfic
adsorption of protein to the surface. Some chains in the SAM are terminated by the
electroactive molecule quinone propionic ester, a difunctional molecule that can be
linked to both the SAM and a biomolecule. When a reductive potential is applied
(-700 mV) to the underlying gold substrate, the quinone is reduced to hydroquinone
and rapidly undergoes lactonization thereby releasing the biomolecule [44]. These
electro-active monolayers have been used to pattern and selectively release cells on

electrode surfaces [20, 51, 110, 111].

As a platform for electro-responsive films, thiolated alkane monolayers on gold
have several drawbacks. The thiol-gold interaction that drives monolayer assembly
limits these films to gold or other surfaces that can be thiolated. Because the quinone
chemistry is induced electrochemically, interference may occur from other reactions
that take place in the same potential regime. Lastly, the system is sensitive to the
potential applied, with voltages below -800 mV damaging the monolayer [110]. Wang
et al. avoid some of the complexities of working with SAMs through the direct elec-
trochemical desorption of thiolated DNA from gold, however this approach demands
even higher potentials, -1.3 V| and still employs a thiol ligand to mediate adhesion
to gold [104].

The non-specific adhesion of bacteria to certain electrode materials such as ITO
arises from an interplay between Lifshitz-van der Waals and electrostatic interac-
tions, described theoretically using Derjaguin-Landau-Verwey-Overbeek (DLVO) the-
ory. The adhesion is a secondary minimum phenomenon, with bacterial desorption
probability measurements yielding an average interaction energy of ~ -3 KT [102].
Poortinga et al., demonstrated that the non-specfic adhesion of bacteria to an elec-
trode could be overcome by applying a negative potential to the electrode, observing
that the probability of desorption increased with increasing current density [88]. As
a corollary result, Poortinga et al. observe that applying a positive potential to the
electrode surface during cell adhesion drives the cell adhesion to a primary energy

minimum and consequently the cells cannot be stimulated to desorb [88].

Employing Lifshitz-van der Waals adhesion to materials such as ITO as the basis
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for building electroresponsive films again has drawbacks. This type of adhesion is rel-
atively weak, meaning that cells constantly detach and reattach to the substrate even
with no applied field. Furthermore, many materials that do not support Lifshitz-van
der Waals interactions are eliminated from consideration as substrates for electrore-

sponsive films.

3.2.3 Peptide Based Electro-responsive Materials

In this work, peptides are examined as electro-responsive materials. Initially, tradi-
tional phage and yeast display screening techniques were employed to identify pep-
tides that exhibit a particular material affinity and are field responsive, however these
techniques were unsuccessful in yielding such a sequence. The broad spectrum bind-
ing peptides, AO8 and 2K1, which were shown to bind primarily due to electrostatic
interactions, were used as the basis for further studies of electroresponsive behavior.
Using high voltage (kV), short (ms) pulses, the A08 peptide was removed from an
aluminum electrode, transfered through solution and reattached to the opposing elec-
trode. Additionally, AO8 yeast was removed from a sapphire surface placed in a high
voltage electric field. At low voltage, the removal of the 2K1 MBP was shown from
an ITO electrode.

3.3 Theory

Under the influence of an external potential, a charged particle suspended in an
aqueous medium is influenced primarily by three forces: the electric force, F;, is
induced by the interaction between the applied field, E, and the charge on the particle,
q; the hydrodynamic friction force, Fy, is produced by the viscous interaction between
the particle and the surrounding medium (v is the viscosity of the medium, a is the
particle radius, and U is the electrophoretic velocity); and the electrophoretic force,
F3, which is caused by the opposing, field induced motion of the oppositely charged

ions in solution (e is the dielectric constant of the medium and ¢ is the potential of
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the particle at its surface of shear).

F2 = —6nv (32)
Fy = B(eCs — q) (33)

Combining these three equations yields the electrophoretic mobility of the particle, y,
and the particle velocity, v4. The mobility of the particle is proportional only to the
electrokinetic {-potential; all of the other parameters are features of the surrounding

medium.

_ S

= Sr0 (3.4)
_ uE = €
v=uk = v (3.5)

The behavior of a “free” peptide in an electric field is better described by a
purely diffusional model rather than the Stokes drag model described above. The
steady state migrational velocity is given by the Einstein-Smoluchowski equation
(D is the diffusion constant, k, is the Boltzmann constant and T is the absolute
temperature). For a short peptide, the diffusion constant can be estimated using the
Polson equation, which states that the diffusivity is proportional only to a constant,
C, and the molecular weight, M [87]. For peptides with molecular weights greater
than 1000, C = 2.74x107° [87].

D
:qE D C

WT = 373 (3.6)

Uq

In a pulsed electric field, particles or peptides may not reach terminal velocity
before the pulse ends. In such a case, the object will continually experience a net

overall force due to acceleration and deceleration.
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3.3.1 Overcoming Electrolysis of Water

When a continuous potential greater than =~ 1.2 V is applied to water, electrolysis
occurs at the electrodes and water is split into hydrogen and oxygen. While this
phenomenon is important to the work in Chapter 4, electrolysis and other electrode
reactions are problematic for constructing electro-responsive films. The violent for-
mation of gas bubbles at the electrode surface can physically disrupt coatings or
chemically damage the coating through oxidation or reduction reactions. Substantial
electrochemical reactions at the electrode surface only begin to occur once the elec-
trical double layer is formed. The electrical double layer consists of a layer of surface
charge at the electrode and a second diffuse layer of charge formed by free ions in
solution. All surfaces in solution have some form of double layer charge, but when
the potential is changed at an electrode surface the double layer is altered, taking as
long as several seconds to return to a steady state value. The application of potential
as short pulses can inhibit the complete charging of the double layer, thereby min-
imizing the electrolytic breakdown of water. Using short electrical pulses, voltages
significantly higher than 1.23 V can be applied without disruptive, damaging gas

evolution occurring at the electrodes.

3.3.2 High voltage phenomena

Under the influence of large electric fields, water exhibits many phenomena that
do not occur under typical conditions, potentially influencing peptide and particle
motion and adhesion. When very large voltages are applied, water can undergo
dielectric breakdown (glow discharge). Dielectric breakdown is a surface driven phe-
nomenon, related to the current density-voltage ratio [101]. Dielectric breakdown
and pre-breakdown phenomena dramatically change the flow characteristics and can
also yield significant temperature changes in the solution [52]. Under the influence
of somewhat lower electric fields (kV/cm) exhibits space charge injection phenomena
[115]. Other strongly nonlinear phenomena can also occur, substantially modifying

the mathematics of transport in aqueous solution at high voltages (7, 25].
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3.4 Experimental Setup For Electrical Experiments

For constant voltage studies of phage survivability and phage biopanning with electric
field elution, a constant voltage power supply was used. Experiments studying phage
survivability in a pulsed electric field (D. S. Yun [114]) and the electrically driven
removal and transit of the A08 peptide were performed using a Bio-Rad Micropulser
electroporator. Electroporators are a tool used by biologists to introduce DNA into
cells through pores that open on the cell surface due to large electric fields. An elec-
troporator is a pulsed power supply that provides an exponentially decaying pulse at
a specified voltage ranging from 100 to 5000 V and currents as high as 100 A. Within
the instrument is a large capacitor that is discharged across two electrodes. The decay
constant cannot be controlled, but is a function of the voltage, the internal capaci-
tance, and the dielectric properties of the sample. Standard electroporation cuvettes
(VWR) were used as electrodes. These electroporation cuvettes are polycarbonate
with two rough aluminum electrodes spaced 2 mm part. This experimental setup is

shown in Figure 3-2.

Yeast selection experiments with electrical elution and yeast release from a bipolar
electrode were performed on a setup that was designed to apply series of square wave,
high voltage pulses. A low voltage pulse sequence was produced using an arbitrary
function generator (Tektronix, AFG310), computer controlled through GPIB using
Igor Pro (Wavemetrics). The low voltage signal was amplified by a factor of 1000
by a high voltage amplifier (Trek 5/80-L). The high-voltage amplifier outputs a low-
voltage signal corresponding to the current in the system. The current was monitored
using a Digital Storage Oscilloscope (Tektronix TDS 2002). The setup for producing

arbitrary, high voltage wave forms is shown in Figure 3-3.

For 2K1-MBP electro-desorption experiments, a three electrode setup was used.
The voltage was controlled by a bipotentiostat with an I'TO working electrode, plat-

inum wire counter electrode (Alfa Aesar), and an Ag/AgCl reference electrode (BASi).

86



Figure 3-2: A Bio-Rad Micropulser electroporator was used for pulsed field experi-
ments. This power supply produces an kV amplitude exponentially decaying voltage
signal.

3.5 Bio-panning with Electrochemical Elution Pres-

sure

As described in Section 2.3. peptide libraries displayed on either phage or yeast can
serve as powerful tools to discover peptides that exhibit strong affinities for a par-
ticular material. In phage and yeast screening, clones that adhere to a particular
substrate are eluted from the material surface either by acid elution or directly grow-
ing/amplifyving the clone off of the surface. Acid elution, particularly, will bias the
screen towards amino acids that change protonation state due to the acidic environ-
ment. In this section, an electric field or electric potential is used to elute bound
phage or yeast from a material surface in an attempt to bias the selection process
towards peptides that exhibit electro-responsive behavior. Figure 3-4 shows the se-

lection procedure.
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Tektronix AFG310 Trek 5/80 High Voltage Amplifier

Arbitrary Function
Generator

Tektronix TDS2002
Digital Storage
Oscilloscope Electrodes

Figure 3-3: A system for producing arbitrary, high voltage pulses. The Trek high
voltage amplifier increases the voltage waveform produced by the Tektronix function
generator by a factor of 1000.
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Figure 3-4: Phage/Yeast display screening procedure employed to identify peptide
sequences that exhibit electro-responsive behavior on a particular material surface.
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Electric Field Time of Exposure Phage In, PFU/uL.  Phage Out, PFU/uL

50 V/cm 1 hour 74 24
50 V/cm 5 hours 4.9 25
5 kV/cm 10 minutes 2.9 3
9 kV/cm 10 minutes 3 2.6
15 kV/cm 10 minutes 4.2 4

Table 3.1: Phage survivability in an electric field with no current flow.

3.5.1 Phage Survivability

The biological framework used for peptide discovery must be able to withstand the
electric fields or potential employed for elution of bound clones. A cylindrical capaci-
tor setup, designed to inhibit current flow between electrodes, was employed to assay
the survivability of bacteriophage in an electric field. A constant electric field was
applied between the two electrodes.

The results, shown in Table 3.1, indicate that phage can survive continuous electric
fields up to 15000 V/cm. Examining phage survivability under the influence of high
voltage with current flow, a collaborator, Dr. Dong Soo Yun, observed that applying
ten 1 ms, 1 kV exponentially decaying pulses to a phage solution decreased the phage
titer by a factor of 100 [114].

Yeast proved even more resilient to electric currents than phage. Yeast bound to an
aluminum surface were exposed to twenty 5 kV pulses and grown off the substrate.
The optical density of yeast grown up from the aluminum surface after electrical

exposure was actually higher than that of yeast not exposed to a field.

3.5.2 Phage and Yeast Screening with Electrical Elution

Several attempts were made using phage display to identify electro-responsive peptide
sequences. Electro-elution using only electric fields and using electrode potentials with
current flowing were both attempted. Voltage conditions varying from 1 V to 30 kV
with a shielded electrode were tested to elute phage and platinum. Unfortunately,
no enhanced electrical response was observed after several rounds of screening. It is

likely that the electro-eluted phage were simply weak binders that would have been
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removed after another wash step.

A similar problem was faced using yeast. To try and isolate a yeast clone with
electro-responsive adhesion to aluminum, series of one hundred +5 kV, 10 ms pulses
with 500 ms spacing were applied to the electrodes. The water solution and the ground
electrode was placed in SD media to grow off cells removed from the biased electrode.
After four screening rounds, the yeast exhibit no enhanced removal from the working
electrode under an applied potential. During some individual screening rounds, a
measurable removal of yeast is observed; however, this behavior is not sustainable
through subsequent screening rounds. This transient appearance of electro-responsive
behavior may be related, not to the sequence of the displayed peptide, but rather to
the number of expressed peptides on the yeast surface, which may be variant among
screening rounds. For electric field controlled yeast display screening to be successful
the yeast display technique needs to be improved by increasing homogeneity in the

number of displayed peptides per yeast.

The intrinsic negative surface charge of phage and yeast may be the most serious
shortfall of these display techniques for discovering electro-responsive peptides. Ex-
amining the binding rules for common electrode materials such as gold, aluminum, and
ITO, indicates that basic amino acids play an important role in mediating binding. A
positive bias applied to the electrode would then be needed to release these peptides.
Unfortunately, applying a positive bias will also attract the negatively charged bac-
teriophage or yeast cell to the electrode, countering the “releasing” effect of applying
an electric potential. To overcome the negative charge of the PVII, the bacteriophage
could be modified to express a positively charged sequence on the major coat protein,
however positively charged peptide inserts inhibit phage assembly. The net negative
charge of yeast cells could be overcome by increasing the overall number of displayed
peptides on the yeast surface, yielding a yeast cell with an overall neutral or positive

surface.
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3.6 Electrically Controlling A08 Peptide Binding

to Aluminum

The positively charged A08 peptide interacts with aluminum primarily due to charge
interactions with the negative surface, making the peptide a good candidate to exhibit
some type of electro-responsive behavior. A low voltage (>1 V), positively charged
bias was applied to an aluminum electrode that had been labeled with the Alexa
Fluor 488-modified A08 peptide. No peptide removal from the aluminum electrodes
was observed (data not shown). Increasing the applied potential led to gas bubble
formation and damage to the aluminum surface, which masked any electro-responsive
behavior of the peptide.

The electroporator setup described in Section 3.4 was used to apply short, kilovolt
pulses to A08 peptide bound to aluminum, with minimal damage observed to the
underlying substrate. An aluminum electroporation cuvette (2 mm gap) was filled
with a 500 uM solution of AO8 peptide in Millipore water and incubated for 1 hour.
The cuvette was rinsed 3 x and then refilled with Millipore water. A series of voltage
pulses were applied to the electroporation cuvette and then the cuvette was split open
and the electrodes imaged using the fluorescent microscope.

The application of twenty 2.5 kV pulses to the A08-modified electroporation cu-
vette resulted in removal of peptide from the positively biased electrode and an in-
crease in peptide adhered to the negative electrodes, indicating that not only do the
electrical pulses remove the peptide from the aluminum electrode, but the pulses are
also able to transport the peptide through solution. Furthermore, the re-adhesion of
the peptide to the negative electrode indicates that the functionality of the peptide
was not destroyed by the electric pulses. Unlike bacteria deposited on ITO under
the influence of a potential [88], the A08 peptide when transported to the negatively
biased electrode did not bind irreversibly. Reversing the bias and applying an addi-
tional 30 pulses resulted in transport of the AO8 peptide back to the electrode that
was originally positive. Figure 3-5 shows fluorescence micrographs and a cartoon de-

tailing the transfer of peptides between electrodes under a particular applied field.
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Figure 3-5: Fluorescence micrographs showing the pulsed electric field driven removal
of the A0O8 from a positively biased electrode and the transfer of the peptide to the
negatively biased electrode.

Figure 3-6 shows the results of reversing the potential after transporting a substantial
fraction of peptide between electrodes. Applying an additional twenty reverse biased
pulses re-equilibrates the peptide concentration between the two electrodes and ap-
plying an additional 10 pulses causes enhanced peptide binding on the electrode that

was originally positive.

To determine the threshold voltage for peptide removal, A08-modified electropo-
ration cuvettes were pulsed twenty times with 0 kV, 0.5 kV, 1.0 kV and 2.5 kV poten-
tials, Figure 3-7. Little peptide removal was observed below 1.0 kV. Even though the
fluorescence from the 0.5 kV samples was less than that of the 0 kV samples, this does
not suggest that peptide was removed from the positive electrode, as the fluorescence
intensity was the same for both the positively and negatively biased electrodes at
0.5 kV. Because of sample to sample differences, the difference between fluorescence
intensities on the negative and positive electrodes is more important than the overall
fluorescence amplitude. More peptide was transfered to the negative electrode at
2.5 kV than 1.0 kV, suggesting that the 1.0 kV is not able to transport the peptide

through solution during the time of exposure.

The number of times A08-modified electroporation cuvettes were pulsed was varied
to better understand the transport phenomena behind the movement of the A0S

peptide between the positive and negatively biased electrodes, Figure 3-8. Beyond
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Figure 3-6: The effect of reversing the potential after peptide has been released
from the positive electrode and transferred to the negative electrode. The ability to

reversibly transfer the peptide between electrodes differentiates this system from the
bacterial adhesion system described by Poortinga et al. [88].
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10 pulses, no additional peptide appears to be removed from the positively charged
electrode. Increased peptide adhesion to the negative electrode only appears after 20
pulses and applying additional pulses does not appear to further increase the amount
of peptide on the negative electrode. Precise examination of the transport of the A08
peptide between electrodes is not possible using the electroporator as a power supply
because variations in the conductivity of the water can lead to different pulse lengths.
Furthermore, the field pulses are applied by manually pressing a button, meaning the

time between pulses is not precisely controlled.

Using the high voltage amplifier system, a more precise characterization of the
number of pulses required to transport the peptide between electrodes was conducted.
The results of these experiments are shown in Figure 3-9. A 6.25 kV/mm field with
5 ms square wave pulses separated by 0.5 seconds was used for these experiments.
From the number of pulses and the pulse duration, the time of transport can be
computed. The time of transport can be compared to a theoretically derived number
based on the drift velocity. The theoretical drift velocity, given by Equation 3.6,
is dependent on the diffusion constant of the A0O8 peptide. The diffusion constant,
calculated using Equation 3.6, is 2.32x1071° mf’, yielding a drift velocity of 43 mm/s.
To travel between electrodes the peptide would take ~ 100 ms, or about 20 pulses.
Considering the rough nature of this estimate, the possibility of diffusion between
pulses, and other non-linear effects resulting from the high voltage, this result is in
relatively close agreement to the 50 to 100 pulses it takes to completely transport the

peptide experimentally.

3.7 Bipolar Electrode - Electrically Removing Yeast
From Sapphire

When a semi-conducting or insulating material is placed in an electric field, a surface
charge is induced in response to the applied field. This phenomenon was used to

remove yeast from the surface of sapphire. Figure 3-10 shows a simulation (ANSYS) of
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Figure 3-9: The number of 2.5 kV pulses required to transport the AO8 peptide
between electrodes.

the potential induced on the surface of a piece of sapphire suspended in water between
two electrodes. The surface of sapphire is highly negatively charged, so electrostatics
are expected to play an important role in the binding to sapphire. Krauland et al.
demonstrated that electrostatics is the primary driving force controlling adhesion to
sapphire [61]. Altering the charge of the sapphire surface is therefore expected to
counteract the yeast affinity for the surface. Sapphire-binding yeast, expressing the
peptide KRHKQKTSRMGK, was bound to the surface of sapphire. The high voltage
pulse system was used to induce a charge on the sapphire surface to overcome the
inherent negative surface charge. Figure 3-11 shows the amount of yeast removed
from the sapphire surface by applying -5 kV pulses of different lengths. The number
of pulses was selected so that the total time of exposure to the electric field was 1
second. Increasing the pulse length did not increase the fraction of yeast removed
from the sapphire surface. No more than 20% of the yeast was removed using this
bipolar electrode setup, suggesting that only yeast that were initially weakly bound

to the sapphire surface could be detached by the induced charge.
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Figure 3-10: A simulation of field induced charge on a sapphire substrate.
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Figure 3-11: Yeast removal from a sapphire bipolar electrode by applying -5 kV
electric field pulses.
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Figure 3-12: Result of applying different electric potentials to MBP-2K1 bound to
ITO.

3.8 Removal of 2K1-MBP from ITO

The work in this section was a collaboration with Eric Krauland. Poortinga et al.
observed that bacteria adsorbed on ITO could be removed by applying an electric
potential to the electrode surface [88]. The 2K1 peptide and bacteria both adhere
to ITO through Lifshitz-van der Waals and electrostatic interactions, so it seems
probable that 2K1 could be removed from the ITO surface electrically in the same
manner as bacteria. To test this hypothesis, affinity tagged protein MBP-2K1 was
bound to a patterned ITO surface. The detailed procedure for patterning and cleaning
of ITO is described in Appendix C.6. A well was formed on the surface of the ITO-
coated slide using silicone gaskets, and 180 uL of PBS-T and with 20 uL of 10 pg/mL
MBP-2K1 was added to the well. The ITO surface was patterned with two strips,
to one a potential was applied and the other served as a control. The active ITO
strip was biased either with -0.3 V or +1.8 V. Application of 0 V or -0.3 V for 5
minutes did not alter the binding of the MBP-2K1 protein to the ITO, but +1.8 V
for as little as 30 seconds significantly inhibited binding to the biased ITO substrate.
Figure 3-12 shows the adhesion of immuno-labeled MBP-2K1 to ITO under different

bias conditions.
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3.9 Future Directions

Future experimental work should be focused on three goals. First, by examining the
electroresponse of carefully designed peptide sequences, a better understanding of the
role individual amino acids play in driving electroresponsive peptide behavior can be
developed. Using this information, peptide sequences that respond to a particular
electrical stimulus could be developed. The second research focus should be to un-
derstand the mechanisms of release and transport of the peptides under the influence
of high voltage fields. The transport kinetics in water at these time scales and volt-
age magnitudes is poorly understood. A firm grasp on the kinetics would enable the
engineering of precise microfluidic devices that can controllably deliver peptides or
other particles. The final research focus should be to explore the electroresponsive
behavior of quantum dots, polymers or other systems where the electroresponsive
peptide acts as a linker to the material surface. Electroresponsive quantum dots
could be used as highly controllable fluorescent markers, and polymers could serve as

an electroresponsive coatings.
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Chapter 4

Photocatalytic Water Oxidation

4.1 Summary

The oxidative splitting of water photosensitized by metalloporphyrins and with an
iridium oxide catalyst (IrOx) is studied. Nanoscale arrays of porphyrin molecules are
covalently attached to the surface of M13 bacteriophage. An IrOx-binding peptide
expressed on the bacteriophage is used to co-assemble IrOx with the porphyrin to
form photocatalytic hybrid nanowires. Oxygen production data indicate that the
hybrid nanowire structure yields a dramatic improvement in catalytic performance,
nearly a 7 fold increase in catalytic turnover.

The interaction between the IrOx-binding peptide and colloidal particles is char-
acterized using 2D-NMR, FTIR and HPLC. Synthetic peptides are used to couple
IrOx colloids and Zn(II) porphyrin, separating the two using several different spacer
amino acid sequences. The oxygen evolution of these peptide/IrOx/porphyrin triples
is measured to probe differences in energy transfer induced by different peptide se-
quences.

In search of a non-sacrificial electron acceptor to replace sodium persulfate, a
cerium(IV) dipicolinate (Ce(IV) dipic) molecule is synthesized and characterized.
Photocatalytic oxygen production using the Ce(IV)dipic complex as an electron ac-
ceptor indicates that this molecule performs at least as well as persulfate as an oxidant.

An electrochemical flow cell is used to regenerate Ce(IV) dipic from Ce(III) dipic.
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4.2 Porphyrin-Sensitized, Iridium-Oxide-Catalyzed
Water Oxidation

In photosynthesis, organometallic chromophores (chlorophyll molecules) absorb light
and transfer the energy to the Mn-oxo catalytic center. Synthetic systems, inspired by
PSII, show photocatalytic oxygen production from porphyrin molecules and catalytic
iridium oxide clusters [79]. The iridium oxide and porphyrin system was selected as
a model photocatalytic system because iridium oxide is one of the highest efficiency
catalytic metal oxide materials for the photo-oxidation of water [41] and porphyrins

are relatively inexpensive, wavelength tunable, and easily functionalized.

4.2.1 Review of porphyrin/metal oxide photooxidation of wa-

ter.

The early work of Harriman et al. suggested that while metalloporphyrin w-radical
cations have high redox potentials, “these compounds appear to possess little promise
as water oxidants in homogeneous photosystems” [42]. A year later, Harriman and
coworkers showed that Zn(II) porphyrins with RuO,-H,O were able to oxidize wa-
ter to molecular oxygen [24]. In this second work, a colloidal RuO, catalyst was
employed rather than a solid RuO,/TiO; substrate, underscoring the importance of
surface chemistry in catalytic processes. Harriman et al. screened sixteen different
transition metal oxide materials as candidates to catalyze water oxidation sensitized
by [Ru(bpy)s]**. Iridium oxide exhibited the highest rate of oxygen evolution (2.7 x
10” mol dm~3 min~!) and quantum yield (61%) of all the metal oxides tested [41].
While iridium oxide is rare and expensive, Harriman et al. also show that loading
small percentages (= 2%) of IrO, onto a TiO, support yields a better oxygen evolu-
tion rate (= 3.5 x 10" mol dm™ min~!) than even bulk IrO, [41]. Examining the
impact of the hydration state of IrOy, Harriman and coworkers observed that the hy-
drated IrO,- 2.08 H,O exhibits nearly as good catalytic activity as the fully oxidized

material, indicating that colloidal IrO, particles may catalyze water oxidation.
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Using the porphyrin Zn(II) tetrakis(4-sulphonatophenyl)porphyrin (ZnTSPP), Har-
riman et al. demonstrated that not only could porphyrin photosensitizers and col-
loidal iridium oxide particles (IrOx) cooperate to oxidize water, but that the initial
quantum efficiency was very good, 72%. The ZnTSPP/IrOx system only works un-
der alkaline conditions, but Pd(II) tetrakis(4-sulphonatophenyl)porphyrin (PdTSPP)
was observed to exhibit even higher rates of reaction with IrOx over pH values from
3 to 9 [79]. Their results indicate that the porphyrin metal center rather than the
ring structure is the predominant factor in determining the pH at which the por-
phyrin cooperates with IrOx to oxidize water most efficiently [79]. Harriman and
coworkers developed a complete mechanistic model for the electron transfer kinetics
and catalytic processes of the IrOx-Porphyrin system. These mechanisms serve as the
basis for Section 4.2.2. Research using IrOx or porphyrins for the photo-oxidation of
water languished for nearly a decade before being revisited by Mallouk and cowork-
ers. Their work examines IrOx colloids with [Ru(bpy)s]?* photosensitizers. Mallouk
and coworkers examine photocatalytic oxygen production from the IrOx-[Ru(bpy)s]**
system under differing buffer conditions [38], using different complexes to cap iridium
oxide particles [45], and the electron transfer kinetics of the IrOx-[Ru(bpy)s}** system
[75]. The totality of the work described here as well as most work on photocatalytic
water oxidation rely on a sacrificial electron-accepting molecule such as persulfate, a
significant hurdle to incorporating an oxygen-evolving half reaction into a complete
water splitting system, a problem discussed further in Section 4.7. The short-lived
catalytic activity of the IrOx-porphyrin system was another problem that needed to
be overcome. Better electronic coupling between the catalyst and photosensitizer can
eliminate some of the corrosive side reactions that lead to the impairment of either

the porphyrin or IrOx activity, an approach described in Section 4.5.
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4.2.2 Mechanism of Porphyrin/Iridium Oxide Catalytic Wa-

ter Oxidation

Upon absorbing a photon, a porphyrin molecule forms a singlet excited state. The
singlet excited state of the porphyrin is a good electron donor but is very short lived
(= 1.7 ns [40]), limiting the usefulness of the singlet state in intermolecular redox
reactions [42]. The interactions of the paramagnetic metal cation with the porphyrin
m-system enable spin-forbidden singlet-triplet transitions [39] that can yield the triplet
state with very high quantum yield for certain metalloporphyrins (ZnTSPP ¢, = 0.85
PATSPP ¢, = 1.00) [42]. The triplet state exhibits a much longer lifetime than the
singlet state, with decay constants that are on the order of milliseconds rather than
nanoseconds, providing time for intermolecular redox reactions to occur.

The porphyrin triplet excited state, P*, reduces an electron-accepting species, such
as persulfate or Ce(IV), yielding a porphyrin radical cation, P;} [79]. With persulfate
as a sacrificial electron acceptor, the quantum yield of P, can be doubled. Persulfate
can undergo two-electron reduction to sulfate via a sulfate radical intermediate. The
sulfate radical can oxidize a second porphyrin, yielding two Pt per photon. The
sulfate radical intermediate is also problematic, as reactions between the ground state

porphyrin and sulfate radicals can destroy the porphyrin [79].

P + 8,03 — PS03 + SO (4.1)
Pn+ SOy — PY +50; (4.2)

The catalytic oxidation of water takes place on the surface of the colloidal iridium
oxide particles. Electron transfer from the IrOx surface to a porphyrin radical cation
drives a hydroxyl group to bond with the IrOx, increasing the oxidation state of an
Ir atom. After accumulation of four OH-groups on the catalyst surface, a dioxygen

bond is formed, resulting in the release of O, and H,O from the IrOx surface [79].

Pt +1rO; + H,O — P, + ItO,0OH + H* (4.3)
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Figure 4-1: Photocatalysis of water with an IrOx colloid catalyst and porphyrin
photosensitizer. The cycle on the right shows the absorption of light by the porphyrin
(1), transfer of an electron to persulfate (2), and subsequent creation of a porphyrin
radical cation (3). Also shown is the secondary pathway for creation of the radical
cation through porphyrin oxidation by the persulfate radical anion (2b). The cycle
on the left shows the accumulation of 4 OH residues on the catalyst surface and
subsequent release of oxygen. Each step of the left cycle requires the product of the
right hand cycle (3).

4Ir0,0H — 4IrO; + O, + 2H20 (4.4)

Harriman and coworkers, by studying IrOx clusters of 4 or 5 atoms, proposed a
mechanism for catalysis at an IrOx surface. Iridium in the cluster is oxidized in two
step: initially the cluster has an average oxidation state of +3.2, after the first step
the oxidation state is +3.8, and after the second step the oxidation state is +4. When
the cluster is oxidized further, one of the Ir atoms enters the +5 state, resulting in
the oxidation of water. Figure 4-1 shows a schematic of the overall water splitting
process.

In designing a porphyrin-catalyst couple for water photo-oxidation, there are a

number of important properties that must be considered. These properties are listed
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below:

The lifetime of the radical cation must be long enough to allow electron transfer

to the catalyst [42].

e The redox potential of the porphyrin radical cation should be around 1 V: lower
energy will not be sufficient to oxidize Ir; higher and the colloid can be corroded

[79].

e When using a persulfate electron acceptor, the concentration must be kept
low, as persulfate can oxidize the ground state porphyrin, causing irreversible

damage [79)].

e The porphyrin:IrOx ratio is a delicate balance. If the porphyrin concentration
is too high, two porphyrins can cooperate to form an Ir(VI) oxidation state,
irreversibly damaging the colloid [79]. If the porphyrin concentration is too low,
the oxidative equivalents needed to oxidize water will be isolated on separate

particles, dramatically lowering catalytic efficiency.

e The charge relationship between the porphyrin and IrOx colloid is important.
Physically adsorbed porphyrins on the surface of IrOx colloids can result in
transfer of the singlet state to the IrOx and the subsequent oxidation of the

porphyrin rather than water [80].

4.3 Methods for Iridium Oxide Synthesis

4.3.1 Electroporation

A technique to produce IrO, nanoparticles and phage-template nanowires using high
voltage pulses was developed by Dr. Dong Soo Yun [114]. A Biorad electroporator,
Figure 3-2, described in Section 3.4, was used to apply high voltage, high current

pulses to an IrCls precursor solution.
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Background

The promotion of crystal growth through the application of external electrical poten-
tials has been actively explored as a low temperature approach for materials synthesis
(15, 6, 70]. Traditionally, studies of electrocrystallization have focused on processes
occurring at solid/liquid interfaces and involving the production of nanoparticles or
films on a solid substrate [15]. Electrocrystallization processes also typically involve
long time exposure (seconds) to potentials and currents, which can also have detri-
mental effects on biological materials. The technique described in this section relies
on short, high voltage (kV) pulses to synthesize iridium oxide nanoparticles. Using
high voltage pulses enables the synthesis of colloidal nanocrystals rather than surface
bound materials. Furthermore, this technique preserves the functionality of biologi-
cal templates as demonstrated through the assembly of M13 bacteriophage-templated

crystalline iridium oxide nanowires.

Theory

When considering traditional electrochemical reactions, the nature of the final prod-
uct is governed primarily by the potential applied; to oxidize a material a more
positive potential is required while the reduction requires a more negative potential.
For the synthesis of nanocrystals using high voltage pulses, the chemical nature of
the final product is strongly influenced by the initial pH of the precursor solution.
Acidic conditions tend to initiate the formation of metallic nanoparticles, while basic
conditions tend to lead to metal oxide particles.

The local environment of the metal ion is thought to play an important role in
driving the reaction towards a metal versus a metal oxide. At low pH the metal
precursor will be nearly completely dissociated, meaning that the ion will be weakly
coordinated, making it easily reduced. In the presence of numerous hydroxyl ions, the
metal ion precursor tends to complex with water and hydroxyl anions. In this case
the metal ion is more strongly coordinated and also in close proximity to moieties that

provide oxygen, required for metal oxide formation during electrochemical oxidation.
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The importance of the groups coordinating the metal ion is indicated experimentally;
the formation of oxide particles requires aging of the precursor solution after pH
adjustment to allow for the complexation of the hydroxylated metal ion.

The chemical nature of the product may be determined by the production of
strongly reducing or oxidizing intermediate products: formation of molecular hydro-
gen gas at low pH and at high pH the formation of OH radicals, HyO,, and molecular
oxygen gas. These intermediate products then may chemically oxidize or reduce the
metal ion precursor. Experimentally, the complete formation of metal oxide or metal
particles takes a short period of time after electropulsing, suggesting that chemical
oxidation or reduction of the metal ion precursors may play an important secondary
role in the synthetic process.

Crystalline phases can be promoted when the conductivity or permittivity of the
crystalline phase leads to lower overall electrical energy than amorphous or poly-
crystalline phases, resulting in an energetic driving force towards the crystalline phase,
a phenomenon well characterized as a means of synthesizing macroscale crystals from
saturated solution [92, 96]. A simulation comparing spherical amorphous vs. crys-
talline iridium oxide particles in a large electric field (COMSOL) indicates that the
energy of forming the crystalline phase is about 2% lower than the amorphous phase.
In the synthesis of iridium oxide nanoparticles, the applied electrical signal serves
three functions: 1) the oxidation or reduction of aqueous precursors; 2) the nucle-

ation of particles; and 3) the promotion of crystalline phases.

Synthesis

Iridium oxide was synthesized from aqueous IrCls precursor. At low pH, applying
electrical pulses to the IrCls precursor resulted in metallic Ir nanoparticles, but by
neutralizing the IrCls solution with NaOH and incubating for several days, crystalline
IrO, was synthesized. Immediately upon the application of electric pulses, the solu-
tion changed color from brown to purple, with an absorbance peak appearing near
600 nm. The absorption spectrum indicated that the peak at 600 nm increased with

increasing voltage, suggesting higher yield and larger particles. This conclusion was
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Experimental Colioe
Parameters
Precursor Change Particle Size
Pote pH, Distribution,
ntial, | before Precursor TEM
kV pulses Average Size
Product sor | P
Pulsc | after
pulses
25 mM
i
IrCl, e e
IrO, 40

Table 4.1: The conditions for synthesizing IrO, nanoparticles using electric pulses.
The TEM image was taken by D. S. Yun.

confirmed by transmission electron microscopy (TEM). From the TEM micrograph.
it was observed that the radius and size distribution of nanoparticles formed at 0.7
kV (10 pulses) was less than those at 1.0 kV (30 pulses). Elemental mapping by en-
ergy dispersive X-ray analysis (EDX) of the samples pulsed at 1.0 kV confirmed the
formation of crystalline IrO,. Table 4.1 shows the conditions, color change. particle

distribution, and TEM of IrO, nanoparticles created by the pulse technique.

Iridinm oxide nanowires were synthesized by this electropulse method using a bac-
teriophage expressing the IrO,-binding sequence AGETQQAM [113] on the PVIII
coat protein as a template. The procedure Yun used to select this clone is described
in Appendix A.4. Bacteriophage displaying the IrO,-binding sequence on their major
coat protein were mixed with the neutralized IrCls precursor and exposed to elec-
trical pulses. Immediately upon pulsing, the color of the solutions turned purple,
indicating the formation of IrQ,. Phage incubated with the precursor but with no
electrical pulses for nearly 6 months exhibited no color change, indicating the elec-
tric field is necessary for oxidation of the IrCl; precursor and subsequent assembly of
[rO, nanowires. After 10 pulses the phage exhibited a uniform distribution of IrO,
nanocrystals along the viral length, but there was not 100% coverage of the viral

surface as revealed by electron microscopy. After 30 pulses the entire bacteriophage
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Figure 4-2: TEM images of (A) a single IrO; nanowire, (B) a HRTEM closeup show-
ing the crystalline structure of the nanowire, and (C) EDX mapping showing the
distribution of Ir and O atoms on the phage surface. TEM image A by Y. S. Nam
and images B and C by D. S. Yun.

capsid is uniformly coated with IrO, nanocrystals. Plasmon elemental mapping and
X-ray line scanning analysis of AGETQQAM-derived nanowires confirmed IrQ, for-
mation and verified that the wires are highly crystalline. These results indicate that
the displayed peptide plays an important role in mediating the assembly of IrO; on
the phage surface during the electrical pulse. Furthermore it is evident that the
functionality of the M13 phage remains intact even under the high field conditions
of this work. Figure 4-2 shows a single IrO, nanowire, a close-up showing the crys-
talline structure of the nanowires, and EDX elemental mapping. TEM analysis was

performed by D. S. Yun.

Scale Up

The electropulse technique, while producing homogeneous, crystalline nanoparticles
only yields 200 pL of nanoparticles per batch, severely limiting their utility for ap-
plications such as photocatalytic water splitting. To produce larger quantities of
nanoparticles, the Biorad electroporator was modified to enable the continuous ap-
plication of electric pulses. The modification is described in Appendix C.7. Two
different techniques were employved to produce larger quantities of nanoparticles. The
first employed a syringe pump to flow precursor solution between co-axial electrodes.
The intent was to control the flow rate such that the precursor solution would expe-

rience the appropriate number of pulses while transiting through the electrode setup.
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Unfortunately, the application of the high voltage pulses caused significant electrically
induced capillary flow, with fluid remaining between the coaxial electrodes for less

than a single pulse.

The second technique for large batch electropulse production of IrO; involved
placing two parallel plate electrodes, separated by a 2 mm gap, in a bath of precursor.
The bath was stirred, circulating the precursor solution between electrodes during
the continuous application of high voltage pulses. Several electrode materials were
tested as the working and counter electrode. Non-noble metals such as aluminum
and stainless steel oxidized rapidly under the influence of the high voltage pulses. Pt
and Ir metal both worked well as working electrodes with a gold counter electrode,
with Ir yielding particles about twice as fast as Pt, exhibiting a color change after 10
minutes for the Pt electrode and after only 5 min with an Ir electrode. TEM analysis
(not shown) indicated some very large clumps of nanoparticles, but predominantly
similar morphology for both nanowire and nanoparticles synthesized by the large
batch method as synthesized using electroporation cuvettes. Figure 4.2 shows the
two setups for larger batch production of IrO, nanoparticles using the electropulse
technique. Typical conditions for the synthesis using the stirred cell technique are

described in Appendix C.8.

Oxygen Evolution

The photocatalytic oxygen production of IrO; nanoparticles synthesized using Ir/Au
electrodes in a stirred cell was tested using the ZnTSPP porphyrin as a photosensitizer
and a borate buffer. The oxygen level was monitored using an electrochemical (Clark
membrane) dissolved oxygen probe, detailed in Section 4.4.1. The experimental con-
ditions for oxygen evolution are described in Appendix C.9. The oxygen production
from the electo-pulse synthesized nanoparticles is shown in Figure 4.3. The results
indicate a significant level of oxygen production when the sample is illuminated; how-
ever, these results were not easily reproducible because of oxygen diffusion into the

system.
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Table 4.2: Diagrams of (A) the cylindical flow cell designed for continuous production
and (B) the stirred cell for larger batch production of IrO; nanoparticles using HV
electropulses.
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Table 4.3: Comparing the dissolved oxygen produced from electro-pulse synthesized
nanoparticles with ZnTSPP in the dark and when illuminated.
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Drawbacks of the Electropulse Synthesis

While the particles synthesized electrically by pulsing Ir salt precursor are crystalline
and fairly uniform, the synthesis has several drawbacks. First, the aging step of the
IrCl; precursor is very important and often not completely predictable. Typically,
adjusting the pH of the IrCl; solution to 7.5 and then allowing the solution to age for
several days produced good quality nanoparticles; however, sometimes upon pulsing
no color change was observed. The initial pH of the solution or the precise incubation
conditions may be important parameters governing the properties of the final synthe-
sis. Additionally, while the continuous pulse system coupled with a stirred reaction
vessel can dramatically increase the quantity of particles that can be synthesized,
the precious metal electrodes foul very easily. As IrO; is being synthesized, Ir metal
is deposited on the gold counter electrode. The deposition of iridium significantly
attenuates nanoparticle yield and is nearly impossible to remove from the gold foil
surface. Similarly the Ir metal working electrode forms an oxide coating over time
that causes the nanoparticle reaction to cease. Lastly, this synthesis already requires
very high voltages and very high currents, so further scaling of the synthesis would

require extremely dangerous electrical conditions.

Alternative Electrochemical Synthesis

An alternative electrochemical synthetic approach for producing higher oxidation
state iridium ion complexes based on the approach of Castillo-Blum et al. was at-
tempted [18]. The materials synthesized by this electrochemical approach exhibited
no oxygen production using a ZnTSPP porphyrin photosensitizer and oxygen pro-

duction measured with the electrochemical dissolved oxygen probe.

4.3.2 Chemical Synthesis

Harriman and coworkers synthesized iridium oxide (IrOx) colloids synthetically using
H,0, as an oxidant and sodium citrate to stabilize the particles [40]. Harriman et

al. remove excess citrate with a polymer resin and then cap the IrOx particles with

113



a 20kD MW PEG molecule. PEG was eliminated from most syntheses employed for

the work described herein to enable peptide interaction with the IrOx colloids.

Colloid Size: DLS and Dialysis

Harriman et al. do not report the resultant particle size from the chemical synthesis
technique described in their paper, they only state that the particles are larger in
size and have a greater size distribution than 4-5 Ir atom colloidal clusters they pre-
pare radiolytically. Dynamic light scattering (DLS) and dialysis of the IrOx colloids
against different pore size membranes were used to assess the particle size of IrOx
colloids synthesized without a PEG cap. A small number of large particles scatter
more light than many small particles, so to examine the particle size of the smallest
colloidal particles only the first &~ 10 ms of the correlation decay was considered. DLS
measurements were made using a DynaPro Titan Dynamic Light Scatterer. IrOx col-
loid samples were centrifuged prior to measurement to remove large particles. Fitting
the correlation decay yields a particle size of 0.2 nm, with a distribution of less than
0.1 nm. A 0.2 nm particle corresponds to a cluster that is around 4-5 atoms, the

same size as Harriman et al. report from the radiolytic preparation.

The IrOx colloid without PEG was dialyzed using 500 MW, 1000 MW, 2000 MW,
3500 MW and 10000 MW tubing. 1000 MW tubing has a pore size that is about 0.2
nm while 10000 MW tubing has a pore size that is about 1.5 nm. Table 4.4 shows the
results of the dialysis experiments. Iridium oxide concentration was measured using
ICP-AES (Jobin Yvon). The percentage-loss values reference the Ir concentration
measured for the 500 MW dialysis tubing, assuming that only Ir ion salts dialyze out
of the 500 MW. A 25 % drop in Ir concentration is seen between the 500 and 1000
MW dialysis tubing, suggesting that around 25 % of the colloid is below 1000 MW.
While the MW labels of dialysis tubing refer to molecules such as peptides, 1000 MW
is in good agreement of the MW of IrOx clusters containing 4 (896 MW) or 5 (1120)

iridium atoms.
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Table 4.4: Dialysis of IrOx Colloids using differing MW cutoff dialysis tubing.

MW Cutoff | Ir Conc, PPM | % Ir Loss
500 2.1 x 107¢ - %
1000 1.6 x 107 25 %
2000 1.5 x 1076 25 %
3500 1.6 x 107¢ 25 %
10000 1.6 x 1076 25 %

20+
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— No PEG
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Figure 4-3: The oxygen production from IrOx colloids synthesized with and without
a PEG capping molecule. Measured using the ZrO2000 analyzer, described in Section

4.4.3.

Oxygen Evolution: Colloids without PEG

The difference in catalytic performance of the IrOx colloids with and without PEG

is slight, Figure 4-3, though colloids were less stable without the PEG layer so were

used within one week of synthesis. The chemical synthesis technique is detailed in

Appendix C.10.
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4.4 Methods for Continuously Quantifying Oxy-

gen Production

Techniques such as gas chromatography can provide precise quantification of the
oxygen concentration of a sample, but only provide single point measurements. A
continuous oxygen measurement provides information about the kinetics of photocat-
alytic oxygen evolution, potentially revealing the limitations or benefits of particular
experimental conditions. Three different techniques were investigated for continuous
measurement of oxygen evolution: dissolved oxygen was measured using electrochem-
ical and fluorescent probes, while gaseous oxygen was measured using a solid state

zirconia analyzer.

4.4.1 Electrochemical Oxygen Detection

A VWR sympHony dissolved oxygen meter was used to measure the dissolved oxygen
evolved from ZnTSPP and IrOx. The probe used by the VWR meter is a polargraphic
electrode of the Clark-type. The sensor consists of two electrodes: an Ag/AgCl
electrode and a Pt electrode, a KCl electrolyte, and a membrane such as polypropylene
through which oxygen diffuses. The electrodes, when polarized with a potential of -600
mV vs the Ag/AgCl electrode, produce a current that is proportional to the oxygen
concentration [27]. From the redox reactions at the Ag/AgCl anode, Equation 4.5,
and the Pt Cathode, Equation 4.6, it is transparent that current flow between the

electrodes relates to the partial pressure of oxygen.

4Ag + 4C1~ — 4AgCl + 4e” (4.5)
AH™Y 4 4e” + 0O, — 2H,0 (46)

As shown in Figure 4.3, the electrochemical measurement of dissolved oxygen can
be used to probe the photocatalytic oxygen of water. Several problems occur with this

technique, however. The most serious problem is that when chemically synthesized
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IrOx colloids rather than electropulse synthesizd IrO; nanoparticles were employed,
anomalous results occured, perhaps caused by diffusion of IrOx colloids across the
membrane and subsequent redox reactions between the electrodes and the colloids.
For unknown reasons, the dissolved oxygen system exhibited large sample to sample
variation. Measurements of dissolved oxygen were plagued by leakage of atmospheric
oxygen into the system. The leakage problem was minimized by performing dissolved

oxygen measurements in a glove box, but remained problematic.

4.4.2 Luminescent Oxygen Measurement

Luminescent measurement of dissolved oxygen was performed with either a Hach LDO
dissolved oxygen probe with sc100 meter or an Ocean Optics fiber optic luminescent
oxygen detector. Each of these setups detects oxygen in the same manner, monitoring
the change in lifetime of an oxygen-sensitive transition metal complex immobilized
in a sol gel or polymer matrix. Molecular oxygen quenches the fluorescence of the
transition metal dye with the resulting decrease in lifetime and intensity as a function
only of O, concentration [17]. The Stern-Volmer equations can be used to determine
the dissolved oxygen concentration based on the lifetime or intensity. The LDO
detectors illuminate a ruthenium complex with a blue light source and measure the
fluorescence decay using a photodiode.

The Hach LDO probe, Figure 4-4, was used to measure effectively the oxygen
evolved photocatalytically from a solution of IrOx colloid and ZnTSPP, Figure 4-5.
For measurement, the solution was in a large crystallization dish placed in a glove
bag. A substantial quantity of reactants was required to accommodate the large size
of the Hach probe. The probe exhibited good response to dissolved oxygen, though
the large volume of sample required to make a measurement limited the utility of the
probe.

The Ocean Optics system uses a bifurcated fiber to illuminate and measure emis-
sion from a RedEye”™™ patch, a sticker containing a Ru-based oxygen responsive dye.
The RedEye sticker is adhered to the inside of the sampling vessel, while the probe

can illuminate and measure from outside the vessel. The advantage of the Ocean Op-
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Figure 4-4: The Hach LDO dissolved oxygen probe, with the fiber lamp used to
illuminate the sample.
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Figure 4-5: Oxygen evolution from IrOx and ZnTSPP measured using the Hach
dissolved oxygen probe.
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tics system is that it can be used in a continuous flow cell type geometry, enabling a
setup where the oxygen-evolving solution is illuminated, oxygen is evolved, and then
the non-sacrificial electron-accepting molecule can be electrochemically regenerated.

The Ocean Optics system had a number of problems that had to be overcome.
The blue light used to excite the RedEye patch also interacted with the porphyrins
in solution, either bleaching the porphyrin or stimulating oxygen production. This
problem was overcome by coating the surface of RedEye patch exposed to the solu-
tion with a black silicone adhesive. The silicone adhesive is permeable to oxygen but
blocks the light from interacting with the porphyrins in solution. Unfortunately, the
silicone adhesive traps oxygen, dramatically increasing the time that a sample must
be purged before measurement and reducing response times. The RedEye patches
also have surface non-uniformities and patch to patch variation, resulting in fluctu-
ations in lifetime and intensity measurements based on the exact positioning of the
fiber in relation to the RedEye patch rather than oxygen concentration. Because of
these problems, while qualitative observations in the change in oxygen level between
a sample before and after illumination could be made, absolute measurements of oxy-
gen concentration could not be achieved. Many of the problems relating to probe
alignment may be overcome using a probe that has the coating directly on the tip
of the probe, such as the Ocean Optics FOXY or FOSPOR probes. The FOXY and
FOSPOR probes would still require a polymer overcoat to prevent leakage of light

from the probe into the sample, limiting the response time of the probe.

4.4.3 Zirconium Based Gaseous Oxygen Analyzer

Gaseous oxygen concentration can be measured using a solid state oxygen ana-
lyzer employing a high temperature zirconia sensor to measure oxygen concentration.
When heated to high temperature (= 700 °C), charged oxygen vacancies form in
the zirconium oxide matrix. Introduction of molecular oxygen fills these vacancies,
altering the electrostatic field in the zirconia [13]. Oxygen detectors using zirconia
expose one end of the sensor to air while the other end is exposed to the sample being

measured. Differences in oxygen level between the two halves of the sensor create a
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voltage difference between two electrodes. The sensitivity range is very large, from
ppb levels of O, all the way to 100% oxygen. The zirconia sensor is sensitive to
reducing species, which can bind to oxygen atoms in the zirconia matrix, thereby
reducing the apparent oxygen level, so care must be taken when measuring oxygen

to eliminate all reducing gases, including water.

High purity nitrogen gas was bubbled through samples to collect oxygen from
the aqueous colloidal mixture and transport the oxygen to a gaseous oxygen ana-
lyzer. Oxygen concentration was measured using a ZrO2000 Oxygen Analyzer (Alpha
Omega Instruments). To compute the exact quantity of oxygen evolved, careful con-
trol of the flow rate is needed. The flow of gas was maintained at 0.2 L/min using a
flow controller (Alicat Scientific). Water in the gas mixture can react with the sensor
surface, providing an artificially low value for oxygen production. To remove water,
the gas was dried using a Nafion exchange gas dryer (Permapure). Nafion membranes
are permeable to hydrophilic substances such as water, but impermeable to oxygen
and nitrogen. The gas dryer consists of a Nafion tube with the sample flowing inter-
nally and a dry nitrogen stream flowing at a high rate externally, causing any water
in the sample gas stream to diffuse through the Nafion membrane. Figure 4-6 shows
the complete setup of the oxygen analyzer. Appendix C.12 has some comments on

data collection from the ZrO2000 analyzer.

The ZrO200 oxygen analyzer was used to quantify oxygen production for all ex-
periments in Sections 4.5, 4.6, and 4.7. For some samples, illumination resulted in
a drop in the observed oxygen level, suggesting the presence of a reducing species.
While it is possible that a small amount of hydrogen was evolved in samples for which
this drop in oxygen was observed, it is unlikely. Samples for oxygen evolution are
mostly at high pH, making H, production energetically unfavorable. It is hypothe-
sized that the drop in signal that is observed is due to production of oxygen radicals

or hydroxyl radicals due to insufficient electron-accepting complexes.
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Figure 4-6: Oxygen was collected from samples by a stream of nitrogen and quantified
using a gaseous oxygen analyzer.
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4.5 Multi-scalar Framework For Oxygen Evolution

As described in Section 1.3.1, nanoscaled arrangements of chromophores can exhibit
quantum mechanical effects that result in the highly efficient capture of light. Fur-
thermore, for colloidal photocatalysis, the separation between the photosensitizing
molecule and iridium oxide (IrOx) is critical to efficient electron transfer. Co-assembly
of IrOx catalyst and Zn(II) porphyrin on the major coat protein of M13 bacteriphage
provides a nanostructured porphyrin array with porphyrins in close proximity but
not physically adsorbed on the IrOx catalyst. To assay the benefits of nanostru-
cural assembly of porphyrins and porphyrin proximity to IrOx, the photocatalytic
performance of the porphyrin/IrOx nanowires was compared to that of untethered
porphyrins and IrOx colloids.

The colloidal stability of the porphyrin wires during photocatalysis is poor. In-
spired by the immobilization of many PSII structures within a single chloroplast, the
photocatalytic nanowires were assembled inside of polymer microgels. The polymer
microgel enabled the regeneration of the IrOx catalyst using HyOs.

The work in this section was a collaboration with Mr. Yoon Sung Nam. Most
of the synthesis and characterization work of the phage nanowire structures was per-
formed by Mr. Nam. The polymer microgels were synthesized by Prof. Daeyeon
Lee.

4.5.1 Porphyrin/IrOx Nanowires

Each pVII protein on the M13 bacteriophage has two exposed lysine residues. Using
carbodiimide chemistry, the porphyrin Zn(II) Deuteroporphyrin IX 2,4-bis-ethylene
glycol (ZnD630-9) was coupled to primary amines on these lysine residues, creat-
ing porphyrin nanowires. ZnD630-9 was selected because it has similar optical and
electrochemical characteristics to ZnTSPP and has pendant carboxylic acid groups
enabling covalent coupling to primary amines. The number of porphyrins per virus
was determined using ICP-AES to measure Zn and P, Section C.13, with Zn concen-

tration corresponding to the number of porphyrins and P concentration (from DNA),
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Figure 4-7: (a) Absorbance and (b) fluorescence of ZnD630-9 and ZnD630-9 conju-
gated to the M13 bacteriophage.

correlating to the number of viruses. The ICP measurement vielded a 0.39:1 Zn:P
ratio, corresponding to ~ 2700 porphyrins per phage or about 1 porphyrin per pVIII
protein.

Conjugation of ZnD630-9 to the bacteriophage resulted in a decrease in intensity
and broadening of the ZnD630-9 Soret band at 406 nm and broadening and red
shift of the ZnD630-9 Q bands from 538 nm and 574 nm to &~ 341 nm and 579 nm.
The absorbance spectrum, measured by Y. S. Nam, is shown in Figure 4-7 a. The
broadened absorbance is likely a result of porphyrin molecules experiencing slightly
different local environments. while the Q-band red shift is commonly observed from
porphyrin aggregates [98]. The fluorescence of the ZnD630-9 nanowires was nearly
completely quenched, Figure 4-7 b. The fluorescence quenching may indicate that
singlet states are converted more efficiently to triplet states when the porphyrins are
assembled on the virus. The nanoscale assembly of porphyrins may enable cross-
porphyrin singlet-triplet transitions.

Porphyrin - IrOx nanowires were assembled by coupling ZnD630-9 to bacterio-
phage containing the IrOx-binding sequence, AGETQQAM, and then incubating the
porphyrin-virus conjugates with IrOx colloid, synthesized as described in C.10. Dual-

functional nanowires with different IrOx:ZnD630-9 ratios were synthesized by vary-

123



e v o o

IrO, layer

a b e

Figure 4-8: (a) Negatively-stained porphyrin nanowires, (b) 1:15 IrOx:ZnD630-9
nanowires, and 1:224 IrOx:ZnD630-9 nanowires. TEM images by Y. S. Nam

ing the amount of IrOx clusters while fixing the ZnD630-9 concentration. Figure 4-8
shows cartoons and TEM images of ZnD630-9 nanowires and hybrid IrOX-ZnD630-9

nanowires with different IrOx:ZnD630-9 ratios.

4.5.2 Oxygen Evolution from IrOx/ZnD630-9 Nanowires

The catalytic properties of the virus-templated IrOx/porphyrin nanowires was as-
sessed by measuring the oxygen evolved upon illumination. The experimental con-
ditions for oxygen evolution are described in Appendix C.14. For these experiments
sodium persulfate was used as a sacrificial electron acceptor to quench the triplet
excited state. Figure 4-9 a compares the total oxygen evolved from IrOx colloids
and ZnD630-9 when freely dispersed in solution to that evolved from nanowire struc-
tures. Figure 4-9 b compares the total oxygen evolved from hybrid IrOx/ZnD630-9

nanowires with different IrOx:ZnD630-9 ratios.
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Conditions TON | TOR, s7!
ZnD630-9 and IrOx 179 0.07
ZnD630-9 and IrOx Phage 76 0.07
ZnD630-9 Phage and IrOx | 313 0.35
1:41 ZnD630-9/IrOx Phage, | 796 0.85
1:15 ZnD630-9/IrOx Phage | 1143 1.57

Table 4.5: TON and TOR

The turnover number (TON) and turnover rate (TOR) provide metrics for assess-
ing the performance of the catalyst. TON is the total number of water molecules
the catalyst splits, while TOR is the number of water molecules the catalyst splits
per unit time per surface active site. TOR was calculated based on the steady state
rate of Oy production, with an assumption that only 53% of Ir atoms are exposed on
the surface of the catalyst [82]. Table 4.5 summarizes TON and TOR for different
experimental conditions. The IrOx colloid and nanowires with uncoupled ZnD630-9
had similar turnover rates, but the IrOx nanowires had a lower turnover number, per-
haps because of the smaller surface area of the nanowire geometry. The IrOx colloids
with ZnD630-9 nanowires exhibited substantially higher turnover rates and superior
turnover numbers, perhaps due to more efficient conversion of light energy into triplet
states and radical cations. The coassembly of IrOx and ZnD630-9 on a bacteriophage
template yielded the highest turnover rate and turnover number, suggesting that the
close proximity of the dye and catalyst particles enhances electron transfer from the
IrOx to the porphyrin radical cation. The ratio of IrOx to ZnD630-9 also proved
important, with thinner IrOx shells exhibiting better catalytic performance. Since
four oxidative equivalents must be accumulated in a localized region, it is possible
that more IrOx simply results in greater dispersion of the accumulated charge across
the iridium oxide surface. Alternatively, the photolysis of water requires an interface
between dye, catalyst, and water. If the thickness of the catalyst is too great, charge

may be trapped internally and unable to promote the splitting of water.
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Figure 4-9: (a) Total oxygen production for IrOx with ZnD630-9 (black), IrOx mixed
with wild type ZnD630-9-conjugated viruses (blue), virus-templated IrOx nanowires
with ZnD630-9 (green), and ZnD630-9/IrOx hybrid nanowires (red). (b) Total oxy-
gen production from IrOx/ZnD630-9 hybrid nanowires with different IrOx:ZnD630-9
ratios: 15 (red), 41 (black), 74 (blue), and 224 (green). The TON is recorded above
each curve.
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Figure 4-10: Hybrid IrOx/ZnD630-9 nanowires before and after oxygen evolution.
(10 hours)

4.5.3 Quantum Yield

To determine the quantum yield for oxygen evolution of IrOx/ZnD630-9 nanowires
and IrOx colloids with unbound ZnD630-9, samples were illuminated with a 150 Watt
halogen lamp with a 550 nm bandpass filter giving a light intensity of 200 mW /cm?.
The total light absorbed by the porphyrin at this wavelength was measured using a
light intensity meter. The quantum yield (¢) of 15:1 IrOx-ZnDPEG nanowires was
~ 0.86 when a Rayleigh scattering approximation is assumed. The quantum yield
is higher than that of IrOx nanoparticles with free ZnDPEG: ¢ = 0.47. The higher
quantum yield may be due, in part, to higher yield singlet to triplet state transitions

because of the nanoscale assembly of the porphyrin molecules.

4.5.4 Microgels

During oxygen evolution there is substantial aggregation of IrOx/ZnD630-9 hybrid
nanowires, Figure 4-10. To overcome the aggregation problem, the hybrid nanowires
were encapsulated in a polymer hydrogel matrix. The polymer matrix immobilizes

the IrOx/ZnD630-9 nanowires, preventing aggregation while maintaining a hydrated
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Figure 4-11: An ordered array of polymer microgels.

environment. Polyacrylamide microgels formed via a microfluidic technique [57] were
used to encapsulate bacteriophage, Figure 4-11. The microgels were used as microre-
actors to assemble ZnD630-9 and IrOx on the encapsulated bacteriophage. Microgels
were prepared encapsulating nanowires with 35:1 and 109:1 IrOx:ZnD630-9 ratios
as determined by ICP-AES analysis. As with un-encapsulated nanowires, the lower
IrOx:ZnD630-9 ratio microgels exhibited greater oxygen production, Figure 4-12 a.
As oxygen is evolved photocatalytically, the electron acceptor is consumed and
protons are produced, lowering the pH of the oxygen-evolving buffer. Another ad-
vantage of encapsulating the catalytic material is that the catalytic microgels can
be removed from the oxygen evolution buffer, the catalyst material regenerated, and
the buffer replaced. After 90 minutes of illumination, microgels were removed from
the buffer solution by centrifugation and re-suspended in 0.2% hydrogen peroxide to
re-oxidize the catalyst. Based on TON, the second cycle yielded 94% of the oxygen
evolved in the first cycle. By the fourth cycle the yield decreased to 56% of the oxygen
in the first cycle, Figure 4-12 b. The combined TON after 4 reaction cycles was ~
1.6 times higher than the TON from microgel encapsulated hybrid nanowires with no

regeneration.
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Figure 4-12: (a) Turnover numbers from encapsulated hybrid nanowires with two dif-
ferent IrOx:ZnD630-9 concentrations. (b) Relative oxygen production upon multiple
cycles of catalytic microgel regeneration.

4.6 The IrOx Peptide

The results described in Section 4.5 indicate that the nano-scaled assembly of por-
phyrins on the bacteriophage play a predominant role in the improved catalytic ef-
ficiency of the hybrid nanowire system. Questions still remain, however, as to the
role of the IrOx-binding peptide in improving catalytic performance. The peptide
performs an important role in assembling IrOx such that it is in close proximity to
the porphyrins, but it may also promote electron transfer between the porphyrin and
the IrOx colloid. The conjugation of IrOx by the peptide may even decrease the
catalytic efficiency of the colloid, a factor that could go unnoticed because of the
performance gains achieved through the co-assembly of IrOx with the porphyrins. A
better understanding the role of the peptide in promoting water splitting could enable
further enhanced catalytic performance through rational design of peptides that can

coordinate IrOx better, facilitating catalytic activity or electron transfer.

4.6.1 Characterization of the IrOx Binding Peptide

To understand the interactions between the peptide and the IrOx colloid, NMR,

FTIR and HPLC were used to examine interactions between a synthetic IrOx-binding
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peptide, KGGG-AGETQQAM, and the IrOx colloid. The IrOx-binding sequence
was synthesized with a tri-glycine linker to a terminal lysine to allow carbodiimide

conjugation to porphyrins. The N-terminus of the synthetic peptide was acetylated.

NMR

For 1D and 2D NMR characterization, the IrOx-binding peptide was dissolved in
D50 and IrOx colloid was synthesized in DO using D,05 as an oxidant. Watergate
techniques were used for solvent suppression for both 1D and 2D NMR technques.
The 1D NMR of the IrOx-binding peptide is shown in Figure 4-13. Peak assignments
were made through examination of the 2D gCOSY spectrum, Figure 4-14, a technique
probing through-bond interactions. The NMR spectra of the IrOx-binding peptide,
IrOx-colloid and the IrOx-binding peptide mixed stoichiometrically with the IrOx
colloid are shown in Figure 4-15. The NMR spectra of the IrOx colloid exhibits narrow
peaks without using any solid-state NMR techniques, indicative of the small size of
the IrOx clusters. Upon addition of the peptide to the IrOx colloid three differences
are observed from the colloid and peptide spectra alone. First, the methionine CHz
peak in the mixed system is lower in intensity in relation to the acetyl CHjz peak,
and additionally, a new peak appears in the mixed system at 2.678 ppm. If the IrOx
clusters coordinate with the methionine sulfur atoms, this may lead to decreased
electron density on the methionine causing a downfield shift in the methionine peak.
In addition to this putative methionine shift, the IrOx colloid peaks labeled “A” in
Figure 4-15 disappear in the mixed system, while new peaks, labeled “B”, appear,
which may indicate coordination of the IrOx colloid by the IrOx-binding peptide.
To further probe the interactions between the IrOx-binding peptide and IrOx
colloid, 2D gROESY NMR spectroscopy was used to probe through-space interactions
between protons. The gROESY spectrum of just the IrOx-binding peptide, Figure 4-
16, revealed no through space interactions due to interactions beyond primary peptide
structure. In the gROESY spectrum of the mixed IrOx colloid /IrOx-binding peptide
system, Figure 4-17, several new features emerge. The putative M CHj3 peak at 2.67
ppm appears to interact with the M CH; and Q CH; peaks at about 1.9 and 2.1
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Figure 4-13: A 1D NMR spectrum of the IrOx-binding peptide, KGGG-
AGETQQAM. Peaks have been assigned using 2D-gCOSY NMR, Figure 4-14.
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Figure 4-14: The 2D g-COSY spectrum of the IrOx-binding peptide, KGGG-
AGETQQAM.
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Figure 4-15: An overlay of the 1D NMR spectra of the IrOx-binding peptide, IrOx
colloid and mixed colloid and peptide. The mixed spectrum suggests a downfield shift
of the methionine residue.

ppm as well as the A CHj at 1.4 ppm. The Q CH; and M CH; peaks at about 2.3
and 2.4 interact with some peaks at around 3.0, but the cross peak does not show
the triplet structure of K CHs so it is likely that the Q and M residues interact
with the IrOx colloid peaks observed around 3.0. The M CH at about 4.4 ppm is
observed to have an interaction with the Q CH; at about 2.3 ppm. The peaks in
the region of 3.48-3.62 ppm thought to be from the IrOx colloid interact with each
other, and perhaps the A CH3 1.4 ppm. The gROESY results suggest that the M and
two Q amino acids play an important role in coordination between the IrOx-binding
peptide and the IrOx colloids, perhaps creating a binding pocket among these residues
explaining interactions between the alanine and putative IrOx peaks at 3.48-3.62 as

well as interactions between the M and A CHj residues.

FTIR

Fourier transform infrared spectroscopy (FTIR) was used to characterize the IrOx col-

loid, IrOx-binding peptide, and mixed system. Samples were dried onto ZnS plates
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Figure 4-16: Through-space interactions of the IrOx Peptide, measured using
gROESY 2D-NMR spectroscopy.
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Figure 4-17: Through-space interactions in the combined IrOx-binding peptide / IrOx
colloid system, measured using gROESY 2D-NMR spectroscopy.
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Figure 4-18: FTIR spectra of the IrOx colloid, PEG-capped IrOx colloid, IrOx Pep-
tide/Colloid complex and IrOx-binding peptide.

and FTIR spectra recorded using a Nicolet Magna 860 Fourier Transform Infrared
Spectrometer. Figure 4-18 shows the FTIR spectra from the colloid, colloid synthe-
sized with PEG, IrOx colloid with IrOx-binding peptide, and IrOx-binding peptide.
The FTIR of the IrOx-binding peptide shows a broad, but clearly defined peak at
3276.5, likely from the N-H stretch of the lysine and glutamine residues, perhaps
broadened by the tyrosine alcohol. The IrOx colloid shows a broad peak at 3407.6,
likely from water and hydroxyl groups on the colloid surface. When the peptide and
colloid are combined, a broad band can be found at 3218.6, significantly shifted from
either the colloid or the peptide independently. The FTIR of the PEG conjugated
particles show no such shift, suggesting that interactions between the amide groups

in the peptide and the hydroxyl groups on the colloid may be taking place.

HPLC

The IrOx-binding peptide and IrOx colloids were mixed at different Ir atom:peptide

ratios. High performance liquid chromatography was performed on the different sam-
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Figure 4-19: HPLC of the IrOx colloid coordinated to the IrOx-binding peptide at
different ratios.

ples by Y. S. Nam, Figure 4-19. The signal is higher for samples containing IrOx
than the sample with just peptide because the colloid exhibited higher absorbance
at the 400 nm wavelength. The HPLC results clearly show that the IrOx-binding
peptide coordinates IrOx colloids. When iridium ions are added in a 1:1 ratio with
peptide, the IrOx peak shifts to about the same position as where the peptide peak is
observed. Incrementally increasing the Ir:peptide ratio shifts the peak back towards
the original colloid peak, but even at a 5:1 ratio, a substantial difference between the

two peaks remains.

4.6.2 Peptide Mutants

The synthetic version of the IrOx-binding peptide was originally designed with IrOx-
binding sequence, AGETQQAM, coupled to a lysine residue, needed for chemical
conjugation, by a tri-glycine linker. The flexible GGG linker is used to minimize the
influence coupling another molecule to the peptide has on the binding pocket. For cat-
alytic water splitting some interaction is desired between the porphyrin and the IrOx

colloid, so the structure of this linker was investigated to study whether structural
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Linker Sequence | K to B.S. Distance | Radius of Gyration
GGG 28.8 11.5
AP 29.2 11.8
APAP 30.8 13.1
GPGP 31.7 13.9
GPGPGP 17.7 6.9
PPPPPP 14.2 7.7
E-IrOXPAPYPA 6.1 7.3
APYPAP 28.3 13.2

Table 4.6: The computationally determined radii of gyration and distance between
linker and binding pocket for IrOx-binding peptides with different linker sequences.

changes to the peptide could promote better electron transfer between the colloid and
porphyrin. The peptide linker was modified in three different ways, length, charge
transfer, and functionalization. Tinker/FFE (Washington University) was used with
an Amber force field to determine energy-minimized peptide structures in an aqueous
environment. Glycine and alanine residues were used as spacer molecules along with
structural proline residues to create peptides with different radii of gyration and dis-
tances between the IrOx binding site and lysine linking group. Tyrosine was used to
study whether an aromatic residue could help facilitate charge transfer between the
catalyst and dye. Additional lysines were added to the peptide sequence to probe the
effect of the porphyrin/IrOx ratio. Table 4.6 lists the different linker molecules and
their respective computed radii of gyration and distances from the lysine reside to
the binding pocket. Sequence E-IrOxPAPYPA is essentially the mirror of APYPAP-
IrOX, designed to have the tyrosine oriented in a slightly different configuration with
respect to the binding pocket.

4.6.3 Oxygen Evolution Data

The iridium oxide-binding peptide was covalently attached to the ZnD630-9 and to
the Zn(II) protoporphyrin IX (ZnPPIX) porphyrins in a 1:1 and a 2:1 ratio. Oxygen
evolution was measured using a persulfate electron acceptor, Figure 4-20. In each

case the peptide-conjugated porphyrin exhibited greater oxygen production. The
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Figure 4-20: Oxygen production from IrOx - peptide - porphyrin complexes using
ZnD630-9 (L) and ZnPPIX (R) peptides.

ZnPPIX porphyrin exhibited superior sustained oxygen production. Unfortunately,
these samples foamed significantly during oxygen evolution, damaging the gas dryer.
The side products of the coupling reaction had not been removed before the oxy-
gen evolution experiment, perhaps acting as surfactants and creating the foam. The
ZnPPIX porphyrin has poor water solubility and precipitated out over time. Surpris-
ingly, conjugation of ZnPPIX to the peptide prevented this precipitation. In future
experiments, the peptide-porphyrin conjugates were dialyzed overnight using 1000

MW tubing to remove unreacted reagents.

IrOx-binding peptides containing the different linkers in Table 4.6 were synthesized
and tested for oxygen-producing capabilities. Due to a mix-up on synthesis, the IrOx-
binding sequence was transmuted to AGEQQTAM. By all indications, this peptide
still coordinates the IrOx colloid. The values in Table 4.6 were calculated for the
modified IrOx-binding sequence. Because of variation in the IrOx colloid synthesis
and its poor stability when not PEG-capped, each peptide was run in parallel with

the IrOx-binding peptide containing the KGGG linker so that evolved oxygen values
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Figure 4-21: Oxygen production from peptides with containing different linker se-
quences. Oxygen concentration was normalized to that of a simultaneously run K-

GGG-IrOx sample.

could be internally normalized to a constant reference. Figure 4-21 shows oxygen

production levels referenced to that of the K-GGG-IrOx peptide.

The oxygen production results show no clear connection between either the com-
puted distances between the porphyrin conjugation site and the IrOx-binding site
or the peptide radius of gyraton. This result is not suprising considering that these
simulations did not account for either the presence of IrOx colloid or the porphyrin.
There does seem to be some impact of the overall length of the linker sequence, with
an increase in oxygen production both going from AP to (AP); and from (GP); to
(GP)3. The (AP); and (GP)3 residues are both longer than and exhibit better oxygen
production than the GGG linker. The best oxygen production was observed using
the (KA)jz linker. These samples contained a smaller total number of peptides, but
had 3 porphyrins per peptide rather than just one. This result suggests that the

porphyrin:peptide ratio is an important factor in efficient oxygen production.
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4.7 Development of a Non-Sacrificial Electron Ac-

ceptor

Some of the most effective herbicides bind to the quinone coordinating pocket of PSII
[99], because when the quinone is displaced, electrons can no longer be removed from
the catalytic core of PSII, photosynthesis stops, and the plant dies. The electron
acceptor serves an equally important role in the synthetic IrOx/Porphyrin system:
quenching the porphyrin triplet state and accepting an electron from the porphyrin
to yield a reactive porphyrin radical cation. The radical cation oxidizes the surface of
the IrOx catalyst enabling water oxidation. Without an electron acceptor, the triplet
state would either decay non-radiatively or through phosphorescence with no energy
transfered to the catalyst surface.

The most commonly used electron acceptor for photocatalytic water oxidation is
the persulfate anion. Persulfate has a very high oxidation potential, = 2 V, enabling
persulfate to quench the triplet states of some porphyrin molecules that have large
(negative) redox potentials [79]. Persulfate has the added advantage that a single
persulfate molecule can produce two radical cations, as described in Section 4.2.2,
doubling the potential quantum yield of oxygen evolution. Persulfate, however, is
a sacrificial electron acceptor. The addition of an electron to persulfate cleaves a
covalent bond, inhibiting the simple re-oxidation of the persulfate acceptor. Persulfate
is problematic because it can yield sulfate radical anion species that can damage either
the porphyrin or the catalyst material. Furthermore, persulfate can undergo dark
reactions with ground state porphyrins, causing damage to the porphyrin molecule
[79]. Direct oxidation of water by persulfate has been observed under some conditions,
potentially leading to erroneous measurement of catalytic performance [48].

Reversibility is an important feature for a good electron accepting material. In
PSII, plastoquinone accepts an electron, but it also transports the charge across the
thylakoid membrane. In a synthetic system for solar splitting of water, an electron
acceptor serves to transport the electron from the O, half reaction to the Hy half

reaction, where the acceptor is re-oxidized, leaving the molecule ready to accept
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another electron. The irreversible nature of persulfate prevents its use in this capacity,
illuminating the need for non-sacrifical electron-accepting compounds. Potential non-
sacrificial electron acceptors must be able to readily undergo reversible one electron
redox reactions. The redox potential, if possible, should be similar to that of persulfate
because, as Harriman and coworkers show, the triplet states of some porphyrins are

barely quenched by persulfate [79).

4.7.1 Currently Used Non-sacrificial Electron Acceptors

Metal cation redox couples such as Ce(III)/Ce(IV) and Fe(II)/Fe(III) are suitable
non-sacrifical electron acceptor candidates because they can be easily and reversibly
reduced. Ce(IV) is widely used as a non-sacrifical electron acceptor for photocatalytic
water splitting [4, 30, 72]. The Ce(III)/Ce(IV) couple was recently used in a pho-
tochemical cell to shuttle charge between platinized titania photoelectrodes enabling
the simultaneous production of hydrogen and oxygen [59]. Fe(III) and Hg(II) have
each been examined as electron acceptors in photocatalytic systems using metal oxide

catalyst with or without a [Ru(bpy)s]?* photosensitizer [23, 4, 72].

4.7.2 Identifying Promising Electron Accepting Materials

Photocatalytic water oxidation sensitized by metalloporphyrin dyes typically func-
tions under alkaline conditions, with Harriman and coworkers identifying only Pd(TSPP)
that was able to photo-oxidize water efficiently at neutral pH [79]. Accordingly, while
Harriman et al. observed that Fe(III) was able to quench the triplet state of por-
phyrins at less than pH 3.0 [42], there have been no reports to date of water photo-
oxidation sensitized by porphyrins employing non-sacrificial electron acceptors.

All of the non-sacrifical electron acceptors described in Section 4.7.1 were used
to generate oxygen at low pH. Ce(IV), Fe(IlI), and Hg(II) are all unstable in water
at elevated pH, forming insoluble hydroxide or oxide species and precipitating out
of solution. Often chelate molecules, organic ligands that can coordinate metal ions,

are used to protect metal ions from hydrolysis. Of these potential metal ion electron
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acceptors, Ce(IV) was selected for further experiments because it has the highest
redox potential and can be up to 12-coordinate, offering many sites for coupling the

ion to organic ligands.

4.7.3 Cerium(IV) Chelate Complexes

Two organic molecules were used to conjugate Ce(IV) ions, 2,6-pyridine dicarboxylic
acid (dipic) and diethylene triamine pentaacetic acid (DTPA). Dipic, naturally oc-
curring in bacterial spores [89] is a tridentate ligand, able to coordinate metal ions
through the pyridine nitrogen and the two carboxylic acid groups. DTPA has five
binding sites per ligand with each acetic acid group able to coordinate to metal ions.
The coordinated ring structure of dipic makes the molecule rigid, while DTPA is flex-
ible. The geometry of DTPA makes it unlikely that every binding site interacts with
the metal ion. While cerium ions can be up to 12 coordinate, steric constraints make
it unlikely that all of these sites can be bound by chelating ligands simultaneously.
Chelation of lanthanides is a common way of improving their properties and sta-
bility. Cerium ions chelated by ethylenediaminetetraacetic acid (EDTA) and DTPA
have been synthesized and characterized, showing promise for redox flow battery ap-
plications [73]. The dipic ligand has been used to improve the optical characteristics
of lanthanides by decreasing fluorescence quenching due to water and to improve
lanthanide dispersion in sol gel glasses [66]. Cerium ions chelated by dipic with a
number of different coordinations have been synthesized. D. L. Hoof et al. report
Ce(III) coordinated by two dipic ligands, with one ligand singly protonated yielding
a complex that 5-coordinates Ce(III) [47]. Katada et al. report a number of different
Ce(IV) dipic complexes, exhibiting between one and three ligands per Ce(IV) ion.
Some of these structures exhibited nine-coordinate complexation of Ce by dipic, but
none exhibited a crystal structure where every Ce(IV) ion was nine-coordinate. These
Ce(IV) dipic ligands are used as catalysts for DNA hydrolysis [55]. Brouca-Cabarrecq
et al. report a ”zero-dimensional” Ce(III) dipic structure that has three dipic ligands

each fully coordinated with a central Ce(III) ion [14].
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Figure 4-22: (A) A crystal of Ce(III) dipic. (B) A crystal of Ce(IV) dipic.

Synthesis

Ce(III) and Ce(IV) dipic were synthesized from Ce(III) or Ce(IV) ammonium nitrate
and dipicolinic acid. The cerium salt was added to a boiling, neutralized aqueous
solution of dipicolinic acid. Upon cooling, the solution was adjusted to pH 8.0 to
fully deprotonate the dipicolinic acid, thereby enabling complete coordination to the
cerium ions. The precise conditions for pH adjustment are important; if the pH is
adjusted too rapidly or with too strong a base, precipitation of cerium hydroxide will
occeur. The detailed product is described in Appendix C.15. The product was left
to crystallize. Ce(I1I) dipic formed orange crystals, 1-20 mm in size, with 97% yield,
while Ce(IV) dipic formed yellow crystals, 1-20 mm in size, with 67% yield. Figure
4-22 shows the photographs of Ce(III) dipic and Ce(IV) dipic crystals. The lower
vield for the Ce(IV) complex may be a result of the greater instability of the Ce(IV)
cation in water. Ce(IV) DTPA was synthesized from Ce(IV) ammonium nitrate and
DTPA in the same manner as Ce dipic. When left to crystallize, Ce(DTPA) vields a
homogeneous gel. The synthesis of Ce(IV) DTPA is detailed in Appendix C.16.

Characterization

The absorbance spectrum of Ce(IlI) dipic, Ce(IV) dipic, and Ce(IV) DTPA, Figure

4-23, was measured using a DU-800 spectrophotometer. The peak at 270 nm corre-
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Figure 4-23: Absorbance of Ce(III) dipic, Ce(IV) dipic, and Ce(IV) DTPA.

sponds to the dipicolinate ligand, while the broad band at 300 nm is from Ce(IV). The
X-ray crystal structure of the Ce(III) dipic and Ce(IV) dipic was performed by Dr.
Peter Mueller. The crystal structures confirmed that the Ce cation is coordinated by
three tridentate dipic ligands in both cases. Unfortunately, while the crystal quality
was high, a full crystal structure could not be solved for Ce(III) dipic. Ce(IV) Dipic
crystallizes in the monoclinic space group P21/n with one molecule of 2, two sodium
ions and six water molecules per asymmetric unit. Five of the water molecules, the
sodium atoms and the Ce(IV) dipic form an indefinite three-dimensional supramolec-
ular framework, held together by various O-Na interactions, giving rise to NagOs
four-membered rings. The framework is further stabilized by ten crystallographically
independent hydrogen bonds. The sixth water molecule fills in remaining voids and is
held in place by two additional hydrogen. Figure 4-24 shows the core crystal structure
of Ce(IV) dipic with hydrogen atoms, sodium ions, and water molecules omitted for
clarity. Additional crystallographic data is included in Appendix C.17.

Ce(III) and Ce(1V) dipic were characterized using 'H NMR. The NMR spectrum
of Ce(IV) dipic shows a triplet centered at 8.365 ppm and a doublet centered at
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Figure 4-24: Thermal ellipsoid drawing (50% probability level) of the crystal structure
of Ce(IV) dipic. Hydrogen atoms, sodium ions and water molecules omitted for clarity.
X-ray crystallography by P. Mueller.
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8.214 ppm, while the NMR spectrum of Ce(III) dipic shows a broad triplet at 10.655
and a broad doublet at 10.512, Figure 4-25. The differences between NMR signals
from Ce(III) and Ce(IV) dipic arise because Ce(III) is paramagnetic while Ce(IV)
is diamagnetic. Coupling organic ligands to paramagnetic species often results in
NMR peak broadening as seen for Ce(III) dipic. Furthermore, a significant downfield
shift in the NMR signal from Ce(IV) to Ce(III) dipic is expected because Ce(III) is

paramagnetic and Ce(IV) is diamagnetic.

In an effort to explain oxygen evolution observed for Ce(III) dipic, NMR spectra
of Ce(III) and Ce(IV) were collected after the addition of the iridium oxide colloid.
A small peak from Ce(III) in the Ce(IV) dipic sample and small peaks from Ce(IV)
in the Ce(III) dipic sample after the addition of IrOx. (Expanded in Figure C.18).
To confirm that the small peaks were caused by interactions with the IrOx colloid
not residual H,O,, NMR spectra of Ce(III) and Ce(IV) incubated with H,O, were
recorded. That the HyO, had no influence on the appearance of these second peaks
suggests an equilibrium exchange between the iridium and cerium charge states, es-
tablished upon addition of the iridium oxide. Details of the NMR measurement are

given in Appendix C.18.

Cyclic voltammetry measurements were performed using a three electrode setup
with a glassy carbon working electrode, platinum counter electrode, and Ag/AgCl
reference electrode. Ce(III) and Ce(IV) dipic show similar redox characteristics with
an oxidation peak at about 1.0 V and a reduction peak at about 0.1 V. Ce(III) dipic
shows good cycling characteristics and relatively small shift in peak locations with
large changes in scan rate. The large peak separation is indicative of slow redox
kinetics, perhaps indicating that there is a ligand induced effect. While Ce(IV) dipic
has similar CV behavior to Ce(III) dipic, the oxidation peak is smaller, which is
reasonable as Ce(III) will be present only in small quantities. The CV response of
the uncoupled dipicolinic acid ligand (adjusted to pH 8.0 with NaOH) exhibits current
that is an order of magnitude less than the traces with cerium present, indicating the
CV response of Ce(III) and Ce(IV) dipic is primarily due to the cerium cation. For
Ce(IV) DTPA, the anodic and cathodic peaks are closer together, indicating faster
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Figure 4-25: NMR spectra of Ce(III) dipic and Ce(IV) dipic dissolved in D,O, shown
before and after addition of iridium oxide colloid. The broadening observed for the
Ce(III) dipic sample is an effect often seen for organic molecules coupled to param-
agnetic species. After IrOx addition the NMR plot of Ce(IV) shows a small peak at
about 10.5 ppm, the position of the Ce(III) dipic peak. Similarly, after IrOX addition
the Ce(III) dipic NMR plot shows a small peak at about 8.2 ppm and 8.4 ppm, the
position of the Ce(IV) dipic peak. These small peaks are expanded above. Expansion
of Ce(III) and Ce(IV) dipic prior to IrOx addition did reveal any peaks.
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Figure 4-26: Cyclic voltammetry of cerium complexes, measured using a three elec-
trode setup with a glassy carbon working, platinum counter, and Ag/AgCl reference.
(A) Ce(III) dipic, (B) Ce(IV) dipic, (C) Dipicolinic acid neutralized with NaOH. (D)
Ce(IV) DTPA.

redox kinetics. The Ce(IV) DTPA redox curve is centered about the same place as

the Ce dipic complexes. The CV curves are shown in Figure 4-26.

Oxygen Production

The three cerium complexes were tested as electron acceptors in the photocatalytic
system described in Section 4.2.2. Oxygen evolution was performed using IrOx as a
catalyst and ZnD630-9 and measured using the gaseous oxygen analyzer. The precise
experimental conditions for oxygen evolution can be found in Appendix C.19. Some
oxygen production is observed from Ce(IIl) dipic, perhaps a result of the equilib-
rium between Ce(III) and Ce(IV) established upon addition of iridium oxide that
is indicated by NMR. The peak rate of oxygen production from Ce(IV) dipic was
0.24 pmol/min, 2.6 times more oxygen than produced using persulfate as an electron
acceptor under identical conditions. Measurement of the UV-Vis absorbance of the

oxygen-evolving solution after oxygen production indicates nearly complete conver-
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Figure 4-27: Oxygen evolution using Ce(III) and Ce(IV) dipic, Ce(IV) DTPA, or
persulfate electron acceptors.

sion of Ce(IV) to Ce(III). The peak rate of oxygen evolution from Ce(IV) DTPA was
even higher, 0.39 pmol/min, than from Ce(IV) dipic, however precipitation of the
electron acceptor and catalyst occurred upon addition of iridium oxide. The oxygen
production profile comparing sodium persulfate and the cerium complexes as electron
acceptors is shown in Figure 4-27. Ce(IV) dipic was able to serve as an electron accep-
tor for the photo-oxidation of water across a wide pH range. Oxygen production was
demonstrated at pH 5.5 with tris(2,2-bipyridyl) ruthenium(II) chloride, at pH 8 with
Pd(II) protoporphyrin IX (PdPPIX), at pH 9 with 1:1 PdAPPIX:ZnD630-9, and at pH
11 with ZnD630-9, each with Ce(IV) dipic as an electron acceptor. Each particular
dye was selected for its ability to efficiently catalyze water under the particular pH

conditions. Figure 4-28 depicts the total levels of oxygen evolved at each pH.

Regeneration

The non-sacrificial nature of Ce(IV) dipic was demonstrated by converting Ce(11I)
to Ce(IV) in an electrochemical cell. A three electrode cell with a glassy carbon

working electrode was used to oxidize Ce(III) to Ce(IV) at 1.0 V (Ag/AgCl), with
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Figure 4-28: Oxygen evolution across a wide pH range using Ce(IV) dipic as an
electron acceptor.

conversion of Ce(III) to Ce(IV) quantified by the absorbance of the solution at 294
nm. Experimental details concerning the setup and the calibration used to quantify
conversion of Ce ions is described in Appendix C.20. After about 4 hours, ~ 36% of
Ce(III) had been converted Ce(IV) (Figure 4-29). Higher levels of conversion could

not be attained, perhaps because of oxidation of the glassy carbon electrode.

To try and achieve greater conversion of Ce(III) to Ce(IV), a flow cell setup, similar
to that proposed by Raju et al. [90], was employed. The flow cell, a schematic of
which is shown in Figure 4-30, contained a DSA-O2 (IrO-TayO5 coating) anode and
stainless steel cathode separated by a Nafion cation exchange membrane. The anodic
potential was held at +3.5 V while a solution of Ce(III) dipic in lithium borate buffer
was circulated over the anode. A more detailed description of the flow cell can be
found in Appendix C.20. Figure 4-29 shows the conversion of Ce(III) to Ce(IV), as
determined from the 294 absorption. After a little more than 2 hours more than 60%
of Ce(III) dipic is converted to Ce(IV) dipic. The upper limit to Ce(III) oxidation
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Figure 4-29: Electrochemical conversion of Ce(III) dipic to Ce(IV) dipic, showing
time course of conversion using a three electrode setup at 1 V and an electrochemical
flow cell at 3.5 V. Ce(IV) concentration quantified by absorbance at 294 nm.
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Figure 4-30: A diagram of the two compartment flow cell (Electroanalytica) used to
convert Ce(III) to Ce(IV). Image by S. Cui.

in the flow cell setup may be caused by competition with water oxidation at the
electrode as the Ce(III) dipic concentration decreases.

The regenerated Ce(IV) dipic was tested as an electron acceptor for photocatalytic
water oxidation. The regenerated Ce solution had to be readjusted to pH 11, as the
electrochemical regeneration resulted in a large pH drop. Figure 4-31 shows the
oxygen production of the regenerated acceptor in comparison to Ce(III) dipic and
Ce(IV) dipic. The absolute magnitude of the oxygen production of Ce(IV) dipic
differs slightly from Figure 4-27 due to batch to batch variation in the synthesis of
the iridium oxide catalyst. The total oxygen produced using the regenerated electron

acceptor is nearly as much as is produced using Ce(IV) dipic.

4.7.4 Other Electron Acceptor Candidates.

Prior to selecting the Ce(IV) dipic electron acceptor, a number of other electron

acceptor candidates were investigated, including potassium ferricyanide, hematite
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Figure 4-31: A comparison of oxygen produced from regenerated Ce(IV) dipic versus
Ce(III) dipic and fresh Ce(IV) dipic.

nanoparticles, iron(III) fluoride, cerium(IV) sulfate, and CeO; nanoparticles. Each
of these materials, when mixed with IrOx colloid but no porphyrin, exhibited oxygen
production when illuminated with no UV filter. Iron(III) fluoride, when used in con-
junction with a Zn(TSPP) photosensitizer, exhibited a decrease in oxygen level upon
illumination and subsequent increase in oxygen level when the light was turned off.
The decrease in oxygen level is an artifact of the analysis method, suggesting either
the evolution of a reducing gas such as hydrogen (unlikely because of the high pH) or
perhaps formation of oxygen or hydroxyl radicals that interfere with the zirconia oxy-
gen sensor. Some oxygen evolution was observed from a-iron oxide and Ce(IV) sulfate
with ZnTSPP, but less oxygen was produced with these “acceptors” than when no
acceptor was used. Potassium ferricyanide exhibited initial oxygen production that
attenuated rapidly, and again when the light was turned off, the oxygen level rose.
While none of these candidates proved to be suitable sodium persulfate replacements,
potassium ferricyanide was the most interesting candidate because it remained solu-
ble throughout oxygen evolution and, while exhibiting some strange properties, did
evolve some oxygen. Alternative iron complexes may be interesting future candidates

as non-sacrificial electron acceptors.
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4.8 Future Directions

“T'wo roads diverged in a yellow wood,” the oft quoted line from Robert Frost’s “The
Road Not Taken” seems an appropriate beginning to the discussion of the future direc-
tions of this work. Much is yet to be learned about the chemistry and photophysics
at the center of this work. Developing a precise understanding of the interactions
between peptides and the iridium oxide colloid or conclusively determining whether
triplet states are formed at higher quantum efliciency in nanostructured porphyrin
arrays could enable more stable and efficient catalytic structures. Alternatively, fu-
ture work could focus on ways to couple this photo-oxidative system to frameworks
for hydrogen generation. This second path is likely to primarily involve engineer-
ing challenges, dependent on cleverly designed devices to effectively incorporate the
colloidal photocatalytic nanowire system for water oxidation into existing photoelec-
trochemical technologies in an efficient manner. Specific future directions on several

different components of this work are described in the sections that follow.

4.8.1 Light harvesting

One of the benefits of a dye-sensitized system for photo catalytic water splitting
is that multiple different dyes can be employed, each working most efficiently at a
different wavelength. Systems with a single photoconverter have maximum theoret-
ical solar conversion efficiency of about 30%, however the introduction of a second
photoconverter optimized for a different portion of the solar spectrum increases the
maximum theoretical efficiency to about 41% [5]. The bacteriophage provides an
ideal framework for utilizing multiple photosensitizers. As a proof of concept, PdP-
PIX and ZnD630-9 were co-assembled on the bacteriophage to create dual porphyrin
nanowires that absorb more of the solar spectrum, Figure 4-32. Palladium porphyrins
have the added benefit that they are able to photosensitize the oxidation of water at
pH 7 and below. The PdPPIX porphyrin has poor water solubility aﬁd thus is not a
good candidate for conjugation to phage. The synthesis of other Pd porphyrins, such
as PdD630-9, enable higher quality dual porphyrin nanowires and potentially enable
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Figure 4-32: Comparing the absorbance spectra of the ZnD630-9 nanowires and dual
porphyrin nanowires.

water splitting under less alkaline conditions. Further improvements in the light har-
vesting structure could be made through the design and synthesis of porphyrins that
will yield more organized assemblies on the phage. A highly organized porphyrin
array could enable the quantum coherent exciton transfer that has been reported in

the Fenna Matthews Olson bacteriochlorophyll complex [33].

4.8.2 Catalyst

The iridium-based catalyst used in this work has limited real-world potential due to
the rarity and expense of iridium. Others have shown good catalytic activity using
cobalt oxide and other less expensive materials [41], and templating these materials
on phage could provide further improvements to their catalytic performance. The
biological approach taken in this work inspires the reassessment of manganese-oxo
complexes as potential catalyst materials. Manganese is cheap, plentiful and nature
demonstrates that it can oxidize water. Furthermore, researchers have not had the

framework used in this work available to them. The bacteriophage can provide a
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protein scaffold to support and stabilize a particular Mn-oxo structure, while the
close proximity of dye molecules and potentially of electron acceptors enables efficient
energy transfer to the catalytic site. Manganese is 50 times more abundant than
cobalt and 2.5 million times more abundant than iridium. The cost savings from

using Mn could compensate for substantially reduced efficiency or stability.

4.8.3 Peptide

Given the purported benefits of nano-scaled arrangement of porphyrins, it is unlikely
that a synthetic porphyrin system can exhibit superior photocatalytic performance
to phage-assembled hybrid nanowires. Synthetic peptides can serve as a tool to study
energy transfer between a catalyst molecule and dye in a more controlled environ-
ment. The results described in Section 4.6 indicate that the separation between the
dye and catalyst has an impact on the catalytic efficiency. Quantum mechanical
simulations of the porphyrin-peptide-IrOx system could provide further insight into
the peptide sequences with geometry yielding the optimal spacing between porphyrin
and catalyst. While the addition of aromatic residues showed no enhanced oxygen
production, more sophisticated models may yield peptide sequences that can better

facilitate electron transfer.

4.8.4 Electron Acceptors

Ce(IV) dipic fills the void of non-sacrificial electron acceptors that are compatible
with porphyrin photosensitizers, enabling porphyrin-based systems to be coupled to
hydrogen-evolving half reactions. Some concerns remain that the high oxidation
potential of Ce(IV) dipic will result in energy loss upon reoxidation of the electron
acceptor. Potentially, modifications to the dipic ligands could tune the redox potential
of a Ce(IV) electron acceptor to the potential needed to create a porphyrin radical
cation state, thereby wasting as little energy as possible upon reoxidation.

In PSII the quinone electron acceptor is affixed to the protein complex until it

accepts an electron, at which point the molecule is released into the thylakoid mem-
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brane. The electron transport between porphyrin and catalyst has been minimized
through co-assembling on the bacteriophage. Electron transport between the ex-
cited triplet state and the electron acceptor is still controlled by the concentration of
electron acceptor in solution. By designing a peptide sequence that can coordinate
Ce(IV) dipic but release Ce(III) dipic, the electron acceptor could be coupled to the
bacteriophage backbone, dramatically reducing the time for energy transfer between
electron acceptor and dye and potentially minimizing the non-radiative decay of the
triplet state and the transfer of the triplet energy to molecular oxygen. The release
of the electron acceptor upon reduction opens up the binding site for a fresh Ce(IV)

complex.

4.8.5 Hydrogen

The work presented in this chapter focused on the problem of developing a system
that can oxidize water. While substantial work still remains to optimize the oxygen
production half-reaction, the biggest future challenge is to develop ways to couple the
oxygen-evolving half reaction to a hydrogen-evolving half reaction. The dream of a
completely photocatalytic system that produces hydrogen and oxygen is still quite
far in the future. Recently, many researchers have taken the approach of building
photoelectrochemical cells. Mallouk and coworkers recently reported a complete sys-
tem for water oxidation using a TiO; film loaded with [Ru(bpy)s]?* dye and iridium
oxide nanoparticles [112]. Water oxidation occurs at the IrO, surface and electrons
are removed by applying a potential between the TiO; and the hydrogen-evolving
platinum electrode. The multi-scalar microsphere system could be coupled with a
non-sacrificial electron acceptor such as Ce(IV) dipic and incorporated into a system
such as this fairly easily. Most of the difficulty comes from designing the system so
light and electricity are used efficiently. Optimizing electrode design, semipermeable
membranes, and cell geometry are all engineering challenges that must be overcome

to build an efficient photoelectrochemical cell for the splitting of water.
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Appendix A

Phage Display Protocols

A.1 Solutions and Media for Phage Display

A.1.1 LB Medium

e Difco Luria-Bertani (LB) broth, Miller (BD), 25 grams.
e Millipore water, 1 L.

e Autoclave in 2 L Erlenmeyer flask.

A.1.2 Agarose Top

e LB Broth, 25 grams.
e Agarose (OmniPur, EMD), 7 grams.
e Millipore water, 1 L.

Autoclaved in 2 L Erlenmeyer flask.

Divided into 50 mL conical tubes.

A.1.3 TBS
e Tris-HCl (OmniPur, EMD), 50 mM (7.88 g).
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NaCl, 150 mM (8.77 g)

e Millipore water, 1L

Autoclave in 2 L bottle.

Adjust to pH 7.5

A.1.4 TBS-Tween

e Add 10 uL (0.1%) or 300 uL (3%) Tween-20 to 100 mL TBS buffer.

e Sterile filter TBS-T solution.

A.1.5 PEG/NaCl

e Polyethylene glycol, 8000 MW (PEG-8000) (Fluka), 20% w/v (20 grams).

NaCl, 2.5 M (14.6 grams).

Millipore water, 80 mL.

e Autoclave in 250 mL bottle.

Separates upon autoclaving, mixed while cooling, becoming homogeneous with

a slight haze.

A.1.6 Glycine-HCI1

e Glycine (Mallinckrodt), 0.2 M (2.23 g).
e Millipore water, 100 mL.

e Adjusted to pH 2.2.
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A.1.7 Tris-HCI

e Tris-HCl (OmniPur, EMD), 1.0 M (2.23 g).
e Millipore water, 100 mL.

e Adjusted to pH 2.2.

A.1.8 Preparation of LB/IPTG/TET plates

e LB Broth, 25 grams.

Bacto Agar (BD), 15 grams.

Millipore water, 1L.

Autoclave in 2 L Erlenmeyer flask.

e Add 1 mL Isopropyl -D-1-thiogalactopyranoside / bromo-chloro-indolyl-galactopyranoside
(IPTG/X-GAL) solution (XTRA-Blue plus X-gal, QBiogene).

e Add 1 mL, 20 mg/mL tetracycline (TET) solution.
e Pipetted ~ 10 mL solution per petri dish (100 mm x 15 mm) in laminar flow

hood.

A.1.9 Strain Maintenance

o Streak out ER2738 E. coli (NEB) on a LB-agar plate using a flame-sterilized

inoculation loop.
e Incubate at 37°C overnight.
e Plate can be stored for up to about 1 week at 4 °C.

e Stock ER2738 stored at -20 °C.
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A.2 Phage Display

A.2.1 Biopanning - Round 1

e Start titer culture. (Early in day)
Add 20 mL LB, 20 uL TET solution to a 200 mL Erlenmeyer.

Pick a single ER2738 colony off of a plate using a flame-sterilized inoculation

loop and add to LB

Incubate at 37 ° for around 6 hours.

e Biopanning

Add 1 mL of 0.1% TBS-T into a micro-centrifuge tube containing the ster-

ilized substrate.
Add 10uL of phage library (briefly vortexing before use).
Rock gently for 60 minutes at room temperature.
While sample is incubating, begin the titering steps.

Remove sample from rocker, and rinse 10 times with 1 mL TBS-T, each

wash using a separate tube.
Add 0.5 mL glycine-HCL to elute bound phage and rock for 8 minutes.

Immediately pipet solution to new tube and neutralize with 150 pL Tris-

HClL

Prepare serial dilutions of eluted phage solution. (100 uL LB with 10 uL of

solution from previous vial).

Amplify eluted phage solution.

A.2.2 Biopanning - Subsequent Rounds

e Add amplified phage to substrate at same concentration as first round.
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e Decrease time of exposure to substrate or increase Tween concentration to in-

crease stringency.

A.2.3 Titering

o At least an hour before titering, prepare agarose top.
Microwave agarose top until liquid, but without boiling.
Prepare 4 mL aliquots in 15 mL round-bottomed culture tubes.
Place in 55 °C oven.

Place plates in 37 °C oven.
e Measure OD of bacteria using UV-Vis at 600 nm.
e If the OD > 0.5, add bacteria into micro-centrifuge tubes in 200 uL aliquots.
e Add 10 pL of each dilution to bacteria tubes.
e Incubate at room temperature for 5 minutes.

e Remove plates from incubator. If titering a large number of samples, remove

no more than 6 at a time.
e Remove agarose-top-containing culture tubes 1 or 2 at a time from oven.
o Transfer infected bacteria to culture tubes.
e Vortex.
e Pour onto labeled, pre-warmed plate, spreading evenly.
e Allow to cool for 5 minutes.
e Invert and incubate overnight at 37 °C.
e Each phage should yield a blue, circular plaque on plate.

e Clear circles indicate wild type colonies.
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e Count number of plaques on each plate.

e Plates can be stored at 4 °C for several months.

A.2.4 Amplification

e Dilute overnight culture 1 to 100 in LB (250 L culture in 25 mL LB).
e Add 500 uL of eluted phage to dilution.

e Incubate at 37 °C in shaker for 4.5 hours.

e Transfered to a 50 mL Oak Ridge centrifuge tube.

e Spin for 10 minutes at 10,000 RPM at 4 °C.

e Transfer the supernatant to a fresh tube and re-spin.

e Transfer top 80 % of supernatant to a fresh tube and add 1/6 volume of
PEG/NaCl..

e Precipitate phage overnight at 4 °C.

e Spin PEG-NaCl precipitate for 15 minutes at 10,000 RPM.
e Pour off supernatant and re-spin briefly.

o Remove any additional liquid.

e Suspend pellet in 1 mL TBS

e Transfer to a microcentrifuge tube and spin for 5 minutes.

e Transfer the supernatant to a fresh tube and re-precipitate with 1/6 volume of

PEG/NaCl.

e Incubate on ice for 1 hour.

Spin for 10 minutes and discard supernatant.
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Table A.1: Titer on sapphire, Phage, pfu/uL
Face | Rnd 1 | Rnd 2 | Rnd 3
A | 15000 | 10000 { 1400
C | 19000 | 2000 | 22000
R | 17000 | 10000 | 7000

e Re-suspend pellet in 200 L TBS.

e Titer amplified bacteriophage.

A.2.5 Amplification of Clones for Sequencing
e Dilute overnight culture 1 to 100 in LB.

Dispense 1 mL diluted culture to 15 mL culture tubes.

Using a pipet tip pick an individual plaque and add to culture tube.

Incubate at 37 °C for about 4.5 hours.

Isolate DNA using a Qiagen QIAprep Spin M13 Kit.

Submit DNA for sequencing

A.3 Phage display against the A, C, and R faces

of sapphire.

A.4 pVIII Library Selection against IrO, powder

A type 8 phage display library was used to select phage that displayed peptides with
an affinity for IrO,. Unlike traditional plasmid techniques for modifying the pVIII,
the type 8 library provides 100% expression of peptides on the N-terminus of each
pVIII protein [64]. After three rounds of biopanning against IrO, powder (Sigma-
Aldrich, 99.9%) two different dominant IrO, peptide binding motifs were identified:
EQPANSLP and AGETQQAM [114].
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Appendix B

Peptide Sequences

B.1 Copper

Several unsuccessful attempts were made to screen against copper wire. Initially,
the standard method of acid elution was employed to extract phage from the copper
surface. The solution post-elution was blue from dissolved copper ions resulting in
E. coli death due to copper toxicity. In further screening rounds EDTA and sodium
phosphate were employed in an attempt to chelate copper ions, however this still
was unsuccessful. Additionally, rather than employing acid elution, direct growth off
of the copper surface was attempted to minimize the dissolved copper. This direct
grow-off technique was also unsuccessful. The inability of phage to infect E. coli and
the inhibited E. coli growth may be attributed to copper ions that attach to the phage
surface and are introduced into the FE. coli cells upon infection subsequently killing

the infected cell.

B.2 Sapphire Peptide Sequences

The enhanced or reduced probability of observing an amino acid with a particular
chemical composition at each position of the pIII peptide insert in sequences selected

from the A, C and R faces of sapphire.
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Figure B-1: The enhanced or reduced probability of observing an amino acid with a
particular chemical composition at each position of the plIlII peptide insert in sequences
selected from the A, C and R faces of sapphire.
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B.3 Additional peptide sequences

L R R R R R R e R I I I I R R I I I R R I R R R R R R B R e e e e e e T L T

<
33331..-4444444443333“.444444444444333344444444444

Face Round 1 2
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and R faces of sapphire using the 12-mer

Table B.1: Sequences selected from the A, C

plII library.

1234567 89 Freg
: A :
N
L
Table B.2: Sequences selected for platinum using the 12-mer phage library.

EEEE
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SampleBiopan# 1 2 3 4 5 6 7 8 9 Freq
ITO-1  BP2 i QX L HIC 11

ITO-1  BP2 :1
ITO-1 BP2 i1
ITO-1 BP2 i1
ITO-1  BP3 :4
ITO-1  BP3 4
ITO-1  BP3 4
ITO-1 BP4 10
ITO-1 BP4 :10
ITO-2 BP1 4
ITO-2 BP1 4
IT0-2 EBP1 4
IT0-2 BP1 4
ITO-2 BP2 14
IT0-2 BP2 4
ITO-2 BP2 H
ITO-2 BP2 4
ITO-2 BP3 4
IT0-2 BP3 4
ITO-2 BP3 4
ITO-2 BP3 4
ITO-2 BP4 8
ITO-2 BP4 8
ITO-2 BP4 :8
ITO-2 BP4 8
ITO-2 BP4 :8
ITO-2 BP4 8
ITO-2 BP4 8
ITO0-2 BP4 8
ITO-2 BP5 :8
ITO-2

ITO-2

ITo-2

BPS _ ' 18

Table B.3: Sequences selected for ITO using the CTC phage library (samples 1 and
2).
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8

SampleBiopan# 1 2 3 4 56 7 8 9

WWARARAARARRARAARARRDR

ITO-4 BP1 4
ITO-4 BP1 1:4
ITO-4 BP1 1:4
Imo-4 BP1 1:4
ITO-4 BP2 1:4
ITO-4 BP2 1:4
ITO-4 BP2 1:4
ITo-4 BP2 1:4
ITO-4 BP3 2:4
ITO-4 BP3 1:4
ITo-4 BP3 1:4
ITO-4 BP4 2:8
ITO-4 BP4 3:9
ITO-4 BP4 :8
ITO-4 BP4 8
ITO-4 BPS 8
ITO-4 BPS 8
ITO-4 BPS 8
ITO-4 BPS 8
ITO-4 BP5 :8
ITO-4 BP5 8

Table B.4: Sequences selected for ITO using the C7C phage library (samples 3 and
4).
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SampleBiopan# 1 2 3 4 5 6 7 8 9 Frec

Al BP-1 2:10
Al BP-1 2:10
Al BP-1 1:10
Al BP-1 2:10
Al BP-1 ' 1:10
Al BP-1 1:10
Al BP-1 1:10
Al BP-1 3(2) 1:10
Al BP-1 3(2) 2:10
Al BP-1 3(2) 1:10
Al BP-1 3(2) 1:10
Al BP-1 3(2) - 2:10
Al BP-1 3(2) 1:10
Al BP-1 3(2) E 1:10
Al BP-1 3(2) 1:10
Al BP-1 4 | 1:10
Al BP-1 4 1:10
Al BP-1 4 3:10
Al BP-1 4 ' 1:10
Al BP-1 4 2:10
Al BP-1 4 1:10
Al BP-1 4 1:10
Al BP-1 5 3:10
Al BP-1 5 7:10
Al BP-6 3 1:8
Al BP-6 3 1:8
Al BP-6 3 1:8
Al BP-6 3 1:8
Al BP-6 3 1:8
Al BP-6 3 1:8
Al BP-6 3 1:8
Al BP-6 3 1:8
Al BP-6 4 1:7
Al BP-6 4 1:7
Al BP-6 4 1:7
Al BP-6 4 1:7
Al BP-6 4. F S 1:7
Al BP-6 4 Q 1:7
Al BP-6 4 s 1:7
Al BP-7 3 Q 1:3
Al BP-7 3 1:3
Al BP-7 3 K M 1:3
Al BP-7 4 32
Al BP-7 4C 1:2

Table B.5: Sequences selected for aluminum using the C7C plIII phage library.
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SampleBiopan# 1 2 3 4 5 6 7 8 9 1011 12 Freg
Al BP-2 3Q ¢ n Eﬂ L Eﬂ 1:9
Al BP-2 3 Q| 1:9
Al BP-2 3 ; 1 1:9
Al BP-2 3 1:9
Al BP-2 3 1:9
Al BP-2 3 1:9
Al BP-2 3 | 19
Al BP-2 3 . 19
Al BP-2 3 1:9
Al BP-2 4 1:9
Al BP-2 4 3:9
Al BP-2 4 P 1:9
Al BP-2 4 1:9
Al BP-2 4N Q 19
Al BP-2 4llim P F 19
Al BP-2 4N M P 19
Al BP-3 3N M P 1:10
Al BP-3 3 P 2:10
Al BP-3 3 M F 1:10
Al BP-3 3 1:10
Al BP-3 3 1:10
Al BP-3 3 1:10
Al BP-3 3 | 1:10
Al BP-3 3 1:10
Al BP-3 3 1:10
Al BP-3 4 - 2:8
Al BP-3 4 . 1:8
Al BP-3 4 1:8
Al BP-3 4 2:8
Al BP-3 4 4 1:8
Al BP-3 4 1:8
Al BP-4 3 1:7
Al BP-4 3 2:7
Al BP-4 3 2:7
Al BP-4 3 17
Al BP-4 3 1:7
Al BP-4 4 1:8
Al BP-4 4 1:8
Al BP-4 4 1:8
Al BP-4 4 2:8
Al BP-4 4 2:8
Al BP-4 4 P 2:8
Al BP-5 36 P 2:8
Al BP-5 3 1:8
Al BP-5 3 1:8
Al BP-5 3 1:8
Al BP-5 3 2:8
Al BP-5 3 1:8
Al BP-5 4 1:3
Al BP-5 4 1:3
Al BP-5 4 1:3

Table B.6: Sequences selected for aluminum using the 12-mer pIII phage library.
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Appendix C

Experimental Procedures

C.1 Conjugation of peptides to Amino Qdots

@ Buffer Exchange. Total time: 30 minutes

Transfer 1 nmol (125uL) Amino Qdots into ultrafiltration unit. (100 kD
4mL Amicon Ultra (Millipore))

Fill remaining volume with PBS, pH 7.4.

Spin at 4000g for 15 minutes.

Refill with PBS, Spin at 4000g (2000 rpm) for 15 minutes. (Until volume
reduced to 250 pL)

(@ Bis[sulfosuccinimmidyl] suberate (BS3) reaction. Total time 30 min-

utes.

Transfer qdots to glass vial.

Add 0.6 mg of BS3 (1 umol)

React 30 minutes on rotator.

(® Removal of excess BS3

Remove top cap of NAP column and pour off excess liquid. Remove bottom

Cap
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Perform 5 buffer exchanges with pH 7.4 PBS (at least 15 mL total). The

buffer exchange takes about 15 minutes, so start while dots react with BS3.
Allow equilibration buffer to completely enter the gel bed.
Add sample to column; allow to completely enter gel bed.
Add 250 pL of PBS, allow to enter gel bed.
Place a test tube under column to collect sample, and elute with 1.0 mL
PBS.
@ React with peptide
Add 4 pmol of peptide (for AO8 7.4 mg) dissolved in 1 mL H20 to sample.

Mix gently to react for 2 hours.

() Purification

Add sample to ultrafiltration unit. Fill remaining volume with borate buffer

(50 mM, pH 8.3). Spin at 4000 g (2000 rpm) for 15 minutes. Repeat 3 times.

Filter through 0.2 pum syringe filter.

C.2 Procedure for assembling Qdots on an alu-

minum substrate.

The aluminum substrate was washed for 2 minutes in Liquinox, rinsed 3x with Milli-
pore water, washed for 2 minutes in ethanol and then rinsed again 3x with Millipore
water. Qdots were diluted to 10 nM in PBS-Tween (0.1%). The Qdots were incubated
with the aluminum substrate overnight, about 12 hours, and rinsed for 30 minutes in
PBS-T. Fluorescence was observed on an Olympus IX-51 inverted microscope using

a TRITC fluorescence filter and Q-Color 3 camera.
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C.3 Conjugation of peptide to p(HEMA-co-MAA)

@ Dissolution of pHEMA-co-MAA
Dissolve pHEMA-co-MAA) in methanol. (0.1 grams in 15 mL of methanol)
Mix to fully dissolve.
Add 0.5 mL Millipore water to polymer solution

Mix for up to 1 hour to fully dissolve.

(@ EDC reaction.

Add to 2 mg EDC (dissolve 1 mg in 50 uL. H20, add 10uL to Polymer

mixture)

React for 30 minutes.

() Peptide addition.
Add solution to 6 mg AOS8

React for 1 hour.

(» Purification. Total time: 1 minutes
Add solution to 1 mL H,O
Spin Down, 30 sec, high speed.

Resuspend in 200 L. Methanol.

C.4 Conjugation of peptide to carboxylate micro-
spheres.

(@ Preparation of Microspheres

Polysciences 4.5um, 2.62% in water, microspheres were warmed to room

temperature.

500 pL of microparticles centrifuged at 3500 rpm for 10 minutes.
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Pellet resuspended in 0.4 mL of coupling buffer.

Particles re-centrifuged for 10 min at 3500 rpm and resuspended in 0.17 mL

coupling buffer.

@ EDC reaction.
Dissolved 20 mg EDC in 100 L coupling buffer.

Added the EDC solution to particles, vortexed.

(&) Peptide addition.
Added lysine-functionalized peptide, either 0, 0.1 or 1.0 gmol

Vortexed and incubated 1 hour.

(» Purification.
Centrifuged 10 min at 3500 rpm
Rinsed in 0.4 mL wash buffer
Centrifuged 10 min at 3500 rpm

Resuspended in wash buffer.

C.5 Cleaning Sapphire
e Ultrasonicate sapphire pieces 2-3 min. in Millipore water.
e Soak for 30 min. in 10%w/v hydrochloric acid.

Ultrasonicate for 2-3 min. in Millipore water.

Ultrasonicate for 2-3 min. in ethanol.

Dab dry with a Kim Wipe.
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C.6 Patterning and Cleaning of ITO Substrates.

@ Patterning of ITO Slides

ITO coated glass slides (Delta Technology, 13-30 Q2-cm) were masked with

silicone tape.

Unmasked ITO was removed using aqua regia solution, 100 mL H,O, 80

mL HCl, 35 mL HNOg3 for 15 minutes.

The slides were rinsed with water and the silicone tape removed.

(@ Cleaning ITO Slides

The slides were cleaned in piranha solution, 3:1 H;SOy4 : 30 % H,0,, for 10

minutes.
Rinsed several times in ultra-pure water.
Sonicated in ultra-pure water.

Sonicated in 70 % ethanol in water.

C.7 Modification of Biorad Electroporator to en-

able continuous pulses

The signals from the “pulse” button on the front face of the electroporator feed into
a printed ribbon cable that plugs into the display board. The first two wires control
the “pulse” button. These two wires were soldered to the posts of a BNC plug. The
signal, monitored by an oscilloscope, is high until the button is pressed, and then low
for ~ 300 ms, independent of the voltage setting. The signal suggests that pressing
the button discharges a capacitor, which stimulates the application of a pulse. The
BNC terminal can be connected to a function generator to control the application of
pulses. Alternatively, a timing circuit designed by B. Neltner that stays high for 3.84

seconds and then goes low for 400 ms will drive the pulsing.
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C.8 Conditions for IrOx NP and NW synthesis
using the stirred high voltage pulse cell.

e Samples were pulsed at 1 kV with a 2 to 2.5 mm gap for approximately 10

minutes. There was an ~4 second gap between each pulse.

e 3 mL of 25 mM IrCls, neutralized to pH 7.5, and aged for several days was used
for each batch.

e Between 30-300 uL of 5x10° phage were used in nanowire syntheses.

e Samples were dialyzed vs 10 mM NaOH overnight in 10kD tubing, yielding a

deep purple solution.

C.9 Conditions for oxygen evolution experiment
with electro-pulse synthesized nanoparticles.

e Oxygen Evolution Buffer, 1 L
1.19 gm sodium persulfate
71.0 gm sodium sulfate
0.12 gm sodium hydroxide

0.124 gm boric acid
e 10 mL of buffer and 500 pL of 1:10 IrO2/ZnTSPP (final concentration, 80 uM)

Sample in 20 mL glass vial, sealed with parafilm and purged with N, for 1.5

hours.
e Illuminated with a 30 W fiber light (Dolan-Jenner).

02 monitored using VWR dissolved oxygen electrode.

The final results were normalized in reference to diffusion of oxygen into the

system.
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C.10 Procedure for the Chemical Synthesis of IrOx

nanoparticles. Adapted from [40]

e Dissolved 0.15 grams of NayIrClg-H,O (Alfa Aesar) in 125 mL HPLC grade

wafter.
e Added 0.25 grams of sodium citrate (Alfa Aesar).

e Heated, while stirring in a loosely covered amber glass jar, using an oil bath at

90 °C for 4 hours

The solution changed from yellow-brown to blue-gray.
e Left to cool overnight.
e Stirred with 10g Amberlite MB1 ion-exchange resin (Aldrich) for 30 minutes.
e The Amberlite resin was removed by vacuum filtration.
e The solution was diluted by adding 50 mL of water.

e (Optional) 40 mg of 20K MW PEG dissolved in 12.5 mL of water added to coat

particles.
e 5 mL of 6% hydrogen peroxide added to fully oxidize colloid surface.

e The solution was purged with Ny and allowed to sit overnight.

C.11 Recipe for Oxygen Evolution Buffer

e Sodium Sulfate
71.0 grams sodium sulfate (0.5 M) - All persulfate experiments

Sodium sulfate was not used with CeDipic. It is only needed to inhibit the

degradation of persulfate.
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e Sodium Borate
1.52 grams Sodium Borate (4 mM) - Most Experiments
2.50 grams Sodium Borate (6.6 mM) - Phage NW experiments

6.08 grams Sodium Borate (16 mM) Peptide/CeDPA experiments

e Adjust to pH 11 with NaOH

e 1L Millipore Water

C.12 Data collection from the ZrO2000 Oxygen
Analyzer

The ZrO2000 analyzer outputs a current signal corresponding to the O, concentration.
The range of oxygen levels to which current signal corresponds are set using the oxygen
analyzer. For this work, 4-20 mA current range and oxygen range of 0 ppm to 200 ppm
were set. Note, with gaseous oxygen concentrations, 1 ppm Oj is equivalent to 1 uL of
oxygen per L of nitrogen. The current signal was converted to a voltage signal using a
~ 300 (2 resistor, the voltage was digitized using a NI USB-6212 data acquisition card,
and data recorded using IgorPro (WaveMetrics). The current output circuitry was
highly prone to induced currents by external electrical noise. These currents could
cause feedback in the instrument, disrupting the sensor temperature control loop. To
minimize induced currents, output wires were wrapped around a large ferrite bead.

Aluminum foil was used to further shield the instruments.

C.13 Inductively Coupled Plasma - Atomic Emis-
sion Spectrocopy

Concentrations of P, Zn, and Ir in aqueous solution were determined using induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES). Measurements were
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performed at the MIT CMSE using an Horiba Jobin Yvon ACTIVA ICP-AES. The
213.618 emission was used for P, 213.656 emission was used for Zn, the 224.268 emis-
sion was used for Ir. The ZnDPEG-conjugated viruses were pretreated in 0.33 M HCI

at room temperature overnight.

C.14 Conditions for oxygen evolution with hybrid
IrOx/Porphyrin Nanowires

The buffer described in Appendix C.11 was used with a freshly prepared 27 mM
solution of sodium persulfate. The solution was connected to the oxygen analyzer
and purged for 4 hours with nitrogen before illumination by a 300 W Xe fiber lamp
with a 400 nm high pass filter (ThorLabs). The total oxygen was calculated by

integrating the transient oxygen curve recorded in IgorPro.

C.15 Synthesis of Ce(III) and Ce(IV) dipic

Cerium(I1I) dipic, was synthesized by dissolving dipicolinic acid (DPA) (99% Sigma
Aldrich) in HPLC grade water (EMD OmniSolv) at 0.3 M concentration. 2M NaOH
was added to bring the final concentration to about 0.5 M NaOH. The solution was
brought to a boil and stirred magnetically until the DPA was fully dissolved. A
solution of 0.75 M cerium(III) ammonium nitrate tetrahydrate (reagent grade, Alfa
Aesar) was added to the DPA solution, giving a final Ce(III) concentration of about
0.05 M. The solution was allowed to cool and then adjusted to pH 8.0 dropwise
with 0.2 M NaOH. It is critical that this step be performed slowly and that the
NaOH not be more concentrated than 0.2 M or cerium hydroxide will precipitate
from solution. The product was left to crystallize at room temperature. Cerium(IV)
dipic was synthesized in the same manner as Ce(III) dipic using 0.75M cerium(IV)
ammonium nitrate (reagent grade, Alfa Aesar). The product was left to crystallize

at room temperature.
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C.16  Synthesis of Ce(IV)DTPA

Cerium(IV) DTPA was synthesized by dissolving diethylenetriaminepentacetic acid
(DTPA) (99% Sigma Aldrich) at 0.1 M in HPLC grade water. This solution was
brought to a boil and cerium(IV) ammonium nitrate was added giving a final concen-
tration of 0.1 M Ce(IV). The solution was cooled and the pH was adjusted to pH 8.0
with 2 M NaOH. No precipitation was observed. This was used as a stock solution

for further experiments as no crystals form when the solution is left to crystallize.

C.17 X-ray crystallographic characterization of
Ce(IV) dipic

Low-temperature diffraction data were collected on a Siemens Platform three-circle
diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-
monochromated Mo Ka radiation (A = 0.71073 A), performing ¢ and w-scans. The
structure was solved by direct methods using SHELXS [94] and refined against F2? on
all data by full-matrix least squares with SHELXL-97[95] using established methods
[76]. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms (except
hydrogen atoms on oxygen, which were taken from the difference Fourier synthesis
and refined semi-freely with the help of distance restraints) were included into the
model at geometrically calculated positions and refined using a riding model. The
isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the
U value of the atoms they are linked to. Details of the data quality and a summary
of the residual values of the refinements are listed in Table C.1. All atoms of the

asymmetric unit are depicted in Figure C-1.

C.18 Conditions for NMR analysis of Ce dipic

For NMR spectroscopy, samples were dissolved in D,O at about 0.1 M. NMR data
were collected on a 400 MHz Bruker Avance spectrometer (MIT Department of Chem-
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Figure C-1: Thermal elliposid representation at the 50% probability level of all non-
hydrogen atoms contained in the asymmetric unit in the structure of Ce(IV) dipic.
Hydrogen atoms are omitted for clarity. X-ray crystallography by P. Mueller.
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Figure C-2: Ball-and-stick representation of the three-dimensional supramolecular
framework of Ce(IV) dipic supported by 12 crystallographically independent hydrogen
bonds (dashed lines). Hydrogen atoms bound to carbon were omitted and carbon
atoms were drawn with zero-radius for clarity. Color codes for the atom types are as
in Figure C-1. X-ray crystallography by P. Mueller.
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coeflicient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.57°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I;2sigma(I)]
R indices (all data)
Largest diff. peak and hole

09014
(21 H21 Ce N3 Na2 O18
789.51
100(2) K
0.71073 A
Monoclinic
P2(1)/n
a = 10.1867(10) A a= 90°.
b = 22.127(2) A b= 95.051(2)°.
c = 12.4864(12) A g = 90°.
2803.6(5) A3
4
1.870 Mg/m?
1.745 mm™!
1568
0.40 x 0.30 x 0.20 mm?
1.84 to 29.57°.

-14j=hj=14, -30j=k{=30, -17j=1j=17

73410
7865 [R(int) = 0.0350]
99.9 %
Semi-empirical from equivalents
0.7216 and 0.5420
Full-matrix least-squares on F2
7865 / 27 / 442
1.058
R1 = 0.0197, wR2 = 0.0487
R1 = 0.0217, wR2 = 0.0501
0.724 and -0.389 e.A~3

Table C.1: Crystal data and structure refinement for 09014.
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istry Instrumentation Facility, NTH Grant #1S10RR13886-01) with Watergate solvent
suppression using the 3-19-9 scheme. NMR spectra were collected for Ce(III) dipic
and Ce(IV) dipic with and without iridium oxide colloid.

C.19 Conditions for oxygen evolution experiments
involving cerium chelates

For photocatalytic water oxidation experiments a solution of photosensitizer, iridium
oxide catalyst and electron acceptor was added to 15 mL of buffer solution. Iridium
oxide colloid (5 mL of 100 ppm iridium solution), dye (25 uL, either 8 mM Pd(II)
protoporphyrin IX (Frontier Scientific), 8 mM Zn(II) deuteroporphyrin IX 2,4-bis-
ethylene glycol (D630-9) (Frontier Scientific), or 80 mM tris(2,2-bipyridyl)dichlororuthenium(II)
hexahydrate [Ru(bpy)s]** (Sigma-Aldrich) in DMSO), and electron acceptor (155
pmols) were added to the buffer solution. [Ru(bpy)s)?t was used at higher concen-
tration because of its smaller extinction coefficient. Appropriate buffers were selected
for each pH range: at pH 9 and 11, 4mM borate buffer was used; at pH 8, 4mM Tris
buffer; and at pH 5.5, 0.1 M sodium acetate with 50 mM sodium sulfate. The sample
was placed in a tall, 60 mL glass vial (I-CHEM) and purged with nitrogen gas. The
sample was illuminated with a 300 W xenon lamp (Di-Star) using a 515 nm high pass
filter (Thor Labs) to isolate the photocatalytic behavior of the organometallic dye,

and oxygen was measured using the ZrO2000 oxygen analyzer.

C.20 Experimental Methods for Electrochemical
Oxidation of Ce(III) dipic.

C.20.1 Three Electrode Setup

A bi-potentiostat was used to control the voltage of the three electrode setup used
to convert Ce(III) to Ce(IV). A 50 x 50 mm, 1 mm thick type 1 glass carbon plate

(Alfa Aesar) was used as a working electrode, platinum mesh (Alfa Aesar) was used
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as a counter electrode, and an Ag/AgCl reference electrode (BASi) was used. The
reaction was performed in a 70 x 50 mm crystallization dish. The starting solution of
100 mL Ce(III) dipic was prepared at 0.1M in HPLC grade water with no additional
electrolyte. Upon the application of the 1 V bias, small gas bubbles formed immedi-
ately on the platinum mesh and large bubbles slowly nucleated on the glassy carbon

electrode. The current began at 0.6 A and decreased over time.

C.20.2 Redox Flow Cell

A redox flow cell (Electroanalytica) was assembled with a DSA-O2 (IrO3-TaO5 coat-
ing) anode and stainless steel cathode separated by a Nafion cation exchange mem-
brane. Several different bias conditions were tested, with 3.5 V exhibiting the most
rapid conversion of Ce(III) to Ce(IV). In the anodic compartment, =~ 50 mL Ce cation
solution is recirculated converting Ce(III) to Ce(IV). To balance charge, lithium ions
transit across the cation permeable Nafion membrane. In the cathodic chamber 1L of
1.0 M acetic acid is recirculated and protons are converted to hydrogen gas. The con-
centration of Ce(III) dipic was the same as used for oxygen evolution experiments,
0.123g / 15 mL = 100 mM. A lithium borate buffer was used rather than sodium

borate because lithium can more readily diffuse across the membrane.

C.20.3 Absorbance, Calculation of Ce(III) to Ce(IV) conver-

sion.

Figure C-3 shows absorbance curves for Ce(I1I)/Ce(IV) dipic mixtures. Figure C-4
shows absorbance curves from the electrochemical conversion of Ce(III) to Ce(IV)

dipic.
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Figure C-3: Absorbance calibration for Ce(IV) dipic concantration.
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Absorbance, arb. units

Figure C-4: Absorbance of Ce dipic solution during electrochemical conversion of
Ce(III) to Ce(IV) dipic using a electrochemical flow cell.
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