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ABSTRACT

Abstract

Plant viruses are naturally occurringanoparticlesthat are fascinating nanoscale
platforms. The use of plant viruses as multifunctional nanaptaff and as building blocks for
nanotechnology provides unique advantages. The versatility of Cowpea mosaic virus (CPMV)
to template metallic coatings and sipecific attachment of desired moieties was explored.

C P MV lsustnessmonodispersity, largescale production, and amenability to chemical and
genetic modificatiomaveenabled the research to be carried out as presented in this thesis.

CPMV capsid was utilised for the formation of a wide range of metallic coatings using
both mineralization and rtedlization ofthe CPMV exterior.Moreovet CP MV O0s ext er i o
chemically modifiedwith specifially desgned functionalities(i.e. electroactive moieties,
enzymes, peptides that favour certain types of mineralizatiodtherapeutic ageg). The
ability to utilise both the interior and exterior surface of CPMV emptyusi like particles
(eVLPs) was exploredThe use of eVLPs hdwoaderd the rangeof potential applicatios of
CPMV; for example, it isbeng investigatedas a drug carrier. Most virusesntain pores in
their capsid shell, through which small molecules can be loaded. Using this property, CPMV
eVLPs were used as nanocontainers for drug encapsulation and for the formation of iron oxide
nanoparticles, whichare potentially useful as hypertheamreatment agents. CPMV eVLP
holds great potential to accurately deliver the treatment agents to the desired location and
maintain the dose for an adequate duration. In addition, functionalised virus surface could
selectively attach to specific cells alodalise the bound drug. Thus, this could be explored as a
drug delivery system without many of the limitations of synthetic nanoparticles. Polyelectrolyte
coating of CPMV eVLPs has offered a workable loading and controlled release methodology.
Collectivdy, this thesis describes covalent coupling of molecules to the exterior of CPMV,

mineralization and metallization of CPMV exterior and mineralization weMhPs.
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CHAPTER 1

1 Literature review

1.1 Introduction

The great power of material manipulation at the nano scaleirighe resultant
properties being unpredictably different from thosibserved at the macro sda
Nanotechnology is often described as a revmhatry new field of developmenwith the
potential to change |lives and holds great pr
promise and envisage futuristic applications from the ability to naetsanything precisely by
controlling the individual atoms or molecules; this prospect thrills the optimists as much as it
frightens the pessimists. Nanotechnology offers ways to create smaller, cheaper, lighter and
faster devices, which use fewer raw amatls and consume less energy

To attempt a short introduction to fAnanc
t ask. The field is incredibly broad afmMd diyv
part, thus a nanometre is a billionth of atree A common popular image of the nanometre is
one eighty thousandth of the width of a huma
technol ogy; where MfAnanoscienceod appears wit
chemistry, biology, & d materi al science) . However, i
applications in a range of different disciplines (energy, transport, medicine, textiles and
electronics).

According to the national nanotechnology initiativewiwv.nano.goy, an object is
nanoscke when it is approximately in thé 100 nm size range. In this size range, properties
change because as things become very small, the surface dbesklkan their volumes,
causing larger surfattoi volume ratios than for larger objects greatersurface area can mean
that nanomaterials have higher reactivity, conductivity and magnetic progbtéasur, 201Q)

Nanotechnology is not only featured in science fiction books or movies but also offers
fascinating solutionso a number of practical problemSor example, naficgoated clothes can
repel dirt and reduce the use of harmful chemicals, and mobile phones are becoming smaller and

smaller but are growing cleverer, faster and cheaper.
1
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Nanoscience is a multidisciplinary research area, which has tltg &biune physical,
chemical, optical, magnetic and electronic properties on nanoparticles by adjusting the size and
the shape of the nanoparticles. Nanoscale particles often exhibit prodestilest from those
exhibited by larger objects of the sammaterial. Properties such as colour, conductivity, and
reactivity can all change at the nanoscale. A classic example of this is gold nanoparticles, which
appear red (for particles less than 1§ (Sardar et al, 2009nd are more reactive compared
to the inactive bulk material. In addition, the increase in surface area to volume ratio increases
the reactivity of nanoparticles.

(Bio)nanotechnology or nano(bio)technology is a subset of nanotechnology; the words
are synonymous. Bionanotechnology is atdhg@eel engineering and manufacturing using
biological molecules or organisms for guidance. The integration of nanoparticles, which exhibit
exceptional electronic, photonic, and catalytic properties, with biomaterials, which display
unique recognition, catafg and inhibition propertieshasresulted inthe production ohew
bionanomaterialswith combined propertiegWu & Payne, 2004) The integration of the
imparted functionalities in a defined arrangement on the bionanomaterials surface while
preserving itsntegrity has greapotential inthe developmenbf novelmaterials.

Two methods for the synthesis of miniaturised nanoscale structures and deviees ha
been utilisedby many research groups across the globe. The traditional method to synthesise
such strat ur es iTd o wa 0 N ta @ipvalvon@ amimiaturisation processes or
microfabrication: starting from large structures and by multiple etching processes generate the
desired shape and structure. This approach has a size limitation of how small theestructu
could be miniaturi gego Adnlea mawhith i dtagtiggwitdbtod ¢ y
small scale materials atilding something biggeoffersbetter control over the size and shape
of nanostructures depending on the building blocks avaitalstart with.

Bionanotechnology does not only offer a unique and ideal way for the synthesis of
welli defined nanostructures from the botiam but also adds specific functionalities that are
positioned at precise locations and in defined distancessaatbparticles. Bionanotechnology
requires different scientific disciplines to contribute collectively toward the development of new

2
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nanosystems to be used in nanomedicine and nanoelectiBitig®leculesare considereds
naturally occurring bionanopi#les and offer novel properties for the development of
diagnostic, analytical and drug delivery syste(hsemeyer & Mirkin, 2004) As well as,
providing scaffolds, which add structural support, aog their chemical composition,

biomolecules offer ligaridinding sites to generate hybrid assemblies with the desired

properties.
Physicist and Nobel Prize winner Richard
Feynman, in his influential speech ATher ebds

worldt o t he wonders of inanotechnol ogyo throuq
speech was about the field of miniaturization and his belief that man would create increasingly
smaller andnorep ower f ul devices. Eri c Drauéddarthea n A E
first time the term finanotechnology (Drexler, 1986) Over the past twodecades,
nanotechnology has emerged as one of the most focused fields of research. Researchers are
focused on exploiting the advances in nanotechnology for biomedivaloemental, and

industrials applications.

1.1.1 Bionanoparticles: Biginspired nanomaterials

Bionanoparticles include protein cages, bacteria, DNA, liposowesj like particles
(VLPs) and viruses that are naturally occurring programmed assémbled nanopiles.
They are robust, séldssembled architectures, less expensive to produce than inorganic
materials, andan berelatively easily produced in large quantities. In particular, protein cages
such as ferritin and some plant viruses have been extgngxploited as building blocks,
templates and scaffolds in bionanotechnold@®ouglas & Young, 2006; Fischlechner &
Donath, 2007; Lee & Wang, 2006kigure 1.1features examples of bionanoparticles, which
may be used as constrained reaction containeaffokts for material synthesis, and miulti
functional nanoparticles that could be constructed by modifying the external surface.

Bionanoparticles modified with various ligands and moieties have generated new materials with
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interestingproperties, whichhave possible applications in the field of nanoscience. A wide

library of such particles has been catalog{Mdnchester & Steinmetz, 2009)

Ferritin Heat shock .
12-14 nm Protein cage : § e
12-14 nm D A i
Adenoassociated virus-2 Brome mosaic virus MS2 phage
25 nm 26 nm 26 nm

@

Lumazine synthase Tobacco mosaic virus

complex 20S intermediate
16 nm (18 nm x 4 nm)
Cowpea chlorotic Papillomavirus L1 capsid Cowpea mosaic virus
mosaic virus 27 nm 27 nm
26 nm

Cucumber

Turnip yellow L4 )
Murine polyomavirus pye umb Human hepatitis B virus
48.6nm mosaic virus oSS A hen
: 28 nm 28 nm

Figure 116 Structural illustration of some protein cages which have been used in
bionanotechnology or biomedigaplécationsReproduced frorfLee & Wang, 2006a)

Several examples of protein cages, which are capable of encapsulating molecules of
interest, have been reported. Heat shock protein (Hsp), iron storage proteins (ferritin), and vaults
are some examples.aéh of these protein cages has particular properties (size, shape and
function) that are suitable for many applications

The iron storage protein ferritin is probably the most intensively studied and best
understood model for encapsulation or material nailiwation (Chasteen & Harrison, 1999)
Ferritin comprises 24 subunits, of two types (H and L) that assiemble to form a hollow cage
structure of 12 nm in diameter. In the native ferritin form, iron is stored within an 8 nm diameter
cavity (Andrews et B 1992; Theil, 1987)In order to encapsulate molecules within ferritin, the

internal cavity needs to be free of its iron core (apoferritin). A variety of apoferritin is

4
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commercially available and has been used for material encapsulbigane 1.2, e.g. the

formation of Prussian blue in ferrit{idbomingueiV & Colacio, 2003)

1
— 32 :E
PH 20 ' ,|- e chzlyszs
“A

ApoFT Fel)  Prussian-blue F'T
Figure 1.20 Schematic illustration of the @Hduced dissociatireformation process of
apoferritin to form Prussian blue complex. The proteisssciatedt pH 2.0and aftedialysis at
pH 8.5 and the addition of Fe(ll) Prussian blue is formed with the Eaptypduced from
(DominguedV & Colacio, 2003)

Encapsulatedchemicalswithin ferritin reported so fainclude uranium (Hainfeld,
1992) copper(Ensign et al, 2004)manganese oxidéMeldrum et al, 1995)vanadium(Grady
et al, 2000) beryllium (Price & Joshi, 1983)cadmium, zinc, nickel, magnesiufRead et al,
1995) cobalt oxyhydroxidgDouglas & Stark, 2000)and iron phosphate, iron arsenate, iron
vanadate and irormolybdate (Polanams et al, 2005)0ther molecules also have been
encapsulated within ferritin such as desferrioxamine B com{dexningueiV. & José M.,
2004) Prussian blu¢DomingueiV & Colacio, 2003) and doxorubicinan anticancer drug
(Simsek & Kilic, 2005) Moreover, apbferritin protein is typically used for internal metal
mineralization such awith cobalt oxide CgD, and Co(O)OH(Allen et al, 2003) Mann and
coi workers showed formation of g&, ( o TFe@s) under conditions of elevated temperature
and pH(Douglas et al, 1995; Mann et al, 1993)

Heat shock protein (Hsp) forms a hollow sphericdlsedbunit complex. The complex
exhibits octahedral symmetry with an outer diameter of 120 Aaaridner diameter of 65 A.
Hsp was also used as template for external and internal modification and as a container for iron
oxide encapsulatiofAllen et al, 2003and drug delivery systenfBlenniken et al, 2006)

Vaults are another type of sadissembled natally occurring cellular protein
nanocapsulewhich aresd named asheir morphology with multiple archesresembles thaif

cathedral ceilinggKickhoefer et al, 2005)Vaults are found in high copy number in many

5
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higher eukaryotes (including humginVaudts are 18MDa ribonucleoprotein particles witin
internal volume of 5 x 107 A. Vaults tend to have a hollow, baiikke structure with two
protruding caps and a thicker waist with overall dimensions of 420 x 420 x #0s&en in
Figure 1.3(Kong et & 2000) Due to the large structure, vault particles can encapsulate and

accommodate large molecules such as green fluorescent protein (GFP) and luciferase

(Kickhoefer et al, 2005)

Figurel.30 Cryadtransmission electron microscopy of vault partiélesrf(@EM. (B), half and
full capsid images representing the inner and outer structure. The scale bar corresponds to 1000 /
Reproduced frorfKong et al, 2000)

1.1.2 Viruses

The word virus isderived fromLatin and means "poison”. Viruses are obligate
intracellular parasites, which only replicate within a host cBlarticles of simple (nhdn
enveloped) ius typically consist of two componentsne or morecapsidproteinsand the
genome. The geme encodes theroteins necessary for the replication of the wiand the
capsid protein(s)while the capsid is mainly for the protection of the genetic mateviaus
capsids also have roles in host cell targeting and cell entry (Harrison, 1990) p¥itictes
typically represent very stable structures thatve evolved to withstand a broad range of
environmentsyet are sensitive enough to release their nucleic aeiden they infect a

susceptible cellLiepold et al, 2005)
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1.1.3 Why virusnanoparticles (VNPS)

Virus nanoparticles are no longer considered only as digeasemitting agents. All
viruses encode, package, and transport viral nucleic acid. However,vinasycoat proteins
will assemblen vitro naturally or through genetic manipulation into hioiectious containers
called viruglike particles (VLPs). Viruss can be found in a variety of distinct shapes (most
commonly icosahedrons, spheres, and sadpedthough more complicatestructures can be
formed especially in the case of bacterioghag

Material scientists view viruses as nanoscale building blockk smaffolds. Their
unique properties; ease of functionalisation, ability toisskemble, monodispersity (every
particle looks virtually identical in size and shape to all other particles), structural symmetry,
stability over a wide range of pHs and temgteres, amenability to genetic and chemical
modification, and diversity of sizes and shapes make them ideai havdes with a variety of
possible applications in nanotechnology. Besides, plant viruses aiénfiestious towards
organisms other than plian therefore, they do not present any biological hazard. Fundamental
research in the understanding of viruses as pathogens resulted in a wealth of information about
their structure, stability, assembly, and physical and chemical properties. This knqvaedge
theclose collaboratioetween thdields of virology, material science and biomedical research,
has pushed forward the use of VNPs in nanotechnology.

Viruses display a remarkable plasticity in their capsid structure and dynamics
(coordinated assdnty, disassembly, antheir uniformity). Viruses can be produced in large
scale at low cost in a relatively short time. Viruses have emerged as platforms for chemical
manipulation with a range of applications frdhe creation of newnaterials to nanomedite.
Chemical or genetic manipulation makes it possiblattachnew functions to protein cage
architectures. This provides tip@ssibility of arrangng different chemical functionalés with
nanometric precision.

Viruses offer three differersurfaceghat can be exploited: the exterior, the interior, and

the interfacebetween subunit@Figure1.4). The inner cavity of the virus capsid is accessible to
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small molecules and impermeable to larger ones, which allows the use of the intericofspace
the empty virus like particles(eVLPs) as nantemplates and nanoreactors. Furthermore, the
exterior surface is widely considered as a robust platform and is used for both chemical and
genetic modification allowing multivalent ligand display. The viral architectunt@rface is
crucial for the assembly and offers another route for the manipulation of the capsid architecture.

Herein, the focus will be on the manipulation of the interior and the exterior of the viral capsid.

Figure 140 Scheme of the three importaimterfaces available for chemical and genetic
manipulation in an assembled viral protein cage architecture. The interior, exterior and the interface
have all been used for the construction of multifunctionéceg@based materials. Reproduced

from (Douglas & Young, 2006)

1.1.4 Empty virus capsideVLPs

Virusi like particles(VLPs) resemble viruses, but are riamfections because they do
not contain any viral genetic material. The expressiah@virus structural proteins, can result
in the selfassemblyof VLPs. Libraries of vius platforms including (CCMV) (Douglas &
Young, 19983) Tobacco mosaic virugTMV) (Shenton et al, 1999)MS2 bacteriophage
(Mastico et al, 1993Wu et al, 199band polyoma virtidike particles (capsoidgAbbing et al,

2004) hawe been used as constrained reaction vessels for packaging and nucleation sites for
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mineralization (Douglas & Young, 1998a; Douglas & Young, 1999 addition, intact
enzymes have been encapsulated within the CCMV cépsiuellas et al, 2007)

Therefore,many attempts to generate VLPs have been developed over the past three
decadesln vitro assembly and f@ssembly methods have been exploited for VLPs. Generally,
particles are exposed to a disassembly buffer followed by dialysis against an assemhly buffe
These disassembly approaches allow release of the nucleic acid and are used to generate VLPs
or encapsulatingnaterials of interest in the assembly technique. VLPs of TMV and CCMV
have been demonstrated to efficiently satlsemblén vitro (Miller et al, 2007) Alternatively,
an alkaline hydrolysis method was developed to extract nucleic acid from T7 to generate ghost

(empty) T7 particlegLiu et al, 2006a)

1.1.4. 1Entrapment of small molecules within VLPs

In many caseshe entrapment of small molecules hiit VLPs is dependent on the
structural transitions of, for example, Brome mosaic virus (BMV), CCMV, and Red clover
necrotic mosaic viru4RCNMV). The material is infused into particleghen they arén the
swoll en fAopeno conf orropsdte baffers alldvs eeversible ssructargl a i n s
conformation to the Acl osedodo for m, taking wi
solution.

CCMV has been used as nanobuilding blagkang et al, 2002d¥for mineralizatiorof
iron oxide (Basu et al, 2003b) and as a hosguest encapsulation model afngstateand
vanadate(Douglas & Young, 1998a)The stability of the CCMV capsid is jjHependent,
which alters the opening of 60 separate pores of 2 nm each and exposes the interior to the
surrounghg medium. This conformation has been used to induce the formation of metal cores

inside the CCMV capsid.

1.1.4.2 Encapsulation of preformed particles via templating

The decoration of preformed synthetic nanoparticles with origin of assembly site (OAS)

that iniiates coat protein monomer binding and leads td astembled VLPs with synthetic
9
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nanoparticles within has been accomplismeBCNMV. Thiolated artificial OAS was attached
to gold nanoparticle@Nu et al, 1995 OAS gold nanoparticles were mixed with REIV coat
protein monomers and templated in vitro safisembly of VLPs around the gold nanopatrticle,
the process is depicted kigure 1.5(Loo et al, 2006) This approach was expanded to include

encapsulation of QDs with sizes of 5, 10, and 15lomo et 4, 2006; Loo et al, 2007)

RNA-1 NS
P / ¥ |
Coat protein ‘f’/\'"
DNA-2 (y} PAAN - \J
AN\ e
—
A B

Figure1.50 Assembly of RCNMV VLPs around a gold nanimparvia OAS templating. (A)
conjugation of nanoparticle with DR2; (B) addition of RN&L, which interacts with DNiR to

form the functional OAS; (C) the artificial O®&Biplates the assembly of coat protein; and (D)
formation of virudlike particle with nanoparticle erstdptedReproduced frorioo et al, 2006)

Alternatively, the nanopatrticle is coated with negatively charged polytoensimic
RNA anapproachwhichwas pi oneered by Dr agfigahilsed gagdr ou p .
nanoparticles resulted in encapsulated VLPs piitformedgold nanoparticleshe processvas
not efficient (Dragnea et al, 2003)Alternatively, covalent functionalisation ofanoparticle
with carboxylatéterminated polyethylene glycol (PE@Chen et al, 2006; Dixit et al, 2006)

was used to mimic RNA nucleation and promote efficieniitro selfi assembly Figure1.6).

10
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Figure 1.6 6 Proposed mechanism of VLP assembly from coat pro@h)s Electrostatic
interaction leads to the formation of disordered pfgteiit nanoparticle complexes. The second
step is a crystallization phase in which the pdpteirin interactions lead to the formation of a
regular capsid. (b) Schematic depiabibrihe encapsidated nanoparticle functionalized with
carboxydterminated TEG chains. Rigi@ZryaddEM micrograph of a single VLP. The protein
structure coating the 12 nm diameter gold nanoparticle (black disk). Reprodudtefranal,
2006)

1.1.4.3 Encapsulation during selbassembly

The self assembly of a virus is initiated by electrostatic interactions between RNA and
the protein subunits. In the case of CCMV, mixing the coat protein monomers with different
sized polystyrene sulfonate (PSS) polyn@rmimic the RNA resulted in two different size
morphologies: 22 nirsized particles generated by using PSS with molecular weight below 2
MDa; 27 nnisized particles with PSS of 2 MDa or higher was ystdet al, 2008)Hibiscus
chlorotic ringspot virusHCRSV) patticles havealso been used to encapsulate negatively
charged polymers including polystyrenesulfonic acid (PSA) and polyacrylic acid (PAA). Re
assembly yielded VLPs encapsulating the polymers. However, attempts to encapsulate neutral
molecules such as fluesceiiilabelled dextran failed, suggesting the encapsulation is based on

electrostatic interaction®en et al, 2006b)

11
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1.1.4.4Infusion of materials into assembled eVLPs

Material encapsulation into assembled empty CCMV particles titiggered wide
research irgrest. For examplgHi dependent gating of the CCMV pores (Douglas & Young,
1998a) controls the encapsulation of anionic polyanetholesulfonic acid (PASA) and polydextran
sulfate (PD$ Small lanthanide molecules have been infused and entrapped into @RV
taking advantage of the negatively chafg@NA interaction with G& and TB* cations
(Prasuhn et al, 2007b30+ 20 Gd"* or Tb* ions can be encapsulated within CPMV particles
(Prasuhn et al, 2007bgimilar approaches for lanthanide entrapment in @Cihdve been
reported (Allen et al, 2005b). In addition, a similar approach has been adopted to infuse

fluorescent dyes and drugs within RCNMMoo et al, 2008)

1.1.5 Biomineralization on viruses

Biomineralization is defined as the formation, structure and qutigs of inorganic
material intentionally formed in biological systerfdann, 2001) Familiar examples of such
structures include sand dollars and shells, as well as the human skeleton ar{tfaeeth
2001) Recently interest from material scientists héocused on mimicking the methods that
nature uses to creaseichinorganic materials. This process is called biomimetics. Biomimetics
may also include materials that resemble the structure or properties of materials produced by
biological entities (Mann, 1996; Mann, 2001) Biomineralization techniques can create
incredibly precise and complicated structures under ambient condsiacts assuch as
platinum, gold, and silicon dioxid&arikaya, 2003)

Over the past few decades, biological hard tissues haen an inspiration for the
engineering and design of inorganic structures with controlled structure and properties.
Biomineralization seeks to understand the mechanism by which biosystems can uptake elements
from its surroundings, and organise them intamplex highly ordered structures of defined
functionality (Mann, 1996; Seeman & Belcher, 2002; Tamerler et al, 204lfhough these

materials provide essential life function for many organigWginer & Traub, 1992)their

12
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unique properties and inherBnprecise control havgenerated much attention from material
scientists. Furthermore, biomineralization reactions proceed under aqueadifoosnat
ambient temperaturefor example, the organisation of a lipithsed closed membrane
incorporating a magetic nanoparticle that forms within the bacterfaguaspirillum
magnetotacticiumThe magnetite (R©®,) aligns inside the bacteria to create a magnetic field

| arge enough to sense the eai0fibformedmasappmeett i c
cubd octahedral single crystals, aboufi320 nm in diameter, each having a superparamagnetic
domain and the particles are aligned with respect to each other in order to maximise magnetic
field sensing that allows the cell to have a directional mol§i8thuler 2002; Staniland, 2007)

The successful isolation of protein sequences that play a role in the biomineralization
process has provided some insight in understanding the mechanisms behind biomineralization.
However, the complexity of natural systems hasléred the complete understanding of the
biomineralization process. The exploitation of the tremendous advantages of biomineralization
a rapid method foutilising functional, materidlspecific peptidess needed to be developéar

applications irsemi@nductors, conductors and magnetic matesgaighesis

1.1.5. IMineralization using natural properties of VINPs

Almost all of the adopted biological systems for templated mineralization are based
around the natural properties of the VNPs. The first systera tséd was CCMV using its jpH
dependent gating system. The mineralization reaction within CCMV is electrostatically driven.
The interior is highly positively charged and therefore provides an interface for inorganic
nucleation. The negatively charged W@nd VO; anions interact with the interior capsid
surface via electrostatic interactiofi3ouglas & Young, 1998b)The same principle was used
to generate titanium oxide (T¥D(Klem et al, 2008)and Prussian Blue nanoparticles (de la
Escosura et al, 2008yurthermore, the substitution of all the basic residues on thermNinus

of the coat protein with negatively charged amino acid Glu (Brumfield et al, 2004) resulted in

13
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the mutant favouring interaction with ferrous and ferric ions leading to the formatiman
oxide (FgOs) within the capsid

Empty T7 ghost particles were filled with metallic coblu et al, 2006b) Similarly,
the high charge density on the interior surface of ferritin leadbdmucleation of soluble
Fe(ll), which is subsequenthyoxidized, resulting in encapsulated iron oxide (s
nanoparticlegUchida et al, 2007)

The exterior and interior of TMV was utilised for inorganic material synthesis via metal
electroless deposition (ELD). The interior surface of TMV is predominamattipoxylic acids,
hence thecapsidinterior is negatively charged under physiological conditions, whereas the
exterior surface exhibits positive charge (Namba & Stubbs, 1986). The exterior of TMV was
coated withPbS, CdS, amorphous iron oxjdglica (Sherton et al, 1999)platinum,gold, and
silver incorporated inside the central chanfBrbmley et al, 2008; Dujardin et al, 2003@he
differential nucleation is electrostatically driven and resulted from the difference in surface
charge. In addition, TMVparticles were engineered to encode unique cysteine residues
(TMV1cys); this allowed the assembly of TMV1cys onto a gold patterned surface, the particles
assembled in a vertically oriented fashion. The subsequent ELD resulted in uniform metal

coatings upd 40 nm thick Royston et al, 2007

1.1.6 Mineralization using phage display

Many biological processes in biosystems rely on specific, pridigand interactions.
Biomineralization is no different in that the inorganic substrate serves as the ligand, dnd high
specific peptides dictate the organization and construction of the inorganic structure.
Combinatorial screening is a routinely used technique for isolating peptides that exhibit the
necessary affinity for specific targets; in this case an inorgani¢ratésrhe research team led
by Belcher developed the use of phage display screening and selection to identify peptide
sequences that bind and nucleate specific inorganic matévlals et al, 2004; Seeman &
Belcher, 2002; Whaley et al, 2000nsertion ofnucleic acid sequences into certain proteins

(Pl (peptide displayed on the end structure) or PVIIl (throughout the body) within a phage
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genome (M13) Kigure 1.7) generatedohagethat present the peptides of interest on their
surfacegKwon et al, 2009)Peptidé M13 then binds to the substrate (e.g., gold or platinum).
Stringent washing stefae used to removphagelacking surface peptides that strongly interact
with the inorganic material. Thelutedphagesare cultured and theycle repeated until oyl

phage with high affinity to the specific inorganic surface remains
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Figurel.76 Peptides expressed in phage display amUdaId:e display. This figure is reproduced
from (Kwon et al, 2009)

A variety of peptides that are specific for binding tdetiént materials are summarised
in Table 1.1 The peptides are highly selective and the binding motif is small; the selected
peptides are typically from (21)i mer libraries. Besides, dual peptides have been engineered
on PVIII specific for ZnS and CdS. Wh the M13 was incubated with both Zn(ll) and Cd(ll) in
the presence of sulfide anions the M13 particles nucleated both CdS and ZnS nanocrystals with
a random distribution such that both CdS and ZnS nanocrystals appeared on the same phage

constructs (Maoteal, 2003).
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Viruses Material Synthesis mechanism Reference
CPMV (exterior) | Silica (SiQ) Peptidé mediated synthesi: (Steinmetz et al
(YSDQPTQSSQRP) 2009c)
CPMV (exterior) | CoPt, FePt Chemical conjugation of peptitle (Aljabali et al, 2011)
and ZnS mediated synthesis (see ctexp3)

CPMV (exterioii | FePt Peptidé mediated synthesis (Shah et al, 2009b)

Chimaera) (HNKHLPSTQPLA)

M13  (exteriof | ZnS Peptidé mediated synthesis (Mao et al, 2004)

Chimaera) (CNNPMHQNQ

M13 Cds Peptidé mediated synthesi (Mao et al, 2004)

(exterior) (SLTPLTTSHLRS)

M13 FePt Peptidé mediated synthesis (Reiss et al, 2004b)

(exterior) (HNKHLPSTQPLA)

M13 CoPt Peptidé mediated synthesis (Mao et al, 2004

(exterior) (CNAGDHANC) Reiss et al, 2004b)

M13 co* Peptidé mediatedsynthesis (Lee et al, 2006)

(exterior) (EPGHDAVP)

M13 Gold Peptidé mediated synthesis (Khalil et al, 2007

(exterior) (VSGSSPDS) Nam et al, 2006)

M13 (exterior) C0304 Peptidé mediated synthesis (EEEE) (Khalil et al, 2007
Nam et al, 2008)

M13 (exterior) CoPt Peptde mediated synthesi: (Reiss et al, 2004b)

(CNAGDHANC)
T7 (interior) Cobalt Electrostatically driven synthesis (Liu et al, 2006b)

Tablel.1 6 Overview of the inorganic materials generated by peptides using viruses as templates.

1.1.7 Cowpea mosaic virus (CPN)

CPMV is a noilenveloped plant mosaigirus, whichis the type memberof the
comovirus genus of the family Comoviriddein & Johnson, 2003)The virus is normally
propagated irVigna unguiculatacommonlyknown as cowpeas or bldakyed peas or beans.
The virus is introduced into the plant by means of mechaimcalulation, whichresults in
mosaic and yellowing symptoms of the leaves. CPMV is consideredf the best investigated
viruses and is widely used in bionanotechnol@gyans, 2010; Sainsbury &, 2010)

CPMV capsids have pseudoT=3 icosahedral symmetryand a diameter of
approximately 28 nm. The CPMV capsid structure comprises 60 small coat proteins (S, domain
A) which f ol ds idamiwich arcamged af B Ipéntamers at tield dxis and
60 large coat proteins (L, domains B and C) arrangedraert at the Bfold axis and fold into
t wo | e lisandwich ddmabins.brhe three domains form the asymmetrickigiiré 1.8).
The crystal structure is known to 2.8 A resolut{bin et al, 1999h) CPMV is a single stranded

positiva sense bipartite RNAvirus. Both of the separately encapsidated RNA segments are
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required for infectionBruening & Agrawal, 1967; Liu & Lomonossoff, 2002; van Kammen,
1967) However, it was later demonstrated that RNAs independently capable of replicating
CPMV patrticlesin protoplasts(Goldbach et al, 19800RNAIi 1 encodes the virus replication
machinery(Goldbach et al, 198®s well as the virus proteinase and the viral protein gehome
linked (VPQ), which plays an essential role in initiating RNA synthesis. On the athdr the

smaller RNA 2 encodes the movement protein andtiya capsidproteins.

A domain (S subunit)

C domain (L subunit)

B domain (L subunit)

Figurel.80 The structure o€owpea mosaic vir(GPMV) capsid and the asymmetric unit. CPMV
capsid is comprised of small (S) and largedtgin The A domain (in blued,domain (in green)
and C domain (in yellow).

CPMV particles produced during the infectipnocesscan be separated into three
components on caesium chloride density gradients. These have identical protein compositions,
but differ in their RNA contentéBruening & Agrawal, 1967)The three centrifugal components
are termed top (T), middle (M), and bottom (B) and contain no RNA, R”NAnd RNA1,
respectively as shown iRigure 1.9 A (Bruening & Agrawal, 1967; Lomonossoff & Johnson,
1991a; van Kammen, 1957

The three components generated during CPMV infection also exist as two
electrophoretic forms, slow and fagtiqure 1.9 B) (Semancik, 1966)The slow form can be
converted to the fast form by proteolytic cleavage at the carboxXylgi@)inus of the S pitein
(Kridl & Bruening, 1983; Niblett & Semancik, 1969bhe conversion occurs naturally during

infection, with the fast (Germinally processed) form of the S protein) (fredominating at
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later times(Niblett & Semancik, 1969b)Cleavage of the S pratewas shown to occur after
Leul89 of the S protein resulting in the loss of the carbioesrinal 24 amino acid@ aylor et

al, 1999)

Figure1.99 Separation of the different components of Cowpea mosaic virus. (A) In a caesium
chloride gradient by wrentrifugationB) different electrophoretic forms of particles containing
the different forms of the S subunit, the slow (s) and the fast (f), separated on agarose gel
electrophoresis: (a) ethidium bromide stained (b) and (c) are Coomassie stéilgeshifinfsbm
the s to the f form is due to carbéeyminal cleavage of 24 amino acids of the S subunit. Caesium
chloride gradient photographic image courtesy of Dr. Keith Saunders.

As the importance of eVLPs is apparent, some attempts to inactivatenarate the
viral RNA within CPMV capsids have been reported including UV irradiation (254 nm) using a
dosage of 2i®.5J)/cm. The inactivated particles were deemed asi imbectious to plants.
However, particles remained intact and maintained chemeadtivity (Rae et al, 2008)
Moreover, the RNA content remains encapsidated so that the internal cavity of the particles is
not accessible for material loading. Additionally, alkaline hydrolysis was used to generate
artificial empty CPMV particle§Ochoaet al, 2006) This approach was very difficult to
reproduce in our laboratory and the majority of the particles remain intact during the

disassembly step. In addition, these processes risk altering the structural properties of the

particles and generallyochot actually remove RNA from the particles.
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1.1.7.1CPMVwt exploitable surface

The structure of CPMV is known to near atomic resoluijbim et al, 1999a) The
particles have an average diameter of 28 nm diameter as confirmedrhy diffraction
analysis(Lin et al, 1999b)and the capsid protein is 3.9 nm thick. The capsid of CPMV is
comprised 060 copies of the L and S coat proteins. Aeault,the external surface of a virus
capsid consists of highly symmetrical and repetitiveéino acidssuch as glutamatespartate,
arginine and lysine. These functional groups have been exploited to serve as a template for
nanoparticle synthesis. The surféegposed amino acids have served as targets for
bioconjugation chemistry since 2002 when, for the first time, CPMA$ wonsidered as an
addressable nanobuilding blogkang et al, 2002d)

The functional groups N\H, or i COOH) on the surface offer a precise addressable site
and are the most frequently used for chemical modification. This can be achieved using various
techniques of covalent couplindljabali et al, 2010a; Evans, 2010; Hermanson, 2008; Laufer
et al, 2009; Meunier et al, 2004; Pokorski & Steinmetz, 2011; Steinmetz et al, &1 by
ficlicko chemistry(Manchester & Singh, 2006Both wildi type and genetigariants of CPMV
have been used as scaffolds for chemical modification; early investigations of the chemical
reactivity of CPMVwt was aimed at lysineand cysteiniselective derivativegWang et al,

2002. The X ray structure and coordinates of CPMV (VIPE&abase) indicated the presence

of five solvent exposed Lys per asymmetric unit, which equates to 300 exposed Lys side chains
per CPMV patrticle, Kigure 1.10 (Chatterji et al, 2004)Four of the five solveihexposed.ys
havebeen modifiedwvith differentmoieties(Aljabali et al, 2010a; Steinmetz et al, 2006kt) a

proofi ofi concept study on CPM\&ingle, double, triple, and quadruple Lggnus mutants, in

which the addressable lysines were sequentially replaced with arginines, were generated and
chemicallabelling efficiency was measured. The studies indicated that all of the five Lys are
available for functionalisation; the degree of labelling efficiency varies between the different
sites, and normally only four per subunit are modified. The most reagtoups were found to

be Lys 38 on the S protein and Lys 99 ofChatterji et al, 2004)
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Additionally, carboxylates derived from Asp and Giave been utilized. Chemical
attachment of amin€ontaining compounds can be achieved by making use of theirgupl
reagents EDC and NHS. A fundamental problem with this strategy is that interparticle linkage
canoccur, this can bereduced by using short linkers. 180 surface addressable carboxylates per

virion have been modified with different moieti@djabali etal, 2010a; Steinmetz et al, 2006c)

addressable amines addressable carboxylates

Chatterji et al., Chem&Bio, 2004, 855. Steinmetz et al, Langmuir, 2006,22, 3488,

Figurel.10d Schematic representation of the surface exposed addressable amines and carboxylate
of the CPMV capsid.

The aromatic group of Tyr side chains also provides a possible target for chemical
modification. However, the aromatic group is only moderately reactive and to achieve
bioconjugation the tyrosine phenol has to be oxidised by one electron with, for example, peracid
or persulfate reagents matkd by nickel complex of the QlglyiHis (GGH) tripeptide
(Manchester & Steinmetz, 2009Fommercial reagentfor this reactionare typically not
available; therefore, the starting materials and coupling reagents must be chemically
synthesized. The most common reaction utilizing Tyr side chains on viruses isiutiazon
coupling and this has been widely used on MS2 and TKiWwacs et al, 2007; Schlick et al,
2005a) CPMV particles display two accessible Tyr side chains located in Sub@hit, which
are available for chemical modification. In a piiauff concept study fluorescein has been
covalently attached to CPMV Tyr side chains (Meunier et al, 2004).
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Thiols derived from Cys side chains are typically not found in the free reactive form on
the solveritexposed surface of virusewhereasCys side chains have beatentified on the
interior solvent exposed surface of CPM{¥Vang et al, 2002c; Wang et al, 2003&hiols are
nevertheless useful groups to use for bioconjugation, therefore a range of viruses have been
generated via genetic modification to add Cys sidénshaCy$ added versions of CCMV,
CPMV, FHV, MS2, TMV, and M13, for example, are availafidestito & al, 2009; Khalil et al,
2007, Klem et al, 2003; Kreppel et al, 2005; Miller et al, 2007; Peabody, 2003; Wang et al,

2002HWu et al, 199k

1.1.8 Applications of viruses in nanotechnology

The use of viruses in nanotechnology offers the prospect of rich and diverse
technological advancements. As mentioned earlier, the outer surface of a virus capsid can be
exploited as a nucleation site for growth of nanopartidies example, the deposition of’Pt
ions on the TMV capsid to form nanoparticles with an average diameter of 10 nm (Gorzny et al,
2008; Tseng et al, 2006). When TKRt was placed between two aluminium electrodes, a
uniqgue memory effect was observed inieththe RNA and the TMV capsid acted as charge
donor and energy barrier, respectively. When current was applied, the charge transferred from
the aromatic rings such as guanine in the RNA and was trapped in the Pt nanoparticles. The
reversible charge traresf and charge trapped process creaememory device. Similarly
another memory device was designed using CPMV with the exiafritire capsid modified
with quantum dots (QDJPortney et al, 2007)The ZnS capped layer tfie QD acted as
charge storavhile the aromatic residues (tryptophan) e CPMV capsid acted as a charge
transport. Ferromagnetic materials play an important role in the development oddrighy
storage devices, e.g. a computer disk contains adiwensional2i D) ferromagnetic tim film,
where information is stored. Ferromagnetic nanoparticles like FePt and&ioPet al, 2004)
emerged as potential hipthensity storage media. Therefore, the ability to generate highly
monodisperse FePand CoRtCPMV might be an alternative route synthesise these particles

(Aljabali et al, 2011)However, the properties of such particles are yet to be established.
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Throughout thisthesis, many VNPs are used to synthesise magnetic and metallic
nanoparticles of various shapes. Besides, hollow Iliweteanoparticles andianoshells, which
can differ in their propertiesmight hold great potential in nanomaterial development.
Furthermore, viruses are considered as naturally biocompatible and biodegradable, which is
particularly important for medicalpalications. Plant viruses are less likely to interact with
human receptors and the virus replication or gene expression is not supported in mammalian
systemgKoudelka & Manchester, 2010; Steinmetz et al, 20Alkhough foreign proteins have
the potentihto cause an immune response, there is currently no evidence to assume the
immunogenicity of plant viruses induced in mice.

Nanoparticles and VNPs aceirrently undeinvestigationin the field of nanomedicine
(broadly defined as the application of nambigology to medicine) and with the aim of
controling drug delivery and targeting to cancerous cells. Tumours have numerous traits that
make their treatment daunting. These traits includei sdficiency, the ability to evade
programmed cell death, limitss potential to replicate, and the ability to invade tissues and form
metastases that can induce the growth of blood vessels to suppor{Rtamet al, 2010)
Therefore, nanotechnology has the capacity to deal with the complexity of cancer, by providing
tools to diagnose cancer and deliver therapeutispegifictargets whilst sparing normal cells
by using different targeting agenty using agents that specifically guide molecules to the
diseased cells

VNPs are less likely to interact specificallytivthe mammalian system and therefore
are less likely to cause potential side effdstsudelka et al, 2009)For CPMV it was shown
that, even up to dosages of‘AGPMV particles/kg body weight, no apparent toxic side effects
were observeth mice (Singhet al, 2007). It has been reported that CPMV and CCMV have a
broad biodistribution and were detected in a wide variety of tissues throughout the body with no
apparent toxic effects (Kaiser et al, 2007; Rae et al, 2005). CPMV particles mostly accumulated
in the liver and spleen (Singh et al, 2007). Additionally, VNPs can be PEGylated (modified with
polyethylene glycol, PEG) to reduce the immunogenididgstito et al, 2007; Lewis et al,
2006b; Steinmetz & Manchester, 2009)
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VNPs have beemmodified with fluorophores, QDs, metallic nanoparticles, and
gadolinium (Gd) complexes have been developedrfarivo imaging agentfManchester &
Steinmetz, 2009; Singh et al, 2006; Steinmetz & Evans, 2007; Steinmetz et al,.2009a)
FluoresceispMV particles allowed highresolution imaging of major blood vessels to a depth of
up to 500 um in comparison to fluoresddabelled nanospherefewis et al, 2006a)
Furthermore, It has been shown that®Gdns can be covalently attached to the exterior or
interior surface of CPM or electrostatically interacted with the encapsidated RNA molecules
(Allen et al, 2005; Anderson et al, 2006; Hooker et al, 2007a; Prasuhn et al, R@i7ajng
that VNPs could serve as excellent candidates for magnetic resonance imaging (MRI} contras

agents.

1.2 Summary

In this chapter,many different examples of protéimased nanomaterials have been
described. The natural, sedlssembhg properties of viruses, including monodisperse structure,
amenable to chemical or genetic modification, as wellaae @f production make them ideal
templates for a variety of applications in nanotechnology. The monodispersity of the generated
nanoparticles within the protein cages is another attractive property as the particles size is
confined by the coat protein. Adruses exist in diverse sigend shapes, this enables the
formation of a wide range of nanoparticlBsoad ranges of mineralization and metal deposition
techniques havebeen discussed. The interior of protein cages has also been used for
biomineralizaion reactions. CPMV and CPMV eVLPs are the focus of this thesis for new

material synthesis and imparting new functionalities.

1.3 Aim and outline of this thesis

The aim of the work presented in this thesis is to develop CPMV as a template for
material syntheis and for biomedical applicationsThe chemical coupling of peptides that

favour certain types of mineralization was proven to be a very successful way in generating
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valuable metallic coatings in a range not otherwise been possible to prdthecéllowing
questions are addressed
1 Can CPMV be used as a template for mineralization and metallization processes to

generate monodisperse metallic nanoparticles?

2 Can charge alone initiate the mineralization of CPMV patrticles?

3 Can polyelectrolyte coated CRMoarticles template mineralization?

4 Is it possible to develo™*"CPMV as a nanoelectronic device or component?

5 What is the effect of the linker length on the number of moieties bound to the virus
capsid?

6 Can a monolayer 6f™*"CPMV be assmbled on an electrode surface?

7 Is it possible to generaf8™CPMV nanoparticles?

8 Can CPMV eVLPs be used to encapsulate magnetic materials?

9 Can CPMV eVLPs be developed as drug carriers for targeted therapy?

24



CHAPTER 1

1.4 References:

Abbing A, BlaschkdJK, Grein S, Kretschmar M, Stark CMB, Thies MJW, Walter J, Weigand
M, Woith DC, Hess J, Reiser COA (2004) Efficient intracellular delivery of a protein and a low
molecular weight substance via recombinant polyomaiikesparticles.Journal of Biological
Chemistry279:27410 27421

Aljabali AAA, Barclay JE, Butt JN, Lomonossoff GP, Evans DJ (2010) Riesltiwe
ferrocen&modified Cowpea mosaic virus nanoparticlgalton Transaction89: 7569 7574

Aljabali AAA, Shah SN, Evarissowing R, Lomonossoff GP, Ema DJ (2011) Chemically
coupled peptidé promoted virus nanoparticle templated mineralizatlategrative Biology3:
119125

Allen M, Bulte JW, Liepold L, Basu G, Zywicke HA, Frank JA, Young M, Douglas T (2005)
Paramagnetic viral nanoparticles as poténtighi relaxivity magnetic resonance contrast
agentsMagn Reson Me#4: 807 812

Allen M, Willits D, Young M, Douglas T (2003) Constrained synthesis of cobalt oxide
nanomaterials in the 18ubunit protein cage from Listeria innocuaorganic Chemistryi2:
6300 6305

Anderson EA, Isaacman S, Peabody DS, Wang EY, Canary JW, Kirshenbaum K (2006) Viral
nanoparticles donning a paramagnetic coat: conjugation of MRI contrast agents to the MS2
capsid.Nano Lett6: 1160 1164

Andrews SC, Harrison PM, Yewdall SJrosio P, Levi S, Bottke W, von Darl M, Briat J,
Laulhére J, Lobreaux S (1992) Structure, function, and evolution of ferrimsnal of
Inorganic Biochemistr#7: 1611 174

Anobom CD, Albuquerque SC, Albernaz FP, Oliveira AC, Silva JL, Peabody DS, VAlRnte
Almeida FCL (2003) Structural studies of MS2 bacteriophage virus particle disassembly by
nuclear magnetic resonance relaxation measurentkophys J84: 3894 3903

Basu G, Allen M, Willits D, Young M, Douglas T (2003) Metal binding to cowpea ctitoro
mottle virus using terbium(lll) fluorescenckBiol Inorg Chen8: 72171 725

Bromley KM, Patil AJ, Perriman AW, Stubbs G, Mann S (2008) Preparation of high quality
nanowires by tobacco mosaic virus templating of gold nanopartitidsiter Cheni8: 4796
4801

Bruening G, Agrawal HO (1967) Infectivity of a mixture of cowpea mosaic virus
ribonucleoprotein componentgirology 32: 306 320

Brumfield S, Willits D, Tang L, Johnson JE, Douglas T, Young M (2004) Heterologous
expression of the modified coatogpein of Cowpea chlorotic mottle bromovirus results in the
assembly of protein cages with altered architectures and fungt{®an Virol85: 1049 1053

Chasteen ND, Harrison PM (1999) Mineralization in Ferritin: An Efficient Means of Iron
StorageJournalof Structural Biologyl26: 182 194

Chatterji A, Ochoa W, Paine M, Ratna BR, Johnson JE, Lin T (2004) New addresses on an

addressable virus nanoblock: uniquely reactive Lys residues on cowpea mosai€hens.
Biol 11: 855 863

25



CHAPTER 1

Chen C, Daniel MC, QuinkeZT, De M, Stein B, Bowman VD, Chipman PR, Rotello VM,
Kao CC, Dragnea B (2006) Nanopartidemplated assembly of viral protein cagé&no
Letters6: 6111 615

Comellas M, Engelkamp H, Claessen VI, Sommerdijk AJM, Rowan AE, Christianen PCM,
Maan JC, Verdin BJM, Cornelissen JILM, Nolte RIM (2007) A virbased singlieenzyme
nanoreactomMat Nano2: 635 639

de la Escosura A, Nolte RJM, Cornelissen JJLM (2009) Viruses and protein cages as
nanocontainers and nanoreactdmurnal of Materials Chemistry9: 2274 2278

de la Escosura A, Verwegen M, Sikkema FD, ComeRaagones M, Kirilyuk A, Rasing T,
Nolte RJ, Cornelissen JJ (2008) Viral capsids as templates for the production of monodisperse
Prussian blue nanoparticl€hemical communications (Cambridgendgiand) 1542 1544

Destito G, Schneemann A, Manchester M (2009) Biomedical nanotechnology usifityases
nanoparticlesCurr Top Microbiol ImmunoB27:95i 122

Destito G, Yeh R, Rae CS, Finn MG, Manchester M (2007) Folid amdiated targeting of
cowpea mosaic virus particles to tumor cethemistry & Biologyl4: 1152 1162

Dixit SK, Goicochea NL, Daniel MC, Murali A, Bronstein L, De M, Stein B, Rotello VM, Kao
CC, Dragnea B (2006) Quantum dot encapsulation in viral capéam Letters®: 1993 1999

DominguezV JM, Colacio E (2003) Nanoparticles of Prussian blue ferritin: A new route for
obtaining nanomaterialfnorganic Chemistryt2: 6983 6985

DomingueiV., M.. J (2004) Iron(lll) complexation of Desferrioxamine B encapsulated in
apoferritin.Joumal of Inorganic Biochemistr98: 469 472

Douglas T, Dickson DPE, Betteridge S, Charnock J, Garner CD, Mann S (1995) Synthesis and
Structure of an Iron(lii) Sulfiddé=erritin Bioinorganic Nanocomposit8cience269: 54i 57

Douglas T, Stark T (2000) Nanom®a Cobalt Oxyhydroxide Mineral Synthesized within the
Protein Cage of Ferritinnorganic Chemistry39: 1828 1830

Douglas T, Young M (1998a) Haskuest encapsulation of materials by assembled virus protein
cagesNature393:152 155

Douglas T, Young M (999) Virus particles as templates for materials synthégisanced
Materials11: 679 681

Douglas T, Young M (2006) Viruses: Making friends with old fa&sdence312: 873 875
Dragnea B, Chen C, Kwak ES, Stein B, Kao CC (2003) Gold nanoparticles a®spmutc
enhancers for in vitro studies on single virusksirnal of the American Chemical Soci&égb:

6374 6375

Drexler KE (1986) Engines of Creation: The Coming Era of Nanotechnology New York:
Anchor Books.

Dujardin E, Peet C, Stubbs G, Culver JN,mivi& (2003) Organisation of metallic nanoparticles
using Tobacco mosaic virudano Lett3: 413 417

26



CHAPTER 1

Ensign D, Young M, Douglas T (2004) Photocatalytic synthesis of copper colloids from Cull by
the ferrihydrite core of ferritinnorg Chem43: 3441 3446

Evans DJ (2010) Bionanoscience at the plant vingrganic chemistry interfacénorganica
Chimica Acta363:1070 1076

Fischlechner M, Donath E (2007) Viruses as building blocks for materials and déngesv
Cheni Int Edit46: 3184 3193

Flenniken ML, Willits DA, Harmsen AL, Liepold LO, Harmsen AG, Young MJ, Douglas T
(2006) Melanoma and Lymphocyte G@&pecific Targeting Incorporated into a Heat Shock
Protein Cage Architectur€hemistry & Biologyl3: 1611 170

Goldbach R, Rezelman G, Vankammen A (19B@ependent Replication and Expression of
Bi Component Rna of Cowpea Mosaiirus. Nature286: 297 300

Grady JK, Shao J, Arosio P, Santambrogio P, Chasteen ND (2000) Vanadyl(IV) binding to
mammalian ferritins. An EPR study aided by fsitieected mutagenesiJournal of Inorganic
Biochemistry80: 1071 113

Hainfeld JF (1992) Uraniunboaded Apoferritin with Antibodies AttachéddMolecular Design
for Uranium NeutronCapture Therapy? Natl Acad Sci US89: 11064 11068

Harrison SC (1990) Principles of Virus &tture" in Fundamental Virology, 2nd Ed edn. NY:
Raven Press,.

Hermanson TG (2008ioconjugate Techniquesecond edn. London: Academic Press.

Hooker JM, Datta A, Botta M, Raymond KN, Francis MB (2007) Magnetic resonance contrast
agents from viral capdishells: a comparison of exterior and interior cargo stratdgae®m Lett
7:2207 2210

Hu YF, Zandi R, Anavitarte A, Knobler CM, Gelbart WM (2008) Packaging of a polymer by a
viral capsid: The interplay between polymer length and capsidBiehys 04: 1428 1436

Kaiser CR, Flenniken ML, Gillitzer E, Harmsen AL, Harmsen AG, Jutila MA, Douglas T,
Young MJ (2007) Biodistribution studies of protein cage nanoparticles demonstrate broad tissue
distribution and rapid clearance in vivat J Nanomedicin@: 715 733

Khalil AS, Ferrer JM, Brau RR, Kottmann ST, Noren CJ, Lang MJ, Belcher AM (2007a) Single
M13 bacteriophage tethering and stretchifgpceedings of the National Academy of Sciences
of the United States of Amerit84:4892 4897

Kickhoefer VA, Garcia Y, Mikyas Y, Johansson E, Zhou JC, Rakaltnandes S, Minoofar P,
Zink JI, Dunn B, Stewart PL, Rome LH (2005) Engineering of vault nanocapsules with
enzymatic and fluorescent propertiBsoc Natl Acad Sci U S 202: 4348 4352

Kammen V A(1967) Purfiication and properties of the components of cowpea mosaic virus.

Virology 31: 633642

Klem MT, Willits D, Young M, Douglas T (2003)i® array formation of genetically
engineered viral cages on Au surfaces and imaging by atomic force micro3@opyChensoc
125:10806 10807

27



CHAPTER 1

Klem MT, Young M, Douglas T (2008) Biomimetic synthesis ®fO2 inside a viral capsidl
Mater Cheml8: 38211 3823

Kong LB, Siva AC, Kickhoefer VA, Rome LH, Stewart PL (2000) RNA location and modeling
of a WD40 repeat domain withthe vault. RNAG: 890/ 900

Koudelka KJ, Destito G, Plummer EM, Trauger SA, Siuzdak G, Manchester M (2009)
Endothelial Targeting of Cowpea Mosaic Virus (CPMV) via Surface VimeRtos Pathodb

Koudelka KJ, Manchester M (2010) Chemically modified viruggmciples and applications.
Current Opinion in Chemical Biologi4: 8101817

Kovacs EW, Hooker JM, Romanini DW, Holder PG, Berry KE, Francis MB (2007)7Dual
surfacé modified bacteriophage MS2 as an ideal scaffold for a viral capssed drug delivery
system.Bioconjug Cheni8: 1140 1147

Kreppel F, Gackowski J, Schmidt E, Kochanek S (2005) Combined genetic and chemical capsid
modifications enable flexible and efficientidend retargeting of adenovirus vectdvol Ther
12:107% 117

Kridl JC, Bruening G(1983) Comparison of capsids and nucleocapsids from cowpea mosaic
virusi infected cowpea protoplasts and seedlivisnlogy 129: 369 380

Kwon YW, Lee CH, Choi DH, Jin J (2009) Materials science of DNé&urnal of Materials
Chemistryl9: 1353 1380

Laufer B, Steinmetz NF, Hong V, Manchester M, Kessler H, Finn MG (2009) Guiding VLp's
the Right Way: Coating dfirusi like Particles with Peptidic Integrin Liganddiopolymer<92:
323323

Lee LA, Wang Q (2006b) Adaptations of nanoscale viruses and othempcatggs for medical
applicationsNanomedicine: Nanotechnology, Biology and Medi@n&37 149

Lee SK, Yun DS, Belcher AM (2006) Cobalt ion mediatedissléembly of genetically
engineered bacteriophage for biomimetid Bohybrid materialBiomacromoleules7: 14i 17

Lewis JD, Destito G, Zijlstra A, Gonzalez MJ, Quigley JP, Manchester M, Stuhlmann H
(2006a) Viral nanoparticles as tools for intravital vascular imagdiag Med12: 354/ 360

Liepold LO, Revis J, Allen M, Oltrogge L, Young M, Douglas T (208%uctural transitions in
Cowpea chlorotic mottle virus (CCMVIhysical biology2: S166 172

Lin T, Chen Z, Usha R, Stauffacher CV, Dai J, Schmidt T, Johnson JE (1999a) The Refined
Crystal Structure of Cowpea Mosaic Virus at 2.8 A Resolutimology 265: 20i 34

Lin T, Johnson JE (2003) Structures of picofik@ plant viruses: implications and
applicationsAdvances in virus resear@?2: 167 239

Lin TW, Chen ZG, Usha R, Stauffacher CV, Dai JB, Schmidt T, Johnson JE (1999b) The
refined crystal structer of cowpea mosaic virus at 2.8 angstrom resolutiimology 265: 20
34

Liu C, Chung S, Jin Q, Sutton A, Yan F, Hoffmann A, Kay BK, Bader SD, Makowski L, Chen
L (2006a) Magnetic viruses via ndrmapsid templated. Magn Magn MateB02:47i 51

28



CHAPTER 1

Liu CM, Chung S H, Jin Q, Sutton A, Yan F, Hoffmann A, Kay BK, Bader SD, Makowski L,
Chen L (2006b) Magnetic viruses via naoapsid templatesJournal of Magnetism an
Magnetic Materials302:47i 51

Liu L, Lomonossoff GP (2002) Agroinfection as a rapid method fopagating Cowpea
mosaic virusbased constructdournal of Virological Method405: 343 348

Lomonossoff GP, Johnson JE (1991) The Synthesis and Structure of Comovirus Capsids.
Progress in Biophysics & Molecular Biolo®: 107 137

Loo L, Guenther RH, Bastyake VR, Lommel SA, Franzen S (2006) Controlled encapsidation
of gold nanopatrticles by a viral protein shélburnal of the American Chemical Socidi38:
4502 4503

Loo L, Guenther RH, Lommel SA, Franzen S (2007) Encapsidation of nanoparticles by red
clover necrotic mosaic virudournal of the American Chemical Socié®9:11111 11117

Loo L, Guenther RH, Lommel SA, Franzen S (2008) Infusion of dye molecules into Red clover
necrotic mosaic viruschem CommurB88i 90

Manchester M, Singh P (2006) Viiusmsed nanoparticles (VNPs): platform technologies for
diagnostic imagingAdvanced drug delivery reviews: 1505 1522

Manchester M, Steinmetz NF (2008j)iruses and Nanotechnologyol. 327, Berlin
Heidelberg: Springer Verlag.

Manchester M, Steinmetz NHR2009) Viruses and nanotechnolog@urrent Topics in
Microbiology and ImmunologySpringer Berlin Heidelberg, Berlin, Heidelberg.

Mann S (1996Biomimetic materials chemistryNew York: VCH.

Mann S (2001) Biomineralization: Principals and ConceptsBininorganic Materials
Chemistry, Vol. 3: Oxford University Press.

Mann S, Archibald DD, Didymus JM, Douglas T, Heywood BR, Meldrum FC, Reeves NJ
(1993) Crystallization at Inorgarii©rgarnc InterfacesBiominerals and Biomimetic Synthesis.
Science261:1285i 1292

Mansur HS (2010) Quantum dots and nanocompositéitey Interdiscip Rev Nanomed
Nanobiotechno®: 113 129

Mao C, Flynn CE, Hayhurst A, Sweeney R, Qi J, Georgiou G, Iverson B, Belcher AM (2003)
Viral assembly of oriented quantum dot nanowifesoceedings of the National Academy of
Sciences of the United States of AmetiGa: 6946 6951

Mao C, Solis DJ, Reiss BD, Kottmann ST, Sweeney RY, Hayhurst A, Georgiou G, Iverson B,
Belcher AM (2004) Virusbased toolkit for the directed synthesis of magnedid
semiconducting nanowireScience303: 213 217

Meldrum FC, Douglas T, Levi S, Arosio P, Mann S (1995) Reconstitution of manganese oxide
cores in horse spleen and recombinant ferritloarnal of Inorganic Biochemisti§8: 59 68

Meunier S, Strable Ezinn MG (2004) Crosslinking of and coupling to viral capsid proteins by
tyrosine oxidationChemistry & biologyl1: 319 326

29



CHAPTER 1

Miller RA, Presley AD, Francis MB (2007) Skdssembling lightharvesting systems from
synthetically modified tobacco mosaic virsat proteins] Am Chem Sat29: 3104 3109

Nam KT, Kim DW, Yoo PJ, Chiang CY, Meethong N, Hammond PT, Chiang YM, Belcher AM
(2006) Virusg enabled synthesis and assembly of nanowires for lithium ion battery electrodes.
Science312: 885 888

Nam KT, Wartea R, Yoo PJ, Liau FW, Lee YJ, Chiang YM, Hammond PT, Belcher AM
(2008) Stamped microbattery electrodes based onassiémbled M13 viruseB. Natl Acad Sci
USA105:17227 17231

Namba K, Stubbs G (1986) Structure of tobacco mosaic virus at 3.6 A resolotpications
for assemblyScience231: 1401 1406

Niblett CL, Semancik JS (1969) Conversion of the electrophoretic forms of cowpea mosaic
virus in vivo and in vitroVirology 38: 685 693

Niemeyer CM (2001) Nanoparticles, Proteins, and Nucleic AcidsteBhnology Meets
Materials ScienceAngewandte Chemie International Editié6: 4128 4158

Niemeyer CM, Mirkin CA (2004Nanobiotechnology: concepts, applications and perspectives
Weinheim, Chichester: Wiléy¥CH ; John Wiley.

Mastico RA, Talbot SJ, Stiley PG (1993) Multiple presentation of foreign peptides on the
surface of an RNAree spherical bacteriophage capdi&Gen Virol74 ( Pt 4):541-548

Ochoa WF, Chatterji A, Lin T, Johnson JE (2006) Generation and Structural Analysis of
Reactive Empty R#cles Derived from an Icosahedral Vir@hemistry & Biologyl3: 7711 778

Peabody DS (2003) A Viral Platform for Chemical Modification and Multivalent Display.
Nanobiotechnolog{: 5

Pead S, Durrant E, Webb B, Larsen C, Heaton D, Johnson J, Watt9gh) (etal ion binding
to apo, holo, and reconstituted horse spleen ferdoarnal of Inorganic Biochemistry9: 15
27

Pokorski JK, Steinmetz NF (2011) The Art of Engineering Viral Nanopartidledecular
Pharmaceutic$8: 29 43

Polanams J, Ray AD, WaRK (2005) Nanophase iron phosphate, iron arsenate, iron vanadate,
and iron molybdate minerals synthesized within the protein cage of ferhitbmganic
Chemistry44: 3203 3209

Porta C, Spall VE, Lin TW, Johnson JE, Lomonossoff GP (1996) The develbpmenwpea
mosaic virus as a potential source of novel vaccinéstvirology 39: 79 84

Porta C, Spall VE, Loveland J, Johnson JE, Barker PJ, Lomonossoff GP (1994) Development of
Cowpea MosaikcVirus as a HighYielding System for the Presentation of Fgre Peptides.
Virology 202: 949 955

Portney NG, Tseng RJ, Destito G, Strable E, Yang Y, Manchester M, Finn MG, Ozkan M
(2007) Microscale memory characteristics of vigigantum dot hybridsAppl Phys Letf0:11 3

Prasuhn DE, Jr., Yeh RM, Obenaus A, Marstee M, Finn MG (2007a) Viral MRI contrast
agents: coordination of Gd by native virions and attachment of Gd complexes hiyalaide
cycloaddition.Chem Commurl269 1271

30



CHAPTER 1

Prasuhn DE, Yeh RM, Obenaus A, Manchester M, Finn MG (2007b) Viral MRI conteagsag
coordination of Gd by native virions and attachment of Gd complexes byi atkgee
cycloaddition.Chem Communl269 1271

Price DJ, Joshi JG (1983) Ferritin. Binding of beryllium and other divalent metalJdBisl
Chem258:10873 10880

Ptak K, FRrrell D, Panaro NJ, Grodzinski P, Barker AD (2010) The NCI Alliance for
Nanotechnology in Cancer: achievement and path forwafitky Interdisciplinary Reviews:
Nanomedicine and Nanobiotechnoldgy50' 460

Rae C, Koudelka KJ, Destito G, Estrada MN, Gxdez MJ, Manchester M (2008) Chemical
addressability of ultraviolétnactivated viral nanoparticles (VNP$L0oS One3: e3315

Rae CS, Khor IW, Wang Q, Destito G, Gonzalez MJ, Singh P, Thomas DM, Estrada MN,
Powell E, Finn MG, Manchester M (2005) Systennadficking of plant virus nanoparticles in
mice via the oral routd/irology 343: 224 235

Reiss BD, Mao C, Solis DJ, Ryan KS, Thomson T, Belcher AM (2004) Biological routes to
metal alloy ferromagnetic nanostructuriano Lett4: 11274 1132

Ren YP, WongSM, Lim LY (2006) In vitrd reassembled plant viruléke particles for loading
of polyacids.Journal of General Virolog®7: 2749 2754

Royston E, Ghosh A, Kofinas P, Harris MT, Culver JN (2007) -8stfembly of Virus
Structured High Surface Area Nanomdakr and Their Application as Battery Electrodes.
Langmuir24: 906912

Sainsbury F, Cafiizares MC, Lomonossoff GP (2010b) Cowpea mosaic Virus: The Plant Virus
Based Biotechnology Workhorsénnual Review of Phytopatholod§: 437 455

Sainsbury F, Thuenema EC, Lomonossoff GP (2009) pEAQ: versatile expression vectors for
easy and quick transient expression of heterologous proteins in fHéaris.Biotechnol J7:
682 693

Sardar R, Funston AM, Mulvaney P, Murray RW (2009) Gold nanopatrticles: past, peggent,
future.Langmuir25: 13840 13851

Sarikaya M, Tamerler, C., Jen, A. K. Y., Schulten, K., Baneyx, F. (2003) Molecular
biomimetics: nhanotechnology through biologjature Material2: 577 585

Schlick TL, Ding Z, Kovacs EW, Francis MB (2005) Disurfae modification of the tobacco
mosaic virusJ Am Chem Sot27:3718 3723

Schuler D (2002) The biomineralization of magnetosomes in Magnetospirillum
gryphiswaldensdnt Microbiol 5: 209214

Seeman NC, Belcher AM (2002) Emulating biology: Building nanastires from the bottom
up.P Natl Acad Sci USA9: 6451 6455

Semancik JS (1966) Studies on electrophoretic heterogeneity in isometric plant viruses.
Virology 30: 698 704

31



CHAPTER 1

Shah SN, Steinmetz NF, Aljabali AAA, Lomonossoff GP, Evans DJ (2009) Environnyentall
benign synthesis of viriitemplated, monodisperse, iigiatinum nanoparticlesDalton
Transaction40: 8479 8480

Shenton W, Douglas T, Young M, Stubbs G, Mann S (1999a) Inoigagenic nanotube
composites from template mineralization of tobacco mosgais. Advanced Materiald1: 253
55

Simsek E, Kilic MA (2005) Magic ferritin: A novel chemotherapeutic encapsulation bdllet.
Magn Magn Matef93:509 513

Singh P, Gonzalez MJ, Manchester M (2006) Virsues and their uses in nanotechDolggy.
develoment researclv7: 23i 41

Singh P, Prasuhn D, Yeh RM, Destito G, Rae CS, Osborn K, Finn MG, Manchester M (2007)
Bioi distribution, toxicity and pathology of cowpea mosaic virus nanoparticles in vivo.
Control Releasé 20: 41i 50

Staniland SS (2007) Magnetoses: Bacterial Biosynthesis of Magnetic Nanoparticles and
Potential Biomedical Applications. INanotechnologies for the Life Scienc#gileyi VCH
Verlag GmbH & Co. KGaA

Steinmetz NF, Cho CF, Ablack A, Lewis JD, Manchester M (2011) Cowpea mosaic Vvirus
naroparticles target surface vimentin on cancer cidégiomediciné: 351 364

Steinmetz NF, Evans DJ (2007) Utilisation of plant viruses in bionanotechn@ogyBiomol
Chemb: 28911 2902

Steinmetz NF, Lin T, Lomonossoff GP, Johnson JE (2009a) Strubased engineering of an
icosahedral virus for nanomedicine and nanotechnologyr. Top Microbiol ImmunoB27: 23/
58

Steinmetz NF, Lomonossoff GP, Evans DJ (2006a) Cowpea Mosaic Virus for Material
Fabrication: Addressable Carboxylate Groups on a PrograramiroscaffoldLangmuir22:
3488 3490

Steinmetz NF, Lomonossoff GP, Evans DJ (2006b) Decoration of Cowpea maosaic virus with
multiple, redoX active, organometallic complexe&dmall2: 530/ 533

Steinmetz NF, Manchester M (2009) PEGylated Viral Nanopastitde Biomedicine: The
Impact of PEG Chain Length on VNP Cell Interactions In Vitro and Ex Vivo.
Biomacromolecule$0: 784i 792

Steinmetz NF, Shah SN, Barclay JE, Rallapalli G, Lomonossoff GP, Evans DJ (2009h) Virus
templated silica nanoparticleéSmall5: 813 816

Sun XC, Huang YH, Nikles DE (2004) FePt and CoPt magnetic nanoparticles film for future
high density data storage mediat. J Nanotechnol: 328 346

Tamerler C, Khatayevich D, Gungormus M, Kacar T, Oren EE, Hnilova M, Sarikaya M (2010)
Molecula biomimetics: GERIbased biological routes to technolog@eptide Scienc84: 78
94

Taylor KM, Spall VE, Butler PJ, Lomonossoff GP (1999) The cleavable caitiexgiinus of
the small coat protein of cowpea mosaic virus is involved in RNA encapsiddiiolngy 255:
129137

32



CHAPTER 1

Theil EC (1987) Ferritin: Structure, Gene Regulation, and Cellular Function in Animals, Plants,
and MicroorganismsAnnual Review of Biochemistsg: 289 315

Uchida M, Klem MT, Allen M, Suci P, Flenniken M, Gillitzer E, Varpness Zpold LO,
Young M, Douglas T (2007a) Biological containers: Protein cages as multifunctional
nanoplatformsAdvanced Materiald9: 1025 1042

Uchida M, Klem MT, Allen M, Suci P, Flenniken ML, Gillitzer E, Varpness Z, Liepold LO,
Young M, Douglas T (2007bBiological containers: Protein cages as multifunctional
nanoplatformsAdv Materl19: 1025 1042

van Kammen A (1967) Purification and properties of the components of cowpea mosaic virus.
Virology 31: 633 642

Wang Q, Lin T, Johnson JE, Finn MG (2002a) Maltusupramolecular building blocks:
Cysteiné added mutants of cowpea mosaic viGeem Biol9: 813 819

Wang Q, Lin T, Tang L, Johnson JE, Fihnn MG (2002b) Icosahedral virus particles as
addressable nanoscale building blodksgew Chem Int Edl1: 459 462

Wang Q, Raja KS, Janda KD, Lin T, Finn MG (2003) Blue fluorescent antibodies as reporters
of steric accessibility in virus conjugat@&oconjug Cheni4: 38/ 43

Weeks, Alcamo (2008Ylicrobes and Sociefyvol. 2nd London: Jones and Bartlett Publishers
International

Weiner S, Traub W (1992) Bone structure: from angstroms to microns. The FASEB journal :
official publication of the Federation of American Societies for Experimental Biddo@yr 9
885

Whaley SR, English DS, Hu EL, Barbara PF, Belcher AM (2(8€lection of peptides with
semiconductor binding specificity for directed nanocrystal assemblyire405: 665 668

Wu LQ, Payne GF (2004) Biofabrication: using biological materials and biocatalysts to
construct nanostructured assembliegnds in biotchnology22: 593 599

Wang Q, Kaltgrad E, Lin T, Johnson JE, Finn MG (2002) Natural supramolecular building
blocks. Wildtype cowpea mosaic viru€hem Biol9: 805811

Wu M, Brown WL, Stockley PG (1995) Celipecific Delivery of Bacteriophagencapsidate
Ricin A Chain.Bioconjugate Chemistry: 587-595

Mastico RA, Talbot SJ, Stockley PG (1993) Multiple presentation of foreign peptides on the
surface of an RNAree spherical bacteriophage capdi&Gen Virol74 ( Pt 4):541-548

Royston E, Ghosh A, Kdafias P, Harris MT, Culver JN (2007) Sé&l§sembly of Virus
Structured High Surface Area Nanomaterials and Their Application as Battery Electrodes.
Langmuir24: 906912

Wang Q, Kaltgrad E, Lin T, Johnson JE, Finn MG (2002) Natural supramolecular building
blocks. Wildtype cowpea mosaic viru€hem Biol9: 805811

Wu M, Brown WL, Stockley PG (1995) Cellpecific Delivery of Bacteriophagencapsidated
Ricin A Chain.Bioconjugate Chemistry: 587-595

33



CHAPTER 2

2 General nethods

2.1 Sodium phosphate buffer

1 litre of 0.2 M NaHPO, (27.0 g) and litre of 0.2 M NaHPOQO, (28.39 g) were
prepared in Milli Q water and autoclaved before mixing. To prepare 0.1 M buffer solution; 305
ml of NaHPQ, solution and 195 ml of NajfQ, solution was added to 500 ml Mill@ water

that gave a phaf 7.0.

2.2 Phosphatebuffered saline (PBS)

To make 1litre of 1 x PBS mix 140 mM NacCl, 27 mM KCI, 80 mM PO, and 15
mM of KH,PO,. The pH was adjusted to 7.4 with HCI, and the buffer was autoclaved before

use.

2.2.1 Acetatebuffer solution pH 5.3

1 litre of 0.1 M acetic acid and 1litte of 0.1 M sodium acetate (ttiydrate) (13.6 Q)
were prepared in MilliQ water and autoclaved before mixing. To prepare 0.1 M buffer solution
with pH of 5.3; 357 ml of 0.1 M acetic acid solution and 643 ml of 0.1 M sodium acetate

solution mixed together to give pH of 5.3.

2.2.2 Native gel electrophoresis

2221 Buffers and solutions

10X TBE buffer 900 mM tris base; 900 mM boric acid; 25 n
ethylenediaminetetraacetic acid (EDTA); m
up with MilliQ water to 1000 ml

Coomassie staining solution 50 % (v/v) methanol; 10 % (v/v) acetic a
0.25 % (w/v) Coomassie Brilliant Bluei @50 ir
Milli T Q water

Destaining solution for native gel 50 % (v/v) methanol; 10 % (v/v) acetic acic
MilliQ water
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2.2.3 SDSSPAGE Buffers

Running buffer (RunBlue, Expedeon) 30 ml of 2 SDS RunBlue buffer in 600
Milli T Q water
Coomassie staining solution 20 ml of Instant blueeady to use (Expede

for ~ 30 minutes.

Coomassie destaining solution See section 2.4.1

2.3 \Virus propagation in V. unguiculata

Approximately 10i 12 days after sowing, the plants were infecteith CPMV by
mechanical inoculatioas follows The leaves were treated witarborundumn(silicon carbide
abrasive)The i nocul ation of the primary | eaves
purified CPMV virions of 0.1mg mi* particles suspended in 10 mMdium phosphate buffer
pH 7.0.The leavesvere washedvith tap water after inoculation of the plarits remove the
Carborundum11i 12 days after infection, the symptomatic leaves were harvested aed ator
120 °C prior to use. Plants were grown under the following conditions: supplementary lighting
for 16 hours a day with temperature set points 25 °C at day and 22 °C at night. Plants were

maintained by the horticultural services of JIC.

2.4 CPMV purification

CPMV was purified from infected leaves wusing a modified protocol

(http://www.dpvweb.net/dpv/showdpv.php?dpvno=B78eaf tissue was homogenized, using

an electrical blender, with 106M sodium phosphate buffer pH 7.0, and then squeezed through
two layes of muslin and centrifuged at090 rpm for 20 min in a FAS 14C rotor The
supernatant flu was kept and stirred foii 50 minutes at 4 °C with 0.7 volureef 1:1 {: v)
chloroform/ri butanol. After centrifugation at 6000 rpim FASI 14C rotor for 20 mirat 4 °C,

the clear aqueous layer was removed and incubated with 0.25 of the volun0%ittw/v)
PEG1M NaCl overnight at 4° C. The solution was then centrifuged at 1500000 min

and the pellet was recovered with 9 ml of 10 mM sodium phosphate ptfféi0. The solution

was spun at @0 rpm for 20 minutes, the pellet was suspended and the osolwias
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ultracentrifuged for 2.%ours at 3®00rpm at 4°C in a Ti 1270 otor (Beckman, USA). The

pellet was resuspended in a small volume of 10 mM sodiurspblade buffer. The suspsion

was centrifuged at 1400@m for 15min at ambienttemperatureand the supernatants were
pooled and dialysed against 10 mM sodium phosphate buffer using 100 kDa MWCO cassettes
(Spectrum laboratories). The clear virusllgt was again suspended in 1GM sodium
phosphatebuffer and centrifuged at 14000 rpm for d®n to remove possible contaminants.

The final virus samples were stored at 4 °C in 10 mM sodium phosphate buffer prior to use.
Virus concentration was measured by gsin extinction coefficient of 8.inl mg* cm'* at 260

nm. The yields obtained were aboiill B g of virions per kginfected leaves.

2.4.1 Agaroségel electrophoresis

51 10 pug of CPMV particles suspended in 10 mM sodium phosphate buffer pH 7.0 with
2 ul of loadng dye (Coomassie staining solution or MBI Fermentas dye) were analysed on 1.2
% (w/v) agarose geld TBE using arelectric field of 15 V cm? for 1i 2 hours. For ethidium
bromide staining (nucleic acid staining) 0.1 pg/athlidium bromide(4i 5 ul) in 1x TBE buffer
was added to the gel. Particles were visualised on a UV transilluminator at 302 nm using Gene
Genius Bio Imaging System with Gene Snap software (Syngene). For coat protein, visualisation
gels were stained with Coomassie solutiernight. Geimages were recorded using a camera

or scanner.

2.4.2 SDSHPAGE

2.4.2.1 SDSDPAGE procedure

Sodium dodecyl sulfate polyacrylamide gel electrophoresis {BBSE) was
perfoomedonbl1 0 € g of virus in 10 mM sodium phosph
4x RunBlue LDS 8mple Buffer (Expedeonsamples were heated fof B0 minutes at 100 °C
in a thermoblock in order to denature the protein. In the case of the mineralized particles, they

were heated for 20 minutes with 10% sodium dodecyl sulfate. The samples were amali2ed

36



CHAPTER 2

% TEQ CI SDS RunBlue precast gels (Expedeon) undef meolucing conditions at 180 V for
30i 70 minutes using 60000 ml of 20:1 dilution of 20x RunBlue SDS Running Buffer
(Expedeon). The bands when stained with 20 ml of InstantBlue (Expedeon) vikele after a

few minutes. Gels were washed with Mifl) water prior to imaging.

2.5 Transmission electron microscopy (TEM)

Purified particles were transferred into MilliQ water using 100 kDé&afticolumns
(Millipore). 5i 10 pl of 0.1 mg mi* particles were lfowed to settle briefly (1 minute) onto
pyroxylin and carboicoated copper grids (400 mesh, Agar Scientific), and then blotted dry
with filter paper grids were then washed with MillQ water. For negative staining 2% (w/v)
uranyl acetate was used, theess solution was removed with filter paper and the grids left to
air dry until needed. Grids were viewed at 200 Kv in an FEI Tecnai20 TEM (FEI UK Ltd,
Cambridge) and images were obtained using a bottmunted AMT XR60 CCD camera

(Deben UK Ltd, Bury St. &#munds).

2.6 UVAoVis Spectroscopy

Virion (CPMV or eVLP) concentration was determined by photometrical measurement
using either a Perkin Elmer Lambda @¥71 VIS spectrophotometer with UVWINLab Software
or a NanoDro@® NDi 1000 spectrophotometer and NIDOO softwareat room temperature by
using a 1 cm quartz cuvette (light path: 1 cm).

CPMV particles have an absorption maxi mul
from the encapsidated RNA molecul es) "enith mo
! CPMV e\WLPs have an absorption maximumeat = 280 nm with mol ar e

of U = 1'crd'&s determimed bivan Kammen, 1967)The law of Beer Lambert can

be used to calculate the concentration:
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A=cde

Where; A is the absorbance, ¢ is the conegion of the particles in mg M) d is the length of
the light path in cm and U 'tdmé mol ar extinct

2.7 Dynamic light scattering (DLS)

DLS was measured on a DynaPro Titan, Wyatt Technology Corporation (laser
wavelength 830 nm,cattering angle 20 °) with Dynamics software Version 6.9.2.11. Particles
at a concentration of 0.5 mg* cmi* in 10 mM sodium phosphate buffer pH 7.0 were filtered
through 0.10.4 micron filters (Millipore) prior to analysis. Four independent measurements
were performed; each single measurement presents an average of ten measurements. Data were
recorded at 20 °C. DLS determines the hydrodynamic diameter and refers to how a particle
diffuses within a fluidoy recording the laser scattering from the pawiclée particles undergo
Brownian motion leading to timdependent fluctuationThe diameter obtained by this
technique is that of a sphere that has the same translational diffusion coefficient as the particle
being measured. The translational diffusioeficient will depend not only on the size of the
particle Acoreo, but also on any surface str

the medium. This means that the size can be largethbhameasured by electron microscopy.

2.8 Nanopatrticle tracking analysis (NTA)

A NanoSight LM 10 instrument was used for NTA (cair@ron wide 640 nm
wavelength laser beam; cell depth 0.5 mm; cell volume ca. 0.25 ml). Samples for NTA were
prepared with 300 pl (0i®.5mg* cm'*) of mineralized CPMV partides suspended in 10 mM
sodium phosphate buffer pH 7.0 and analysed by recordirdfi aecondvideo of the
nanoparticleséd motion when illuminated by | ¢
lens. The particle movement was tracked using conventiG& camera, operating at 30
frames per seconNTA is a method for visualizing and analyzing particles in liquids that

relates the rate drownian motionto particle size. The rate of movement is related only to the
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viscosity and temperature of the liguiit is not influenced by particldensity or refractive
index NTA allows the determination of a size distribution profile of small particles (10

1000nm) in liquid suspension.

2.9 Energy dispersive Xray spectroscopy (EDXS)

An Oxford Instruments INCA Energ®00Premium is attached to a TEWMJEOL JSM
5900LV scanning electron microscope (SEM). EDXS works by detectingays that are
produced by the sample of interest in an electron beam. The electron beam excites the atoms in
the sample that subsequently proelXi rays to discharge the excess energy. The energy of the
Xirays is characteristic of the atoms that produced them giving a spectral EDX®is an
analytical technique used for tbéementabnalysis orchemical characterizatiaof a sample. It
relies on the invstigation of an interactionf somesource of Xray excitaton and a sample. Its
characteriation capabilities are due in large part to the fundamental principle that each element
has a uniquatomic structureallowing X-rays that are chartaristic of an element's atomic

structure to be identified uniquely from one another

2.10 Mossbauer analysis

Mdssbauer spectra were recorded in zero magnetic field at 80 or 298 K ori an ES
Technology M$105 Mdssbauer spectrometer with a 100 MB2p source in @hodium matrix
at ambi ent temperatur e. Spectra were refere
spectrum parameters were obtained by fitting with Lorentzian curves (errors < = 0.02 mms
halfi widthi afi halfi maxima 0.210.26 mm§'"). Samples of ironxidei CPMV were prepared as
above except’FeCkwas used that had been enriched Wilre (95.4% enriched metal powder,
Isoflex, RussiaJOganesyan et al, 20043pectra were recorded either as frozen solutions or in
the solid stateProf. Dave Evans and gl Elaine Barclay conducted experiments
Mdssbauer spectroscopy probes tiny changes igdhenaenergy levels of an atomic
nucleus in response to its environmavitissbauer spectroscopy is limited by the need for a

suitable gammaay source. Usually, thisonsists of a radioactive parent that decays to the
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desired isotope. For example, the source’fBe consists of'Co, which decays byelectron
captureto anexcited stateof >’Fe, then subsequently decays tgraund stateemitting the

desired gamniaay.

2.11 Vibrating sample magnetometry (VSM) of eVLRn oxide OF iron oxided
CPMV

Magnetic measurements were made on 1.65 mg of dried samgJ&Bfon oxiceOr 2 Mg
of iron oxidé CPMV, using a vibrating sample magnetometer (VSM) from Oxford Instruments
operating at temperatures from 4 to 275 K, and fields of up to 5 Tesla. The typical noise level
was below 10 microemu, and the maximum sample moraelow temperatures was of the
order of 25 memu. VSM was operated at 55 Hz wittration amplitude of 1.5 mm. The
temperaturewvas changed with a heating resistor and a needle valve that allows the flow of
helium from the cryostat into the sample spddee temperaturevascontrolled through a PID
loop feedback, providingtability better than 10 mK at low temperatures. (The magnetic
measurements ave conducted as collaborative project wittDrs. Oscar Céspedes and Sarah
Staniland, School of Physics aAdtronomy, University of Leed$Jnited Kingdom).

A sample is placed inside a uniformagnetic fieldto magnetize the sample. The
sample is then physically vibrated sinusoidally, typically through the usepiézaelectric
material. Theinduced voltagein the pickup coil is proportional to the sample®mgnetic
moment but does not depend on the strength of the applied magnetic field. In a typical setup,
the induced voltage is measured through the usela@tkain amplifier using the piezoelectric
signal & its reference signal. By measuring in the field of an external electromagnet, it is

possible to obtain thieysteresis curvef a material.
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2.12 Immunological detection of CPMV coat proteins

2.12.1 Buffers and reagents

Solution  [Composition

10x PBS |1.37 M NaCj 27 mM KCI; 81 mM NaHPQ,; 15 mM KH,PQ, in MilliQ water;
pH 7.0

1x PBST [0.05 % (v/v) Tween20 (Sigma Aldrich) in 1x PBS

1x PBSTM [5% (w/v) dry milk (Marvel) in 1x PBST

2.12.2 Immunological detection procedure

Step Reagents Time/temperature

Blocking 1x PBSTM 2 hours at ambient temperature
overnight at 4 °C

1% antibody | anti CPMV antibody/1:1000 in 1> 3 hours at ambient temperatu
PBSTM (20 pl of G49 in 20 ml @ while gently shaking

freshly prepared
2 antii rabbit I|g@ HRP/A:2000 in 1x 2 hours at ambient temperaty
antibody PBSTM (2 p) while gently shaking

After each step, the membranes were washed three times for approximately 15 min €
with 1x PBST at ambient temperature on a shaker. After flar&ibodies addition th
membranes were washed enwith 1x PBST and twice with 1x PBS

2.12.3 Immunological detection (Dot blot):

For protein detection, 10 pg of intact wilgpe CPMV (positive control) and any
materials to be tested suspended in 10 mM phosphate buffer, were spotted onto a nitrocellulose
membane (Amersham) and air dried for 30 minutes. Nonspecific binding sites were blocked
using a solution consisting of 5&w/v) skimi milk powder in phosphate buffered saline (PBS)
plus 0.025% (v/v) Twedr20. The membrane was then probed with a polyclonal aahtib
specific to CPMV (G49) filowed by a horseradish peroxdésonjugated aritrabbit antibody
Both antibodies were diluted (1:1000) in blocking solution. Signals were generated by
chemiluminescence using a SuperSignal West Dura substrate kit (Therewtifi8gi and
captured on film (HyperfiimTM ECL, Amersham Biosciences) which was developed using a

Curix 60 film processor (Agfa Gevaert).
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2.13 Staining for cobalt and iron

4 ug each of eVLPeVLP.pay €V0LPron oxide CO-CPMV and iron oxideCPMV
suspendedn 10 mM sodium phosphate buffer, were spotted onto a nitrocellulose membrane
(Amersham) and air dried for 30 minutes. The membranes were then probed for cobalt and iron
using the appropriate stain.

Cobalt stain: 20 mM 1i nitrosd 2i naphthol in 1:1 (v/v) manol/MilliQ water followed by
destaining with 10 mM NaOkDouglas & Stark, 2000)

Prussian Blue stain Equal volumes of 20% hydrochloric acid in MilliQ water and 10%
potassium ferrocyanide in MilliQ water were mixed just prior to use and incubatedheith

membrane.

2.14 Surface charge measurement

Zeta potential was measured on a Malvern Instruments Zeidd@ey ZS where 1 ml
of 0.5 mgml'* particleswas suspended in 10 mM sodium phosphate buffer pH 7.0. Zeta cells
were equilibrated at 21°C before recordithgee measurements each of 12 runs. The data were
fitted using the Smoldto ws k i approximation assuming a He
electrophoretic mobility is converted to the zeta potential using the Henry eq{#tamg et al,

2008) Zeta potential determinations were based on the electrophoretic mobility of the
naroparticles by applying an external current.

The Zeta potential of dispersion is measured by applying an electric field across the
dispersion. Particles within the dispersion with a zeta potential will migrate toward the electrode
of opposite charge with aelocity proportional to the magnitude of the zeta potenHiata
potential iselectric potentialn the interfacialdouble layer(DL) at the location of thelipping
planeversus a point in the bulk fluid away from the interfagevalue of 25 mV (posive or

negative) can be taken as the arbitrary value that separatehdoged surfaces from highly

charged surface3he significance of zeta potential is that its value can be related to bilgysta
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of colloidal dispersionsThe zeta potential indiczg the degree of repulsion between adjacent,

similarly charged particles in dispersi@valvern Instruments catalogue

2.15 Carbodiimide method to generate @succinimide esterified CPMV

particles

Carboxylic acidgroupswere activated by the carbodiimide methaising EDC and
NHS or sulféd NHS as depicted ifigure2.1. CPMV particles in eithet0 mMor 0.1M sodium
phosphate buffer pH 7.4 or any other carboxylic laaiditaining moieties areincubated with a
freshly prepared MilliQ water solution of EDC (1 molaquivalent) for 5 minutes followed by
the addition of a freshly prepared dimethylsulfoxide solution of NHS (4 molar equivalents). The
reaction was allowed to proceed for 2 hours at room temperature with gentle stirring. The
resulted @succinimide esteriid CPMV particles were purifiethy any of the methods

described below. Further information about the carbodiimide meshmdvided in(Gillitzer et

-
? )UQ ;I
/ ]

cl+ NHS or Sulfo NHS
\ NHS Ester Intermediate Amide Bond Formed
0 —_— > \/ \C\ /\/\ /

o

Ry OH Carbodiimide | )J\
EDC o

Carboxylic Acid

al, 2002; Hermanson, 2008)

Active Ester Intermediate

A)k/

SH—R; Thioester Bond Formed

Figure 210 Derivatives of carboxylic acids can be prepared with EDC tmatgeanetive
intermediates that react with amine containing molecules in the presence of NHINBbISSialfo
generate peptide bond route (1). Alternatively, thiolated or cysteine containing molecules could be
used with the active ester intermediate toagertbioester bond.

2.16 SPDP method

CPMV particles (10 20 mg mf*?), suspended in 10 mM sodium phosphate buffer pH
7.0, were incubated with a solution of SPDP (1000 molar excess) in dimethylsulfoxide

(DMSO), the final concentration of DMSO was adjusted t%40/v). The reaction was stirred
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gently overnight at 4 °C. The modified CPMV particles were dialyzed using 100 kDa molecular
weight cut off membranes against 10 mM sodium phosphate buffer fidd@#ours and then
concentrated using00 kDa cutoff columns ¥ @pyridvidihiojpropienatespngy, modified particles

were incubated overnight at 4 °C with tliiabr cysteinécontaining molecules (1000 molar
excess) in either DMSO or DMF; the final concentration of organic solvent was adjusted to 20%
(vlv). Theliconaining moleculegsp\p\/ particles were purified by gel filtration (Sephacryil 580
column) and the eluted fractions were collected and concentrated on 100 kBfé @iumns.

The recovered vyield of virions was about B0 % of starting materials. The moddigarticle

integrity was established by agarose gel electrophoresis, TEM and DLS

2.17 Particle purification

2.17.1 Sucrose gradients

Sucrose solutions of 50%, 40%, 30%, 20%, and 10% (w/v) in 10 mM sodium phosphate
buffer pH 7.4 were prepared and used within 2 we€kadients were prepared by underlying
sucrose solutions of decreasing density (175 or 500 pl) in a centrifuge tube of (2.1 ml or 5 ml,
respectively) and carefully overlaying the sample to fill the tube (normally S0 pl).
Gradients were ultracentrifugéd a swing out rotor (AH 650) andcentrifuged at 137000 g for
1525 hoursat4°C; 11300 ¢ | fractions containing modi

buffer exchanged for 10 mM sodium phosphate buffer pH 7.4.

1 -
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€
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(o]
(9V]
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(&)
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é:: 0 .
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Fractions

Figure2.20 An example of sucrose gead profile for modified CPMV particlésumber of
fractions 8 contains the modified partic24. ml sucrose gradient and 175 pl fractions.
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2.17.2 Sizedexclusion chromatography

Low molecular weight impurities are retarded in the gel filtration matrix, whiles
particles eluted first from the column. Gel filtration (AKTA Purifi@00) on a Sephacryli SO0
column (GE Healthcare) and PI0 desalting columns (Amersham) were used according to the
manufacturer 6s i nigquilibrated wito H0 mivirsdium \pleospkate fuffer

unlessotherwisendicated

2.17.3 Ultrafiltration

Ultrafiltration was used as a method for purification and concentration of virus
particles. Samples were applied to various volume tubes (50014l ml) of 100, 300, and
10000 kDa molecutaweight cut off columns (Microcon, Amicon Millipore, and Sartorius
Stedim) and centrifuged. The particles are retained on the filter of these tubes while the buffer
and small impurities pass through the membrane. This is a very efficient method in virus

concentration. Specific details are provided in each Chapter.

2.17.4 Dialysis

This method is very efficient in buffer exchange and patrticle purification. Thé semi
permeable membrane retains the particles within, while small molecules diffuse to the lower
concetration inthe buffer reservoir, andice versa Slidg AT Lyzer cassettes (Pierce), Fibat
Al Lyze tubing, and Snakeskin tubing have been used throughout the research. Specific details

are provided in each Chapter.
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3 Chemicallydcoupledd of peptide promoted mineralization

3.1 Introduction

When a biomoleculenorganic material interaction is accomphed with molecular
specificity, it leads to the formation of controlletkuctures and functions. Molecular specificity
of probé target interactions, e.g., ligaim@ceptor, antigarantibody, is always based on specific
peptide molecular recognitioffamerler et al, 2010)The exploitation of peptidenaterial
interaction as aobl for novel hanomaterial synthedias beerfuelled by the availability of
short peptides that are specific to a variety of inorganic materials. Such peptides can selectively
bind, interact with and direct the formation of inorganic materials.

Much effot has been invested by many groups around the globe in understanding
protein recognitiorof, and binding toinorganic material¢Descalzo et al, 2006; Flynn, 2003;
Merzlyak & Lee, 2006; Tamerler & Sarikaya, 200%he main challenge remains to establish
sequencéreactivity relationships from peptides either isolated from biological sources or
generated by combinatorial peptide librar{@an et al, 2010)In addition, the abundance of
neutral amino acid (e.g., glycine, alanine, valine, leucine and isnBusequences in the
peptidesis poorly understood and is thought not to be charge relBxespite this, the gained
insight allowed the making of practical materials using peptides engineerechamdyparticles
(Flynn et al, 2003a; Mao et al, 2004; Stwfal, 2009a; Steinmetz. N. F. et al, 200@preover,
it enhanced the general understanding of the importance of sequence and the composition of the
peptides on hanoparticle formation.

The preparation of nanoparticles with controlled size and composgiai major
fundamental and technological inter¢Sun, 2000) For example, mixddnetal nanoparticles,
such as those of FePt and CoPt, have been identified as important materials for use in catalysis
and in ultrdhigh density magnetic storage devideleon, 2003) and semiconducting zinc
sulfide nanoparticles promise applications in a range of optoelectronic devices, such as solar

cells(Chen & Lockwood, 2002; Gao et al, 2004p be useful, the size and size distribution of
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the nanopatrticle needs be accuratelycontrolled(Nanda, 2000; Sun, 20Q6frurther, hollow
nanospheres may have many applications in, for example, catalysis, where a hollow nanosphere
haspotentiallya higher catalytically active surface area than its solid analogue and consumes

lessof the costly and limited metal resources in its synthgssg, 2004)

3.1.1 Peptides specificity for material synthesis (general insight)

Screening peptide libraries for sequences that might be useful in the synthesis of
interesting materials has resultatd gigantic databases. Displaying random peptides on the
surface of flamentous phage began with G. P. Smith, who showed that fragments of a target
protein could be fused to the plll protein of fdl@mentous bacteriophad#l3 andthe resulting
particlescaptured by immobilized antibodies against the target prd&sott & Smith, 1990;

Smith & Scott, 1993) Peptide libraries expandeduay size and included various screening
approaches. However, peptide affinity toward its binding target remains feitgbepide
selection. Some peptides have been used as molecular templates to synthesis inorganic materials
and others have been used to synthesise the inorganic material that they were selected against
(Slocik & Naik, 2006)

Peptides which bind to inorganic reatls were first identified by Brown, who isolated
peptides that selectively adhere to,®¢ surfaces (Brown, 1992) This was the first
demonstration of the selectivity ofpeptide, whichcould bind to FgO; but notCr,O; or FeO,

(Brown, 1992) Multiple copies of the peptides were expressed on the surface of genetically
modified E. coli. Belcherand Gavor ker s furt her devel oped Br ow
combinatorial phagdealisplay library to identify peptides with sequences that specifically
bind/interact with inorganic materigWWhaley et al, 2000)After sequential washes temove

weak binding or nori bound sequences, thmcteriophage presenting themaining peptide
sequences weramplified in E.coli and the peptides with the higheaffinity for the target

material were selected and used (See Introduction chapter). The screening approach to identify

substratéspecific binding peptides and the use ofrlginoparticless no longer restricted to
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native mineralization conditions. Peptides can alsefgineered as scaffolds and templates for
hybrid structure formatiofiTamerler et al, 2010Peptides with affinity for several inorganic
materials have been idéied using the phagelisplay method and some examplessir@wnin
Table 3.1 For exampleNaik and colleagues identifigeeptides, whictposses affinity for the
surface of silica(Naik et al, 2002a)This finding, that peptides specifically bind to inorganic
material and may initiate or control the formation of the same mateasladvancedhe

synthesis of new materialBaeuerlein, 2004)

Peptide sequences Inorganic materials  Salt
AYSSGAPPMPPF Ag nhanopatrticles AgNO;
Au nanoparticles HAuCl,
NPSSLFRYLPSD Ag hanopatrticles AgNO;
AHHAHHAAD Au nanoparticles CIAuPMe;
HYPTLPLGSSTY CoPt nanoaprticles  (NH4),PtCl +
Co(CH,COO),
HNKHLPSTQPLA FePt nanoparticles FeClh + H,PtCl
VCATCEQIADSQHRSHRQMV| ZnS nanoparticles  Zinc 2,9,16,23
tetrakis(phenylthi}i 29
H,31Hi phthalocyanine +
Na,S
NNPMHQON ZnS nanoparticles  ZnCl, + N&S

Table 316 Examples opeptides known to direct the mineralization of inorganic nanomaterials.
The peptide sequences revealed that, in some cases, the same seqlmtecactquitsimotefor

two differentmaterials otwo different sequencesuldinteract/promotefor the samenaterial

The data is adapted fr¢@hurdLong & Nathaniel, 2010)

3.1.2 Peptides for templated mineralization

Viruses assembl® givehigh precision architectured simple symmetrythis allows
identical subunits to come together with a maximum numbemonf covalentinteractions,
which in turn form the largest cavity from the least number of sub(hits only applies to
spherical symmetrig¢s Currently, there is agrowing library of virus and protein virus
architectures, whictprovide differentfunctionalties for the synthesis of magnetic particles,
imaging agents, and cell specific targeting agents, and for gene therapy and drug encapsulation
(Manchester & Steinmetz, 2009). The exploitationbadmaterials for chemical design has

become an important are materials sciencéEvans, 2008)For example, bacteriophage and
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plant viruses provide a variety of morphologies and are robust enough to support reactions to
produce new organic and inorganic materi@knn et al, 2003a; Shenton et al, 2Q0Ihe
baderiophage M13 can template mineralization of several matéhtde et al, 2004)and has
been utilised, for example, in the development of lithium ion battery elect(biias et al,
2006) In addition, the exterior and interior of the retlaped plant wils Tobacco mosaic virus
has been utilised for material synthg$isd, 1998; Royston et al, 2006; Royston et al, 2009)

Although peptides are not complicated molecules, they still encode unique recognition
propertiesTan et al2010) showedhat the 2Gamino acids have different reduction capabilities
of gold solution, with tryptophan being the fastest reducing agent. However, peptides gave a
different faster rate reaction than a mixturef free amino acids with the same overall
composition because thenmo acid residues ted collectively(Tan et al, 2010)

Although the origin of peptide specificityowardtarget material not fully understood,
the fact of peptide selectivity is well established. The literature is full of examples of the ability
of certain peptides to direct the formation of inorganic materials sugoldsand silve(Brown
et al, 2000; Naik et al, 200283aCQ (Li et al, 2002) CdS(Flynn et al, 2003cand many more.
Flynn et. al. have also utilised this method to identify peptidéshnihduce synthesis of ZnS.
Their work demonstrated for the first time that phatigplay peptides were essential to both
bind to and induce the precipitation of inorganic matefkiinn, 2003) Ahmal et. al.
determined calcium molybdate (CM) peptides (AAPNSPWYAYEY, SWSPAFFMQNMP,
YESIRIGVAPSQ and DSYSLKSQLPRQ@hat induce the precipitation of CaMg®om an
agueous precursor solution. Any changes in the peptide sequence or even reordering the amino

acids in these peptides had an impact on the yield girtepitated CaMo@(Ahmad, 2006)

3.1.3 Mineralization of chimaeric CPMV particles

CPMV particles have the characteristics of an ideal nanotemplate in terms of their size
(~ 28 nm diameter) and their regular symmetric structure. The structure of the vircie p&r

known to near atomic resolution and its genetic, biological and physical properties dre well
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characterisedLin & Johnson, 2003; Lomonossoff & Johnson, 199Enctional groups on the
exterior surface of the virion make CPMV a useful nanoscafftillving attachment of a
multitude of different moietiefAljabali et al, 2010a; Steinmetz & Evans, 2007; Steinmetz et al,
2006d)

The term virus chimaera refers to genetically modified virus particles. Chimaeric virus
technology allows multiple genetigeletion or insertions of foreign sequences into the coat
protein sequence; an important advantage over synthetic nanoparticles. Short peptide sequences
can beintroduced into surfacéoops thatalter the particle surface propertieso displaythe
inserton of a peptide that selectively promotes mineralization is a very attractive methodology
for the development of nanomaterials.

The first approach to displayirigserted peptides on the surface of CPMV involved the
use of infectious cDNAlones to modifyhe capsidsurface, therebgllow the presentation of
foreign peptides on the external CPMV surféidessens & Lomonossoff, 1993; Lin et al, 1996;
Lomonossoff, 1996)It has been established that additional amino acids can be inséotéue
highly surfae exposed®Bib C | oop of t h €PMW/madhdwn is(kigora 3l). t of
CPMVibased chimaeric virus technology was then adapted for the environmentally benign
synthesis of viruigemplated monodisperse sili€@teinmetz et al, 2009k@nd amorphous irdn

platinum nanoparticle€Shah et al, 2009a)
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Figure3.19 Genetic insertion sites péptideinto the CPMVparticle (Left) Space filling model of
CPMV, with th&\d rosferstniadn ssidhldeu fA@Bur (pd &d) oand i
of CPMV asymmetric unit.

Despitesuccessvith chimaericCPMV for mineralizationwith silica androni platinum
the expression, propagation, isolation and purificatiochahaericCPMVs can be problematic
The chimaeras camvertto wildi type as the inserts, in sencases, are not well tolerat@brta
et al, 2003) In addition,the genetic stability of chimaeras and there is the potential for reversion
to wildi type is another disadvantagthis was found in the case of a chimaera with a peptide
insert designed torpmote mineralization with CoPt. kome cases, the appropriate chimaera
cannot be produced at alis was found in the case of a chimaera prasentd a peptide
designed to direct mineralization with Znkhis wasthe drivingforce behind the search for

seeking alternative routes ftire presentatiorof peptides on the surface of CPMV

3.1.4 Chemicallydcoupleddpeptidedpromoted mineralization

To avoid the lengthy process of generating chimaeric CPMV particles, and to avoid
some of the aforementioned disadvgets of the genetic engineering route, the possibility of
chemically attaching peptides that promote specific mineralisation to the surface of CPMV
particles was investigated. It was found thia¢ &ppropriate Nprotected peptides witkthe

shownsequence inTable3.2 can be easily chemically coupled to lysine residues on the surface
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of wildi type CPMV. The™®™CPMV conjugate can then template the directed and controlled
fabrication of monodisperse nanoparticles, of approximately 32 nm diameter, at ambient

temperature and pressure in agueous solution. The reaction scheme is depiciee i82.

Figure 3.20 Schematic representation of chemical coupling of peptides to CPMV capsid
(Pertid€PMV) The red ring on the peptide representation depicts thetpdoddterminus that
prevents peptide sédiggregation. The numbers of peptides bound to the virus capsid were
quantified to be 180 per virus.

Peptide Sequence Material selectivity

(Cb2i CNAGDHANC Peptide CoPt

(Cb2i CNAHDGANC p e p tCoRi(e\&rsed sguence)
(Cb2i HNKHLPSTQPLA Peptidé FePt

(Cb2i CNNPMHQNC Peptidg ZnS

Table 320 Peptide sequences used for pegidenoted mineralization. (Cbz) denotes a
carboxybenzyl group coupled to thitBminus to prevent sédfggregation. The subscript refers
to the specific peptide sequencéfun n e r a | i zCoRtrefers tdthepréversk esdfuence of
PeptidéCoPt Peptide sequences are generatedhfitomywww.phagedisplay.net/

3.2 Experimental

3.2.1 Materials

The N protected peptides carboxybenzyl (QE2NAGDHANC (peptidé CoP), Cbz
CNAHDGANC (CpR, p tChaAHBIKHLPSTQPLA  (peptidéeFeP) and Cbk
CNNPMHQNC (peptideznS) were purchased from GeneCust, Luxembourg. All general
reagents were bought from Sigiddrich UK and used without further purificationi @thyl

31 (3i dimethlyaminopropyl carbodiimide hydrochloride (EDC) was purchased from
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Novabiochem an@\i hydroxysuccinimide (NHS) from Fluka. Nanocyl S.A., Belgium, supplied
aminég functionalised short, thin, multiwall carbon nanotubes (MWCNT), 95% C purity, with

avaage diameter of 9.5 nm and average length of 1 um.

3.2.2 Chimaeric CPMV preparation and mineralization

Oligonucleotidesercoding the peptide of interest, flanked by appropriate restriction
sites (Nhel and Aatll), were cloned into the CPMV RNA&sed vector.nl a second cloning
step,the chimaeric sequence was cloned via the enzymes BamHI and EcoRI into the CPMV
RNAI 2 based binary vector pBinRS1(The chimaericparticles wergrepared by 33 Nicole
Steinnetz and Sachin ShahThe resulting recombinartermedpBini NS1i FEPT, was used to
agroinoculate cowpea plants in the presence of théldafith clone of RNALl. Chimaeric
particles were extracted as described for theiwjse and used for the mineralization process

(Shah et al, 2009a; Steinmetz. N. F. e2a@h9)

3.2.3 General method for chemical coupling of peptide to CPMV

The carboxylic acid terminus of the peptide was activated by the carbodiimide method
using EDC and NHS (see scheme in section 2.15)i ggmtide in Milli Q water (Millipore)
was incubated wh a freshly prepared MilliQ water solution of EDC (1 molar equivalent) for 5
minutes followed by the addition of a freshly prepared solution of NHBMSO (4 molar
equivalents). The reaction was allowed to proceed for 2 hours at room temperaturentiith ge
stirring. The activated peptide was then added to a solution of @RNYV10 mM sodium
phosphate buffer pH 7.0 in a molar ratio of 2000:1, the reaction was incubated at 4 °C overnight
with gentle stirring. The resultaR?*"CPMV conjugate was puiéd by gel filtration (AKTA
Purifieri 900) on a SephacryliS00 column (GE Healthcare)rdetions containing only the
PePldeCPMV  conjugate were pooled, concentrated using 100 kDaoffutmnembranes
(Millipore), and analysed by native agarose gel electrgsi®iand TEM to ensure the presence
and integrity of the mofled CPMV particles. Thé**"™CPMV conjugate concentration was
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determined by UWvisible spectrphotometry; the yield of"™CPMV conjugate was between
70i90% based on the initial virus comteation. "**"“top component (naturallpccurring

eVLPs) conjugate was prepared by the same methdih similar yield.

3.2.4 Preparation of mineralized virus nanoparticles

To PPCPMV (400 1l of 10mg mi?) in 10 mM sodium phosphate buffer pH 7.0 was
addel, with constant stirring, over 10 min at room temperature either: (a) a 1:1:1 mixture of
CoCl, (0.05 mol dn’), H,PtCk (0.05 mol drf’) and NaBH (0.1 mol dn'®) each in Milli Q
water (400 |l); (b) a 1:1:1 mixture of Fegl(0.05 mol dn?¥), H,PtCk (0.05 mol dm?) and
NaBH; (0.1 mol dm®) each in Milli Q water (400 }); or (c) a 1:1 mixture of Zngl0.05 mol
dm®) and NaS (0.05 mol drif) each in Milli Q water (400 YL The mixture was incubated,
with gentle stirring at ambient temperature, foi 4® hous. The FeRICPMV, CoPi CPMV
and Zn$CPMV nanoparticles (this nomenclature refers to externally coated particles with the
corresponding metals), respectively, were recedday centrifugation at 14000nmp(bench top
centrifuge Eppendorf) for 20 minutes. €hsupernatant containing the mineralizZéB@MV
nanoparticles was further purified using 100 kDai ofitcolumns and washed several times
with Milli T Q water to remove all excess reagents. The yield of nanoparticles We@% @s
determined by UWvisible spetrophotometry based on the initial virus concentration. The
method can be scaled up at leastitarad ai half fold; at larger scales a combination of dialysis
(100 kDa membrane) and sucrose gradient (2.1 mbA% sucrose gradients centrifuged at
137000 g fo 1.5 hours at 4 °@sdescribed in section 2.17.Eractionscontaining mineralized
particles were collected and dialysed against 10 mM sodium phosphate buffer pH 7.0 for 15
hours). The integrity, characterisation and composition of the minera@RdV nanoparticles

were determined by TEM, EDXS, NTA, DLS and zeta potential measurements.

Pepiddop component mineralization: top component (naturally occurring eVLPs) (400 ug/ml,
500 ul) was incubated with cobalt and platinum salts and a reductant as et$orithe wild

type particles. The same purification steps were followed as above.
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3.2.5 FPertdedCoPiCpMV quantification

The number of peptides per particle was determined®f§f ©°“CPMV conjugate as
follows. PeP"®C°PCPMV in 10 mM sodium phosphate erf pH 7 was reacted with a 2000
molar excess of NHS estarctivated amine specific dye, DyLight594, in DMSO. The DMSO
level was adjusted to 20%/v) and the reaction left to proceed at 4 °C overnight while gently
stirring. The doubly functionalised paities were purified on a FO column equilibrated with
10 mM sodium phosphate buffer pH 7.0, and eluted samples were concentrated on 100 kDa cut
off columns bebfre being layered onto 5 ml 10%B0% sucrose gradients. The gradients were
centrifuged at 137000fpr 1 to 1.5 hours at 4 °@sdescribed in section 2.17 After further
concentration on 100 kDa ¢wiff columns, the number of free reactive lysines was calculated,

from the absorbance spectrum (Figur® 3o be ~ 66 per virion.

3.2.6 External surface mireralization of amine&functionalised MWCNT

Cbz CNAGDHANC (peptidé CoPt 1.0mg mi*') was activated with a freshly prepared
solution of EDC (1 molar equivalent) in MillQ water for 5 minutes followed by the addition
of a freshly prepared DMSO solution of [SH4 molar equivalents). The reaction was allowed
to proceed for 2 hours at room temperature with gentle stirring. The solution of activated
peptidé CoPtwas added to a suspension of amine suifacetionalised, short, thin, multiwall
carbon nanotubes (MGNT; 0.30 mg) in Milli Q water (1 ml) and then gently stirred at 4 °C
overnight. The resultant peptidenctionalised MWCNT P ©PMWCNT) was purified on a
100 kDa cuitoff column. A suspension 6f"¢°PMWCNT (100 {) was treated with a 1:1:1
mixture of CoC} (0.05 mol dn’), H,PtCk 0.05 mol drv’) and NaBH (0.1 mol dm®) each in
Milli T Q water (500 ). The reaction was allowed to proceed at ambient temperature with gentle
stirring. After 24 hours the reaction mixture was centrifuged at 140®0(bench top) for 10
minutes, the pellet wasireuspended in MilliQ water and purified further on a 100 kDai@it

column and washed thoroughly with MilQ water. TEM examination showed partial
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mineralization of the nanotube external surface. The psodescribed above was repeated

sequentiallyovereach ofseven days to give external surfaceneralized MWCNT.

3.2.7 Scanning electron microscopy

FePt CPMV coated particles were &itried on a freshly prepared mica surface. The
surface was mounted onto an aloimm pin stub using doubilsided adhesive carbon discs
(Agar Scientific Ltd). The stubs were then spltteated with approximately 1@5 nm
platinum in a highresolution sputter coater (Agar Scientific Ltd) and transferred to a Zeiss
Supra 55 VP FEG scaing electron microscope (Zeiss SMT). The samples were viewed at 3

kV with 5mm inLens signal.

3.3 Results and Discussion

3.3.1 Chimaera CPMV mineralization

The previously defined dodecapeptide sequence HNKHLPSTQRESS et al, 2004a)
was inserted by avelli estallished cloning method between alanir®#?2 and proliné23 in the
bBObC | oop of the smal/l Subuni t ep@dnstruCtPWdy a n d
introduced into cowpea plants by agroinoculatidie extracted and purified chimaeric
CPMVeep presents 60 cops of the inserted peptideas incubated with iron and platinum
precursors and, after reduction with borohydride, generated monodisperse FePt coated CPMV
chimaeric particles as confirmed by TH®hah et al 2009g)Figure 33). The DLS was also
consistentvith monodisperse nanoparticles of ~ 30 nm diam#ter implies an FePt coating of
approximately 1 nm on each particle.

Zeta potential is the electrostatic potential that exists at the shear plane of a particle,
which is related to both surface charga d@ne surrounding environme(Zhang et al, 2008)

The instrument measures the electrophoretic mobility (or zeta potential) by applying an external
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current in liquid suspensions. Zeta potential values have regularly been used as an indicator of
the stabiliy of colloidal particles. The higher the absolutéues, the higher the net electrical
charge on the particle surface and, therefore, the larger the electrical repulsion between
particles. The suggest ed2btnive o rPeatritciacll elsi nairte
exist as stable colloids if theneta potential is higher thé&b mV or lower thani 25 mV. The
zeta potential o€himaericCCPMVeep:0f 149.6 mV in buffer indicated that the colloid has good
stability and no propensity to aggregate. For a detailed discussion ofé¢ksake,see(Shah et
al, 2009a)

The inserted peptide showed specificity for the target materithe chimaeric CPMV
particles acted as a templdte metal depositionThe chimaerigarticle doesot generatea
metallic coating when incubated with metals other than tles time peptide sequence favours.
For examplechimaeric CPMVpiwhen treated with reagents for cobalt or zinc sulfidknot
generate mierdized particles.The peptide exhibited control over the mineralization process;
CPMVwt particles (genetically unadified) showed no templated mineralized particles but
rather, the noispecific formation of nanoparticles with a wide size distribution as shown by
TEM (data not shown). These findings suggested that nanoparticles of desired composition and
size could beproduced by engineering viral particles with specific peptides selected through
phage display. Furthermore, silica coated CPMV particles had been generated following the

same approachsdescribed abovESteinmetz et al, 2009b)

8

Figure3.30 Unstained THEI image of ondiper Faferated chimaeric CPMV patrticles.
Reproduced frorShah et al, 2009a)
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3.3.2 PerdeCPMV conjugates

Peptides previously identifiecby using phagédisplay that specifically direct
mineralization by CoP{Cbz CNAGDHANC), FePt(Cbz HNKHLPSTQPLA, and Zn§Cbz
CNNPMHQNQ as shown in Table 3.&erechosen(Mao et al, 2004; Reiss et al, 2004&p
prepare™“CPMV conjugates, the carboxyérminus of the relevant peptide was firstipre
activated by conversion to th@i succinimide active ésr, the simplified reaction scheme is
shown inFigure 3.2 and the chemical scheme is depicted in section 2.13. Reaction of the
peptide ester with surface amines, derived from lysine groups exposed on the external surface of
wildi type CPMV, generatef*™“CPMV conjugates in 1®0% recovered yield based on the
initial virus concentration.

The integrity of the modified particles was confirmed by TEM (data not shown) and
agarose gel electrophoresisigure 34 showsan ethidium bromide stained agarose gkl o
CPMVwt, a positive control ofOi succinimide esterified CPMV and the thrE8“CPMV
conjugates. According to their migration in an electric field towandsanode, intact virions of
CPMWwt can be separated into a highend lower mobility form, depeding on their RNA
content. TheOi succinimide esterified CPMV particles migrate more slowly toward the anode

than wild type and each of the thrE8"““CPMV conjugates.

Figure3.490 Agarose gel (1.2%) electrophoresis of CPMV particles visualiseduwy btbiaiide
staining. M represents éklip DNA ladder. Lane 1, wilype CPMV; 2\HStesteCPMV/; 3 Peptidé
CoPCPMV; 4 PeptidéFePCPMYV; 5 PeptidéZnsSCPMV .,
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The number of peptides per virus particle was determined "¥f¢<°"CPMmV
conjugate "*""¢<°"CPMV in sodium phosphate buffer pH 7.0 was reacted with an excess of
NHS esteiractivated amine specific dye, DyLight594. The doubly functionalised partfetés
CoPCpMVPYHINS9\vere purified rigorouslyas describeéin section 2.1yand the nurber of free
reactive lysines was calculated, from the absorbance spectrum Figure 3.5ntavmrage-66
* 4 per virion. This equates to approximately 180 peptides [maximum addressable amines (240)
I free amines remaining in conjugate (66) =0il/74 being bound to each CPMV virus
particle; whereas in the case of genetically engineered chimaera the total number of peptides
was 60 per virus. ThEP™CPMV conjugates were found to be monodisperse by DLS and the

particle size did not increase significantlympared to wilttype.
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Figure3.50 UVdvisible spectrum of doubly functionaliget#écoPrCPMV particles. CPMwt (blue
line) anchertidéCoPCPM\PyLights94(red line). Th@umber of peptides bound to the virus capsid was
174 peptidefirus, whichmears 3 of the 4 regularly addressable lysine are coupled to peptide.

The integrity of the doublyfunctionalised particles was confirmed by agarose gel
electrophoresis. Unstained native agarose gel electrophoresis revealed a visible fluorescent band

as a resit of the fluorescently labelle@""*“°FEPMVPYH9"% virys capsid and also revealed

that no free dyes are present in the sanfplgure 3.6/ A). In addition, staining with both
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ethidium bromide and Coomassie blue confirmed the integrity of the iptatitles(Figure

3.6/ B and C, respectively).

Figure3.6 Native 1.2% agarose gel electrophoresis (A) unstained; (B) ethidium bromide stained,;
(C) Coomassie blue stainédne 1, wildtype CPMV; 2NHStesttCPMYV; 3, PeptidéCoPCPMV
conhjugate; #ertiesCoPCPM\PyLights94conjugate.

3.3.3 Mineralization of "P"*CPMV conjugates

Reaction of ™P“CPMV conjugates with reagents for mineralization produced
monodisperse nanoparticles. For example, treatmerft?8f°PCPMV in buffer with an
equimolar mixtureof cobalt(ll)chloride and hexachloroplatinic acid together with two molar
equivalents of sodim borohydride reductanvithin 48 hoursgeneratedirusi templated CoRt
CPMV particles. A similar approach was used to preparei E&V nanoparticleausing
iron(ll)chloride and hexachloroplatinic aciéfor Zn3§ CPMV, the reagents used were zinc
chloride and sodium sulfide in an equimolar ratio. After purification, the mineralized particles
were obtained in 71B0% recovered yield based on the initial virus cotregion. This protocol
requires neither high temperature nor pressure, is performed in aqueous buffer, and produces
little waste so is environmentally benigih.has been found that this process can be readily
scaledup to 10mg mi* of virus particles. Ta ®P"™“CPMV conjugates are specific to their
corresponthg mineralization processCPMVwt, when incubated under identical conditions
with the reagents for mineralizatiodid not mineralize no monodisperse, templated
nanoparticles were formed but somenirgpecific mineralization and bulk precipitation was
observedigure3.7). Similarly, the peptide alone does not promote formation of monodisperse

nanoparticles.
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Figure3.7 Unstained TEM image for unmodified CRM\particles incubated with equimolar
quantities of Fegand HPtCE in the presence of sodium borohydride. The apparent virus particle
is possibly because of platinum staining.

When the conjugate that is specific for directed CoPt mineraliz&f5#f “°"CPMV
was reacted with the readerior mineralization with FePt or ZnS, anide versathere was no
evidence for templatédhineralization observed by TEM. This is direct evidence and
demonstration of the selectivity of the peptides. Figure sh@wsthe selectivity of"eP®
Z"SCPMV, when incubated with Fe and Pt salt precursors onlyi sgetific and bulk

precipitation was observed.
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Figure3.8 Unstained TEM image féaetidéznsSCPMVincubated with equimolar quantities of feCl
and HPtCk in the presence of sodium borohydride. Thekbspheres are believed to bediron
platinum either as an alloy or as separate metals.
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In the case of*"™°"CPMV, the mineralization occurs irrespective of thie t8 Ni
terminus ordering of the peptide; that is, peptide can be bound by therthuscarboxylate to
amine groups on the virus surface asi@i*AGDHANC or Cbz CNAHDGANC without the
mineralization process being affectddEM images(datanot show are very similar to those
obtained inFigure3.9.

The unstained TEM images for CoRPMV, Figure 3.9 A, FePi CPMV, Figure 3.9
B, and Zn$CPMV, Figure 3.9 C, reveal dense, mineralized nanoparticlesao82 nm, which
is in agreement with the particle size measuredb$ (Table 3.4) Wilditype CPMV when
treated under identical mineralization cdrahs and after purification cannot be visualised in an
unstained TEM imagandcan only be seen after negative staining with uranyl acetate. These
images are similar to those previously observed for templated minef&R&tV particles
prepared using CPM\thimaeras(Shah et al, 2009ajnd confirm that the™*"CPMV

conjugates direct templated surface mineralization. Comparison between the two approaches is

summarised iTable3.3.

Figure3.9 Unstained TEM images for mineralized CPMV particles. PROCRMV mineralized
particles, (B) FeB€PMV mineralized particles and (C)aCEMV mineralized particles.

FePt coated particles Chimaeric mineralization Chemical modification

Diameter 30.0£ 0.2 nm 32.0£0.5nm

Zeta potential 149.6+1.0nm 160.3+1.9nm

Yield Very low Depending on startin
material, with 80% recovery

Table3.3 Comparison between CPBt¥¢mplated FePt particles synthesised by either genetic
insertion or chemical modification.
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Elemental analysis using EDXS confirmedttbabalt and platinum, iron and platinum,
and zinc and sulfur coated the external surfaces ofiCBEBPt and Zn$ CPMV nanopatrticles,

respectively, Figure 3.10

"l Scake 1355 cis Qursor: 0,000 L Wb Scale 9456 c1s Cursor 0000

Figure3.1® EISX spectrum of mineralized particles. (A) @GPMV, (B) Fel&PT\/IV and (C)
ZnBCPMV. Major peaks for each metal indicated with amedvéor cobalt, green for platinum,
white for iron, pink for zinc and blue for sulphide.
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Electron microscopy revealed two distinct morphologies in the unstained TEM image of
CoPi CPMV, Figure 39i A. One is as expected for an externally mineralized virus capsid but
the other, with a darker core, is similar to that observed for internailheralized CPMV empty
(devoid of RNA) viruglike particles €VLP9 in which the internal cavity contains cobar
iron oxide metals(Aljabali et al, 2010c) During a normal plant infection with wiidype
CPMV, up to 10% of the virions isolated are devoid of RNA. It is proposed that the particles
exhibiting the darker core are naturally occurring eVLPs that haea maded with cobalt or
cobalt/platinumas well as beingxternally mineralized because of the peptide bound to the
exterior of the particles.

To support the proposed hypothesis, naturally occurring eVLPs (top component) that
have been chemically moditieo display peptideCoPton their outer surface, showed a similar

morphology in the TEM to the CoRtCPMV, Figure 3.11 when mineralized with
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cobalt/platinum. Later studies on the mineralization of the eVLPs confirmed the ability to
internally mineralizehe cavity of the eVLPs without the need for any furtinedification;this

will be discussed in Chapter 6.

Figure3.1D Unstained TEM image &rtidécoPl/| Ps that have been mineralized both internally
and externally. The black spots aréteomplated 6Pt nanoparticles that remained in the sample
after purification.

Further, immunological detectidias described in section 2.1&)ows the presence of
accessible coat protein for eVLPs affd"™°PeVLPs but not for externally mineralized
particles & shown in Figure 3.12. This is consistent with the two observed morphologies being

indeed for both internal and external mineralization.

Peptide-Coto\/|_PS CoPt-eVLPs

Figure 3.13 Immunological detection of coat protein for eViPgdéCoreVLPs that reveal
accessibility to theoat protein. However, mineralized @eMLPs were not detected
immunologically.
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Analysis of the mineralized CoREVLP particles using agarose gel electrophoresis
cannotdifferentiate between the two morphologies, as the eVLPs that are both externally and
internally mineralized do not contain encapsidated RNA, which would stain with ethidium
bromide.

Characterisation of CPMV mineralized particles using agarose gel electrophoresis was
performed. For ColPCPMV stained with ethidium bromide some fluorescemensity was
observed from a band of different mobility to viitgpe and to™P"*“°"CPMV conjugate
(Figure 3.1BA), suggesting that the CaRIPMV surface has some limited porosity sufficient
to allow intercalation of ethidium bromide with the encapsda@®NA. For FeRICPMV and
ZnS CPMV, less intensdluorescence is observed implying that there is less surface porosity
after mineralizationHowever, ven the gel is stained with Coomassie bkigure 3.18B, no
colouration is observed for each of the eralized samples, this is consistent with the virus

protein surface not being accessible to the stain as it is coated with mineral.

Figure3.13 Native 1.2% agarose gel for mineralized CPMV particles. Stdingy) wihidium
bromide and (B)oomassie IBe. Lane 1CPMWwt; 2, CoRACPMV; 3, FeBCPMV; 4, Zn8
CPMV.

In addition, the CPMV coat protein of CoRPMV, FePtCPMV and Zn$CPMV was
not detected immunologicallyFigure 3.14. Only in the case ofCPMVwt was a signal

obtained, confirming the presencECPMV coat protein; for the mineralized particles, the coat

protein was not accessible to the antibody presumably due to the mineral coating.
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CoPt-CPMV FePt-CPMV ~ ZnS-CPMV

Figure3.14 Immunological detection of CPMY/coat protein of mineralizred particles spotted on
a nitrocelllose membrane probed with polyclonal antibodies raised againsOQBNIN MMt
gave a detectable signal.

Further support for the deposition of a robust mineral shell on the external surface is
provided by comparison of the SDSAGE of mineralized andhori mineralized CPMV
particles(Figure 3.15. Even under harsh denaturing conditions, such as with sodium dodecyl
sulfate at 100 °C for 20 minutes, there is only very partial release of coat proteins on
denaturation of the mineraliZeGPMV particles as shan by the near absence of coat protein
on the SDEPAGE gel. This is what would be expected if the denaturing agent either is unable

to penetrate the mineral coat and/or the coat protein cannot be released from the mineralized

shells.

T e T S

41 kDa P

23 kDa

Figure3.1% SDSPAGE of mineralized CPMV patrticles. There is only very partial release of coat
protein on denaturation of the minerali&@MV particles as shown by the near absence of coat
proteins on the SIBPAGE gel. Lane 1, CPMXY, 2,PeptidéCoPCPMV; 3, CORICPMV; 4 Peptidd
FePCPMV; 5, FeBCPMV; 6, PeptidéZnsCPMV; 7, Zn8CPMV. Lanes 24 and 6 are before
mineralization whereas lanes 8nd 7 are after mineralization.
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The results of DLS and zeta potential measurements for the mineralized nanoparticles
are shownin Table 3.4 (and detailed graphs are shown in Figure 3.16). The particle size in
buffer as measured by DLS shows an increase in average hydrodynamic diaroaet82tam
following mineralization. Prior to peptidenodification and mineralization, CPMV has
diameter ofca. 28 nm, implying that the coating on each patrticle is approximately 2 nm. This
contrasts with a coating of 1 nm observed when FePt is templated on chimaerigde3Mdh
et al, 2009a) The coating thickness is significantly greater thhe atomic diameter of

individual metal atoms (0.29.27 nm) and the length of the couplpdptide (ca. 1.00 1.50

nm).
DLS diameter (nm)  Polydispersity (%) Zeta potential (mV)
CPMVwt 27.4+05 14.0 112.3+1.5
CoPi CPMV 31.8+05 16.7 139.1+2.1
FePi CPMV 32.0+£0.2 20.9 160.3+1.9
ZnS CPMV 30.8+04 15.0 122.2+3.3

Table3.4i Diameter and polydispersity measured by dynamic lightexiadgt and zeta potential
of CPMVwt and mineralizetdCPMV nanopatrticles.

The DLS polydispersity indicatekat, by this criteriorfsee chapte?) and in agreement

with the observed TEM images, the particles are monodisperse and that the coated CPMV

particles are uniformly mineralized on their outer surfaces.
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Figure3.1® DLS datacomparing CPMVwandmineraked particleA) CoPSCPMV (B) FeRt
CPMV (C) Zn8CPMV.

The zeta potential for suspensions of the mineralized particles in buffer are considerably
more negative than that for CPMN (Figure3.17), of ca.i 12 mV, and show that the colloids
have good stality and no propensity to aggregate. Particles were stable ©8em@nths. Zeta

potential values are summarised in Table 3.4.
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Figure3.1d Zeta potential measurement of mineralized (A)JSCERIV (B) FeRCPMV and (C)
ZnSOCPMV particles.

Nanoparticlgracking analysigFigure3.18), based on laser light scattering microscopy,
was also consistent with mineralization of the virus. For each of the mineralized virus particles
there was a significant increase in the relative refractive index compared idthype and
with "P"CPMV conjugates. The analysis is also consistent with the mineralized particles being
monodisperse as indicated by the particle size distribution; although foCPM there was a

little noni specific aggregation under the measwraticonditions employed.
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Flgure3 18 Negative image of a fredzame from nanopartlcle trackmg anaIyS|s for minefalized
CPMV nanoparticles. Showing that the particles appear individually as point scatterers under
Brownian motion with a high refraetiindex. (A) CoBCPMV; (B) FeRCPMV; (C) Zn8
CPMV.

The scanning electron micrograph of ReFRMV (Figure 3.19) provides further

evidence that the templated nanopatrticles retain their integrity and monodispersity

70



CHAPTER 3

Finally, the magnetic properties for the chimaiemplated particles could not be
obtained because of the low amount of the mineralized partibleined However, in order to
demonstrate that the FERPPMV pcssesses magnetic propertiadarge sample of mineralized
FePi CPMV (115mg mi*, 200 pl) wasprepared by the chemical modification roated placed
beside an external magnet as shown in Figur@ 3x@mediately, a progressive migration of the
dark nanopdicles towards the magnet was observed. It was very difficult to demagnetise the
particles maybe as a result of ferromagnetic properties. Particles remained in pellet form or as

large aggregates as confirmed by TEM, Figur@i32

Figure 3.20 Demonstatina magnetic properties of FEFRMV prepared by the chemical
modification route. (A) (1XBg m#:, 200 pl) FeBCPMV particles suspended in 100 mM sodium
phosphate buffer pH 7.0. (B) The same sample after 1 minute of exposure to the magnetic field,
and (C) is the corresponding TEM from the accumulated pelle}. iAr(@~ indicates particle
attracted to the external magnet.
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3.3.4 Mineralization of peptidedmodified MWCNT

Carbon nanotubes (CNTs) consist of rolled graphene sheets with diameters in the
nanometrerange and lengths in the micrometre range, and are useful materials with unique
properties. Matsui and ¢workers showed that nanotubular structures coated with a hitidine
rich peptide can serve as templates to generate mineralized gold nanoparttblesanotube
surface(Djalali et al, 2003) The possibility of using CNTs as building blocks for nanoelectronic
components or devices requires uniform and monodisperse metal coatings of the CNTs for
conductivity purposes. With this imind, the chemicallyycoupled peptidé promoted method of
mineralization was shown to be a general method for any suitably modified siitiedeoPt
peptidecould easily becoupled to an amine surfddanctionalised MWCNT by the standard
carbodiimide protocol to give peptibdmodified MWCNT (PeP"* “PMWCNT). Incubation of
Peptidd COPNIWCNT with cobalt chloride, hexachloroplatinic acid and sodium borohydride
reductant, followed by purification after 24 hours shows, by TEM, the initiation of
mineralization (Figure 31 B) at, pesumably, the sites of peptide coupling. This process is
analogous to that which occurs on mineralizatiori®8f ““CPMV conjugates as described
above. Repeating the mineralization process sequentially over seven days producecta. thick,
20 nm, faily uniform coating, of CoPt on the surface of the MWCNT as confirmed by TEM

(Figure 3.2i C) and EDXS (Figure 32.

Figure3.218 Unstained TEM images of pepddmmoted mineralization of amdfenctionalised
MWCNT. (A) aminégfunctionalised MWCNT; (BjrtideCoPMWCNT after 24 hours mineralization
showing initial nucleation sites of CoPt; (C) &wiRtralized MWCNT after 7 days.
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Figure3.28 EDX spectrum of CoPmineralized MWCNTMajor peaks for each metal indicated
with arrows.

3.4 Conclusions

In conclusion, the successful attachment of peptide that promote certain types of
mineralizationto the external surface of CPMVwt and MWCITonly the beginning and may
lead to the synthesis of metallic nanoshells with interesting magretiothemproperties. This

approach is proven to lgenerako any surface that could Baitablyfunctionalised.
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4 Charge promoted mineralization

4.1 Introduction

It was apparentrom using peptides coupled to the CPMV exterior capsid to promote
specific mineralizationthat the specificity of the peptide is something imbedded within the
peptidesequencéAljabali et al, 2011; Mann, 2001; Willett et al, 20G8)hough it is not fully
understoodThe composition of the peptides identifiedthg phagé display peptide library and
their ability to selectively initiate the nucleation is linked to tiechemical featuresf the
peptides this property depends on the peptide compositioth structureand not the peptide
sequenceProteins enriched with acidic amino acids (aspartic and glutamic acidg haen
suggested as nucleation sitesbinding G* during the controlled formation of calci¢éddadi
& Weiner, 1985 Wierzbicki et al, 1994and calcite deposition on a carboxyldaegminated
selfassembled monolayer (SAMan & Aizenberg, 2003However,the presence of charged
amino acids (such agutamic and aspartic acid) led me to believe that the charge within the
peptide is involved in initiation of nucleatiaimat canultimately lead to mineralization of
CPMV patrticles.

Although the precise reason for selectivitypeptides toward inorganienaterials is not
known, the sequence of the peptides used in the previous claptgsted to méhat the
overall charge within the peptide is responsible for the initiation of nucleation, although it is not
clear if it isresponsible for selectivity asel. This hypothesis has been used to generate
mineralized CPMV particles by changing the surface charge of CPMV patrticles

This chapter willdescribethat there is no requirement for the use of mineral/metal
specific peptides or the electroless deposipoocess for the CPMMemplated formation of
monodisperse mineralized nanoparticlgsis sufficient to simply increase the virus surface
negative charge by a chemicavalentmodification process. The chaigeodified CPMV, as
proofi ofi principle, was caad with cobalt or iron oxide to give monodisperse nanoparticles of

about 32 nm diameter. Further, the iron ox@dBMV nanoparticle surface can be functiosedi
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with, for example, a thiolatecdbligosaccharide, showing the potential for a range of

modificaions as depicted iRigure4.1.

—Sugar

Sugar

Figure4.10 Schematic representation of the covalent modification of 8exfaased amines on
the CPMVwt with succinamate (approx. 240 per virion) followed by mineralization and
functionalisatiowith a thiolatedligosaccharide

In addition, polyelectrolyte surfatmodified CPMVwt can be used for the templated
synthesis of gold coated CPMV particles (APMV). A cationic polyelectrolyte,
poly(allylamine) hydrochloride (PAH), was electrostatically adsorbed to the ekwirface of
the virus capsid, which promotes the adsorption of anionic gold complexes, which were then
easily reduced, under mild conditions, to form a metallic gold layer. As expected, the gold
surface can be further modified with thiol reagents. Intresh, reaction of polyelectrolyite
modified CPMV [“CPMV) with pré formed gold nanoparticles resulted in the isssembly

of large, hexagonally packed, tessellasggheres

4.2 Experimental

4.2.1 Materials

Di met hyl sul foxide O 99. 9 bydrgteDiMSI0 khloride r o n (
tetrahydrate, hexachloroplatinic acid, anhydrous cobalt(ll) chloridgoly(allylamine
hydrochloride) (PAH, MW~ 15,000), poly(fluorescein isothiocyanate allylamine hydrochloride)
(FITCi PAH, MW~ 9291), gold(lll) chloride trihydrat®9.9+%, tetrachloroauric acidnd
sodium borohydride were purchased from SigAddrich; succinic anhydride from Alfa Aesar
potassium carbonate from BDH; hydroxylamine hydrochloride, 99%, from Lancaster Synthesis

DyLighti 594 NHS Ester from Thermo Sciditi All reagents were used without further
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purification. Solutions were prepared using M) water withar esi st i vi ty of

(Millipore).

4 ] 2 ] 2 Succinamatt P MV

CPMV particles (1ang mf*, 1 ml) suspended in 10 mM sodium phosphate buffer pH
7.0 were reacted with a 2000 molar excess of succinic anhydride dissolved in DMSO and the
final DMSO concetration was aisted to 20%(v/v). The reaction pH was monitored and
maintained if needed at pH 7.0 by the additioa fdw drops of 1 mM NaOHThe reaction was
left overnight at 4 °C, then the modified particles were purified onlPlesalting columns,
followed by owernight dialysis using 100 kDa molecular weighti oft membranes against 10
mM sodium phosphateuffer pH 7.0. The yield of““™™&pPMV conjugate (superscript
proceeding the virus acronym refers to external modificgti@®termined by UYvis
absorpton at 260 nm, was betweeni®0% based on the initial virus concentration. The
particle integrity was established by native agarose gel electrophoresis, TEM, DLS and zeta

potentialmeasurements

4.2.3 SwdrmagpMV quantification

The number of succinic anhydde moieties per particle was determined for
SuecnamaSp\y conjugate as follows: "™ EPMV suspendedn 10 mM sodium phosphate
buffer pH 70 was reacted with a 2000 molar excess of NHS iestéivated amine specific dye,
DyLight594, in DMSO. The DNO level was adjusted to 200&/Vv) and the reaction left to
proceed at 4 °C overnight while gently stirring. The doubly functionalised particles were
purified on a PD10 column equilibrated with 10 mM sodium phosphate buffer pH 7.0, and
eluted samples wemdncentrated on 100 kDa ¢off columns before being layered onto 5 ml
10% 50% sucrose gradiengs described in section (2.17.The fractionscontaining the virus
particleswere collected and dialysed against 10 mM sodium phosphate buffer pH 7.0ags 2

with changing buffer every 12 hours. After further concentration on 100 kDaftablumns,
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fluorescencewas examined byeither UM vis or on agarose electrophoresis gealslack of

fluorescence indicating the complete modification of the virus bgisigcanhydride.

4.2.4 CodCPMV

suecnamates DNV pref activated particles (Bhg mf*, 1 ml) suspended in 10 mM sodium
phosphate buffer pH 7.4 were incubated with 20 mM cobalt(ll) chloride at ambient temperature,
while gently shaking at 50 rpm foii 2 hours. Fredlg prepared sodium borohydride (2mM) in
Milli T Q water was added and the mixture incubated for anothie301tinutes at ambient
temperature. Particles were recovered by centrifugation at 14000 rpm (bench top, Eppendorf)
for 20 minutes. The supernatant caomitag the Cé CPMV nanoparticles was further purified on
PDi 10 desalting columns. The eluted fractions were layered on sucrose gradients (as described
in section 2.17.1) and the fractions containing mineralized particles were collected and dialysed

againstl0 mM sodium phosphate buffer pH 7.0 for 15 hours

4.2.5 Iron oxidedaCPMV

suecnamates PN\ prd activated particles (1.2 mg mf*, 2 ml) suspended in 10 mM
sodium phosphate buffer pH 7.4 were incubated with 2 mM iron(ll) chloride tetrahydrate and 4
mM iron(lll) chloride hexahydrate at ambient temperature, while gently shaking at 50 rpm for
1i 2 hours. The pH was raised slowly to 10.2 by dropwise addition of 1 mM sodium hydroxide
and incubated for another hour at ambient temperature. As a control experiment, CPMVwt
particles were incubated with the same concentration of iron salts for 1 hour prior to raising the
pH to 10.2 for another hour and purified as described above fiaCMV. Sucrose gradient

centrifugationwas essential to remove all the impurities fromgample

4.2.6 Mossbauerspectroscopy analysis

Samples were analysed by Professor Dave Evans and Mrs Elaine Barclay. Detailed

experimental proedures are explained in section 2.13.
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4.2.7 Vibrating sample magnetometry (VSM) of iron oxiddCPMV

The magnetic measurememtsre conducted ascollaborative project witlrs. Oscar
Céspedes and Sarah Staniland, School of Physics and Astronomy, University ofUratsth

Kingdom Detailed experimental procedures are presented in section 2.14.

4.2.8 MetaldCPMV functionalisation with thiolated oligosaccharide

Freshly prepared iron oxid€PMV or Au CPMV particles (1 mg mit, 3 ml)
suspended in 10 mM sodium phosphate bydfér7.0,were incubated with 0.5 mg of thioi bi
Di maltoheptaose. The reaction mixture was purified on &1BZolumn, dialysed against 10
mM sodium phosphate buffer pH 7.0 for 2 days and concentrated using 100 kDa molecular
weight cutoff membranes. ©"9%@pataf CPMV  particles were analysed bynass

spectrometry.

4.2.9 AudCPMV functionalisation with cysteamine

To Aui CPMV (1 mg mf?) suspended in 10 mM sodium phosphate buffer pH 7.4 was
added an aqueous solution of cysteamine hydrochloride (1 mg). The reaction was left to proceed
for ca. 12 hours at dsient temperature>***™"CPMV particles were dialysed for 24 hours
against 100 mM sodium phosphate, 0.15 M NaCl, buffer pH 7.4 using 100 kDa dialysis
membranes®****™™CPMV particles were incubated with amiispecific DyLighi 594 NHS
ester (65 pg) 6r 2 hours at ambient temperature while gently stirrfget 594 cysteaming, i
CPMV particles were purified on sucrose gradient as described aravéherdialysed for 24

hours against 10 mM sodium phosphate buffer pH 7.4.

4.2.10 MALDI 8TOF mass spectrometry(MS)

MS analysisvas performed on iron oxid€PMV and At CPMV bothaddressed with
thiolatedoligosaccharidé1i thioi bi Di maltoheptaoge Particles were mixed in a 1:1 ratio with
the matrix (2,451 trihydroxyacetophenone, Ifig mi* in 70% aqueous acetonitrile) and I p

spotted onto a ground steel MALDI target plate (Bruker Daltonics, Bremen, Germany). After
81



CHAPTER 4

drying, the smple was analysed on a Bruker Ultraflex TOF/TOF. The instrument was
calibrated using Bruker standards (ca. 200 laser shots). Samples were analysed using a laser
power of approx. 25% and spectra were summed from ca. 30 x 15 laser shots. Data were
processedn FlexAnalysis (Bruker).MS analysis was conducted in collaboration with Dr.

Abdul Rashig John Innes Centre, UK.

4.2.11 CPMV&Poly(allylamine) hydrochloride (*CPMV)

Freshly prepare€PMV particles (Img mi*, 1 ml) were suspended in Mill) water
and added drapise over 5 minutes, with continuous stirring, to a freshly prepared PA#g(1
ml'") solution inaqueou®.25 M NaCl. The cationic polyelectrolyte was allowed to adsorb onto
the virus capsid for 30 minutes while gently shaking at 4 °C. The pmycabatel CPMV
particles {"CPMV) were washed i3} times with Milli Q water (15 ml) on 100 kDa didff
membranes, followed by dialysis against 10 mM sodium phosiphdfier pH 7.0 for 3 hours.
PACPMV was obtained in approximately 50% yield.

FITCTPACPMV was prepaed by a similar method excepiat theincubation was for 15 minutes.

4.2.12 Gold hydroxide solution

Gold(lll) chloride tihydrate (17.4 ml of 25 mM solutionyas diluted with Milli Q
water (982.6 ml), and then potassium carbonate (249 mg, 1.8 mM) was addedlufioa was
aged for 12 days in the dark (foil wrapped) at 4 °C, during which it changed colour from
yellow to colourless due to the formation of gold hydroxi@eaf & van Blaaderen, 2002; Kuo

et al, 2008)

4.2.13 Gold coated CPMV nanoparticles (AGCPMV)

Fresily prepared”CPMV particles(1i 1.5 mg mif*, 1ml) were incubated with gold
hydroxide solution(1 ml) as prepared above. The reaction solution was left stirring at room
temperature for 2 hours before adding a freshly prepared agueous solution of hydraxylam

hydrochloride to a final concentration of 20 mM. The reaction was left to proceed for a further

82



CHAPTER 4

20 minutes at ambient temperature.i B&MV particles were spun at 14000 rpm (bench top
centrifuge) for20 minutes to remove any large aggregates before hepered onto 5 ml 2@i

50% sucrose gradientas described in section 2.17.8ucrosdractionscontaining Ali CPMV
particles bluish colour) were collected and dialysed against 10 mM sodium phosphate buffer
pH 7.0 for 15 hours using 100 kDa molecular giicui off membranes. The ACPMV
particleswere concentrated and the yield determined, by W8/absorption at 260 nm, to be

approximately 5060% based on starting concentratiof@PMV.

4.2.14 Gold nanoparticle (AuNP) preparation

A modification of a publishe protocol was usedHone et al, 2003)In brief,
tetrachloroauric acid trinydrate (HAuWC3H,O) (12.5 mg, 0.032 mM) was dissolved in water
(200 ml) and the solution heated to 60 °C. A second solution of trisodium citrate dihydrate (50
mg, 0.170 mM) in war (50 ml) was also heated to 60 °C. Both solutions were rapidly mixed
and heated with stirring at 85 °C for 150 minutes. Aftoling,the red winécoloured solution
was filtered through a syringe filter (0.22 um) and stored at 4 °C. TEM and DLS comfaeme

AUNP size of 10 18 nm

4.2.15PCPMV and predformed AuNP (tessellatedspheres)

PACPMV particles (1mg mi*, 4001 ) and a s usigappes godn of
nanoparticles ( 40i04.214 wereAaadted together pith geptle stiging at
ambient temperature for 15 minutes. The solution colour changed from red to light purple.
UVi vis spectroscopy was used to monitor the formatiolessellatetisphers as confirmed by
TEM.

For the characterisation methods used in this chapter (immunologiesdtion, TEM,

SEM, NTA, agarose gels, EDXS, and ZP) refer to chapter 2.
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4.3 Results and Discussion

4.3.1 Charge promoted mineralization

The previous studies on CPMV mineralizationdascribedn chapter 3, and those of
others (Addadi & Weiner, 1985 Wierzbicki et al, 1994) suggested that the initiation of
mineralizationis related tothe presence ohegatively charged amino acidSPMV can be
considered as an anionic macromolecule at neutral pH with an isoelectric ppoft48 + 0.1
(Kewalramani et al, 201). In order to create suitable conditions for templated surface
mineralization, CPMV particles were covalently modified with succinic anhydride to increase
the virus capsid surface negative charge. Succinic anhydride has a cyclic structure that is highly
reactive toward nucleophiles (amines). Attack of a nucleophile at one of the carbonyl groups
opens the anhydride ring, forming a covalent bondhtlysine aminénitrogen and a free
carboxylate group at the other end of the irojgened moleculéHermansa, 2008) Figure 4.1
Coverageof at least 240 surface addressable lysines with succinamate was adi@aeainé
specific dye could be coupled to the virus capsidipogtification, as shown by the lack of dye
absorbance in the UWis spectrum followingrigorous purification(as describeé in section
2.17) confirming that no addressable lysine groups remain.

suecnamates NV particle integrity was established by uranyltateé stained TEM images
as shown irFigure4.2i A. As expected, there was no sigod#t differencerni size or structure
compared wittCPMVwt. °“™MaepMy was found to be stable for at least two months in 10
mM sodium phosphate buffer pH 7.0n addition, TEM shows no aggregation of
suecinamates oA\ particles on any of the samples megnl during this study.

SuecnamaSp\V particles in buffer were incubated with the appropriate reagents for
mineralization 3"““"*™&PMV when incubated with cobalt chloride followed by reduction with
sodium borohydride gave cobalt coated CPMV nanapest (Ca CPMV). Treatment under
alkaline hydrolysis conditions th&vour the formation of magnetitVu et al, 2009) FgQO.,,
by incubation with a 2:1 mixture of iron(ll) and iron(lll) salts followed by raising the pH to

approximately 10.2 for 1 hour, gairon oxide coated CPMV patrticles (iron oxiPMV).
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The unstained TEM images of the mineralized particles reveal monodisperse
nanoparticles ofa. 32 nm. The appearance of the mineralized CPMV particles is similar to that
which has been previously olged for templated mineralizé@PMV as discussed in chapter
3. Forparticles obtained by alternative methods see chapters 3, 4,(Afjdali et al, 2010b;

Aljabali et al, 2011; Shah et al, 2009a; Steinmetz et al, 2009b)

o

Figure4.20 TEM images for (Aliranyl acetate staingdcinama@€pPMV, (B) unstained 60PMV
and (C) unstained iron oxd@PMV particles from sucrose gradidnset shows higher
magnification particles.

The presence of succinamate, and hence the extra surface negative chargentials ess
for template@dmineralization. CPMVwt when incubated under identicahditions, with the
same concentration of reagents, resulted in visible bulk precipitation and otilgpeoific

mineralization; particles with a wide size distribution were olethias shown by TEM iRigure

43.

Figure 438 Unstained TEM of positive control of CPMVwt under identical mineralization
conditions as those to form templated iron @G&MV, only nodspecific mineral formation of
variable particle size was observed.
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SuccnamaiepMV  particles have a zeta potential almost itamd ai half fold more
negativethan CPMVt, consistent with successful surface modification #r&lconsequent
increase in surface negative chartjee data is summarised in Table 4.1. The ZP valf
suspensiasnof mineralized CoCPMV and iron oxideCPMV are considerably more negative
than that folCPMVwt, of ca.i 12 mV, and for*““™™&pMV of ca.i 28 mV, indicatingthat the

colloids have good stability argthowno propensity to aggregate.

Diameter (nm) Polydispersity (%)  Zeta potential (mV)
CPMVwt 28.2+04 13.0 012.3 +1.40
Succinama@PMV 28.9+0.3 16.5 028.2 +2.34
CodCPMV 31.2+05 18.4 041.2+£1.15
Iron oxid®&CPMV 324+05 20.9 039.0+2.4

Table4.16 Dynamic light scatterirmgnd zeta potential measurements

Native agarose gel electrophoresis shown inFigure 4.4, visualsed by ethidium
bromide staining of encapsidated RNA or Coomassie blue staining of protein, also reflected the
increasedsurface negative charge 3f°™™SCPMV, as the particles migrate further in the gel
than CPMVnt particles. Agarose gel electrophoresis of iron oXi@®MV (Figure 4.4i A),
stained with ethidium bromide, shows some weak fluorescent intensity associatbdrvadshof
different mobility to ®@MVwt and>"“"™™EPMV, suggesting limited porosity of the iron oxide
surface to ethidiunbromide, whichintercalates wh encapsidated RNAHowever, Coomassie
blue stained gels detect no amation for the mineralized particles, consistent with the
mineralized virus surface being inaccessible to this ¢Egure4.4i B). Ca CPMV when run
on an agarose geFigure4.4) cannot be visuaded by either ethidium bromide or Coomassie

staining, implying that the cobalt forms an impervious shell on the sumdace
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Figure4.46 Agarose gel electrophoresis (1.2%) of intact CPMV particles visualisedhixyifi)
bromide staining, (Bpomassie staining. Lane 1, CPMVwegu@nama€PMV., 3, mineralizéd
CPMV.

Energy dispersive May spectroscopy (EDXSrigure 4.5) of Cd CPMV and iron

oxider CPMV confirmed the presence of cobalt, and iron and oxygen, respectively. There was

no significant amount of oxygen in the EDXS ofiCG#MV, so there is no evidence of cobalt

‘E'“- .
g\ T T T T T T T
i 0 1 2 3 4 5 [ 7 [ 9

Figure4.56 EDX spectrumof mineralizedCPMV particledA) C®CPMV, obalt peak indicated
by red aiow, and (B) Iron oxid&€PMV, fon and oxygen peaks indicated by red arrows

surface oxidation.
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Immunological detectiordpt blotg of the surface oboth CPMVwt and“““""EpMV
can be deteetl immunologically(Figure 4.6). However, both iron oxideCPMV and cobalt
CPMV, when probed immunologicallgpuld not be observed Figure 4.6), consistent with the
mineral surfaciecoating preventing access of the antibodyi ©®MV particles were detected
when stained witha cobalt specific dye, Thitrosd 2i naphthol, whereas CPMM and
Suwecinamals MV were not stainedFigure 4.6 B). Similarly, iron oxidé CPMV particles stained

with Prussian bluéFigure4.6i B) confirming the presence of irgAljabali et 4, 2010c)

Co-CPMV | Iron oxide-CPMV

Figure 4.60 Intact particles spotted on a nitrocellulose membrane probed with (A) polyclonal
antibodie raised against CPMV partiidesk spots show CPMV coat protein; épgcific
staining,10nitros@2d6naphthol to stain for cobadind Prussin blue stain for ironColumn 1,
CPMVwt; 2Succinama@€PMV: 3, mineralizedCPMV.

Dynamic light scattering (DLS) and zeta potential measurements are collected in Table
41, Figure 4.7 and Figure 4.8. The average hydrodynamic diameter, from DLS, of the
mineralized particles indicates a mineral coating of approximately 2 nm in each case, and the

polydispersity shows that the particles are monodisperse. The particle size from DLS is in

agreement with the observed TEM images.
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Figure4.70 DLS and correlatioplot for CPMVwt, CBCPMV and iron oxid€CPMV particles.

The zeta potential for the mineralized particles suspended in buffer is considerably more
negative than CPMwt; by thiscriterion,the mineralized particles have good colloidal stability.
ZP was auseful tool in monitoring the changes in the surface charge as a consequence of virus

surface modification.
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Figure4.88 Zeta potential measurements of CRN]Wuccnama@pPMV, C&CPMYV and iron oxide
CPMV suspended in buffer at pH 7.2.

Although the conttions used for the formation of the iron oxide coating were chosen to
favour mineralization with magneti{®u et al, 1999; Wu et al, 2008} shown in guation 1,

the presenciFe®)f dremad jAehcdrtiEbe discounted.

2FeCk+FeCh+ 8 Na OHO,¥8Na@ +4HOé é é é é é é . . (

In an atempt to establish the forrof iron oxide coating the surfaceof CPMV,
Mdssbauer spectra were recorded of samplé$efenriched iron oxideCPMV (Experiments
were conducted by Prof. Dave Evans and Mrs Elaine Barcy80 K, in frozen solution, a
single quadrupole split doublet was observed with isomer shift (i.s.) of 0.49''mansl
quadrupole splitting (g.s.) of 0.64 mrhsFigure 4.9. These values are very similar to those
recorded in the solid sta(Eigure4.10) at 80 K, 0.48 and 0.61 misrespectiely. At 298 K in
the solidstate,the i.s. was 0.37 mrfis as expected when changing the temperature by this

amount, and the g.s., 0.61 mmsvas found to be invariant with temperature. The values of i.s.
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and g.s. are fully consistent with the iron oxigeing present on the surface of the virus as
superparamagnetic magnetite nanoparticles; at room temperature i.s. values have been reported
to range from 0.30 0.36 mm&' and g.s. values from 0.600.65 mm&' (Ambashta et al, 2005;
Marques et al, 2008; ¥hg & Jiang, 2009)However, Mdssbauer spectroscopy does not easily
differentiate between magnetite and hematite nanoparticles, as the latter, when the particles are
less than 10 nm in size, gave parameters in the range of i.§. 0.40 mm§' and q.s. 60.45i

0.60 mms§' (Camargo et al, 2004; Greenwood & Gibb, 1971)
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Figured.90 Frozen solution Méssbauer spectrum at 80 K of ironda@®iMV.
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Figure4.100 Mossbauer spectrum of iron 0xd@MYV in the solid sta(@) At 80 K, there is a
verysmall cotribution from an underlying 8iine spectrunm(B) At 298 K
The single quadrupole split doublet for the superparamagnetic nanoparticles should be

contrasted with the two, partially resolved, overlapping, hyperfine splitlirgg spectra
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observed for bk magnetiteFigure 4.11 and the single sitine spectrum observed for bulk

hematite(Greenwood & Gibb, 1971)
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Figured.110 Mossbauer spectrum of bulk magnetite in the solid state.at 80 K

If the reaction time for the alkaline hydrolysis was too shdftiasbauer spectrum was
obtained that showed two overlapping quadrupole split doubkétgiré 4.12). The minor
doublet had parameters similar to those observed above for superparamagnetic magnetite
nanoparticles and the major doublet had parameters=(i1s32 and g.s. = 3.09 mm that
correspond to Fe(OH)Greenwood & Gibb, 1971)he alkaline hydrolysis and consequent

formation of iron oxide was not complete.
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Figure4.128 Frozen solution Mdssbauer spectrum at 80 K of reaction intermediate. Magir do
corresponds to Fe(OkHand minor doublet to nanoparticulate superparamagnetic iron oxide.
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Vibrating sample magnetometdatg conducted byDr Sarah Staniland anidr Oscar
Céspedes of iron oxidé CPMV is also fully consistent with the particles eitity
superparamagnetizehaviourwith a blocking temperature £Y of around 60 K. The zero field
cooled (ZFC) and field cooled (FC) magnetization cur€sgure 4.13) are typical
magnetization curves for magnetic nanoparticles. Underdr@itions thereis no sharp change
in the magnetization value from 380 K to 10 K. The ZFC curve shows a broad maximum at the
temperature corresponding t@, below which there is a sharp decrease in magnetization. The
Verway transition was not visible but this is normat this size of particles. Variations of the
magnetization of the sample as a function of applied field, hysteresis (Ieigpse 4.13), are

clearly superparamagnetic at temperatures abgead ferromagnetic below.
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Figure 4.130 Zero field cooled (ZFCand field cooled (FC) magnetization curves (left) and
hysteresis loops (right) above (200 K) and below (5 K) the blocking temperature (60 K).

4.3.2 Iron oxidedCPMV functionalisation

Iron oxideg CPMV particles were functionaéd with a thiolatedligosaccharide(1i
thioi bi DI maltoheptaose), as prdofi principle that the surface can be further modified, and
characterized by mass spectrometry. After rigorous purificdtisescribed in section 2.1
the Cl9esacchandg o oxidg CPMV particles(as described in sectich17) MALDIi TOF mass

spectrometry(Figure 4.14) shows the presence of peaks with m/z of 1191.571 [M%Na]
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1207.551 [M+K] and 2373.843 [M+K]", consistent with functionation of the iron oxide
surface with the thiolatedligosaccharide. Although théniblated oligosaccharide may bind
directly to the iron within the iron oxide coating, it is also likely that the thiol group interacts
with hydroxyli groups generated on the surface by partial hydrolysis in aqueous(Beyé et

al, 2009a; Boyer et al, BOb). The ease by which the surface iron oxide can be addressed with
thiolated molecules demonstrates the potential for the modification of the nanoparticle surface

with a range of chemical moieties.
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Figure4.140 Mass spectrum dfigesacchariqeon oxicedCPMV showinghe correspondingeaks
[M+Na]*= 1191.91, [M+K]* = 1207.51 and [M+K]+= 2373.43. The upper panel is faon
oxide®dCPMV and the lower panel is $ticsaccharidgron oxid&CPMV.

4.4 CPMVapolyelectrolytedtemplated gold nanoparticles

Gold nanoparticles have attracted significant interest because of their great potential in
photothermal therapy, drug delivery and diagnogtiisosh et al, 2008mnd for applications as
plasmonic nanostructures for the optical sensing of biological and dieanialytes(Evans,

2008; Evans, 2009; Evans, 2010; Steinmetz & Evans, 2083)ess to a wide range of
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derivatives and functional moieties adds to the versatility of gold nanoparticiesifionerable
applications in the fields of biomedicine and nanatedbgy.

The value of gold nanopatrticles arises from a variety of desirable structural attributes.
Additionally, the interaction of biological systems with gold nanoparticles has attracted
considerable attention. For exampdéjving fungus card a ¢ t iasseanble gold nanoparticles
over its hyphae to give conducting microstructu(gsigunan et al, 2007)The bacterium
Escherichia colihas been converted into a biocompatible badtgaol nanocomposite for
photothermal arnitcancer therapyKuo et al, 2008)and Chilo iridescent virugCIV) has been
shown to be a useful core substrate for the fabrication of metallodielectric plasmonic
nanostructure@Radloff et al, 2005a)

Genetically modified CPMV, with cysteine residues introduced onto its external
surface has been shown to birtid preformedhanogold(Blum et al, 2004; Wang et al, 2002a;
Wang et al, 2002d)YOn the contrary, the approach presented in here is template synthesis of
goldi coatedCPMV patrticles

Herein, a cationic polyelectrolyte, poly(allylam@&) hydrochloride (PAH), was
electrostatically adsorbednto the external surface of the virus capslthe polyelectrolyte
(polymer whose repeating units bear afectrolyte group. These groups willlissociatein
agueoussolutions making the polymersharged promotes the adsorption of anionic gold
complexes, which were then easily reduced, under mild conditions, to form a metallic gold
layer. The approach is depicted Figure 4.5. The process is simple and environmentally
friendly, as only aqueous solMeand ambient temperature and pressure are requined.
addition, this route offers a way to producei &MV with a narrow size distributiorAs
expected, the gold surface can be further modified with thiol reagents. In contrast, reaction of
polyelectrolyei modified CPMV (“CPMV) with pré formed gold nanoparticles resulted in the

selfi assembly of large, hexagonally packed, tessellafgdtkres.
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Figure4.150 Schematic representation of the polyelectrolyte adsorption onto the CPMV capsid
followed by the s@equent incubation with the gold solution to gener&@PAV .

4.4.1 Polyelectrolyte adsorptioronto CPMV surface

As stated in section 4.3.CPMV can be considered as an anionic macromolecule at
neutral pH with an isoelectric pointljmf 4.3+ 0.1(Kewalramamet al, 2011) At physiological
pH (pH 7.4), aspartic and glutamic acid residues situated on the virus capsid surface are
deprotonatedso the surface presents an overall negative charge. Incubation of CPMV with
PAH led to electrostatic adsorption of anttlayer of cationic polyelectrolyte onto the capsid
surface as confirmed by zeta potential measuremeniBhe negatively charged CPMVwt
particles, in 10 mM sodium phosphate buffer pK, havea zeta potential of cd12.3 £1.76
mV (Aljabali et al, 2010b;Aljabali et al, 2011) After depositbn of the polyelectrolyte,
PACPMV exhibits a zeta potential of +67.8 + 2.88/; the sign of the potential is reversed,
consistent with the surface charge changmgifnegative to positive.

Further confirmation of fdgelectrolyte adsorption onto the surfaoé CPMV was
obtained by the use of fluorescently labelled polyelectrpfiierescein isothiocyandtebelled
poly(allylamine hydrochloride) (FITGPAH). The UM vis spectrum of ™ "ACPMV showed
the presence of aew peak at 500 nm arising from the fluorescent lame confirming

successful surface modification with® "*"CPMV (Figure4.16).
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Figure4.160 UVdvis absorption spectrum of CPMVwt (blug) lareFTcsPACPMV(red line).

Comparison of native agarogel electrophoresis of CPMVwE CPMV and™T¢P4
CPMV showedthat: (a) both CPMVwt ant"CPMV were not visible without staining; (b) both
PACPMV and "T“PACPMV resided in the sample well and did not migrate under the electric
field conditions employedFigure 4.17). The lack of migration from the well iprobably a
consequence of the presence of electrostatically bound polyelectrolyte on the virus surface and
not of particle aggregation. DLS BfCPMV (Figure4.18) gave a hydrodynamic diameter of 32

nm for the polyelectrolyfiecoated particles and a polydispersity value of 9.3% that confirmed

narrow disribution and no aggregation.

Figure4.170 Agarose gel electrophorgdi®%. (A) unstained, (B) kidium bromide stained and
(C) momassie blue statheane 1, CPMVwt, LaneP2CPMVandLane 3FITCSPACPMYV,
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m— CPMVWwt == PACPMV

Figure4.188 DLS of PACPMV showing narrow size range (hydrodynamic diametex) 32d no
aggregatiofnarrow size distribution in.B)

PACPMV particle integrity was confirmed by gative stainingTEM (Figure 4.19i A),
the particles show a similar morphology to CPMViNb aggregation was observed in any of

the TEM samples.
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Figure4.196 TEM images of (A) uranyl acetstiinec’ACPMV, (B) unstained AACPMV, inset is
high magnification TEM imagewistained ABCPMV.

4.4.1.1 Gold coated CPMV particles

An aqueous gold hydroxide solution was prepared by a published prog€hafe& van
Blaaderen, 2002; Kuo et al, 20aG8)m gold(lIl) chloride and potassium carbonéiguation 2.
Treatment of “CPMV with this solution for two hours, followed by hydroxylamine
hydrochloride reduction for 20 minutes, and then rigorous purificgéerdescribed in section

2.17) produced gold¢doatedCPMV nanoparticles as shownhigure4.19i B.
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K,CO; + 2H,0 Y ,CB;+ 2KOH

HCO; + HAUCLL Y [ A4l €H,CO;

[AUCI]' +XOH ¥V Au (OHX+y=4)+{@y)Clééééé. (2)

Initially, anionic gold(lll) hydroxyl complex was electrostatically adsorbed onto the
cationic surface of"CPMV particles, and then this was reduced under mild conditions to give
metallic gold at the surface. The reaction was accompanied by a colour change from colourless
to light puple as seen iFigure 420i C and the UVvis spectrum exhibited a surface plasmon
resonance band at ca. 68 as seen ifrigure 421. Additionally, both experiment controls
(vial A and B inFigure 420) were investigated by TEM, unstained images showRigure
4.22 revealed a different morphology to that observed for thieEGRMV particles Figure 419

B).
B
A B C

Figure4.20 Photographic images of gold coating reaction. (A) abfemce dfACPMYV, (B) in
the presece of CPMVwt and (C) withCPMVforming AWCPMV.Image was taken by Andrew
Davis Biodimaging facilities at JIC.
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Figure4.210 UVdvis absorption spectrum of @CPMV showing plasmon resonance peak
at ca. 630 nifor 67 nm diameter ACPMV.

Unstained TEM images of ACPMV particles(Figure 4.19 B) confirmed that gold
had been deposited on the surface and agreed with the DLS measurements. UftBiviat
was not visible by TEM. The gold coating on the virus capsid was rough with an irregular
surface (Figure 4.191 inse) and the mineralizationof the surface probably occurred by an
Ostwaldripening procesgMcNaught & Wilkinson, 1997)The structural appearance of thei Au
CPMV particles is reminiscent of the morphological forms obtained when gold is electrolessly
deposited onto the surface of gold aparticle seeded Chilo iridescent vir(Radloff et al,
2005a) Control experiments, keeping all other reaction comaktithe same, where either
PACPMV was omitted (no virus) or CPMVwt was used, resulted in the immediate formation of a
black precipitate fogold aggregates with a wide size distribution and irregular shapes as shown

by TEMin (Figure4.22).
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Figure4.226 Unstained TEM images of products from (A) all reagenfsuBCPMV synthesis
excepttACPMV (i.e. no virus) and (B) all reagents fadGRMV synthesis except tfaCPMV

was substituted by CPMVwt. In bathiseslarge aggregates and irregular shaped particles were
observedin (B) a different morphology to templatedd@BMV wasobservedas the aggregates
arecomprisedf multiple small gdinanopatrticles; examples of unmineralized CPMV are shown in
the red circles

Aui CPMV particles suspended in buffer have a zeta potentid@P + 1.39 mV, of
opposite sign to cationf®®CPMV and significantly more negative than CPMVilihe higher
negaive values for the mineralized particles may be a consequence of the presence of phosphate
in the buffer passivating the metal surface and generating a greater apparent negative charge
under the conditions of measurement. Zeta potential is also an ioditwt the colloids have
good stability and no propensity to aggregatbuffer solution.

The Au CPMV particle size in buffer, as measured by DERjure 4.23), shows an
average hydrodynamic diameteroaf. 67 nmsuggestinghatthe gold coating has dickness of
approximately 20 nm.The DLS polydispersity indicates that the particles are narrowly
dispersed, in agreement with the observed TEM images, and that the coated CPMV patrticles are
mineralized on their outer surfaceBhe thickness of the gold ating can be controlled
Treatment of “CPMV underthe standard conditionas describechi the experimentalestion
(4.2.12)gave a patrticle size @f. 67+5 nm. Keeping all other conditions the same but reducing

the volume of the gold solution aliquot bglf gave particles ofa. 40 nm diameter, whereas

doubling the gold solution aliquot gave much larger particlea@00 nm diameter.
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Figure 4230 Dynamic light satering (DLS) comparing CPMVwvand AWCPMV. (A)
hydrodynamic radius and (B) correlgtion

Energy dispersive May spectroscopy (EDXSAnd DLSconfirmed tle presence of
gold on the external surface of ACPMV as shown irFigure 4.24. In addition,nanoparticlé
tracking analysis, based on laser light scattering microscopy, was also eansisth gold
deposition(Figure4.25). There was a significant increase in the relative refractive index’iof Au
CPMV compared to CPMVwt and”CPMV. This analysis is also consistent with the
mineralized particles being monodisperse as indicated by thelgaitie distribution; although

there was a little ndrspecific aggregation under the measurement conditions employed.

Spectrum 14

Figure4.240 Energydispersive &ray spectroscopy of BPMV particles. The arrow indicates the
major gold peak.
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O

Figure4.250 Negdive image of a freesfeame from nanoparticle tracking analysis 6CRMV
nanoparticles. The particles appear individually as point scatterers under Brownian motion with a
high refractive index.

Further, the CPMV coat protein of AGPMV was not detecteimmunologically
(Figure 4.26). CPMVwt, ""CPMV and Al CPMV were spotted onto a nitrocellulose
membrane, whichafter blocking, was probed with polyclonal antibodies raised in rabbits
against CPMV particlesin the case of CPMVwt and"CPMV a signal was ohined,

confirming the presence of CPMV coat protein; for thed @GEAMV particles the coat protein

was not accessible to the antibody presumably due to the metal coating.

CPMVwt

Figure4.266 Immunological detectionf @oat protein for CPMVwWEACPMV and AWCPMV
intact particledn the latter case, coat protein is inaccessible due to the gold coating.
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4.4.1.2 AudCPMYV functionalisation

Aui CPMV particles were functionalised with a thiolateligosaccharide (lthioi bi
Di maltoheptaose), as prdéaffi principle that the surfac can be further modified and
chamcterised by mass spectrometAfter rigorous puriication of the ©"9%s2¢haid i CPMV
particles, MALDI TOF mass spectrometifrigure 4.27) showed the presence of peaks with
m/z of 1191.453 [M+Nd] 1207.430 [M+K] and 2373.803 [M+K]", consistent with
functionalisation of the gold surface with the thioldta®yosaccharideln addition, Ai CPMV
particles can be functionalised with cysteamine. The thiol group of the cysteamine binds to the
gold surface; the amine grogpthe conjugateictysteamine can then be reacted with an aimine
specific fluorescent dye confirming that the gold surface has been modiifgrag4.28). The
ease by which the surface gold can be addressed with thiolated molecules demonstrates the
potentid for the modification of the nanoparticle surface with a range of chemical moieties.
Such modified particles have the potential for development in applications such as photothermal

therapeutics and in biosensory devices
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Figure4.276 Mass spectrum ofoft) negative control, i.e. &PMV, and (bottonf)igesaccharidaud
CPMV showing peaks 1191.453 [M+N&207.430 [M+K]and 2373.803[MK] +.
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Figured.280 UVdvis absorption spectrum of 8aGPMV (A) andysteamn€PMV after reaction with
amind@specific dg, DytigheseacysteaminAydCPMV, (B). Right panel shows the corresponding
photographic image confirming functionalisation of the gold surface with &84ght

4.4.1.3 "'CPMV and pradformed AuNP

In order to establish whether pfermed gold nanoparticles couldtéract with
PACPMV, the polyelectrolyiemodified virus was incubated with citratd capped gold
nanoparticles (AuNP)The UWivis spectrum presented iRigure 4.29 indicates that the
interparticle distances in the tesselldtgohere are obviously less thdmetaverage particle
diameter This was further confirmed by thetatmned TEM images showed that large,
hexagonally packed, tessellatsgheres had assembled that incorporated both virus and gold
nanoparticlegFigure4.30i B & C). These remarkable, spherisatuctures had diameters of up
to several hundred nanometr&, mixing”™CPMV with AuNP there was an immediate colour
change from red to pale purpds shown irFigure4.30i A. The colour of the solution of such
aggregates depends on the nanoparticle ispaand on the size of gold nanoparticles.
Nanoparticle aggregates of gold with interparticle distances substantially greater than the
average particl e dnixa58@nmebut asthepirdenparticle disfance in thdr o
aggregates decrease less than approximately the average particle diameter, the colour
becomes blu¢Hainfeld & Powell, 2000; Nam et al, 2002}he 3 dimensional spherical shape

was confirmed by scanning electron microscopy of sputtated particle@Figure4.31).
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Figure 4298 UVoavisible spectrum of the tessellasptheres. Spectrum (1) CPMVwt (2) gold
nanoparticles with absorbance max @n&2, (3) the incubation 6fCPMV with AUNP after 2
minutes and (4) after 24 hours incubation.
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Figure4.3 Tessellatégpheres fanation.(A) photographic image of @JNP and If) PACPMV
mixed with AUNP. The colour change was immediate and corresponds t@absesdity of
tessellaté$pheres(B) Stained TEM image of a single tessedspbdre showing the CPMV
particles as heyanallppacked mosaic pieces in a spherical arrangement together with gold
nanoparticles andC) tessellatéiphere of a range of sizeShe black spheres within the
tessellatégphere are gold nanopatrticles.

Figure4.318 Scanning electron microsc@pd DLS analysis of the tesselldptieres. (A) single
sputteBcoated tessellatiphere on a mica surfamed (B) DLS analysis of tesselBplderes
showing 5% of the sample is the size of CPMVwt and the tessgitedees have an
hydrodynamic radius 815120 nm
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The colour of the tessellatesphereiscontaining solution in this case indicates that the
interparticle distances in the tesselldtgohere are obviously less than the average patrticle
diameter, whichis also evident fronthe TEM studies However, control experimentgFigure
4.32) showed that it was essential for bothifoemed "*CPMV and AuNP to be present for
selfi assembly. Reaction of either: (a) citrate WitEPMV; (b) CPMVwt with both citrate and
AuUNP; or (c) PAH, citrate, CPMVwt anduNP, resulted in no colour change and only gave, in
each case, normal looking, rigelfi assembled, virus particles as shown by TENhers have
shown that CPM\{Li et al, 200§ andturnip yellow mosaic viruéLi et al, 2009can be used to
synthesise bicolloidal composites based upon ioovalent interactions of the icosahedral
plant viruses with poly({@vinylpyridine). However, in these systems, in contrast to that reported
here, the virus particles assemble on the surface of peipdpyridine) polymerballs with
hexagoiil i ke packing filoi kfeddr me tfrruacs pulreersr.y Recent |
assembly of viruigpolymer complexes of Cowpea chlorotic mottle virus and cationic amine
functionalised linear polymers, dendrons and dendrimers hasdeseribed, and the effect of
polymer size and ionic strength has been repdKedtiainen et al, 2011Hexagonal packing
was observed within the virigolymer structures but the structures were less symmetrical than
those we observed. The mechanism ofmition also must be different, as f6CPMV to form

selfi assembledtructuresit was a requirement that AUNP were present.
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Figure4.320 Uranyl acetatstained TEM images f6fRCPMV/AUNP control experiments. (A)
citrate withP/ACPMV (no AuNP), (B) CPMM with both citrate and AuNP, (C) PAH, citrate,
CPMVwt and AuNP.
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4.4.2 Conclusion

It has been shown that Imycreasing the surface negative charge of CPMV by chemical
modification of lysines with succinamate was sufficient to promote surface mineralizatilen u
mild conditions. The CPM¥emplated cobalt and iron oxide nanopatrticles that were produced
are monodisperse with a diameter of ca. 32 nm. Further, the irori @88/ surface can be
readily modified by reaction with thibtontaining molecules. The maegfic propeliesfor iron
oxider CPMV particles vereestablished.

A new approach has beedescribed for theCPMVitemplated synthesis of
monodisperse gold nanoparticl€ationic polyelectrolyte, poly(allylamine) hydrochloride, was
electrostatically boundotthe external surface of the virus capsid. The CPpyelectrolyte
conjugate, ""CPMV, has an increased surface positive charge compared totypiéd and
readily attracts anionic gold complexes to the surface. Gold(lll) ions were then easily reduced,
unde mild conditions, to form a metallic gold layer on the external surface of the virus capsid.
By varying reaction conditions there was some control over the thickness of the gold coating.
Aui CPMV particles might be developed in the future for possible gbhetmal cancer
treatment.The gold surface can be further modified with thiol reagents; here a thiolated
oligosaccharider cysteaminavas used. In contrast, reaction"6EPMV with pre formed gold
nanoparticles of I8 nm diameter resulted in the $e¥sembly of beautiful, large,
hexagonally packed, tessellategheres.The tessellatetdspheresare yet to be explored for

possible future applications.
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5 Electroless metal deposition on CPMV

5.1 Introduction

Metallic nanoparticles have attracted much interest because of thédidepeadent
magnetic, optical athelectrical properties that give them significant potential for applications
such as data storage, catalysts and nanomagfeltheim & Foss, 2002)Further, hollow
metallic nanoparticles may offer enhanced properties, which may be useful in catalyas an
drug delivery vehiclegKim et al, 2002; Liang et al, 2004; Lu et al, 2008)uch nanoparticles
consume less material in their preparation and may be cheaper to produce than solid
nanoparticles

Examples of the use of biological entities in the sysitheof nanomaterials by
deposition of metals from solution by direct reduction of the metal onto the biological template
include: modification of the surface ®bbacco mosaic viruujardin et al, 2003b; Knez et al,
2006; Knez et al, 2003b; Schlick et, &005b) gold templated ontcChilo iridescent virus
(Radloff et al, 2005h) templated synthesis of metallic coatings on genetically modified
bacteriophage M1@lynn et al, 2003b)

This chapter willdescribe the extension dhe use of CPMV as a templater
fabricating metallic nararticles without any prior genetic or chemical modification to the
virus capsid and, importantly, without the need of peptides to act as nucleatioassiiesn
previously discussed in chapter Blectroless deposition (ELDjs an autocatalytic redox
process in which metal ions are chemically reduced to metal in the absence of an external
current. ELD has become a commonly used process and allows the production of thin layers of
metals and alloys with uniform thickness andnposition (Mallory & Hajdu, 1996) The
metallization of CPMV by piieactivation of the capsid surface with palladium(ll) followed by
ELD of cobalt, nickel, iron, platinum, cobgfilatinum and nickéliron at room temperature,
resulted in monodisperse metalhangarticles by a method that is environmentally friendly,

simple and quick.
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5.2 Experimental

5.2.1 Materials

Sodium tetrachloropalladate, cobalt(ll)chloride, nickel(ll)chloride hexahydrate,
chloroplatinic acid hexahydrate, dimethylaminoborane, sodium hygppite, maleic acid and
boric acid were purchased form Sigmédrich; ammonium chloride and iron(ll) sulfate from
BDH; nickel sulfate from Fisher Scientific; and trisodium citrate dihydrate from Rideel

Haen. All were used as supplied without furtherfpation.

5.2.2 Predactivation of CPMV with palladium

CPMV particles (4ng mi*, 400 pl) suspended in 10 mM sodium phosphate buffer pH
7.0, were incubated with 400 ul of 3 mM sodium tetrachloropalladate freshly preparedin Milli
Q water. To prevent hydrolysi palladatethe reaction pH waadjusted td3.8 by dropwise
addition of 1ImM HCI, andl00 pl ofaqueousl M NaClwas addedThe reaction solution was
incubated at ambient temperature with gentle stirring for 30 minutes"*'B&®MV particles
produced wee purified on PD10 columrs (GE Healthcare) equilibrateglith saline solution
(500 mM NacCl in MilliQ water, pH 5.0), the eluted sample was dialysed on 100 kDa
molecular weightuti off membranes (Spectrum Labs) against saline solution for 4 hours. The
PE*CPMV particle integrity was established by TEM after uranyl acetate staBrigre the
electroless deposition of the desired metZiE¥CPMV hal first to be reduced with 5 mM of
either dimethylaminoboraneOMAB) or sodium hypophosphite, NaPO,, The eactionwas
allowed to proceed at ambient temperature for 30 minutes to genetatestets at the surface,
which in turn act as nucleation sites for metal deposifafi.CPMV was washedi® times on

100 kDa cuitoff columns (Millipore). ThePdi CPMV paticle integrity was ascertained by

TEM, EDXS, agarose gel electrophoresis and zeta potential measurements.

5.2.3 ELD of metal coating

Equal volumes of pii@ctivatedPdi CPMV (2i 5 mg mf*) in saline solution (500 mM),
agueous sodium chloride solution (1M) andtipkg solution (containing metal salt, reducing
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agent, ammonium chloride and trisodium citrate) were stirred if8r rRinutes at ambient
temperature. CPMV concentrations and reaction conditions are summariSatlérd.1. All
plating solutions were used Wih four days of their preparation. MetalliZ&&PMV particles

were purified as described below.

Metal Pdi CPMV Metal Salt Reductant NH,CI NaCitrate pH
(mgmiY (100 mM) (500 mM)

Co 3.2 CoCl, DMAB 900 mM 170 mM 8.0

Fe 4.5 FesSQ NaH,PO, 900 mM 180 mM 8.1

Ni 4.0 NiCl, DMAB 900 mM 170 mM 8.0

Pt 2.3 H,PtCl, NaH,PO, 900 mM 170 mM 6.0

Table5.16 PP6CPMV concentration and plating solution composition

5.2.4 ELD of mixed metal coating

5.24.1 CoPIOCPMV

Prd activatedPd’i CPMV (400 pl of 4.5mg mi?, 1 ml), suspended i500 mM saline
solution pH 5.0, was stirred at ambient temperature with 400 pl of agueous sodium chloride
solution (1M) and a mixture of 200 ul each of cobalt and platinum plating solutions at pH 8.0

for 2i 4 minutes.

5.2.4.2 NiFedCPMV

A 1:1:1 (v/vIv) mixture of pei activatedPdi CPMV (3.5mg mi*, 1 ml), suspended in
500 mM saline solution pH 5.0, agueous sodium chloride solution (1M) and a NiFe plating
solution, prepared by adatibn of a published procedu(®i et al, 2010) [comprising nickel
sulfate (100 mM)ferrous sulfate (100 mM), sodium hypophosphite (100 mM), trisodium citrate
(200 mM), maleic acid (50 mM) and boric acid (200 mM)] at pH 6 was gently stirred, at

ambient temperature, fof 2 minutes.
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5.2.5 Purification of metallized particles

After reactionsolutions were spun at 14000 rpm (bench top, Eppendorf) for 20 minutes
to remove any large aggregates, the supernatant was collected and purifiedlOrcBIDmns,
and eluted samples were concentrated on 100 kDaf€ablumns before being layered onto 5
ml 10% 50% sucrose gradients as described in section 2.17.1. After further concentration on
100 kDa cutoff columns, the concentration of metallii&€PMV was determined
photometrically at 260 nm. Recovery of metallizE®MV was approximately 500% based

on the initial virus concentration.

5.3 Results and Discussion

5.3.1 P®*CPMV activation

It has been previouslyeported that amindunctionalised surfaces practivated with
Pd clusters promote the ELD of metdBressick et al, 1994; Falkner et al, 2005; Kiricak
1998) Incubation of CPMV particles with sodium tetrachloropalladate solutjdollowed by
chemical reduction with DMAB or NalRO,, at pH 3.8 is expected tgroduceislands of
palladium clusters on the virus capsdrface.These then acas nuclation sites for the

subsequenELD of metal. Only metallic Pdcan act as the catalyst for the metallization but not

Pd.

Pd* +2¢ — Pd°

3M*" + Me,NHBH; + 3H,0 — 3M + B(OH); + Me;NH," + 5H"

The virus particles were very stable under the reaction conditions employed; neither
reducing agents nor ELD solutions disrupted the virus capsid stru@tueeintegrity of the
initially isolated™*'CPMV particles was confirmed by uranyl acetate negatively stained TEM
(Figure5.1i A). The zeta potential df10.6 £ 1.5 mV was similar to that of wiltype (~112

mV).
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On reduction of #*CPMV, islands of PYclusters distributed over the capsiatface
were formed but these did not fully coat the virus. ThetainedTEM image for P& CPMV
revealed dark clusterscatteredon the virion surfacgFigure 5.1i B). Note that only on
reduction are the particles visible in the unstained image. On reduftf§*CPMV to Pdi
CPMV there was no significant change in the particle $kigure 5.2). Furthermore EDXS
confirmed that palladium is present on the external surfaces of the pafiges5.3i B). The
zeta potential for PdCPMV particles were coigerably more negativéhan those for wildl
type and™*'CPMV particles(Figure 5.4) and the scan consisbf two peaks this might be
because two different surfacare present on the particlgsrotein & Pd); the suspension of
Pdi CPMV particles in buffeis a stable colloid. Further, agarose gel electrophoresis’of Pd
CPMV stained with ethidium bromide showed some fluorescent intensity from a band of
different mobility to wild type, suggesting that the &PMV surface has some porosity
sufficient to albw intercalation of ethidium bromide with the encapsid&&ih (Figure5.5).
This is consistent with incomplete coverage of the capsid surface with palladium clusters. When
the gel was stained with Coomassie blue, colouration was observed for each dif ©eNPV

and the wildltype particles, again consistent with the virus protein surface not being fully

coated with palladium.

m i s 20 nm

Figure5.10 TEM image of (APi2*CPMV stained witR % uranyl acetate solution) yBstained
PAPOCPMV particles.
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Figureb.20 DLS comparing wilitype CPMV and PACPMYV patrticles
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Figure5.39 EDX spectrum of P®@CPMV metallized particldd) CPMVwt and (BP®POCPMV.
Major malladium peak indicated by arrow
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Figure54d Zeta potential measurement of (PARCPMV particles (B) P&SCPMV particles
suspended in buffer at pH 7.0.
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Figure5.50 Agarose gel (1.2%) of CPMV patrticles visualised by (A) ethidium bromide staining, (B)
Coomassie staining. Lane 1, CRN\2, PEBCPMV.

5.3.2 Metallization of CPMV

For the metallization pcess, the practivatedPdi CPMV particles were dispersed in
ELD solutions Table 5.1). The reaction time was generally restricted to two minutes and
deposition was stopped by washing the particles thoroughly withiRillivater. The
metallization of CPMVparticles was confirmed by TEMrigure5.6); unstained images reveal
dense, monodisperse, metallized nanoparticleaddli 34 nm. CPMWt cannot be visualised
in an unstained TEM image. Control experiments performed under identical conditions, with
wildi type CPMV, without CPMV, and withou®di CPMV particles, all gave ndmspecific,
visible bulk precipitation of metal with a wide size distribution as observetBd (data not
shown) Thus, préactivation of CPMV is essential for the controlled nanoshelnédion.
EDXS confirmed that cobalt, iron, nickel, and platinum coated the external surfaces of the
respective Cb, F&', Nii, P, CoPt and NiFECPMV nanoparticlegFigure5.7). The DLS of
the particles in buffer confirmed the change in the particle siplying that the coating on each
particle is approximatelyi3 nm(Table5.2). The DLS polydispersity shows that the particles
are monodisperse and that the particles are uniformly metallized on their outer surfaces, in

agreement with the observed TEM image
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CPMVt Polydispersity Metallized Polydispersity Zeta
diameter (%) particles (%) potential
(nm) (nm) (mV)
NioaCPMV 274+04 141 324+04 20.9 044.0+2.0
CodCPMV 26.8+05 143 32.0+0.5 13.3 041.2+25
PIOCPMV 27.2+05 14.0 32.6 £0.5 16.3 033.2+25
FedsCPMV 27603 9.0 31.0+0.3 14.0 039.7+1.8
NiFed 279+05 10.0 31.4+0.5 24.6 066.3 £ 2.4
CPMV
CoPB 28.6+0.3 122 34.4+0.3 13.6 061.7 £ 2.2
CPMV
PdPdCPMV 29.6+0.3 135 30.2+0.1 14.7 019.0+£0.5

Table5.20 Diameter and polydispersity measured by dynamic light scatteringtygden@@®MV
and metalliz&dCPMV, and zeta potential of metall¥&@MV nanoparticles

Figure5.60 Unstained TEM images wietallized CPMV particlés) CadCPMV, B) F&SCPMV,
(C) NidSCPMWV, (D) PIBCPMV, E) CoPBCPMV, andR) NiFE3CPMV.
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