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ABSTRACT OF THE DISSERTATION
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Recently, the M13 bacteriophage has been developed as a versatile material
template, where it has been shown to bind and grow a wide range of materials both
organic and inorganic. Also, despite the discovery over 30 years ago of its ability to
transform into a range of structures, far removed from its native filament, its other forms
have been barely researched for their capabilities in nanostructure assembly. The M13, in

all of its forms, is an asymmetric, bifunctional template, meaning it can grow two

materials together, in a non-centrosymmetric fashion. Not only is this fairly unique

Vi



among virus templates, but is also extremely useful in the creation of catalytic materials.
A material’s catalytic properties can be augmented or enhanced when combined with
other materials.

Semiconductor photocatalysts tend to be enhanced when combined with other
semiconductors or metals, which help with light absorption and the charge separation
necessary for catalytic reactions. The orientation and assembly of the combined materials
can have significant impacts on their functionalities, where growing the materials over
the surface of one another can limit their catalytic activity. For these types of particles,
reactive surface area is a major contributing factor in performance. Therefore, with Janus-
like, asymmetric particles, which expose equal amounts of each material, photocatalytic
properties can be expected to be greatly enhanced.

In this study, we investigated the M13’s spheroid form in its controlled synthesis
of ZnS and then Au, and the photocatalytic activity of these materials. We showed that
the spheroid transformation process required modification with the ZnS and Au binding
peptides both displayed on the virus. We then demonstrated that the growth of each
material was limited to their respective protein group, and could be controlled for its size.
When both Au and ZnS were present on the template, the combined particle could be
used in the photocatalytic degradation of multiple dyes, and the activity of which was
greater than either of materials alone. Further, the addition of Au to ZnS allowed
photocatalytic activity under visible light excitation, which is normally impossible for the
wide bandgap semiconductor. In the development towards a more efficient photocatalyst

nanostructure, hierarchical structures were then assembled, in an effort to create so-called
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core satellite structures of varying complexity. These structures made use of a Au
nanoparticle as the core, with M13 filaments or spheroid decorating its surface, which
could be used to synthesize ZnS. This research laid the groundwork for a much more

efficient photocatalytic nanostructure.
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Chapter 1. Introduction

1.1 Motivation

With advent of phage display in 1985 by Smith et al, the number of discovered
peptides capable of material-specific binding has increased exponentially. When
displayed in or on a virus capsid, in combination with viruses diverse array of natural
nano-scale morphologies, they become a diverse toolkit of templates for nanoparticle
synthesis and molecular recognition. These viral templates can then direct synthesis of
multiple materials, simultaneously offering high complexity and control in new
architectures that would otherwise be difficult to achieve. Certain viruses, like the
filamentous bacteriophage of the Inoviridae family, display the ability to undergo drastic
morphology transformations,? meaning that a single virus could potentially create many
unique structures, ranging from nanowires® to nanospheres.* This family of viruses is also
somewhat unique in that their two major capsid protein groups are arranged

asymmetrically along the capsid. The ability to assemble asymmetric structures shows



high potential in catalytic applications. In this work, we used a virus from this family, the
M13, and first looked into its shape changing ability, and how the process was affected
by genetically inserted peptides. We then used its spherical form as a template for the
sequential synthesis of noble metal Au and semiconductor ZnS nanoparticles in
asymmetric nanostructures. Finally we showed that these materials were
photocatalytically active under UV and visible light, and capable of degrading a range of
aqueous contaminant molecules, thus displaying applicability of the spheroid form of the

phage, which has been relatively unused.

1.2 Photocatalytic water remediation

1.2.1 Water-borne contaminants

Without doubt, industrial mass production has massively reduced the necessary work,
and therefore costs, of a vast number of products, which in turn has benefitted society by
making them more accessible to a greater number of people. However, large factories
produce vast amounts of water-borne waste. The waste is typically separated from water
via conventional treatment methods like flocculation or filtration before releasing water
to the environment through sewer-ways. While most particulates are retained in the
facility, agueous, molecular-scale by-products remain in the effluent. In particular,
aromatic molecules such as dyes, phenolic compounds, and antibiotic are too small to be
removed by traditional waste-treatment methods and require costly secondary treatments
such as ozonation or carbon adsorption.® Even then, these molecules end up in

environmental waterways.® Many dyes can have a variety of mutagenic effects on



organisms,’ and if in high enough concentrations, can affect photosynthetic processes and
damage aquatic environments.® Similarly, antibiotics entering the environment can have
carcinogenic effects® as well as facilitate antibiotic resistance.® A low cost,
environmentally friendly method of water remediation is required, and a solution may lie
in solar-driven photocatalysis. In this process, highly reactive radicals created when the
photocatalyst absorbs light, react with contaminant molecules, and break them down

through reduction-oxidation reactions.

1.2.2 Semiconductor photocatalysis

Photocatalysts absorb sunlight and use the energy to accelerate chemical reactions.
With many potential applications, a large body of research focuses on water
remediation.** Most photocatalysts are aqueous based, wide-bandgap semiconductors,?
which when excited by sufficiently high energy light, generate electron-hole pairs. If
these charges do not recombine, and instead migrate to the surface of the catalyst, they
will create highly charged radicals from surrounding water molecules.*® Of the many
possible radicals, the most commonly formed are hydroxyl radicals, simple -OH groups.
These are capable of breaking molecular bonds through reduction/oxidation reactions,
and thus capable of degrading many types of contaminant molecules, notably oils, dyes,
and antibiotics.**® However, since most semiconductor photocatalysts are wide-
bandgap, and therefore only absorb UV light, they cannot utilize ~90-95% of the solar

spectrum. A method of ‘sensitizing’ the semiconductor to visible wavelengths of light



requires incorporating a metal nanoparticle into the semiconductor structure.” A

graphical overview of semiconductor photocatalyst process is shown in Figure 1.1.1

UV light e CB

visible light

h* vB

H,O OH-

Figure 1.1 Graphical representation of the photon-initiated series of reduction/oxidation reactions leading to hydroxyl
radical formation, which are highly reactive and cause degradation of other molecules present in solution.

1.2.3 Metal co-catalyst

In general, the role of the metal nanoparticle is many-fold. It can act as a scattering
center to help increase the amount of light reaching the semiconductor (Figure 1.2a),
enhance light absorption at energies that overlap with the conduction band of the
semiconductor (Figure 1.2b), create an electric field in an attached semiconductor (Figure

1.2¢), or even generate high energy electrons that can transfer to a neighboring
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semiconductor (Figure 1.2d). ** Enhanced light absorption and the generation of high
energy electrons (called hot electrons) occur as a result of localized surface plasmon
resonance, a coherent oscillation of the electrons in the metal nanoparticle caused by the
electric field of an incident photon. Such effects have been shown to depend on the
morphology of the metal and semiconductor, and are highly enhanced in asymmetric
nanoparticles.?’ Another possible role of the metal is the formation of a Schottky junction
at the interface between it and the semiconductor. Given a higher work energy in the
semiconductor, electrons flow from the semiconductor to the metal, leaving behind a
depletion region, and creating a small electric field in the semiconductor near the
interface.?! This field serves to help separate photogenerated electron-hole pairs,
increasing recombination lifetimes, and thereby increasing the likelihood of migrating to
the surface.? For the plasmonic metal to act as a source of electrons, the resonant
electrons must have higher energy than the Schottky barrier. With the correct momentum,

they can inject directly into the conduction band states of the semiconductor.
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Figure 1.2 (a) The metal nanoparticle can act as a scattering center, increasing the excitation energy photons reaching
the semiconductor particle. (b) Strong electromagnetic field enhancement increases excitation of electron-hole pairs
near the interface of the metal and semiconductor particle, but only occurs for areas of energy overlap in each particle.
(c) Correct conditions will form a Schottky barrier at the semiconductor-metal interface. Photoexcited charges in the
depletion region will be separated by the created electric field. (d) Energetic plasmonic hot electrons can overcome the
Schottky barrier and inject directly into the conduction band of the semiconductor.

1.3 M13 bacteriophage

1.3.1 Phage structure

The M13 belongs to the Inoviridae family, all of which are filamentous and non-lytic
bacteriophage. Its host is the bacterium E. coli. It has a single stranded loop of DNA,
containing 6400 base pairs that code for 11 proteins, 5 of which are capsid proteins. The

majority of the filament is made up of 2700 copies of p8 protein, arranged helically with



five-fold symmetry, around the DNA packaged inside. One end of the filament is capped
by 5 p7 and 5 p9 proteins, and the other end is capped by 5 p6 and 5 p3 proteins. A

graphical representation of the virus is shown in Figure 1.3.
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Figure 1.3 Basic arrangement of M13 capsid proteins around ssDNA packaged inside.

The p8 major coat protein and p3 minor coat protein have been most frequently used
as peptide insertion locations.?? The p8 proteins are each 50 amino acids long, with alpha-
helical secondary structure. They are arranged such that the positive C-termini interact
with the inner DNA, the negative N-termini face the environment, and a non-polar region
lies in the middle. The p8 are held together via pi-stacking interactions between buried
tryptophan and phenylalanine residues within in the non-polar regions. The light
absorption and emission properties of these aromatic residues are highly sensitive to
environmental changes. A chimera protein drawing is shown in Figure 1.4(a) and their

arrangement is shown in 1.4(b). The much larger p3 protein contains 215 amino acids and



contains 3 sections. The N-terminal and middle sections interact with the host and initiate
infection, while the C-terminal section interacts mostly with the p6. The C-terminal, non-
polar regions of the p3 proteins associate with non-polar regions of the p8 proteins via the
five buried p6 proteins.?® To accommodate this interaction, the assembly of the terminal
p8 proteins differs slightly from the rest of the capsid.?* The phage dimensions measure

about 880 nm in length and 6 nm in width.

(a)

Figure 1.4 (a) Chimera drawing of p8 protein. Highlighted in green are the two major aromatic amino acids,
tryptophan and phenylalanine. (b) View of helical protein arrangement as observed down axis.

1.3.2 Genetic modification

A large number of material-specific binding peptides have been discovered to date,
mostly found through biopanning techniques. To confer specificity for material synthesis
or binding to the virus, novel peptides are typically added to the N-termini of the p3
and/or the p8 proteins. This is done by inserting the peptide-coding sequence of double

stranded DNA into the proper location of the phage genome. In order to do this, the



phage genome must first be made double stranded, which occurs after infection and
insertion of single-stranded DNA into the host cytoplasm, by the host enzymes. The
bacteria is then lysed and the double stranded viral DNA purified. Location specific
restriction enzymes are then used to make cuts in the viral DNA, and the new peptide-
coding DNA sequence is ligated into the cut. The new virus genome is then inserted back

into the host via electroporation and the natural replication cycle resumes.

There are different restrictions on the allowed size of the peptide in the p3 and p8
proteins. This is largely due to the degree by which the replication cycle is affected. In
general, larger peptides are tolerated in the p3, up to about 30 amino acids,?® and up to 8
amino acids in the p8.22 However, these numbers can be lower if many of the amino acids
of the inserted peptide are too highly charged. For example, in the p8, up to 3 glutamic
acid residues can be tolerated, but adding 4 is thought to make the protein too highly

charged to package properly at the end of the replication cycle.

1.3.3 Morphological transformation

One of the most notable qualities of the M13 and other Ff class? bacteriophage their
ability to go through dramatic conformational shifts. This change is unique in that most
viruses are relatively fixed in their morphologies. While there are some exceptions, such
as the Tobacco Mosaic Virus?’ and Potato Virus X8, none go through the massive
change in aspect ratio as seen with M13. First shown by Griffith et al.? in 1981, it was
thought to be a part of the infection process following p3 interaction with host E. coli,
which pulls the virus into contact with its membrane and leads to insertion of viral

DNA.2° The experiments were done by mixing chloroform, an organic solvent, with a
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solution of aqueous based phage, where the chloroform-water interface was thought to
mimic the host membrane.? This process led to the formation of small spheroids that were
10’s of nanometers in size. The 880 nm long filament contracts into a 50 nm spheroid
through a telescoping effect with the p8 proteins sliding past one another. If the
temperature is lowered during the process, an intermediate form (termed i-form) is
observed,?® a rod that measures about 150 nm in length and 20 nm in width, it was then
found that at least up until this point, the p3 and p8 capsid proteins and their relative
arrangements were retained.3° Example electron micrographs of the three virus forms are
shown in Figure 1.5. During this process, about two-thirds of the viral DNA is extruded
from a pore located at the p3 tip of the virus.? It has been shown that genetic
modifications can affect this process, with some encouraging the transformation! and

some stopping it altogether.®? The spheroid and i-form preserve the asymmetric

orientation of the p3 and p8 from the filament.

Figure 1.5 (a) Transmission electron micrograph of (a) filamentous, (b) intermediate, and (c) spheroidal form of the
M13 bacteriophage.
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1.3.4 Directed material synthesis and binding

The arrangement of M13 bacteriophage structural proteins within its capsid creates a
promising, readily modifiable template for non-centrosymmetric nanomaterials. Some
notable examples using both proteins in unique functions include work by Avery et al.*?
in which the p3/p8 were used to synthesize Fes04/Rh, and work by Huang et al.3* in
which the p3/p8 were used to bind CdSe/Au nanoparticles. There are also various
examples in which two different peptides were displayed on the p8, in mosaic type
patterns, such as work by Nam et al.*® or Mao et al.*® which enable patchwork synthesis
of two dissimilar materials along the filament. Examples among other viral templates
such as TMV?®' or P22% display bi-functionality, but each are centrosymmetric due to

their native structures.

1.4 ZnS and Au

The two materials used in this work were ZnS and Au. ZnS is a wide bandgap
semiconductor, and Au is a noble metal. The ZnS bandgap depends on its crystal
structure, of which it has two possibilities, zinc-blende or wurtzite, while Au is face-
centered cubic. Bulk ZnS has a bandgap as small as 3.67 eV, but particles near the Bohr
radius have displayed bandgaps as large as 4.9 eV.%® Both materials have many
applications but ZnS in particular is known for photocatalytic activity,**! due to its
conduction/valence band positions, and Au is a well known catalyst material due to its
resistance to reduction or oxidation.*? These conduction and valence band positions
dictate the electron and hole energies, respectively, leading to high reduction/oxidation

energies.
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1.4.1 Background in photocatalysis

The two materials used in this work have been used in various photocatalytic
applications. Despite its rather large bandgap, ZnS is an extremely attractive material for
photocatalysis. It is an abundant, non-toxic material, and shows high resistance to
oxidative corrosion.*® It is also direct bandgap, meaning no phonon is required to bring an
electron to the conduction band, as is the case for the main photocatalysis research
workhorse, TiOz. This alone increases its photoefficiency many-fold since single photons
can directly excite electron-hole pairs. As mentioned previously, the positions of its
conduction and valence bands are ideal for photocatalysis. The holes in the valence band
have high oxidative potential, and electrons in the conduction band have high reduction
potential, evidence of which is best seen with examples where ZnS was used in the
production of Hz from H,0* or CH4 from CO..* Another consequence is that sacrificial
electron or hole donors are not required during photocatalysis, a typical drawback for
many materials such as CdS or TiO2, which can only drive one of the half reactions in the

above reactions.

Under UV illumination, ZnS rapidly produces electron-hole pairs, which also due to
the positions of the levels, have high recombination lifetimes.*¢ Many efforts have been
made to increase its visible light activity, usually focused on doping with transition-metal
ions,*"8 but some success has also been found by engineering S-vacancy states.*® More
recently, more research has gone into ZnS heterostructures, where another semiconductor
like ZnO%° or noble metal like Au® or Ag® are grown or bound to the ZnS surface, then

subsequently applying the hybrid material in photocatalysis. Au on the other hand, does
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not show much photocatalytic capability on its own, so is typically paired with a
semiconductor as a co-catalyst, in order to increase its activity. As a corrosion-resistant
noble metal, yet also a transition metal, it is known to be an efficient catalyst material
none-the-less.>® In any case, the photocatalytic activity of the two materials together is
greater than either alone. In multiple reports, small (~5 nm) Au nanoparticles (AuNP) are
combined with much larger ZnS particles. Work by Chen et al. showed that these Au/ZnS
particles could quickly degrade thionine dye, and that they greatly outperformed Au/TiO:
nanoparticles.> Other worked has used these to degrade many dyes,**° split water for H;
production,* and oxidize CO.% The work by Choi et al.>? showed that the photocatalytic
activity was dependent on the crystal structure of the ZnS, where hexagonal ZnS

outperformed cubic ZnS when paired with Au.

1.4.2 Material interface- Schottky or Ohmic?

When ZnS and Au are brought into contact, theoretical Schottky barrier calculations
indicate that when Fermi level equilibrium is established, electron energy levels are
higher in ZnS, and therefore will flow into Au, creating an Ohmic junction.?* This is
calculated by the difference in work function energies, which help dictate the Fermi
energy at the interface. An Ohmic junction does not create the electric field that would
normally help in separating photo-generated electron-hole pairs, so is considered
resistive. However, ZnS has been shown experimentally to have a substantially high
concentration of surface states, on the order of 10 states/cm3,°® which introduce many
mid-gap energy levels that effectively ‘pin’ the Fermi energy at the surface. This serves

to create a Schottky barrier at the Au/ZnS interface with an energy barrier height entirely
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dependent on the difference of bandgap and surface state energies. I-V measurements of
AU/ZnS junctions have measured a Schottky barrier as high as 2.2 eV.>” Photocurrent
measurements of Au/ZnS core-shell particles showed that Au was necessary to produce
current, which is likely only possible by plasmon-induced hot electron injection, but no
further effort in this work was done to quantify the Schottky barrier.>* Unfortunately, the
Schottky barrier is often quickly attributed to increased photocatalytic activity between
Au and ZnS in the literature, without any further analysis of the heterojunction. In any
event, whether the underlying mechanism is fully understood or not, Au/ZnS
heteroparticles display enhanced photocatalytic capabilities over the individual
consituentseither of their components alone. It should be noted that much smaller barrier
heights are expected for nano-scale particles, such as those in this work, where it has
been shown that the rate of tunneling processes become higher, which effectively reduces

the energy barrier.®

1.5 Scope of Work

In this work, we genetically insert a ZnS-binding peptide into the p3 of a phage with a
Au-binding peptide already on its p8 protein. During development of the process for
shape change conversion, significant changes to secondary structure and spheroid
morphology were observed when compared to spheroids prepared with only the Au-
binding insert. This required development of a slightly modified transformation
procedure. Next, the dually-modified spheroids were used to synthesize ZnS and Au in an
asymmetric orientation. To optimize the materials for photocatalytic applications, the

processes for ZnS and Au growth were developed in an effort to produce larger particles.
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This was essential, since photocatalytic efficiency is heavily dependent on material
surface area. Once accomplished, the new ZnS/Au particles were used to
photocatalytically degrade dyes in solution. To increase the amount of ZnS, the main
catalytic component, the p8 protein was instead explored as a site for directed synthesis.
In this case and the p3 was used to bind Au. This required slight modifications to the
synthesis procedures but would potentially provide improved photocatalytic capabilities.
Finite difference time domain simulations predicted that the ZnS-bound AuNP’s would
have size-proportional electric field penetration depths into ZnS, indicating that larger

particles may have benefits to visible light driven photocatalysis.

In Chapter 2, the process and results of inserting the ZnS-binding peptide into the p3
protein are discussed in terms of the genetic modification. The spheroid conversion
process of this doubly modified phage is compared to the singly modified Au-binding
phage and the WT, and the differences in secondary structures of the spheroids are
discussed. A low temperature process is developed for the Au/ZnS-binding phage, which
decreased the spheroid solution polydispersity and rate of agglomeration. These more
time-stable spheroids were able to synthesize ZnS nanoparticles on their p3 proteins, and
AUNP on their p8 proteins in an asymmetric manner, which is beneficial to photocatalytic
applications. These materials were characterized for their crystal structure, elemental

composition, and morphology.

In Chapter 3, the development of the ZnS and Au synthesis procedures to produce
larger particles is shown. The particles originally grown were too small to be useful in

catalytic applications. The new materials were characterized for optical
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absorption/emission, crystal structure, and morphology, and it was found that while the
particle sizes increased, the mix of crystal structures occurred as it did with the smaller
particles. The Au/ZnS particles were washed then used for the photocatalytic degradation
of methylene blue (MB) and erioglaucine (EG) dyes under ultraviolet (UV) and visible

wavelengths of light. EG was used to control for the dye-sensitization reaction.

In the next chapter, a different virus was used to direct synthesis of ZnS and Au. A
reduction method was used to access the Cysteine amino acids in the p3 in order to bind
Au nanoparticles. An assay was used to calculate the number of available Sulfur bonds.
With reduced p3’s, the number of bound phage to each Au nanoparticle could be
controlled by the concentration of bovine serum albumin as a capping agent. This
allowed the contruction of hierarchical structures of increasing complexity. Then the p8
was targeted for ZnS synthesis. The peptide in the p8 of this phage contained 3 glutamate
residues, termed E3, which electrostatically bind to metal ions in solution. The material
synthesized with this phage was characterized for its morphology and light absorption,

and is expected to perform as an effective photocatalyst.

In this dissertation, we demonstrated that the asymmetric layout of the protein groups
of the M13 bacteriophage spheroid could assemble Janus-like hetero-particles made up of
two different materials. We then used the combined properties of ZnS and Au in UV and
visible light photocatalysis, which would not be possible with either material alone,
which was applied in the degradation of various aqueous contaminants. Future work

could be done on characterizing changes in charge lifetime when Au is in contact with
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ZnS, as well as on work with hydrogen generation without a sacrificial electron or hole

donor.
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Chapter 2. Bi-functional phage: peptide insertion,
spheroid transformation, and directed material

synthesis

2.1 Introduction

Asymmetric, dual-component nanoparticles have recently gained attention in fields
ranging from biomedical® to solar energy®® due to their intrinsic bifunctionality and
directionality.®! These types of hetero-nanoparticles typically consist of two dissimilar
materials displayed on opposing surface regions.* ® This architecture has the distinct
advantage of spatially separating different surface functionalities,%*-% enabling novel or
enhanced performance via dissimilar yet synergistic material properties,®” 5 and

generating nontrivial building blocks for self-assembly of complex nanostructures.’®"#

While a number of methods for manufacturing two-sided or “Janus”-like particles
have been explored,’"® process complexity and scalability challenges remain. For these,
Nature may pose a solution. Biomolecules such as proteins and lipids possess both
asymmetric functionality and unparalleled specificity.”®®" When assembled into viral
capsids, these bio-components become powerful, monodisperse scaffolds for

nanomaterials.®2-8 Specifically, bacteriophage and plant viruses, which are compatible
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with rapid, large-scale production, have been the focus of much research.®”#°2 Yet,

asymmetric, dual-component nanoparticle assembly has been largely overlooked.

This is mostly due to the fact that the majority of viruses, including the ones mainly
used in material templating, lack any natural asymmetry. This is likely linked to the self-
assembly approach to virus formation. When the subunits are identical, the lowest energy
configuration tends to produces a centrosymmetric icosahedron.®® With the notable
exception of the rod-like Tobacco Mosaic Virus, most, like the Cowpea Mosaic Virus,
P22 bacteriophage, or pathogenic Adenovirus, are all icosahedral. The unique structure of
the filamentous bacteriophage, including the M13, likely arises from its unique mode of
assembly. Not only is the process non-lytic, it seems to require DNA as well as the
cytoplasmic membrane of its host.** Once the DNA has been ‘packaged’, the filament is
capped with a different set of capsid proteins, which separate the virus from the
membrane, yet also provides the basis for asymmetric, dissimilar material synthesis. As
discussed in Chapter 1, this asymmetry has been shown to be preserved during
transformation to its spheroid form, but previous research has only implemented the p8

coat proteins for synthesis after transformation.

Despite its potential as a template for asymmetric Janus-like nanoparticles, the
bacteriophage spheroid was never explored as a material template. This chapter examines
the conversion of wild-type, Au(p8)-binding, and Au/ZnS (p8/p3)-binding M13 filaments
into spheroids, then uses the unique asymmetric structural protein arrangement within the

bifunctional viral scaffold to direct synthesis of metal/semiconductor non-
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centrosymmetric hybrid nanomaterials. The genetic modification process is briefly
summarized. A series of vortex/rest cycles in the presence of chloroform was used to
alter the geometry of the phage. A schematic of this process is shown in Figure 2.3a.
Particular attention was given to the effect of the p3 peptide fusion and temperature on
transformation. The chloroform-initiated transformation process was characterized via
circular dichroism, fluorescence spectroscopy, and transmission electron microscopy.
Surprisingly, the ZnS-binding peptide fusion strongly influenced the transformation
process. Earlier reports employing the ZnS-binding peptide looked only at the
filamentous form of the M13. The motif caused Au/ZnS-binding spheroids to be larger in
size, display a greater loss of molar ellipticity, and experience more quenching of
intrinsic fluorescence than Au-binding spheroids used in previous work without a ZnS-
binding peptide. A size and helicity comparison was made to these earlier results which
used only the Au-binding spheroid with a p8 modification. A comparison of Au/ZnS-
binding phage transformed at room temperature and those initially interacted with
chloroform at 0°C revealed that the low temperature process produced monodisperse
spheroids that were less susceptible to agglomeration over time. These robust,
bifunctional spheroidal templates were used in the site-specific growth of hybrid
metal/semiconductor nanostructures, via sequential synthesis of ZnS on p3 and Au on p8,
and a schematic is shown of this process in Figure 2.3b. The retained functionality of
both minor and major coat fusion peptides for materials synthesis is noteworthy, as this is
the first successful application using the p3 of the spheroidal form. The unique,

asymmetric placement of the p3 and p8 proteins within the M 13 spheroid presents a rare
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opportunity for viral-templated production of hybrid, non-centrosymmetric assemblies.
Such nanostructures have potential to critically enhance performance in a range of

sensing, catalysis, in-vivo imaging, and drug delivery applications.®!%

2.2 Experimental

2.2.1 ZnS-binding peptide insertion in p3 protein

A looped, 9-mer, Cysteine-restricted peptide, of sequence CNNPMHQNC, was
chosen from the literature that was shown to bind and synthesize ZnS nanoparticles.®
Following a New England Biolabs protocol, Eagl and Acc65I restriction enzymes were
chosen for p3 N-terminal digestion sites. The peptide sequence, along with a -GGGS
linker for increased flexibility, was back-translated to DNA that was then purchased from
Integrated DNA Technologies in a single stranded state. Once received, the DNA was
first converted to its double stranded form with DNA polymerase, then digested with
Eagl and Acc65I to produce ‘hanging ends’. The DNA sequence was purified by running
through a polyacrylamide gel for separation, stained with ethidium bromide, and cut out
and separated from the gel with the QIAGEN purification kit. Simultaneously, phage
dsDNA vector was prepared. M13 DNA already containing a Au-binding insert in the N-
terminal region of its p8 protein was used for the following process. First, E. coli was
infected with phage for 15 minutes, then mixed with chloramphenicol to arrest the
assembly process. This led to build up of circular phage dsDNA within the host by
preventing phage protein pV from accumulating and converting dsDNA to ssDNA for

packaging. E. coli was then lysed, phage dsDNA removed, then digested with restriction
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enzymes to produce identical ‘hanging ends’ as with new sequence. The vector was then
purified by running through agarose gel and separating from uncut DNA and removed
ends. The ZnS-binding coding sequence was then ligated into the vector dsDNA with
DNA ligase, and finally electroporated into electrocompetent E. coli by quickly shocking
solutions at 1.8 kV for 2-4 ms. Solutions were then amplified and counted through titer
plates. Recombinant plaques were picked and checked for presence of new ZnS-binding

peptide, and retained Au-binding peptide, through DNA sequencing.

2.2.2 Spheroid transformation

A method based off the originally published procedure was used to transform phage.
Filamentous M13 phage were converted to spheroids using a modified chloroform
treatment process.*% 4144 Phage solutions were suspended in 100 pL of tris-buffered
saline (TBS, 50 mM Tris—HCI, 150 mM NaCl, pH 7.5) at a concentration of 108 pfu/uL
to which an equal volume of amylene-stabilized chloroform (99.8%, ACROS Organics)
was added. The mixture was vortexed at room temperature at high power for one
vortex/rest (2 s/13 s) cycle followed by up to seven additional vortex/rest cycles at low
power. After mixing, approximately 85 uL of chloroform was withdrawn with a pipette.
The remaining chloroform was removed by gently flowing air over the sample. Phage
solutions were immediately cooled at 4°C and prepared for subsequent characterization.
To elucidate the effect of transformation temperature on Au/ZnS-binding spheroids, some
transformations were performed in which the first three vortex/rest cycles were held at
0°C. This approach, adapted from previous reports,** was intended to yield i-forms

which were converted to spheroids in subsequent cycles. Equal volumes (100 pL) of
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filamentous M13 phage and chloroform were chilled at 0°C for 20 s, combined, then
vortexed at 0°C. Following the third vortex/rest cycle, samples were quickly warmed in a
37°C water bath for 20 s. Additional vortex/rest cycles were completed at room
temperature. Hereafter, this transformation procedure will be described as low
temperature (LT). To assess spheroid stability against agglomeration, templates formed
using 5 cycles vortex/rest cycles were stored at 4°C in TBS buffer. Stability was
evaluated by measuring the areal density of spheroids and agglomerates with
transmission electron microscopy (TEM) as a function of storage time. Measurements
were taken on three independent samples and averaged. To elucidate the effect of the new
p3 peptide on the spheroid transformation process, the room temperature transformation
(RT) was compared to the Au-binding phage without the p3 insert, and a wild type phage

(WT) with no modifications.

2.2.3 Circular dichroism and fluorescence measurements

Changes in the secondary structure of the p8 protein were monitored after each
vortex/rest cycle from 0 to 8 using a circular dichroism (CD) spectrometer (Jasco J-815).
Room temperature CD scans were taken from 200-250 nm with the following parameters:
50 nm/min scan speed, 1 nm band width, 4 s response time, and 12 scan accumulation.

Measurements were taken on three independent samples and averaged.

Cycle-by-cycle analysis of changes in the local tryptophan environment was completed
with a spectrofluorometer (Quanta Master 400). Room temperature fluorescence scans

were taken from 270-400 nm with the following parameters: 5 nm slit widths, 1 s
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integration time, 1 nm step size, and 255 nm excitation source. Measurements were taken

on three independent samples and averaged.

2.2.4 Material synthesis

Using adapted versions of previously reported procedures, ZnS® and Au®* were
synthesized sequentially on spheroidal Au/ZnS-binding phage. S-form templates were
produced using the LT chloroform treatment procedure and 5 vortex/rest cycles. The p3
minor coat protein was targeted for ZnS synthesis. A 10 uM solution of zinc chloride
(ZnCly, Sigma Aldrich) was prepared with viral templates at a concentration of 102
pfu/uL in TBS. The solution was stored at 4°C for 3 h, then an equal volume of 10 pM
sodium sulfide (NazS, Sigma Aldrich) was added dropwise in 10 uL volumes at room
temperature over the course of an hour. The entire solution was incubated at room
temperature for an additional 6 h. Residual ZnS precursors were removed via centrifugal
filtration (Amicon Ultra-0.5, 3 kDa) and synthesis products were resuspended in TBS.
The p8 major coat protein was targeted for Au synthesis. A 100 pL volume of 5 x 10’
pfu/uL phage was mixed with sodium borohydride (NaBH4, Sigma Aldrich) to achieve a
1 uM solution. Subsequently, 2.5 uL of chloroauric acid (HAuCls, Sigma Aldrich) was
added for a final concentration of 150 pM. Reducing agent was added first to mitigate
undesirable interactions between HAuCls and ZnS. Samples were immediately prepared
for TEM and spectroscopic measurements. For comparison, Au/ZnS-binding filaments
and wild-type viral templates (without ZnS- and Au-binding peptide inserts) were also

used for ZnS and Au synthesis.
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2.2.5 Material morphology, size, and crystal structure characterization, zeta
potential, and dynamic light scattering

Transmission electron microscopy (TEM, Tecnai T12 or S/TEM Titan Themis 300)
was used to study viral template geometry and size, as well as the morphology, size, site-
specific growth, and overall viral template coverage of ZnS and Au synthesis products.
Electron diffraction (ED) and high resolution TEM (HRTEM) were used to determine the
crystal structure of the synthesized materials. Elemental analysis of the synthesis products

was completed using energy dispersive spectroscopy (EDS).

To prepare TEM samples for imaging and diffraction, a 5 pL. volume of solution was
added to a formvar/carbon-coated copper grid (Ted Pella, Inc), incubated 5 minutes, and
washed twice with deionized water. Viral template samples without ZnS or Au were
stained with 2% uranyl acetate for 30 s, then wicked dry. To concentrate synthesis
products and remove precursors, ED and EDS samples were pelleted three times at
14,000 rpm for 15 min and resuspended in deionized water, then 20 pL of concentrated

product was dropcasted onto a SiN grid (Electron Microscopy Sciences).

Image processing and analysis were completed with ImageJ software. A minimum
magnification of 11,000x was used to determine template size and differentiate among
templates (spheroids, i-forms, and filaments). An ellipse was fit to each template to
compute spheroid size, and major and minor axes were measured and averaged. The long
and short axes of i-forms and filaments were measured directly. Template aspect ratio
was used to distinguish spheroids (< 3), intermediate forms (3 - 25), and filaments (> 25).

Low aspect ratio particles (< 3) larger than 150 nm were classified as agglomerates. Areal
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densities of viral templates were evaluated in 10 randomly selected grid locations for
three different samples and averaged. The size of ZnS and Au synthesis products was
determined by averaging long and short particle axes. The particle sizes were correlated

with Brus equation prediction for quantum confinement effects.

Zeta potential and dynamic light scattering (DLS) measurements were taken with a
Zetasizer ZS90. For each analysis, three measurements were taken of three samples, with
25 scans each, then averaged. Zeta potential measurements were done in Malvern 1070
folded capillary cells, and DLS measurements were done indisposable UV-transparent

microvolume cuvettes (Sarstedt, Fisher Scientific).

2.3 Results and Discussion

2.3.1 Genetic modification for Au/ZnS-binding phage
2.3.1.1 ZnS-binding coding sequence and vector purification

Using polyacrylamide gel electrophoresis, the digested sequence coding for the ZnS-
binding peptide was purified from undigested and cut ends of DNA. In this process, a
voltage is applied to the gel, which moves the charged DNA down ‘lanes’ corresponding
to a respective well. The smaller the DNA oligonucleotide, the less drag it experiences in
the gel matrix, and the further it will travel down the gel. A ladder is used for reference to
measure the length of the resulting separated DNA fragments. The results of
polyacrylamide gel electrophoresis can be seen in Figure 2.1a. Reading from left to right,
lane number five contains the undigested DNA oligonucleotide used as a control, and
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lane ten contains the low molecular weight ladder, the corresponding values of which are
shown in 2.1b. All other lanes contain the DNA that has been digested by both Eagl and
Acc651 enzymes. In each of these lanes, there are four visible bands. The uppermost band
corresponds to the undigested DNA, near the 75 base pair (bp) mark. The next band
down contains the single digested DNA, near 60 bp, of which there are actually two
overlapping fragments with lengths too similar to distinguish. The third band down has
been digested by both enzymes, corresponds to ~55 bp, and was removed for purification.
The fourth band down contains the small end fragments that have been cut from the

original oligonucleotide.
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Figure 2.1 (a) Polyacrylamide gel electrophoresis shows successful digestion of ZnS oligonucleotide with (b)
associated ladder. (c) Agarose gel electrophoresis shows successful digestion of Au-binding phage recombinant form
DNA with (d) associated ladder.

After isolating the phage circular dsSDNA from E. coli, it was digested with the same
enzymes and also purified through gel electrophoresis. However, this complete phage
DNA, called recombinant form DNA (RF DNA), was 7237 bp in length, so required
agarose gel electrophoresis, which is more capable of dealing with larger DNA

fragments. The results of the electrophoresis are shown in Figure 2.1c, with the ladder
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values shown in Figure 2.1d. Reading from left to right, lane number eight contains the
control, the undigested RFDNA, and lane fifteen contains the ladder. All other lanes
contain digested RFDNA. In this case, undigested RFDNA is in a highly compact,
‘supercoiled’ form, and moves much more quickly than the digested RFDNA, which
becomes unwound and experiences high drag while migrating through the gel matrix. For
this reason, undigested RFDNA appears as a 5 kbp fragment and digested DNA appears

as a ~7.5 kbp fragment in reference to the DNA. This fragment was collected for ligation.

2.3.1.2 Ligation, electroporation, and DNA sequencing

The digested and purified oligonucleotide encoding the ZnS-binding peptide and M13
RFDNA were mixed and ligated together, which makes the complete strand again
circular, and still dsDNA. This ligated DNA was then mixed with electrocompetent E.
coli, shocked, and then amplified. A negative control containing non-ligated DNA and a
positive control containing undigested WT DNA were also electroporated. Since non-
ligated DNA is still cut, it can’t be translated, and therefore shouldn’t be amplified.
Efficiency of this electroporation process was calculated by counting the number of
plaque forming units (pfu) on each titer plate and dividing by the mass of DNA that was
used in electroporation. This is shown in Figure 2.2. No plaques were observed for the
non-ligated RFDNA, which indicated that this DNA was fully digested and not able to be
translated within the host. Both the ligated RFDNA and WT DNA showed plaques,
however, the efficiency was much lower for the new recombinant DNA, which indicated

that the process could be improved. This is due to many factors, but likely arises from the
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high difference in digestion rates between the two restriction enzymes, non-ideal ligation

conditions, and lower amplification rate of phage with two genetic modifications.
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Figure 2.2 Electroporation transformation efficiency of newly ligated Au/ZnS RFDNA compared to controls.

2.3.2 Effects of peptide inserts on transformation
2.3.2.1 Morphology

An overview of the simple, chloroform-based process used to transform
bifunctional M13 filaments into spheroidal templates for non-centrosymmetric, inorganic
nanostructures is shown in Figure 2.3a. The geometric change of the Au/ZnS-binding
phage was initially examined at room temperature using electron microscopy, CD, and
intrinsic fluorescence. To evaluate the effect of the p3 peptide insert on bifunctional
template conversion, these data were compared to those of an Au-binding phage without

a minor coat protein fusion.
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Figure 2.3 Scheme for synthesis of hybrid non-centrosymmetric nanoparticles using bifunctional bacteriophage
nanospheroids. (a) Shape transformation of M13 bacteriophage. To convert the filamentous viruses to spheroids,
solutions were mixed with chloroform and briefly, but repeatedly vortexed, pausing between cycles. During this
process, the nearly micron long filamentous capsid gradually contracted into a spheroid 10’s of nanometers in size.
The positional asymmetry of the p3 minor and p8 major coat proteins found within the filamentous form was preserved
within the spheroidal form. As a result, these proteins were employed in directed synthesis of non-centrosymmetric
nanomaterials. (b) To synthesize Au/ZnS nanostructures, ZnCI2 was incubated at 4°C with bifunctional Au/ZnS-binding
spheroids to bind Zn ions, and then Na2S was added dropwise at room temperature (RT). After an additional
incubation step, ZnS nanoparticles were formed on the p3, and remaining precursors were removed via centrifuge
filtration. Subsequently, to form Au nanoparticles on the p8, NaBH4 was then added, followed by HAuCI4.

The morphology of the Au/ZnS-binding phage was analyzed after each vortex/rest
cycle. Representative TEM images depicting changes in template morphology and
corresponding viral template areal densities are shown in Figure 2.4 and Figure 2.5,
respectively. Initially, the transformation proceeded inhomogeneously, producing a

mixture of filaments, intermediate forms (i-forms), and spheroids (s-forms). With each
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vortex/rest cycle, the number of filaments and i-forms decreased as the number of

spheroids increased.

Figure 2.4. Low magnification transmission electron microscopy (TEM) images of Au/ZnS-binding phage after (a) 0
cycles, (b) 3 cycles, and (c) 5 cycles of room temperature chloroform treatment. The distribution of template geometries
is shown for each condition. Samples were stained with 2% uranyl acetate. Scale bar: 500 nm.
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Figure 2.5. Areal density of (a) Au/ZnS-binding M13 templates and (b) template agglomerates for vortex/rest cycles 0
through 8 using the room temperature transformation process. Prior to chloroform treatment (after O vortex/rest
cycles), only filaments were observed. After two cycles, spheroids were the prevailing morphology, and after three
cycles, although some filaments were still present, the highest concentration of spheroids was measured. Following five
cycles, no filaments were found, but the number of spheroids decreased slightly. This decline in spheroids was likely
due to agglomeration caused by exposed hydrophobic p8 residue interactions. For each data point, a minimum of 100
particles were counted over 3 different samples. Mean and standard deviation are reported over the three independent
samples.
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In addition to the observed shape modification, it was noted that s-form size
increased on average from 54 to 68 nm within the first 3 vortex/rest cycles, and continued
to slowly expand to 85 nm by cycle 8 (Figure 2.6). A similar gradual progression in
transformation and spheroid enlargement was observed in Au-binding phage without a p3
peptide, albeit with a slightly different relationship to vortex/rest cycle.* Because no
filaments were found after 5 vortex/rest cycles and a relatively high yield of spheroids
was achieved, these templates were selected for further study. As illustrated in Figure
2.7a and further supported by Figure 2.8, these Au/ZnS-binding spheroids displayed the
rounded, slightly deflated morphology that is characteristic of filamentous Ff class
spheroids.2*?%% The size distribution and average size (77 + 21 nm) of these spheroids
is shown in Figure 2.7b. Dynamic light scattering analysis was also done for these
spheroids, and found a hydrodynamic diameter of 134+56 nm, and zeta potential of
17.7£1.5 mV. Interestingly, Au/ZnS-binding spheroid size was appreciably larger than
that reported for Au-binding spheroids at the same cycle number (Figure 2.6), indicating

a clear effect of the added p3 insertion on spheroid formation.*
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Figure 2.6. Au/ZnS-binding spheroid size, as measured by TEM,plotted as a function of cycle number for room
temperature transformation method. Mean and standard deviation are reported for measurements taken on three
independent samples. For comparison, cycle-by-cycle Au-binding spheroid size for room temperature transformation
have been included from the literature [S1]. For each data point, a minimum of 100 particles were measured over 3
different samples. Mean and standard deviation are reported over the three independent samples.
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Figure 2.7. Au/ZnS-binding spheroid (a) morphology and (b) size distribution following 5 vortex/rest cycles with
chloroform at room temperature. Samples were stained with 2% uranyl acetate. Scale bar: 100 nm
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Figure 2.8. Several Au/ZnS-binding spheroids produced at room temperature with 5 vortex/rest cycles. Samples were
stained with 2% uranyl acetate. Scale bar: (a-f) 100 nm, (g) wide field image scale bar: 500 nm. (h) Analysis of
hydrodynamic diameter of spheroids using dynamic light scattering. The zeta potential of these particles was measured
in the same buffer, and an average value of 17.7 + 1.5 mV was found.
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2.3.2.2 Secondary structure

Using CD, and fluorescence, effects of the Au and Au/ZnS-binding peptides on
secondary structure through the transformation process were measured against each other
and WT phage. CD spectroscopy was used to correlate template morphology with
changes in M13 viral protein conformation during the transformation process. Cycle-by-
cycle spectra of the Au/ZnS-binding phage are shown in Figure 2.9a. The spectrum was
dominated by a negative peak in molar ellipticity at 222 nm which decreased in
magnitude with each successive vortex/rest cycle. Because 85% of the M13 viral capsid
mass is attributed to the helical p8 major coat protein, modifications to its structure are
the main contributors to CD.5> %% The amino acid sequence of the Au-binding M13 p8
coat protein and its secondary structure are included in Figure 2.9b.9-2%! The 222 nm
peak which represents the combined absorption of the p8 a-helix and the chromophore
coupling of W26 and F42/F45 residues on neighboring p8 proteins is shown in Figure
2.9c as a function of cycle number.%® A decrease in 222 nm peak magnitude with
chloroform treatment has been attributed to a reduction of n-stacking interactions,
followed by a loss of up to 30% of the a-helical secondary structure of the p8 protein.%
This reduction in helicity is similar to that which occurs during E. coli membrane
insertion in which two shorter helices are formed: one amphipathic and one hydrophobic
connected by a short hinge region with a handful of flexible residues remaining at either
end.*® " In these studies, as described in Figure 2.9c, a dramatic decrease in the 222 nm

peak magnitude was observed during the first two cycles, followed by a modest decrease
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in subsequent cycles. The most significant changes in secondary structure were
concurrent with the vortex/rest cycles in which the majority of filaments were converted
to spheroids, whereas lesser changes were associated with the transformation of

remaining filaments and the gradual expansion of existing s-forms.
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Figure 2.9 (a) Circular dichroism (CD) spectra of Au/ZnS-binding phage exposed to an increasing number of
vortex/rest cycles at room temperature. Spectra were smoothed using a 5 point Savitsky-Golay filter. (b) The secondary
structure of the p8 coat protein and corresponding amino acid sequence. The Au-binding peptide sequence is
underlined. Grey and yellow highlighted text show amphipathic and hydrophobic helical regions, respectively. Within
the molecular model, negative, positive, and aromatic residues are indicated in red, blue, and green, respectively.
Molecular visualization was performed using Protein Data Bank®® record 2COW and UCSF Chimera.*¢ (c) Molar
ellipticity as a function of cycle number at 222 nm for both the Au/ZnS-binding and Au-binding phage.**
Transformation of the Au/ZnS-binding phage was studied using both room temperature and low temperature (LT)
procedures.

Using fluorescence spectroscopy, the same cycle-by-cycle approach was applied to
further study changes within the viral capsid during transformation. Intrinsic tryptophan
fluorescence is a strong indicator of the local protein environment such that modifications
manifest as wavelength shifts and/or emission quenching. Figure 2.10a presents the
emission spectra of the Au/ZnS-binding phage. Fluorescence was primarily dictated by
the tryptophan residue, W26, located within hydrophobic region of the p8 protein.®® As

shown in Figure 2.10b and 2.10c, over 8 vortex/rest cycles, the peak wavelength
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decreased only 10 nm (from 320 to 310 nm), while the peak intensity was reduced by
nearly 80%. This relatively small blue shift paired with significant emission quenching
indicated a minimal difference in the polarity of the tryptophan environment, but
considerable loss of aromatic residue coupling within the viral capsid.*® 53 % After 2
vortex/rest cycles, the point at which the majority of the templates were transformed into
spheroids, a 4.5 nm average blue shift was measured. This peak shift is similar to
previous reports of spheroid formation in the fd virus, another Ff class phage.?® The
continued decline in wavelength with increasing cycle number was attributed to
additional, small changes in the tryptophan environment as neighboring p8 interactions
were altered and the spheroidal template grew in size (Figure 2.6). The rate of emission
quenching as a function of cycle number varied. The slope of relative intensity versus
cycle number was highest between cycles 0 and 2, corresponding to the substantial
morphology and intramolecular environment changes in the transition from filament to s-
form; slightly reduced between cycles 2 and 4, as residual filaments were converted and
spheroids were enlarged; increased again between cycles 4 and 6, reflecting an increase

in agglomerate formation (Figure 2.5); and lowest between cycles 6 and 8, where the

changes in morphology, agglomeration, and secondary structure were relatively small.
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Figure 2.10 (a) Representative fluorescence spectra of Au/ZnS-binding M13 bacteriophage chloroform treated at room
temperature, as well as (b) peak wavelength and (c) relative peak intensity for each vortex/rest cycle. For comparison,
the peak wavelength and relative intensity of Au-binding phage without a plll peptide insert are also shown.

To evaluate the effect of the p3 peptide insert on template conversion, the cycle-by-
cycle CD and intrinsic fluorescence of the Au/ZnS-binding phage were compared to
those of an Au-binding phage without a p3 peptide fusion. As shown in Figure 2.9c,
Au/ZnS-binding phage molar ellipticity is plotted with values for Au-binding phage from
the literature.* After 8 vortex/rest cycles, the Au-binding phage retained on average 20%
more molar ellipticity at 222 nm, and thus experienced less overall change in secondary
structure than the Au/ZnS-binding phage. This observation was reinforced by
fluorescence measurements, as demonstrated in Figure 2.10b — 2.10c. While the blue shift
was similar for the two phage clones, the Au/ZnS-binding phage exhibited appreciably
more quenching (~30%) between 4 and 8 cycles than the Au-binding phage, indicating a
greater change in the intramolecular environment. This finding is consistent with the
notably larger size of the Au/ZnS-binding spheroids (Figure 2.6) as compared to that

reported for Au-binding spheroids.*

Contradictions exist within the literature regarding the dependence of transformation

on the minor coat protein. Marvin et al. observed that p3 mutations made phage less
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resistant to organic solvents causing them to be easily converted to intermediate forms,
but few details were discussed.®! In contrast, other researchers have reported that
transformation was not affected by the p3, but purely dependent on the arrangement of
the major coat protein.??%% In those studies, filamentous phage were subjected to
subtilisin digestion or French pressure cell shearing to remove part or all of the p3
protein. Subsequent analysis focused primarily on the presence of converted structures
without more rigorous characterization of morphology, size, or agglomeration, therefore

subtle differences in transformation could have been overlooked.

While the exact mechanism for observed differences in chloroform transformation
remains unclear, we propose two potential explanations for our findings. First, mutations
near the N-terminus may cause partial unfolding of the p3 protein,'° exposing its
otherwise buried hydrophobic region and promoting chloroform interaction.®® ©* Since
the p3 and p6 work cooperatively to cap the proximal end of the M13 virus and maintain
the integrity of the assembled major coat protein, increased interaction of the p3 with
chloroform may hasten transformation.® 6 62 Alternatively, the p3 may dictate the
arrangement of the major coat proteins within the viral capsid, thus a mutation to the p3
could modify neighboring p8 protein interactions, allowing increased chloroform access

and altering the conversion process.?*

2.3.2.3 Comparison to Wild Type (WT)
These secondary structure changes were also characterized for the WT phage, as a
first check toward the effects of any peptide insertion. Complete analysis would require a

phage containing only the ZnS-binding peptide in the p3, so this analysis is only
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preliminary. The CD data for WT transformation over 8 cycles is shown Figure 2.11a
and shows a less dramatic loss of helicity than for Au-binding phage, and a much less
dramatic shift than for Au/ZnS-binding phage. This follows the trend seen in the
comparison between the two modified phage, in which fewer genetic modifications lead
to a slower shift to the spheroid form. The fluorescence shift and quenching are shown in
Figure 2.11b and 2.11c, and correlate with this assumption. While the overall blue shift is
similar to that of the two chimeric phage, the degree of quenching is much lower by cycle

8.
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Figure 2.11 Cycle by cycle analysis of secondary structure of wild type M13. (a) Shift in fluorescence peak wavelength
and (b) quenching of relative fluorescence to filamentous form. (c) Magnitude of 222 nm peak measured with circular
dichroism spectroscopy.
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2.3.2.4 Low temperature transformation and stability

2629 in which bifunctional spheroids were formed from

A transformation process,
i-forms rather than directly from filaments, was also studied in an effort to better
understand the effect of the stepwise shape transition on template properties. Here, the
conversion scheme was similar to that shown in Figure 2.3; however, the first 3 cycles of
the transformation process occurred at 0°C, followed by additional room temperature
cycles. Au/ZnS-binding M 13 capsid morphologies after 3 and 5 vortex/rest cycles are
shown in Figures 2.12a and 2.12b, while associated viral template areal densities are
plotted in Figure 2.13. Similar to the room temperature procedure, initial vortex/rest
cycles produced a blend of filaments, i-forms, and spheroids. Because of the reduced
temperature, rather than spheroids, i-forms were the prevailing template structure in early

cycles. These i-forms, approximately 140 nm in length, contracted during subsequent

room temperature cycles until only s-forms remained (Figure 2.13).
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Figure 2.12. TEM images of Au/ZnS- binding phage after (a) 3 cycles and (b) 5 cycles; scale bar: 100 nm. Inset: High
magnification TEM images of individual M13 templates; scale bar: 50 nm. Samples were stained with 2% uranyl
acetate. (c) A histogram of spheroid sizes produced using 5 cycles of the LT transformation process. (d) Molar
ellipticity as a function of cycle number at 222 nm as prepared by room temperature and low temperature (LT)
transformation methods. The first three vortex/rest cycles were held at 0°C for LT transformation. Fluorescence (e)
peak shift and (f) quenching by room temperature and LT transformation methods. Mean and standard deviation are
reported for measurements taken on three independent samples.

For comparison to room temperature transformation, the spheroid size distribution
and average size (45 + 13 nm) were evaluated after 5 vortex/rest cycles, and are found in
Figure 2.12¢. In addition, several examples of LT spheroid morphology found after 5
cycles are shown in Figure 2.14. Notably, spheroids produced from i-forms using the LT
procedure were about 32 nm smaller and more uniform in geometry than those created
directly from filaments. Dynamic light scattering analysis was also done for these
spheroids, which found a hydrodynamic diameter of 88+25 nm, which was a
substantially smaller standard deviation than the room temperature prepared spheroids.
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The zeta potential of the particles was found to be 21.2+1.2 mV, significantly more
electronegative than the room temperature prepared spheroids. In addition, unlike
spheroids produced at room temperature, a minimal increase in spheroid size was

observed up to cycle 6 (Figure 2.15).
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Figure 2.13 Areal density of (a) Au/ZnS-binding M13 templates and (b) template agglomerates for vortex/rest cycles 0
through 8 using the LT transformation process.
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Figure 2.14. Several Au/ZnS-binding spheroids produced with 5 vortex/rest cycles of the LT transformation procedure.
Samples were stained with 2% uranyl acetate. Scale bar: (a-f) 50 nm, (g) wide field image scale bar: 500 nm. (h)
Analysis of hydrodynamic diameter of low temperature produced spheroids using dynamic light scattering. The zeta
potential of these particles was measured in the same buffer, and an average value of 21.2 + 1.2 mV was found.
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Figure 2.15. Spheroid size, as measured by TEM, as a function of vortex cycle number as prepared by room
temperature and low temperature (LT) methods. The first three vortex/rest cycles were held at 0°C for LT
transformation. For each data point, a minimum of 100 particles were measured over 3 different samples. Mean and
standard deviation are reported over the three independent samples.
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Figure 2.16 Average length of Au/ZnS-binding i-forms measured as a function of vortex/rest cycle number. Results of
two transformation processes are shown: the LT process in which the initial 3 cycles are held at 0°C then brought to
25°C for the remaining cycles and a process in which all cycles are held at 0°C.
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The reduction in size and lack of spheroid expansion for the LT procedure are
consistent with cycle-by-cycle CD data (Figure 2.12d) which revealed a lower overall
loss in 222 nm molar ellipticity as compared to the room temperature transformation
process. Similarly, fluorescence quenching (Figure 2.12¢) and peak shift (Figure 2.12f)
were more gradual and showed less change overall than room temperature-produced
spheroids. The significant quenching seen in cycles 4 through 8 for the room temperature
process was not see in the LT procedure, which correlates with the significant difference
in spheroid sizes at those cycles. This difference is similar to that seen when comparing
Au-binding and Au/ZnS-binding spheroids. The cooled cycles appear to have trapped the
capsid in the transition between filament and spheroid structures.*'*> As evidence, in
Figure 2.16, if all vortex/rest cycles were held at 0°C, i-form contraction halted and i-
form length remained constant. These results are in agreement with previous studies,
which showed that if the chloroform/water interaction occurs at low temperatures, the
telescoping effect can be halted, producing asymmetric rod-like i-forms with a slight flare
near the p3 end.?®3%1%8 The temperature-induced pause in transformation reduced the
assortment of template geometries and avoided further deterioration of p8-p8 interactions
in subsequent vortex/rest cycles, ultimately focusing template geometry and increasing
spheroid monodispersity. Uniform template dimensions are essential for the synthesis of
asymmetric nanostructures with a narrow size distribution. If temperatures of the final
cycles were increased, spheroid sizes were comparable to original room temperature-
produced spheroids (data not shown), indicating that the controlled temperature of the

final cycles were essential in controlling the final size of the spheroids.
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Spheroid stability was dependent on transformation temperature. As shown in
Figure 2.17 when stored in TBS buffer at 4°C, the areal density of spheroid templates
generated using the room temperature procedure decreased rapidly with time as the
agglomerate density increased. Within 10 hours of spheroid formation, only 16% of the
initial spheroid density remained, whereas the agglomerate density nearly quadrupled.
These findings are consistent with the observations of Stopar et al. that M 13 spheroids
produced at room temperature were not stable for long times.!” In contrast, spheroids
created using the LT process were much less susceptible to agglomeration, retaining as
much as 80% of initial areal density over the same time period. The compact structure of
these smaller, more monodisperse spheroids may limit solvent exposure of hydrophobic
residues within the p3 or p8 proteins (particularly those that terminate the phage body)
which can reduce agglomeration. Au/ZnS-binding spheroids produced via the LT

approach with 5 vortex/rest cycles were selected for further study.
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Figure 2.17 Areal density of Au/ZnS-binding (a) spheroids and (b) agglomerates observed with TEM as a function of
storage time. Spheroids produced with both room temperature and LT conversion processes were explored. Viral
templates were stored in TBS buffer at 4°C following transformation.

2.3.3 Synthesized materials on filament and spheroidal M13

2.3.3.1 p3 directed ZnS synthesis

To demonstrate the utility of the M13 spheroid as a bi-functional template,
transformed Au/ZnS-binding phage were used to sequentially synthesize ZnS on the p3
minor coat protein and Au on the p8 major coat protein. Following ZnS synthesis,
Au/ZnS-binding spheroids and related synthesis products were examined with TEM.
Spheroids remained largely intact, growing slightly in size to 48 £ 14 nm (Figure 2.18),
while template agglomeration increased by a factor of 3. The larger number of

agglomerates was attributed to non-specific, electrostatic screening of the spheroid
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surface charge by Zn ions. As evidence of Zn ion interaction, viral templates did not
require staining post synthesis. As shown in Figure 2.19a, nanoparticles 5.1 = 1.4 nm in

size with an average aspect ratio of 1.23 were synthesized on approximately 72% of the

non-agglomerated Au/ZnS-binding spheroids.
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Figure 2.18 Histogram of Au/ZnS-binding spheroid size distribution after ZnS synthesis.
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Figure 2.19. (a) Representative TEM image of ZnS nanopatrticle synthesized on a Au/ZnS-binding spheroid; scale bar:
50 nm. (b) Histogram of spheroid-templated ZnS nanoparticle size distribution. (c) Low magnification TEM image of
spheroids following ZnS synthesis. Spheroids are indicated by white arrows; scale bar: 500 nm. Samples were not
stained prior to imaging.
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Figure 2.20. TEM images of spheroids on which (a-c) one or (d, e) two ZnS particles have been synthesized. Samples
were not stained; scale bar: 50 nm. (f) Histogram of the number of ZnS nanoparticles synthesized per spheroid.

While a single particle was observed on most spheroids, a few templates displayed up
to 2 or 3 particles (Figure 2.20). The rather small number of particles synthesized per
spheroid was consistent with selective p3 growth. Lattice fringes from an individual
nanoparticle, consistent with both ZnS zinc-blende (111) and wurtzite (002) interplanar
distances, can be seen in Figure 2.21a. An electron diffraction pattern and associated
TEM image of concentrated synthesis products are shown in Figure 2.21b. As described
in Table 2.1, measured d-spacings were indexed to interplanar spacings of both
hexagonal and cubic ZnS structures, indicating that a mixture of the two polytypes was

synthesized. Given that previous reports of ZnS synthesis directed by the same peptide
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(CNNPMHQNC) produced only wurtzite ZnS on both M13 and P22 viruses,?” ® the
presence of the cubic form of ZnS was unexpected. Yet, notably, polycrystalline
sphalerite was used during the selection of the ZnS-binding peptide,?’ therefore the

synthesis of zinc-blende under altered growth conditions was reasonable.

Figure 2.21 (a) HRTEM image of spheroid-templated ZnS nanoparticle. Lattice fringes corresponding to ZnS zinc-
blende (111) and wurtzite (002) are denoted; scale bar: 5 nm. (b) TEM image of concentrated spheroid-templated ZnS
synthesis products; scale bar: 500 nm. In set: Selected area electron diffraction pattern of crystalline ZnS material
indexed to crystallographic planes in Table S1.

Table 2.1 Measured d-spacing and corresponding crystal planes for materials synthesized on Au/ZnS-binding M13
spheroids.

Label Meas'uredo 7ZnS, zinc-blende ZnS, wurtzite Au, face- .
d-spacing (A) centered cubic
ZnS

A 3.15 (111) (002)

B 2.72 (200)

C 2.27 (102)

D 1.93 (220) (110)

E 1.70 (311) (200)

Au/ZnS

A 3.29 (100)

B 2.74 (200)

C 2.34 (111)

D 2.05 (200)

E 1.66 (311) (200)

F 1.41 (400) (104) (220)
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For direct comparison, ZnS was also synthesized under the same conditions using
filamentous Au/ZnS-binding phage and wild-type phage (filaments and spheroids), as
well as without a phage template. Interestingly, the template shape did not largely affect
the particles per template, average nanoparticle size, or aspect ratio of the inorganic
material on the p3 minor coat protein (Figure 2.22 and Table 2.2). This finding differs
somewhat from that associated with synthesis of inorganic material on the p8 major coat
protein.* While chloroform treatment triggers a significant change in p8 packing density
and impacts ion adsorption, a similar effect does not appear to occur for the p3. No ZnS
growth was observed on wild-type spheroids or filaments. Large, highly amorphous

particles were created without a viral template (Figure 2.23).
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Figure 2.22. TEM images of ZnS synthesis products on (a) individual phage and (b-c) micelle-like structures formed by
Au/ZnS-binding filaments; scale bar: 200 nm. Insets: High magnification images of ZnS nanopatrticle clusters; scale
bar: 10 nm. Histograms of (d) the filament-templated ZnS particle size distribution and (e) the number of ZnS particles
synthesized per Au/ZnS-binding filament. (f) TEM image of concentrated filament-templated ZnS synthesis products;
scale bar: 200 nm. Inset: Selected area electron diffraction pattern of crystalline ZnS material indexed to
crystallographic planes in Table S2. Under the selected synthesis conditions, Au/ZnS-binding filaments tended to
surround groups of ZnS particles in micelle-like structures. Nonetheless, many individual filamentous phage were still
visible for analysis. In these individual templates, ZnS particles were located almost exclusively at one end of the virus,
providing qualitative evidence of p3 site-specific growth. The template shape did not largely affect the particles per
template, average nanoparticle size, or aspect ratio of the inorganic material on the p3 minor coat protein. No ZnS
growth was observed on wild-type (g) filaments or (h) spheroids; scale bar: 100 nm.
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Figure 2.23 TEM image of ZnS synthesized without a viral template; scale bar: 1 um. Inset: Electron diffraction

pattern of ZnS material.

Table 2.2 Measured d-spacing and corresponding crystal planes for ZnS synthesized on Au/ZnS-binding M13

filaments.
Label Meas.uredo 7ZnS, zinc-blende 7nS, wurtzite
d-spacing (A)
ZnS
A 3.33 (100)
B 2.65 (200)
C 1.92 (220) (110)
D 1.66 (311) (200)

Au was subsequently synthesized on the same spheroidal templates, targeting the p8

protein of the Au/ZnS-binding spheroids. As revealed in Figure 2.24, a median of

thirteen nanoparticles, 7.9 = 1.5 nm in size, and occasionally fused together were

templated on the surface of the spheroids. The spatial homogeneity of the nanoparticles

on the spheroidal template was consistent with p8-directed synthesis.
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Figure 2.24 (a) Representative TEM image of Au/ZnS-binding spheroid after sequential ZnS and Au synthesis; scale
bar: 50 nm. Samples were not stained prior to imaging. (b) Histogram of Au nanopatrticle size distribution on Au/ZnS-
binding spheroids. (c) Histogram of Au nanoparticles synthesized per spheroid. (d) Wide field TEM of spheroids
following ZnS then Au synthesis, arrows indicate spheroids with synthesized Au, and inset shows spheroid in box; scale
bar: 500 nm, inset scale bar: 50 nm.

As portrayed in Figure 2.25a, the EDS spectrum of the synthesis products confirmed
the presence of Au, Zn, and S. Lattice fringes from one of many discrete nanoparticles
on the spheroid surface revealed an interplanar spacing of 0.23 nm which is consistent

with Au (111), as shown in Figure 2.25b. Measured d-spacings, shown in Figure 2.25¢
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and Table 2.1, were indexed to interplanar distances of both ZnS and Au, further

corroborating the presence of both materials on the bi-functional spheroidal templates.

2 3 45678 9101
Energy (keV)

Figure 2.25 (a) EDS spectrum of Au/ZnS-binding bifunctional spheroid synthesis products. Inset: EDS spectrum with
scaled y-axis to emphasize elemental Zn and S peaks. (b) HRTEM image of spheroid-templated Au nanoparticles
synthesized after ZnS nanoparticle formation; scale bar: 5 nm. (c) Low magnification TEM image of concentrated
synthesis products; scale bar: 1 um. Inset: Electron diffraction pattern of Au/ZnS synthesis products. Measured lattice
spacings are shown in Table S1. Synthesis products were concentrated with centrifugation prior to EDS and ED to
enhance signal.

For comparison, Au was synthesized under the same conditions with Au/ZnS-binding
filaments (Figure 2.26), wild-type phage (filaments and spheroids), and without a
template using the same conditions. In all cases, nanoparticles were smaller in size and
fewer in number than those templated by Au/ZnS-binding spheroids. These results show
that the Au/ZnS-binding spheroids produced through low temperatures are capable of
acting as templates for sequential synthesis of two inorganic materials. Furthermore, this
evidence suggests ZnS growth is selectively guided by the p3 protein, and Au growth by
the p8 protein, which leads to the asymmetric assembly of these materials on spheroids.
To see if any structural changes occurred to the phage protein during ZnS and Au

synthesis, CD measurements were taken following each procedure, shown Figure 2.27.
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No significant differences were observed in the 222 nm peak after 10 hours, ZnS

synthesis, or Au synthesis.
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Figure 2.26 Histograms of (a) the filament-templated Au nanoparticle size distribution and (b) the number of Au
nanoparticles synthesized per Au/ZnS-binding filament. (c, d) TEM images of individual Au/ZnS-binding filaments
following sequential ZnS and Au synthesis. Several agglomerates were also observed after synthesis. (e) Au
nanoparticles synthesized without a template. Au nanoparticles synthesized without a template had an average size of
6.0 nm, whereas little to no growth was observed on wild-type spheroids and filaments. In all cases, nanoparticles were

smaller in size and fewer in number than those templated by Au/ZnS-binding spheroids. Scale bar (c,d): 250 nm, scale
bar (e): 100 nm.
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Figure 2.27 Circular dichroism (CD) spectra of Au/ZnS-binding spheroids produced with the LT process following
inorganic material synthesis. For comparison, measurements were also made on spheroids prior to synthesis (0 h) and
after incubation in TBS at room temperature to mimic synthesis times (10 h). Spectra were smoothed using a 5 point
Savitsky-Golay filter.

2.4 Conclusion

In summary, we have investigated the distinct progression of a M13 Au/ZnS
(p8/p3)-binding bacteriophage from filament to spheroid and demonstrated its potential
as a scaffold for non-centrosymmetric Au/ZnS nanostructure synthesis. The
incorporation of the ZnS-binding motif within the p3 affected transformation, producing
larger spheroids with greater loss of secondary structure than reported for Au-binding
phage without a p3 peptide fusion. More work is needed to fully describe the relationship
between the p3 modification and the chloroform-guided transformation process.
Nonetheless, these observations have interesting implications for the versatility of the
spherical template and suggest the potential to adjust spheroid size through p3 peptide
motif design. The use of low temperature (0°C) vortex/rest cycles to produce i-forms that

were subsequently converted to spheroids created more monodisperse and agglomeration

60



resistant Au/ZnS-binding spheroids. These bifunctional spheroidal templates were used
to direct sequential, site-specific synthesis of ZnS on the p3 and Au on the p8, generating
non-centrosymmetric hybrid metal/semiconductor nanostructures. The ability to assemble
two dissimilar and asymmetrically positioned materials on the M13 spheroid is an
important achievement towards hetero-junction formation that significantly expands the

utility and potential applications of this viral template.
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Chapter 3. Heterojunction formation and

photocatalytic dye degradation

3.1 Introduction

Recently, water pollution has been an on-going issue worldwide. A major
contributor to this problem is the textile industry, as dye-containing waste-water is often
released from factories into the environment.!° Many dyes are known to be carcinogenic
to humans and animals,”*'! yet are not easily removed from water in typical waste
treatment facilities,®!? requiring new methods of elimination. Many dyes are also
‘bleached’ by single reduction or oxidation steps, making them good indicators for redox
processes with simple absorption measurements. As a result, much research has gone into
the activity of solar light driven catalysts as measured through dye degradation.! In
particular, wide-bandgap semiconductor photocatalysts show potential in this application,
as they have ideal band positions for the reduction and oxidation reactions necessary to
degrade most dyes.'?> However, the most efficient photocatalysts tend to be UV
absorbing, so it would be beneficial to absorb visible light wavelengths, where the solar
spectrum illumination is much stronger. Through the property of localized surface
plasmon resonance (LSPR), some metal nanoparticles are able to absorb visible light

wavelengths, making them an attractive addition to semiconductor particles.
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In the case of ZnS, negligible light longer than ~350 nm is absorbed, but Au
nanoparticles are able to absorb across the majority of the visible spectrum due to their
LSPR.™3 Still, direct plasmonic-enhanced absorption is unlikely since there is little
overlap in energy levels.'**16 However, visible light photocatalysis is still possible
through the higher energy resonant electrons in Au, termed hot electrons, when they can
overcome the Schottky barrier between Au and ZnS.'**!1> Due the Fermi level pinning
effect, a substantial fraction of Au’s resonant electrons will have a higher energy than the
Schottky barrier, allowing substantial charge separation under visible light. Further, the
configuration of the particles has shown to have significant impact on this process.
Compared to centrosymmetric particles, in an asymmetric, Janus-like configuration, the
plasmonic effects are greatly enhanced at the interface.!!’ In addition, this orientation of
the two particles serves to maximize their environmentally exposed surface areas, making
it ideal for photocatalytic reactions. Unfortunately, at the nanoscale, there are limited
methodologies for synthesizing asymmetric particles,”>" and each show challenges in
scalability. However, the M13 provides a solution to this as a material template, as they
offer simplicity in production® can be easily modified to direct synthesis and

configuration of many materials 4348118

Within the scope of viruses that are often used in material templating, there are
few examples of bi-functionality,"-311° and there a fewer still of those able to orient the
material in an asymmetric manner.8%120.121 Also, the examples of asymmetry are
independent of the examples of bi-functionality. The major reason for this is that the vast

majority of viruses used as material templates are centrosymmetric in structure. However,
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the M13 bacteriophage can address these issues simultaneously,1?? and act as a
template for Janus-like nanoparticles. The virus’ capsid structure contains multiple
surface protein groups, mainly the p3 and p8 proteins, which can be independently
modified to recognize unique inorganic materials. Along with this, these proteins groups
are natively arranged in an asymmetric fashion.2> While it is normally in a micron-long
filamentous form, it is easily converted into a sub-100 nm spheroid? which preserves the
protein asymmetry in a compact manner.3%*22 While the M13 has been used for its bi-
functionality as a template, its filamentous form does not provide close contact for the
two materials. In this regard, its spheroidal form is ideal in directing synthesis of the two
materials in such a way as to create a heterojunction, an essential step in producing a

Schottky barrier between a metal and semiconductor.

This following chapter examines the M13 spheroid as a template for
heterojunction synthesis between ZnS and Au nanoparticles. The Au and ZnS-binding
template was used , however, synthesis conditions were modified to yield larger ZnS
particles and increased Au growth. These asymmetric particles were then used for the
photocatalytic degradation of aqueous dyes. The Au was added for its plasmonic
properties, which allowed visible light-driven photocatalysis, which ZnS is normally
transparent to. The heterojunction interface was then restricted, which showed that a high
interfacial area was essential for charge transfer between the materials. This work marks
one of the first applications of the M13 spheroid, and one of the first virus templates to be
used in photocatalysis. Its showcases the potential of the spheroidal form in facile,

inexpensive nano-heteroparticle synthesis, and an essential first step in its applicability.
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3.2 Experimental

3.2.1 M13 bacteriophage clone preparation and chloroform transformation

A Au/ZnS-binding M13 bacteriophage spheroid was used to assemble asymmetric
spherical particles. This phage displayed Au-binding (VSGSSPDS) and constrained ZnS-
binding (CNNPMHQNC) peptides on its p8 and p3 proteins, respectively, which was first
converted to spheroid form.'?? Spherical transformation was performed by preparing a
100 pL solution of phage (1 * 108 pfu/uL) in pH 7.5 tris-buffered saline (TBS, 50 mM
tris-HCI, 100 mM NacCl, Fisher Scientific) and 100 puL chloroform (amylene stabilized
chloroform, ACROS Organics) solutions on ice for 20 s to chill. The solutions were
combined, then vortexed five times in on/off cycles of 2 s/13 s, the first cycle at high
power, and the following four at low power. During the cycles, the first three were held at
0°C. The solution was placed in a 37°C water bath for 20 s, then finally vortexed at room
temperature for the last two cycles. After vortexing, 90 puL of chloroform was pipetted
out, and any remaining was evaporated via gently blowing with lab air flow for about 20

s. Spheroids were immediately used in material synthesis or photocatalysis.

3.2.2 ZnS and Au synthesis

Following transformation, ZnS*?3124 and then Au were synthesized to create a
nanoparticle heterojunction. Synthesis procedures for ZnS and Au were adapted from
previously reported methods, and the ZnS process was modified to yield larger
particles.#3485122124 Tq gynthesize ZnS on the p3 protein, a 50 uM solution of zinc

chloride (ZnClz, Sigma Aldrich) was prepared in 100 pL of tris-buffered saline with
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freshly made spherical phage (1#108 pfu/uL). The solution was stored at 4°C for 3 h. An
equal volume of 10 uM sodium sulfide (NazS, Sigma Aldrich) was prepared in deionized
water. Both solutions were placed on ice, following which, the Na,S solution was added
dropwise in 10 pL increments to the ZnClz and phage solution over the course of an hour.
The entire solution was then incubated at room temperature for an additional 6 h to
produce ZnS particles on the p3 protein.®° Residual ZnS precursors were removed via
centrifugal filtration (Amicon Ultra-0.5, 3 kDa, Millipore) and synthesis products were
resuspended in TBS. Following ZnS synthesis, the p8 of the spheroid was targeted for Au
synthesis.}?2125 To form a herojunction, Au was then grown. A 200 uL volume of phage
(5%107 pfu/uL) with ZnS was mixed with sodium borohydride (NaBHa, Sigma Aldrich)
to achieve a 6 uM solution. Subsequently, 2.5 uL of chloroauric acid (HAuCls, Sigma

Aldrich) was added for a final concentration of 150 uM, and incubated for 5 min.**

To prepare samples for characterization and photocatalysis, any remaining
synthesis precursor was removed. To remove the precursor, products were centrifuged
down, and supernatant was replaced with fresh water. To reduce agglomeration during
the process, citrate and Tween-20 were added to phage/ZnS/Au solutions prior to
centrifugation to achieve concentrations of 10 uM and 0.1 vol%, respectively. Solutions
were centrifuged at 400 rcf for 30 min, the supernatant removed, and then replaced with
fresh deionized H2O. They were then vortexed, and finally sonicated for 30 min to fully
resuspend in solution. Samples were immediately prepared for TEM, spectroscopic

measurements, or photocatalytic measurements.
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To observe effects of interfacial contact area on charge transfer between ZnS and
Au, Au nanoparticles (AuNP) were bound to phage rather than through synthesis. Small,
5 nm Au nanoparticles (Ted Pella, Inc.) were bound to spheroids in a ratio of 110:1
particles per virus. This ratio was chosen in order to achieve complete coverage of the
virus. The solutions was incubated for 10 min. They were then centrifuged for 30 min at
400 rcf to remove unbound particles, and resuspended in 300 pL of fresh deionized

water.

As controls, ZnS and Au were also synthesized alone on templates using identical
process to above. Synthesis procedures were repeated without template in order to

observe phage’s effect on growth.

3.2.3 Material characterization

Morphology of ZnS and Au synthesis products was studied using transmission electron
microscopy (TEM, Tecnai T12 or S/TEM Titan Themis 300, FEI). Crystal structure of
materials was determined using electron diffraction (ED) and high resolution TEM
(HRTEM). Elemental analysis of the synthesis products was completed using energy

dispersive spectroscopy (EDS).

Samples were prepared for TEM by placing a 5 pL volume of solution on a
formvar/carbon-coated copper grid (Ted Pella, Inc), incubating for 5 min, and washing
twice with deionized water. To concentrate synthesis products and remove precursors for

ED and EDS, Au and ZnS-containing samples were concentrated via centrifugation by
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pelleting at 14,000 rcf for 15 min, and washing with deionized water. Centrifugation and
washing steps were repeated two more times. For ZnS and Au containing samples, a
volume of 20 uL of the concentrated product was dropcast onto a SiN grid (Electron
Microscopy Sciences). Formvar-free SiN grids were used to limit Carbon deposition
during scanning for elemental analysis. ImageJ*?® was used to measure synthesis product
size and aspect ratio, using only 11,000x magnification TEM images for analysis. ZnS
and Au synthesis products typically were not symmetric in shape, so size was determined
by averaging long and short particle axes, and aspect ratio was determined by dividing

the two. For all measurements, a sample size of at least 150 was used for each.

In order to determine what excitation sources to use for photocatalysis, characterize
plasmon absorption in Au and bandgap in ZnS, optical absorbance of spheroidal template
and inorganic materials was measured from 220 to 950 nm using a UV-Vis
spectrophotometer (Evolution 60, Thermo Scientific). Measurements were taken on three
independent samples and averaged. All samples were measured in solution using a 100
uL, 1 cm pathlength quartz crystal cuvette (Starna), using deionized water as a baseline

correction.

To detect photoactive states in ZnS, and characterize effects of Au on those states,
material photoluminescence was measured via spectrofluorometer (Quanta Master 400,
Horiba). Room temperature luminescence scans were taken from 270-400 nm with the
following parameters: 5 nm slit widths, 1 s integration time, 1 nm step size, and 255 nm

excitation source. Measurements were taken on three independent samples and averaged.
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All measurements were done in aqueous solution using a quartz crystal micro-cuvette

with 40 pL loading volume.

3.2.4 Measurement of photocatalytic activity

To determine the effectiveness of the materials as photocatalysts, their combined effects
together, and to see if Au could enable visible light activity with ZnS, experiments were
performed under UV and visible light with methylene blue dye indicator. To prepare
material for each experiment, three separate but identical synthesis solutions were
prepared as described above, combined, centrifuged, and resuspended in 300 pL of
deionized water. A UV light was used to excite bandgap transitions in ZnS and a green

LED was used to excite plasmon resonance in Au.

To measure activity when ZnS was illuminated with greater-than-bandgap light
excitation, first a UV light source was used. Freshly prepared 300 pL solution of
spheroid-templated ZnS and/or Au catalyst was prepared with 10 uM of methylene blue
(MB, Sigma Aldrich) and left in the dark for one hour to allow solutions to come to
adsorption equilibrium.t?" Solution was transferred to UV-transparent polystyrene
cuvettes which were placed 1 cm from light source. A UV lamp (Ushio America, Inc)
with an isolated 254 nm band was used for excitation, with an average power reaching

the sample at 1 cm of 8 pW/cm?.

To excite plasmonic resonance in Au, a 520 nm LED (Digi-Key) was used as a
light source, with 15 mW/cm? reaching the sample at 1 cm. To indicate progress of

photocatalysis, methylene blue dye was used, in identical conditions as those described
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above. As a dye-sensitization control, erioglaucine (EG, Fisher Scientific) was used in
place of methylene blue, which has an opposite charge in solution, reducing electrostatic

binding with catalyst.

Solutions were gently vortexed at 20 min intervals to reduce settling. Temperature
was also monitored and recorded every 20 min. Solutions were kept at room temperature
(23 £ 2°C) via air flow supplied by chilled lab air. To measure photocatalytic activity, 50
uL was removed from the solution at regular intervals, centrifuged at 14,000 rpm for 5
min to remove residual catalyst, and measured with UV-Vis. For MB, absorption peak at
665 nm was recorded, and for EG, absorption peak at 625 nm was recorded. Total
illumination time was six hours. For each dye, an absorption vs. concentration curve was
recorded, to allow concentration versus time plotting. Assuming Langmuir-Hinshelwood
first-order kinetics, the natural log of the concentration was plotted against time, which

gave the rate constant using the following equation

. —In (C/C()) /t (1)

For all data sets, measurements were done in triplicate and averaged. As controls, ZnS
and Au materials were also synthesized without spheroids and then used in photocatalysis

applications, under UV or visible light.
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3.3 Results and Discussion

3.3.1 Material synthesis and characterization

The M13 spheroid was used as an asymmetric template for the synthesis of Janus-like,
photocatalytic materials. Two protein groups, the p3 and p8, of the phage capsid were
modified to display at their N-termini; a ZnS-binding peptide®® and Au-binding peptide,*
respectively. In order to utilize the asymmetric orientation of the two protein groups, the
spheroidal form of the virus was used to bring the two into close proximity and provide a
Janus-like geometry of the template. ZnS and Au were then sequentially synthesized on

the template and a schematic of the process is shown in Figure 3.1.

ZnS Au
synthesis synthesis

Figure 3.1 Schematic illustration of ZnS/Au heterojunction assembly on spheroidal M13 template that was then used
in either UV or green light driven photocatalysis

First, materials were synthesized sequentially on the template, with ZnS preceding
Au. Using previously adapted conditions,®”?2 5 nm ZnS were grown. For application in
photocatalysis, larger particles are ideal as they have more surface area for reactions to
take place. Previous research has shown that changing Zn:S precursor ratio to have a

significant impact on particle size,*?31%4128 5o this was explored, and results are shown in
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Figure 3.2. The data was also compared to results from lower concentrations (5 uM) of
both precursors, which yielded smaller particles of about 2 nm in size. It was found that
using high Zn:S ratio, 50 uM Zn to 10 uM S, yielded 27 nm particles, while high S:Zn
ratio led to very large agglomerates. If 50 uM of Zn and S were used, heavy
agglomeration also occurred. The agglomeration from S-rich and high Zn+S solutions is
thought to be caused at least partially by charge screening,*?® as well as non-specific
growth.*?? The synthesis in Zn-rich solutions indicated that the growth is Zn-limited,?

but likely leads to a high number of S-vacancies.*?128

Particle size by precursor condition
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Figure 3.2 Measured particle size as a function of precursor concentrations. S-rich conditions led to extremely large
agglomerates.

The large ZnS particles given by Zn-rich conditions were selected for further
analysis. Figure 3.3a shows TEM of a spheroid with synthesized ZnS particle. Further

examples are provided in Figure 3.4a — 3.4c. These particles ranged from spherical to
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ellipsoidal, with an average aspect ratio of 1.3. Particles had an average size of 27 + 11
nm. A histogram of the observed particle sizes is provided in Figure 3.4d and shows a
wide distribution range. The size distribution was bi-modal in nature, with one peak at
~20 nm and a second, smaller peak at ~40 nm. This was likely due to multiple particles
nucleating simultaneously on separate p3 peptides of the same spheroid and then
becoming fused together. Spheroid template diameters were observed to expand slightly
after synthesis, from 45 + 13 nm to an average diameter of 70 £ 19 nm, similar to what
was seen in previous reports.*?? Following ZnS, Au was then synthesized on the
spheroids, and can be seen in Figure 3.3b. Further examples are provided in Figure 3.5a —
3.5¢. In general, nearly full coverage of the spheroid template with Au was observed.
Particles grew in a dense manner, with rounded morphologies. Following material
growth, spheroids with ZnS/Au had an average size of 85 + 19 nm. This implied a

coating of about 15 nm of Au material on the spheroid.

(b)

Figure 3.3 TEM images of (a) ZnS and (b) Au/ZnS nanoparticles synthesized on Au/ZnS-binding spheroid. Samples
were not stained. Scale bar: 100 nm
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Figure 3.4 (a - ¢) TEM images of ZnS synthesis products formed in the presence of Au/ZnS-binding spheroids
Synthesized particles were slightly asymmetric with an average aspect ratio of 1.33. (d) Histogram of size distribution
of spheroid templated ZnS particles. Of the observed spheroids, 98% displayed synthesized particles, and of those, only
3% had two separate, unfused particles. While uncommon,*?? it has been shown to occur that multiple p3 proteins on a
single template may initiate nucleation of ZnS.8> Samples were not stained. Scale: 100 nm
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Figure 3.5 (a -c) TEM images of Au/ZnS nano-heteroparticles formed in the presence of Au/ZnS-binding spheroids (d)
Covered particles displayed somewhat asymmetric growth with an average aspect ratio of 1.25. Histogram of spheroid
particle size after Au/ZnS synthesis. Scale Bar: 100 nm

Crystal structure of each of the material combinations was characterized with ED.
Due to the low mass of material in a single particle, solutions of particles were
concentrated via centrifugation into large agglomerates for analysis. TEMs of the
concentrated ZnS and ZnS/Au material is shown in Figure 3.6a and 3.6b, respectively.
Diffraction patterns for ZnS and ZnS/Au are shown in Figure 3.6¢ and Figure 3.6d,
respectively. For ZnS, a mixture of zinc-blende and wurtzite crystal phases was observed,
identical to previous reports of ZnS synthesized on the peptide.*?? For the ZnS/Au

sample, the pattern for ZnS was observed, as well as multiple lattice spacings attributable

75



to face-centered cubic Au. Table 3.1 shows the measured d-spacings for each sample,

along with their attributed crystal plane.

Figure 3.6 TEM image of concentrated (a) ZnS and (b) Au/ZnS material synthesized on spheroids. Corresponding
selected area electron diffraction of (c) ZnS and (d) ZnS/Au. Measured lattice spacings are labeled for reference in
Table 3.1. Scale bar: 500 nm
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Table 3.1 Measured d-spacings from Figure 3.6 along with their nearest matching crystal plane

Meas“re?AC)"SpaC'”g Zinc-blende ZnS Waurtzite ZnS  Cubic Au
ZnS

A 3.13 (111) (002)

B 2.91 (101)

C 2.24 (102)

D 1.94 (220) (110)

E 1.59 (222) (201)

Au/ZnS

A 3.30 (100)

B 2.73 (200)

C 2.34 (111)
D 2.05 (200)
E 1.95 (220) (110)

F 1.66 (311) (200)

G 1.60 (222) (201)

H 1.39 (400) (104) (220)

To restrict the interface between Au and ZnS, 5 nm AuNPs were bound to
spheroids following ZnS synthesis in place of synthesizing Au. This was done to reduce
the interfacial area between the ZnS and Au, thereby reducing the charge transfer
efficiency between the two materials and helping to elucidate the effects of the
heterojunction on the photocatalytic process. A TEM image of spheroids with ZnS and
AUNP is shown in Figure 3.7, which had an average number of 29 + 20 particles bound

on each spheroid.
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Figure 3.7 TEM image of Au/ZnS-binding spheroid after ZnS synthesis and binding 5 nm Au nanoparticles. Scale: 25
nm

UV-Visible light absorption and photoluminescence (PL) spectroscopy were used
to characterize the optical properties of ZnS and ZnS synthesized on the spheroid.
Absorption from the viral template showed a small peak at 261 nm. This is slightly
shifted from typical absorption at 269 nm, and is due to the higher Rayleigh scattering of
the spheroid over filamentous form of the phage.* The ZnS absorbed at 253 nm, with a
steep decrease and no absorption with increasing wavelengths, and is shown in Figure
3.8a. This short wavelength was likely due to band edge transitions that were
significantly blue-shifted by quantum confinement effects.3>12° Size estimations by Brus
equation'® correlate with ~1.5-4 nm particles,® much smaller than the particles
measured through TEM observations. This is indicative of the highly polycrystalline
nature of the ZnS material. Synthesized Au absorbed over a broad range of UV and

visible wavelengths. In the visible to near-IR, the Au showed absorption at wavelengths

78



ranging from 520 to beyond 950 nm. This is similar to previous reports and arises due to
the polycrystalline, uneven structure of the Au.*3!%2 Strong UV light extinction by Au is
due to the absorption by d-band transitions of the metal,**® Rayleigh scattering from

nanoparticles,**13% and absorption from the ZnS.
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Figure 3.8 (a) Absorbance and (b) photoluminescence spectra of spheroid as well as ZnS, ZnS/Au, and ZnS/AuNP on
spheroid template.

In contrast, the bound AuNPs had a plasmon peak centered at 571 nm. This
showed a distinct red-shift from that of pure AuNP’s, which have an absorption peak near
520 nm. The shift was likely due to the higher index of the bound phage and ZnS, as well
as strong interparticle coupling.*13213413¢ The addition of Au led to a high absorption of

visible light, which was not observed by ZnS alone.

Photoluminescence of the materials is shown in Figure 3.8b. ZnS synthesized on

the spheroid showed a large peak at 305 nm, due to band edge transitions, and at 314 nm
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attributable to the virus template. Four longer wavelength peaks at 400, 433, 455, and 492
nm were also observed, and can be attributed to a combination of surface and defect
states.>**5137 Photoluminescence was seen to be reduced with the addition of AuNPs,
which is likely due to a combination of Rayleigh scattering, absorption by d-band
transitions in Au, and some quenching of the surface, defect, and conduction band
states.>*1%8.13% ZnS photoluminescence was further lowered in the presence of synthesized
Au than bound Au, possibly indicating stronger quenching effects arising from higher
contact between ZnS and Au.>* Au growth may also increase scattering, and therefore

decrease light absorption by ZnS.

3.3.2 Photocatalysis

The photocatalytic capability of the ZnS/Au nanoparticles were initially investigated
under UV illumination. Each material was investigated individually and together to
determine if Au could enhance ZnS photocatalysis. Photocatalytic activity was studied

via degradation of Methylene blue (MB) dye.

Methylene blue breakdown, using each material synthesized on spheroids, is
shown in Figure 3.9. A UV source of 254 nm was used in order to excite bandgap-energy
electrons for photocatalysis, and its spectra is shown in Figure 3.10. The activity of
spheroids, light source, as well as ZnS, Au, and Au/ZnS synthesized without the
template, were done as controls and are shown in Figure 3.11. An average of 5% of dye
signal was lost in the one hour before illumination, due to adsorption. Overall, spheroid-
synthesized and bound Au displayed comparable photocatalytic activity to the light

source alone, or rather, degradation by photolysis from UV light, indicating minimal
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activity from the metal. ZnS synthesized on the spheroid degraded 82% of the dye, while
97% was degraded when synthesized ZnS/Au by spheroids. Photographs of MB solutions
with Au/ZnS on spheroids compared with pure dye solution, before and after UV
illumination, are shown in Figure 3.12a and Figure 3.12b, respectively. This increase in
activity in comparison over individual ZnS cannot be attributed to isolated Au material.
Instead, this indicates a significant enhancement by the combined ZnS/Au material.
Interestingly, AuNP paired with ZnS via binding to spheroids also showed higher activity
than with ZnS alone. More efficient degradation with synthesized material suggests
higher contact area with ZnS, thus more efficient charge transfer.}”140141 Thjs is further

reinforced by the negligible degradation results from synthesized Au alone.
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Figure 3.9 Methylene blue concentration degradation by photocatalysis over six hours using (a) UV and (b) green light
with spheroid-templated ZnS and Au/ZnS materials. Light source was switched on at 60 minutes.
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Figure 3.10 Emission spectra of UV and green LED light sources used in photocatalysis experiments. Absorption of
spheroid templated ZnS/Au is overlaid for comparison.
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Figure 3.11 Methylene blue degradation by spheroid template, synthesized Au without template, ZnS without template,
Au/ZnS without template, and without any materials under (a) UV and (b) green light. All samples showed some
degradation under UV, but relatively no activity under green light. For each sample, light source was turned on at 60
minutes. ZnS and ZnS/Au synthesized without templates did not show as much activity as the material with templates.
Similarly, non-templated ZnS degraded substantially lower amount of dye than templated ZnS under UV. This may be
due to higher crystallinity of the material grown on the template. No dye was degraded with any material alone with
green light illumination. However, some activity was observed with ZnS/Au synthesized sequentially without spheroids
under green light, suggesting contact between ZnS and Au, likely due to some heterogeneous nucleation. These controls
communicated the overall contribution of the template on assembly, and its impact on the materials’ photocatalytic
activity. This suggests that the spheroid template is essential in growing material, as well as bringing them into contact
for a good interface.
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(a) (c)

(b) (d)

Figure 3.12 Photographs of MB solutions before (top row) and after (bottom row) six hour light exposure. Samples
done with UV (left column) and green light (right column) exposure. In each image, left tubes contain dye with ZnS/Au
synthesized on spheroids while right tubes contain only dye. In the presence of catalyst, most of MB was degraded.
Without catalyst, dye was still significantly degraded by UV light, but largely unaffected by green light exposure.

To further investigate the Au and ZnS interaction, green light was used as an
excitation source. This was done to show whether Au plasmon resonance could sensitize
ZnS to visible light, an otherwise UV-absorbing material. For this purpose, a 520 nm
light source was used as an excitation source. Methylene blue degradation results for
materials synthesized on the spheroid are shown in Figure 3.9, and the emission spectrum
of the green light source is shown in Figure 3.10. Activity by all materials synthesized
without the spheroid, as well as spheroid and light source alone, are in shown in Figure

3.11.

As with UV experiments, an average of 4% of dye was lost in the 60 minutes

prior to light illumination in all samples. lllumination of pure dye solution did not lead to
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observable dye degradation, indicating that zeroth order photolysis reactions could be
neglected. Interestingly, samples with only ZnS or Au synthesized on the spheroid did
not measurably degrade any dye under green light. Photocatalytic activity was not
expected for ZnS alone, as it shows negligible absorption at wavelengths near 520 nm.
Nor was it expected from Au, as plasmonic resonance on its own has not been shown to
appreciably degrade dye, since free charges are not created. 4?43 However, ZnS/Au
synthesized on spheroids did show photocatalytic activity, and an average of 72% of dye
was degraded over six hours. Since Au alone did not show any dye degradation, this was
strong evidence of charge separation by hot electron injection from Au to ZnS when

plasmon resonance was excited. 144

Photographs of MB solutions with ZnS/Au on spheroids and without material are
shown before illumination in Figure 3.12c and after in Figure 3.12d.When compared to
ZnS/AuUNP on spheroids, which degraded an average of 67% of the dye, a trend was seen
with UV and green illumination results that indicated higher activity of ZnS with
synthesized Au over bound AuNP. The green light illumination data, like the UV results,
suggested that the larger material interface allowed more efficient charge separation and
thus longer lifetimes, a major factor in photocatalytic reactions. But in both cases, the
assembly of Au and ZnS together using the spheroid template, was successful in the

generation of visible light photocatalytic degradation of dye.

Photocatalytic rates for all samples were calculated assuming Langmuir-
Hinshelwood kinetics. Rates for spheroid-templated samples under UV and green light

illumination are shown in Figure 3.13. The rates for all controls are shown in Figure 3.14.
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Under UV, spheroid templated ZnS/Au had the highest average k-rate of 8.5-10° min,
which was larger than the sum of its constituent ZnS (5.1-10° min!) and Au (1.5-10°3
min!) materials, and gave an enhancement factor of 1.66. The observed enhancement
factor helps to show that Au and ZnS are both accessible to the dye solution, as it is
expected that rates would decrease if Au had grown over ZnS surfaces, thereby blocking
photoexcited charges from reaching the environment.** It also suggests the presence of a
Schottky barrier at the interface rather than an Ohmic junction, as the electric field
produced by the Schottky barrier helps separate the electron-hole pairs near the material
interface.’®%® A proposed schematic is shown in Figure 3.15. The spheroid templated
ZnS with bound AuNP had an average k-rate of 7.1-10 min’, giving an enhancement
factor of 1.39. The enhancement factor is lower for the bound AuNP when compared
with the synthesized Au. This difference in enhancements provided further evidence of
increased charge transfer efficiency with synthesized Au, thanks to the increase in
interfacial area. This correlated with observations seen in photoluminescence
measurements. The difference in photoluminescence between bound and synthesized Au
is consistent with the proposed mechanism, since photoexcited electrons will be more
likely to lose energy via non-radiative emission in Au before recombining with holes left

in ZnS 146,147
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Figure 3.13 Calculated photocatalytic rates assuming Langmuir-Hinshelwood kinetics for spheroid templated ZnS, Au,
AuNP, AuNP/ZnS and Au/ZnS under UV and green light illumination.
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Figure 3.14 Photocatalytic rates of spheroid template, synthesized Au without template, ZnS without template, Au/ZnS
without template, and without any materials used as controls under UV and green light. Under UV illumination,
methylene blue (MB) degradation with no material occurred by photolysis, and had a similar rate to spheroids and
non-templated Au. Non-templated ZnS showed a somewhat higher rate, but this was not improved by synthesized Au,
indicating that the spheroid template is required to assemble the materials together. Under green light, MB did not
photolyse, and was only degraded marginally with the non-templated Au/ZnS sample.
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Au ZnS

Figure 3.15 Schematic representation of the two excitation processes occurring in ZnS/Au nanoparticles. Likely, Fermi
level pinning in ZnS allows the generation of a Schottky barrier to occur at the surface. In this case, the Schottky may
be calculated with the equation gz = E;— Egg as it no longer depends strongly on the work function of the metal. UV
light absorbed by the ZnS excites electrons into the conduction band which are able to transfer to the Au nanoparticle.
Alternatively, green light absorbed by the Au excites plasmonic electrons, some of which are high enough energy to be
injected into ZnS.

The proposed mechanisms were further reinforced by the dye degradation rates
under green light, which were significant only for samples containing both Au and ZnS.
The average rate of spheroid-templated ZnS/Au was marginally higher than ZnS/AuNP.
For ZnS/Au and ZnS/AuNP, k-rates were 3.65 and 3.1-10° min™, respectively, which are
proportional with their rates from UV photocatalysis. Hot electrons excited with 520 nm
light will have energy ~2.4 eV above the Fermi level in Au. It was shown experimentally

that the maximum energy of the ZnS and Au Schottky barrier was 2.2 eV.%" However,
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ZnS has a high concentration of surface states, and Fermi level pinning likely plays a

role.>"148.149 |n this case, the barrier height can be estimated by the equation®>°

Ysp = E¢g— Esg (2)

Using a value of 4.06 eV for ZnS E¢ (bandgap) and 2.88 eV®® for Ess (surface state)
gives a barrier energy of 1.30 eV, meaning that a significant fraction of plasmonic

electrons would have sufficiently high energy to overcome the barrier.”+5!

To further elucidate the effect of the ZnS particle size on photocatalytic activity,
the k-rate was measured for each of the particles shown in Figure 3.2. Rates are shown in
Figure 3.16. A general correlation between particle size and photocatalytic rate was
observed for the ZnS particles under UV illumination. An exception is with the large >1
um agglomerates grown in S-rich conditions. It is likely that the reactive surface area
becomes restricted by the small numbers of agglomerates. As many of the small particles
are bound up within the volume of the agglomerate, they are not available for

photocatalysis as they don’t have access to the environment.
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Figure 3.16 Photocatalytic k-rates measured with different ZnS particle sizes under UV illumination..

An additional control was used, in order to check for methylene blue degradation
via dye sensitization. A different dye, erioglaucine, was used as it is electrostatically
repelled from ZnS, and does not absorb at 520 nm, which will mitigate direct charge
transfer from dye to catalyst. This data is show in Figure 3.17. This dye was chosen for
its minimal absorption at 520 nm and negative charge at pH 7.5, electrostatically
repelling it from negatively charged ZnS/Au.*>® For dye sensitization to occur, dye must
be photoexcited, and also have physical contact with a material which can accept the
excited electron. EG dye was successfully degraded, which showed that dye sensitization
may be ruled out. These results show that the M13 spheroid template is capable of
directing synthesis of a Au/ZnS heterostructure with UV and visible light photocatalytic

activity. Further, it shows that the charge separation capabilities of the Schottky junction
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have a dependence on the interfacial contact between the two materials, and these

capabilities are improved with synthesized materials over bound ones.
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Figure 3.18 Concentration of negatively charged erioglaucine (EG) dye over six hours under green light illumination.
Compared solutions with spheroid/ZnS/Au photocatalyst and solution containing only dye. Light source was switched
on 60 minutes. Negatively charged dye was chosen to mitigate electrostatic attraction with Au/ZnS material, both of
which have a negative charge at pH 7.5. EG also absorbs minimal at 520 nm, so will not be in an excited state.
Solution containing only dye did not show any measurable degradation, whereas 23% reduction in dye occurred with
illumination in the presence of Au/ZnS on spheroids. Since direct contact between dye and catalyst was mitigated in
this experiment, and dye is not absorbing, the dye sensitization reaction can be ruled out.

3.4 Conclusion

In summary, we investigated the Au/ZnS heterojunction produced by the bi-functional
M13 spheroid. This work expanded on previous studies by increasing the size and density
of synthesized materials but preserving the asymmetric orientation and applying the
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nanoparticles in photocatalytic dye degradation. When Au was added to ZnS, its
photocatalytic capabilities were significantly enhanced. Under UV, dye degradation
occurred at a much higher rate than when either material was alone. Under green light,
photocatalysis only occurred when Au was added to ZnS. Here, no evidence of dye
degradation was observed by the materials alone. This provided strong evidence that a
Schottky barrier occurred at the ZnS/Au interface, which helped to separate the
electron/hole pairs. It is also possible that hot electrons, excited by localized surface
plasmons in Au, were be injected into ZnS. Further work is needed on improving on the
size of the ZnS nanoaprticles, as it is suspected that photocatalytic activity is limited by
the particle size. Making use of the efficient catalyst ZnS under visible light is an
important achievement in photocatalysis, and implementing M13 in catalytic nanoparticle

solutions marks a turning point in their applications.
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Chapter 4. Exchanging protein targets for
material synthesis for increased ZnS coverage and
Au binding

4.1 Introduction

Semiconductor photocatalysts absorb sunlight and use the energy to accelerate
chemical reactions. With many potential applications, a large body of research focuses on
water remediation.!* Many of the more effective semiconductor photocatalysts are UV-
absorbing semiconductors,? but require addition components, such as a metal
nanoparticle, to ‘sensitize’ the semiconductor to visible light. While orientation,
morphology, and size of the two materials has been shown to have significant effects on
the photocatalytic efficiency, reactive surface area is also a major factor. When
assembling semiconductor/metal materials on a spheroid, the material surface area can be
limited by the available area for synthesis on the protein coat. By assembling multiple
spheroids into one structure, hierarchical nanostructures can be created. These would
allow control of exposed material surface area, as well as light absorption characteristics,

therefore granting adaptability to different photocatalytic conditions.®

In assembling these complex structures, the same issues are seen as with the
assembly of asymmetric Janus particles. Common methods of assembly like block

copolymers lack specificity.” And epitaxial growth methods often suffer from low
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yields.™* These methods rely on either basic heterogeneous nucleation or targeted growth
at liquid-liquid interfaces, both of which are limited to lattice matching of materials.*>®
Phase interfacial growth further limits the number of new particles to those that can fit at
the interface. Scaling up for commercial photocatalytic applications using these methods

will be challenging.

A simple, yet versatile method of assembling these structures lies in the M13. Due
to its native bifunctionality, it can be made to assemble two-part subunits. One commonly
used genetic variant of the M13 displays on the N-terminus of its p8 protein three
negatively charged glutamate residues, usually called E3 phage. This high negative
charge allows electrostatic interactions with a wide variety of metal ions, including Pd,*®
Au,** Cu,® and Zn.'®® Previous work by Belcheret al, even used the phage to nucleate
and grow ZnS over the main body of the virus for sulfide battery cathodes.!*® To make
the phage bifunctional, it can be chemically functionalized for an affinity to Au. Separate
work focused on the p3 protein has shown that it can be chemically modified to bind Au
particles, without any genetic modifications.'*® This process relies on chemical reduction
of the disulfide bonds found between pairs of cysteine residues in the minor coat proteins.
All told, there are eight within the p3, and one each in the p7, p9, and p6, giving 55 in
each phage, since there are 5 copies of each minor coat protein. When reduced, the S-
bonds are freed up to bind AuNP through strong Au-S bonds. This work also showed that
by controlling mixing ratios of phage and AuNP, ratios of bound phage: AuNP could also

be controlled. Work by Montalvan-Sorrosa et al. successfully reduced the p3 using a
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simple sodium borohydride approach in tris-buffered saline, showing that the method

could work in different buffers and with different reducing agents.

In the following chapter, the E3 phage without a genetic modification to the p3,
was treated with a reducing agent to free the 8 native Cysteine bonds in each of its p3
proteins. Using Ellman’s reagent, the efficiency of the reduction process was calculated
by the concentration of free Cysteine residues. The reduced filaments were then
interacted with AuNP that had varied concentrations of BSA capping agent to achieve
increasing ratios of bound phage per AuNP. These assemblies were interacted with
chloroform, producing spheroid/AuNP structures. While keeping the concentration of
phage and AuNP constant, the different particle assemblies were characterized via TEM
for numbers of phage per AUNP. E3 spheroids were also shown to synthesize ZnS across
most of the surface of the p8 coat. The material was characterized for its optical bandgap
with UV-vis absorption, and its morphology with TEM. By using a moderately sized Au
nanoparticle, the p3 of this E3 phage can be used as the binding site and Au/ZnS
asymmetric particles can be formed with the E3’s spheroid form. Through control of
spheroid-to-AuNP ratios, increasing numbers of spheroids can be bound around the Au
‘core’, to create increasingly complex hierarchical nanostructures. By first binding
spheroids and AuNPs, then growing ZnS and illuminating with above-bandgap light, the
AuNP can be used as electron ‘sink’, allowing the ZnS to act as a light capturing satellite.
With sufficiently separated electron-hole pairs, potentially large increases in the
photocatalytic efficiency can be attained over what was shown previously.®® Whave

shown that by increasing the size of the ZnS particle, enhancements can be made to the
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photocatalytic activity, presumably due to the increased surface area for reactions to take
place. However, further increases to the ZnS material were limited by the small number
of nucleation sites that were located at the M13’s 5 p3 proteins. Since the phage contains
2700 p8 proteins, that protein makes a much more attractive target for ZnS growth. These
particles show potential in creating higher complexity structures, with changing numbers
of ‘satellite’ spheroids to AuNP ‘cores’. When combined, these Au/ZnS materials have
great potential as wide spectrum photocatalysts with the addition of a semiconductor

material, and could easily be applied in the degradation of many antibiotics.

4.2 Experimental details

4.2.1 Au nanoparticle binding

Phage were chemically treated to free S-bonds for Au nanoparticle (AuNP) binding. A
100 pL filamentous EEE-phage (E3, 108 pfu/uL) in tris-buffered saline (TBS, 50 mM
Tris—HCI, 150 mM NacCl, pH 7.5) was mixed with 1 uL of 500 mM sodium borohydride
(NaBHg4, Fisher Scientific) and incubated for 30 minutes at 37°C in order to reduce and
break the disulfide bonds between each of the three pairs of cysteine residues in each p3
protein.’®® Then, 400 uL of deionized water was added to dilute and deactivate the
reducing agent, and the entire solution was centrifuged at 5k rcf for 15 minutes through
an Amicon Ultra 3kDa molecular weight cutoff filter (Sigma Aldrich), until 50 pL
remained, to remove remaining NaBHa4. This process was repeated once, then the sample

was resuspended in 100 puL of deionized water. Separately, an equal volume of citrate-
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coated, 50 nm gold nanoparticles (5.4*10° NP/uL, Ted Pella, Inc) were interacted with 0,
1,5,10, 12, 20, or 50 ug/mL BSA for 30 min, for stabilization in TBS solutions. The
AuNP and filament solutions were combined and allowed to incubate for 6 h at 37°C for
binding. Following binding, 100 uL of phage/AuNP solution was used for

transformation.

4.2.2 M13 spheroid preparation

Filamentous phage, either bound to AuNP or in preparation for ZnS synthesis, were
converted to spheroid form. The E3 phage that was used displayed a negatively charged,
triple glutamate peptide on its p8 at the N-terminus. Either following binding or prior to
ZnS synthesis, the filamentous phage was treated with chloroform to transform to
spheroid.?* In either case, 100 pL phage solutions (108 pfu/uL) in TBS, and 100 pL of
amylene-stabilized chloroform (99.8%, ACROS Organics) was prepared. Phage and
chloroform solutions were chilled at 0°C for 20 s, combined, then vortexed at 0°C. The
mixture was vortexed at high power for one vortex/rest cycle, followed by two additional
vortex/rest cycles at low power. Following the third vortex/rest cycle, samples were
quickly warmed in a 37°C water bath for 20 s. Two additional vortex/rest cycles were
completed at room temperature, both at low power. After mixing, approximately 85 uL
of chloroform was withdrawn with a pipette. The remaining chloroform was removed by

gently flowing air over the sample. Templates were stored at 4°C until use.
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4.2.3 ZnS synthesis

Spheroids were then used in the synthesis of ZnS as part of the preparation of a ZnS/Au
heterojunction nanoparticle. Synthesis procedure for ZnS was adapted from previously
reported methods, and the ZnS process was modified to yield growth over the entire
spheroid. To synthesize ZnS on the p8 protein, 400 uL of deionized water was added to
freshly made spherical phage in 100 uL of TBS (108 pfu/uL). To prepare a 100 uM
solution of zinc chloride (ZnCl,, Sigma Aldrich) with the spheroids, 1 uL of 50 mM
ZnCl; was added and then gently vortexed. The solution was stored at 4°C for 3 h. An
equal volume of 60 uM sodium sulfide (Na2S, Sigma Aldrich) was prepared in deionized
water. Both solutions were placed on ice, following which, the Na,S solution was added
dropwise in 10 pL increments to the ZnCl2 and phage solution over the course of an hour.
The entire solution was then incubated at room temperature for an additional 6 h to
produce ZnS particles on the p8 protein.® In preparation for centrifugation and
subsequent removal of synthesis precursors, ZnS products were mixed with Tween-20 to
achieve a concentration of 0.1% weight byvolume, in order to prevent agglomeration of
particles. The solution was centrifuged (200 rcf, 15 min), supernatant removed, then
particles were resuspended in deionized water. Finally, they were vortexed, then
sonicated for 15 min to fully resuspend in solution. Samples were immediately prepared

for TEM or spectroscopic measurements.
4.2.4 Material characterization

Transmission electron microscopy (TEM, Tecnai T12) was used to study viral template

geometry and size, as well as the morphology, size, site-specific growth, and overall viral
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template coverage of ZnS synthesis and Au binding products. To prepare TEM samples for
imaging and diffraction, a 5 pLL volume of solution was added to a formvar/carbon-coated
copper grid (Ted Pella, Inc), incubated 5 minutes, and washed twice with deionized water.
Viral template samples without ZnS or Au were stained with 2% uranyl acetate for 30 s,
then wicked dry. ImageJ*?® was used to measure template and synthesis product size and
aspect ratio. Images with minimum magnification of 11,000x was used. For all
measurements, a sample size of at least 150 was used for each.

Absorption of spheroidal template and inorganic materials were measured from
220 to 950 nm using a UV-Vis spectrophotometer (Evolution 60, Thermo Scientific). All
samples were measured in solution using a 1 cm pathlength quartz crystal cuvette
(Starna), using deionized water as a baseline correction. To measure the concentration of
free thiol bonds following NaBH4 reduction of the p3, Ellmans reagent (ThermoFisher,
Inc) was added to the solution. To measure the concentration, the characteristic
absorption peak at 412 nm was measured and converted to a concentration using a
previously made calibration curve. Tauc’s method was used to estimate the ZnS

bandgap.%° Using the Tauc relation
(ahv)™ = B(hv — E;)

And setting n=2, since ZnS is direct bandgap, the energy of the transition can be

extrapolated by fitting the linear region of the data to the x-axis.

To produce the calibration curve, solutions of Ellman’s reagent (4 mg/mL) were

interacted with solutions of varying concentrations (0, 0.5, 1, 2, 4, and 10 uM) of L-
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Cysteine HCI (ThermoFisher, Inc), incubated for 20 minutes, then measured for
absorption at 412 nm. To calculate the total number of cysteine residues available in
solution, accurate phage concentrations were first calculated by subtracting Rayleigh
scattering contributions.*! This concentration was then multiplied by the total number of
cysteine residues within each phage to give a concentration of cysteine in solution. The
number of cysteine per phage was calculated by adding the single cysteine in each p6, p7,
and p9 to the eight in the p3, and multiplying by five, the number of these proteins in

each virus, to give a total of 55 cysteine per phage.

4.3 Results and Discussion

4.3.1 Cysteine Reduction and Phage to Au nanoparticle binding

E3 phage filaments were reduced to allow cysteine binding within the p3 protein to bind
AuNP. By controlling the AuNP capping agent concentration, the number of bound
phage per AuNP could be controlled. A schematic of the process is shown in Figure 4.1,
in which phage were reduced, then bound to AuNP in varying ratios. The cysteine rich p3
was targeted for AUNP binding since it contains eight cysteines, many more of the amino
acid for Au-S bonds than the other coat proteins. The p6, p7, and p9 each have one, while

the p8 has none. The sequences for each of these coat proteins can be seen in Figure 4.2.
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Cysteine reduction,
Au-S binding

- Zn ion binding,
: - S addition for nucleation

Transformation l

Figure 4.1 Graphical representation of transformation and material assembly on M13 spheroid using the p3 to bind Au
nanoparticles and the p8 to synthesize ZnS. In the filament, the two main capsid proteins are highlighted. The Chimera
drawings for each are shown. The p3, which was not genetically modified, contains 8 total Cysteine residues,
highlighted in green, which were the targets for reduction and subsequent Au binding. The p6, p7, and p9 (Figure 2)
each contain a single Cysteine residue. Since there is a maximum of 5 minor capsid proteins per phage, there are a
maximum of 55 Cysteine per phage. The p8 was modified to contain three negatively charged glutamate residues
(highlighted in red), which allow the p8 to electrostatically bind Zn ions and nucleate ZnS.

p6

MPVLLGIPLL LRFLGFLLVT LFGYLLTFLK KGFGKIAIAI SLFLALIIGL NSILVGYLSD ISAQLPSDFV
QGVQLILPSN ALPEFYVILS VKAAIFIFDV KQKIVSYLDW DK

p7

MEQVADFDTI YQAMIQISVV LEFALGIIAG GQR

P9

MSVLVYSFAS FVLGWELRSG ITYFTRLMET SS

Figure 4.2 The amino acid sequences of p6, p7, and p9 are shown, with the single Cysteine in each protein highlighted
in green

103



The disulfide bridges within the p3 of E3 filaments were first reduced to allow Au-S
binding. Following reduction with, and removal of NaBHa4, via filtration, phage
concentrations were measured via absorption spectroscopy, which is shown in Figure
4.3a. To make accurate calculations of phage concentrations in each sample, Rayleigh
Scattering adjustments were made, which subtracts effects of nanoparticle scattering to
isolate absorption spectra.'®! From this, it was found that there was a 5% loss of filaments
and 12% loss of spheroids during the filtration process. Due the higher likelihood of
aggregation in the spheroid form,*? it is likely that aggregation, and subsequent lack of

resuspension of aggregates, contributes to the higher loss.
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Figure 4.3 a) Absorption of spheroids and filaments following reduction and filtration. To calculate accurate
concentrations, Rayleigh scattering (RS) correction was done, and shown in dotted spectra. During filtration, higher
loss of spheroids was observed than for filaments. b) Calibration curve of Ellmans Reagent mixed with increasing
concentrations of L-Cysteine. c) Ellmans reagent was used to detect concentration of available cysteine residues
following reduction, shown in blue in part (c). Maximum available cysteine are shown in orange. Unreduced phage did
not show any reactivity with Ellmans reagent. Reduced cysteine yields were 72+10% for filaments and 78+12% for
spheroids.

The concentration of reduced sulfur bonds in the phage solutions were quantified with
Ellman’s reagent, a molecule that binds to cysteine groups and then displays a
characteristic absorption at 412 nm. Prior to interaction with phage, a calibration curve of
Ellman’s reagent absorption was made by interaction with free L-Cysteine HCI, and is
shown in Figure 4.3b. For filaments, an average concentration of 1.67+£0.17 uM of free
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cysteine groups was measured, out of a total 2.32 uM, shown in Figure 4.3c. This gives a
yield of 72 + 10%, or an average of 40 free bonds of the total 55 per phage. Similarly for
spheroids, an average concentration of 1.54+0.19 uM of free cysteine groups was
measured, out of a total 1.95 uM, giving a slightly higher yield of 78+13%, or about 43 of
the 55 cysteine bonds per spheroid. This slightly higher yield may indicate that the
cysteine bonds are more accessible in the spheroid than the filament, a possibility since
the protein packing is known to be less structured and rigid in the spheroid.*6? Of the 55
cysteine residues per phage, 73% of them are found in the p3, while the rest are in the p6,
p7, and p9 proteins. It may be that all p3 in the filament form are reduced in this process,
and those in the p6, p7, and p9 are not accessible, but due to the dramatic rearrangement
of the coat proteins during transformation, some of the cysteines in these other coat
proteins become accessible to NaBHa.

Following the reduction process, the filaments and spheroids were then interacted
with AuNP which had varying concentrations of BSA capping agent. Spheroids could
not be directly bound to AuNP, as efficient binding requires 37°C, a temperature which
spheroids cannot survive.?® Experiments done with spheroids at these temperatures did
not have any remaining spheroids that could be found in TEM analysis (data not shown).
As such, filaments were first bound to AuNP, then transformed. TEM images of the
range of filament-bound AuNP structures are shown in Figure 4.4, along with histograms
of the numbers of bound filaments per AUNP. To both stabilize the AuNP in TBS, and
control the exposed surface area of the nanoparticles, BSA was added as a capping agent

in varying concentrations. With increasing concentrations of BSA, the average number of
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bound filaments to each AuNP decreased, and is shown in Figure 4.5. At 0 pg/mL, all

AuNP were agglomerated, which prohibited quantification. At 50 pg/mL, minimal phage
binding occurred. At 5 ug/mL, the number of phage per AuNP was highest, without large
amounts of AuUNP agglomeration. The different degrees of capping agent allowed control
over the number of bound phage per AuNP by controlling the amount of exposed surface

area available on each AuNP.
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Figure 4.4 TEM images of 1, 5, 10, 20, and 50 ug/mL BSA with AuNP that were mixed with reduced filaments.
Histograms of the counted filaments bound per AuNP for each BSA concentration are shown in each respective row.
Scale bar: 500 nm
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Figure 4.5 Average number of bound phage per AuNP as a function of increasing BSA capping agent.

Once filaments were bound to AuNP, some solutions were transformed via
chloroform interaction, and it was found that transformation could proceed while bound.
TEM results of the transformed phage-bound AuNP are shown in Figure 4.6, with
histograms of the numbers of spheroids per AUNP shown with each condition. No
filament or rod forms were observed after the transformation process. Comparison of the
averages of spheroids and filaments per AUNP shown in Figure 4.5, show very close to
the average numbers between the two forms. This indicates that phage are not detached
during the transformation process, and that even while bound, the p3 is still accessible
enough to trigger the transformation process. This also showed that the Au-S bonds
between the p3 and AuNP are not affected by the transformation process. And finally, it
showed that hierarchical structures with either filament or spheroid phage could be

assembled, and could therefore be used in ZnS synthesis.
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Figure 4.6 TEM images of 10, 12, and 20 ug/mL BSA with AuNP that were mixed with reduced filaments and then
converted to spheroids. Histograms of the transformed spheroids per AUNP for each BSA concentration are shown in
each respective row. Scale bar: 100 nm

4.3.2 Spheroid guided ZnS synthesis

Separately, the E3 spheroids were used in the synthesis of ZnS. Prior to synthesis, the
E3 filaments were converted to spheroid form, and the particle size and morphology were
first characterized via TEM, which can be seen in Figure 4.7a-4.7c. An average size of
75.6+£17 nm was found, and a histogram of the measured sizes is shown in Figure 4.7d.
These particles were 30 nm larger than the Au/ZnS-binding spheroids prepared in the

same manner. It has no p3 insert, and a short p8 insert, so compared with wild-type, Au-
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binding, and Au/ZnS-binding phage, it would be expected to produce smaller
spheroids.*?? It may be that high charge of the glutamic acid residues in the p8 affects the
propensity of spheroid expansion, but this is speculation, and further research is required
to understand the mechanism behind the large spheroid size, as it does not follow

previous findings.
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Figure 4.7 a-c) high magnification TEM of representative spheroids (Uranyl acetate stained) d) histogram of spheroid
sizes. Scale bar: 100 nm.
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Following transformation, the spheroids were used to synthesize ZnS, using a
modified procedure from earlier results,'®3 with only precursor concentration increased.
TEM results of this process are shown in Figure 4.8a-4.8c. The synthesis produced
irregular, asymmetric material, unlike the ZnS particles shown previously.%® And unlike
the spheroid template, which had an aspect ratio of 1.13, the templated ZnS material had
an average aspect ratio of 1.49. Absorption of the ZnS material was measured, and
shown in Figure 4.9a, which absorbed primarily in the UV. Taucs method was used to
estimate the bandgap of the ZnS material, which showed a value of 3.81 eV. This is

slightly larger than the bulk bandgap, indicating quantum confinement effects.

Figure 4.8 a-c) TEM of spheroids following ZnS. Scale bar: 50 nm
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Figure 4.9 (a) Absorption spectrum of spheroids/ZnS and spheroids/AuNP (b) Taucs method for bandgap estimation

4.2 Conclusion

In this chapter we have shown that cysteine residues can be reduced with NaBHa, and the
open sulfur bonds within could be quantified with Ellmans reagent. While about 70% of
the cysteine groups could be reduced in both the spheroid and filament forms, the yield
was slightly higher in the spheroid, which could be a result of the less rigid protein coat.?®
The reduced filaments were then used to bind AuNP, and the number of bound phage per
AUNP could be controlled by varying the amounts of BSA capping agent. While the
spheroids could not survive the reduction process, we showed that the bound filaments
could be transformed, and that the phage were not removed from the AuNP in the
process. The conversion of unbound E3 spheroids was characterized, and we then showed
that the spheroids could synthesize ZnS across most of the protein coat. This work shows
that the assembly of hierarchical nanostructures is possible, by changing the number of

phage per AuNP. If combined with ZnS, core-satellite structures could be assembled,
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which would strongly absorb across both UV and visible wavelengths. This work
developed the process of making bifunctional spheroids from a phage with only one
genetic modification, and by increasing the semiconductor satellite coverage around a

metal nanoparticle core, these particles show potential as efficient UV or visible light

driven photocatalysts.
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Chapter 5. Conclusions and Future Work

5.1 Conclusion

In this work, we have developed the process of conversion from a spherical template
capable of asymmetrically assembling ZnS and Au nanoparticles, from the filamentous
M13 bacteriophage. First, the p3 of the Au-binding phage was genetically modified to
display a ZnS-binding peptide, which was proven through DNA sequencing of the new
phage’s genome. We observed that this new Au/ZnS-binding phage was converted to
spheroid form at a different rate than the Au-binding phage, so the changes in secondary
structure and morphology were characterized on a vortexing cycle-by-cycle basis. By
using circular dichroism and fluorescence spectroscopy, significant changes in p8
secondary structure and inter-p8 binding was seen, which were all at more dramatic rates
than the phage without the p3 insert. Together, these observations indicated that fewer
cycles were required to convert the Au/ZnS-binding phage, which were then corroborated
with TEM cycle-by-cycle investigations. Following these findings, we proposed two
possible mechanisms for the differences. First, that mutations may cause partial unfolding
of the p3 protein, exposing the buried hydrophobic regions and thus promoting
chloroform interaction. Alternatively, seeing as the p3 dictates the arrangement of the
proximal tip proteins, mutations in the p3 may modify the proteins’ interaction with the
neighboring p8 and allow increased chloroform access, thereby modifying the spheroid

conversion process.
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Upon the discovery that the bi-functional spheroid’s stability was not sufficient to
survive the 10 hour ZnS synthesis process, a low-temperature conversion method was
adapted from previous work3® which allowed smaller, aggregation-resistant spheroid
templates. The more compact structure was thought to limit the solvent exposure to the
hydrophobic residues within the p3 and p8 proteins that terminate the phage body, and
limit agglomeration. These spheroids were used in subsequent inorganic synthesis

experiments.

Next, we then showed that after spheroid conversion, the p3 retained its ZnS-
synthesis capability and was able to nucleate small nanoparticles, similar to the filament
form. Differently from the filament however, and to our benefit, the spheroids did not
aggregate around clusters of nanoparticles. Similar to previous research,* the spheroid
was also capable to synthesizing Au on the p8, producing particles which were slightly
larger than what were formed on the filament form. We found that these new hybrid
Au/ZnS particles were photocatalytically active in the degradation of methylene blue dye,
and even displayed some enhancement over ZnS or Au alone under UV illumination.
Unfortunately, rates were low, likely due to the small size of ZnS particles. As such, the
ZnS synthesis procedure was adapted to form larger particles, by increasing the ratio of
Zn:S precursors, which increased the particle size substantially, and showed modest

improvements in photocatalytic rates.

When combined with Au, the normally UV-absorbing semiconductor was able to
degrade dye under visible light illumination. Since Au did not display much

photocatalytic activity on its own, it was determined that the combination of ZnS and Au
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allowed hot electron injection under plasmon resonance conditions from the Au to ZnS,
and that heating effects could be ruled out. When the semiconductor/metal interface was
limited, by binding Au nanoparticles rather than synthesizing a coat of Au material over
the spheroid surface, a small but significant reduction in photocatalysis rates were
observed. With this we determined that efficient charge transfer required a good interface
between the two materials. As another control, erioglaucine dye was used in place of
methylene blue. This is a negatively charged dye, and therefore electrostatically repelled
from the similarly charged ZnS and Au in water. It also has minimal absorption at the
wavelengths emitted by the visible light excitation source. By eliminating direct contact,
and minimizing dye excitation, direct dye photosensitization was ruled out. We
concluded that photocatalytic degradation was therefore done by reactive oxygen species
generated by the catalyst, and not directly on the surface of the particle. It was believed
that the ZnS surface area was the limiting factor in further improvements to

photocatalysis.

Therefore, to further increase the ZnS surface area, a new phage was used, which
displayed 3 glutamate residues on its p8 that were capable of electrostatically binding to
Zn ions and nucleating ZnS. Also, by chemically modifying the p3 protein, the buried
Cysteine residues were reduced, which allowed binding of Au nanoparticles to the free
Sulfur bonds. Ellmans reagent was used, which showed that the majority of the Cysteine
residues were . Using this method and the E3 phage, role reversal of the proteins was
achieved, which provided better platforms for interaction with inorganic material than the

Au/ZnS-binding phage. Further, this allowed assembly of increasingly complex
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structures, by binding varying numbers of spheroids around single Au nanoparticle
‘cores’. The spheroid coverage around the AuNP were characterized primarily with
TEM, which could be controlled through varying concentrations of BSA capping agent.
The spheroids were also used as ZnS synthesis sites. UV-vis spectroscopy of the
materials showed high UV and visible light absorption, so it was expected that these

particles would display high photocatalytic activity at UV and visible wavelengths.

5.2 Future Work

Finally, it was shown in initial research that the p3 insert caused unexpected
changes in the Au-binding phage (in p8 protein). It was not fully understood whether
those changes were due to that particular peptide, or whether it was a compounding effect
due to dual p8 and p3 modifications. To identify the cause, a phage with no p8
modification and the ZnS-binding peptide in the p3 should be prepared, then analyzed
with cycle-by-cycle comparison with the other phage shown in this work using CD, PL,
and TEM. It would be interesting to know how spheroid formation progresses with this

phage type, as wild-type has already been characterized with these methods.

To further the development of spheroid applications as a material template, the
transformation process must be expanded. Much of the work developed here relied on the
transformation of M13 at a very specific volume and concentration, and any substantial
changes to those conditions resulted in the agglomeration of much of the phage solution.
Many potential applications and characterization methods require higher material

concentrations than what used in this work. Therefore, work must be done in developing
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the transformation process at higher volumes and concentrations. Scale up of any part of
the process will be limited until this can be done. This would be extremely beneficial to
photocatalysis characterization, where literature comparisons rely on rate constants. Here,
catalyst mass is not taken into account. For this reason, rates shown in this work, with
100’s of nanograms, cannot be fairly compared to other work using 10’s of milligrams of

catalyst material.

Most potential extensions to the current research rely on the incorporation of a
third material to the present dual material system. Indeed, it has been shown that ZnS
may perform better as a charge separation layer between a metal and semiconductor than
the standalone semiconductor material, due to its very large bandgap.'® In terms of
phage display, bi-functionality has typically been the limit for the filamentous
bacteriophage. A possible workaround is incorporating two different peptides into the p8
coat, which would potentially allow a third functionality in the p3. Recently, however,
work using p7 display has shown that the peptide is extremely receptive to particular
inserts, even when inserted using the phagemid system, and avoids the complications
seen in p9 display.®® Even more interesting, is that this system has been shown to work
with existing p3 and p8 display functionality,'®® meaning that three distinct peptides
could be displayed on each of those three coat proteins (p7, p8, and p3) with the high
expression seen in classic p3 and p8 display. With this added functionality, another
semiconductor particle could be synthesized on the p7 site that would work cooperatively
with the existing ZnS/Au particles, and enhance their properties. Examples of such

materials would be CdS,*%” Zn0,* or Fe304.1%° Each of which has a smaller bandgap
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than ZnS, and all have been shown to create various heterojunctions with ZnS without
additional doping. Additionally, multifunctional particles with dual junctions such as

these have been shown to dramatically enhance catalytic performances.*®

This dissertation has shown that the M13 spheroid can be used as a material
template to assemble asymmetric inorganic nanoparticles. It can work as a bi-functional
template through genetic modification, chemical modification, or a combination of the
two, which grant affinity for a variety of different materials. This work showed the
application of these hybrid materials with the photocatalytic degradation of agqueous
contaminants, yet some small improvements could be made to the inorganic materials
which would greatly enhance the performance of the hybrid structure. For instance,
efficient charge transfer between metal and semiconductor relies heavily on similar
energy levels between the materials.'® Also, hot electron injection occurs only for
electrons with energy high enough to overcome the Schottky barrier. For 5 nm Au
nanoparticles, the smallest size of particle with detectable resonance, which occurs at 515
nm, a relatively small fraction of the resonant plasmonic electrons surpass the estimated
2.2 eV energy barrier into ZnS. Alternatively, Ag nanoparticles display significantly
higher energy plasmon resonance, and absorb in the blue-violet wavelengths. If combined
with ZnS, a significantly higher number of hot electrons could therefore inject into the
conduction band of the ZnS, and even more since the formed Schottky barrier is smaller
than the Au/ZnS barrier height.>” Additionally, under UV illumination conditions,
photoexcited electrons would more readily transfer from the conduction band of ZnS into

Ag due to the closer similarity of energy levels than in ZnS/Au.'® By using Au coated Ag
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nanoparticles, the same phage type as in this work can be used, oxidation issues can be

avoided, while retaining Ag plasmon resonance properties.'’

As previously mentioned, photocatalysis of these hybrid structures depends, to
varying extents, on the light absorption of the semiconductor and the metal. Typically,
electron/hole pairs are more efficiently produced in the semiconductor, and the metal
then helps separate them with the function of the Schottky barrier at the interface. As
such, it would be beneficial if the semiconductor could absorb more of the solar spectrum
than just UV, for the purpose of photocatalytic applications. A well-studied method for
this is doping of ZnS with metal ions such as Mn’* or Cr,}"? or by controlling the number
of S-vacancies,*® to introduce mid-bandgap energy states, and thereby greatly increasing
the absorption spectrum into near-UV and visible wavelengths. This would also have the
combined effect of increasing the absorption overlap between the semiconductor and
metal, increasing charge transfer efficiency. Interestingly, Cr-doped ZnS takes on
ferromagnetic properties,'’® which would have the added benefit of making the particles
magnetically recoverable after photocatalytic treatment of contaminated water.

Recoverability is an ongoing issue with suspension-style nanoparticle photocatalysts.

The asymmetry can be useful in many other ways. For instance, by binding a
ZnS-coated Fe3O4 particle to the p3, and coating the p8 with Au, significant
improvements can be made to the photocatalysis while simultaneously adding recovery
functionality via magnetism.’* The lower bandgap of FesO4 will provide much more
energy overlap between the Au plasmonic resonance, which increases charge transfer

efficiency between the two materials. Also, the ZnS coating will allow existing phage
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mutants to be used, while thin ZnS films have been shown to decrease oxidation of

Fes041"176 and also increase charge lifetimes.%4
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